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ABSTRACT

This paper presents the results of a feasibility study undertaken by the University of Salzburg
(Austria), investigating the autonomous acquisition of environmental data in a global network. A
suggested application which is used as the basis of this paper is a volcano monitoring system which
would be able to track the activity of a volcano and act as a disaster warning system. The
background Volcano observation data required for such a system is covered, before discussing the
concepts for sensor data acquisition, storage and processing. A final analysis is then presented of the
opportunities for the transmission by packet radio (both terrestrial and satellite).
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1 INTRODUCTION

The measurement of environmental data plays a vital role in life nowadays. Examples are rainforest
and volcano activity monitoring. Rainforest monitoring can provide very important data to detect
the man made changes in the sensitive oecological system in order to rescue it. Volcano activity
monitoring can even save the lives of many people, warning them in time before it erupts.

Since 1993, the Department of Scientific Computing at the University of Salzburg (Austria) has
been involved in international projects such as

•acquisition of earth magnetic field data in the tropical rainforest of Brazil and transmission in
a wide area network (in co operation with INPE Brazil) [Clau93]

• introduction of an Indonesia-wide packet radio network, linking most of the universities and
research institutions of Indonesia for the first time (Jasipakta) [Clau93].

•support of a feasibility study of a Multi Mission Equatorial Satellite System (MMES)
[Soew99]

For these (and many other) projects there is a requirement for an autonomous, portable data
collection unit with packet radio link capabilities, which is able to supply itself with electrical
power, to acquire the measurement data and to transmit it into a wide area or global network.



There are about 120 volcanoes in Indonesia, but currently most still lack a portable volcano
monitoring and disaster warning system. Thus, this paper presents a feasibility study of volcano
monitoring and disaster warning in Indonesia (in the frame of a students' project in co operation
with LAPAN, the Directorat Vulkanologi and the Gadja Madha University of Yogyakarta),
exploring some opportunities for acquisition and transmission by packet oriented radio transmission.

So what is the system supposed to do? First of all, it should acquire the volcano specific data in real
time and store it as raw data for a certain time period. Then, specific monitoring data, e.g. statistical
or smooth mean values, minima and maxima, should be provided to volcano scientists by
transmission into a terrestrial packet radio or satellite network. Further, if some values exceed fixed
limits, a warning mechanism should be started. The final goal would comprise the global
availability of specific volcano monitoring data in the internet.

2 VOLCANOLOGIC BACKGROUND INFORMATION

Which kind of data is the system supposed to measure? Data acquisition of volcanologic data in
general can be divided into several parts. There is geo-chemical data to be collected as well as
geologic and meteorological data:

2.1 GEOCHEMICAL DATA

The “smoke” rising from volcanoes is gas that is naturally released from both active and inactive
volcanoes. The rate at which a volcano releases gases into the atmosphere is related to the volume of
magma within its magma-reservoir system. Their chemical composition depends on the temperature,
and on the stage of volcanic activity. Tab 1 gives an overview of the 10 most important components
of the volcanic gas composition [Mcge95] [Sutt92].

Gas Formula % mole Gas Formula % mole
Water vapor H2O 18,95 – 98,13 Hydrofluoric acid HF 0,00 – 8.67
Carbon dioxide CO2 2,86 – 35,77 Nitrogen N2 0,00 – 6,98
Hydrogen H2 0,02 – 11,60 Carbon monoxide CO 0,00 – 3,68
Sulphur dioxide SO2 0,74 – 10,86 Oxygen and argon O2 + Ar 0,00 – 3,28
Hydrochloric acid HCl 0,10 – 10,53 Hydrogen sulphide H2S 0,03 – 1,66

Tab 1: Volcanic Gas Composition [Purb97]

The concentration of this gas composition varies from one volcano to the next. Typically the most
abundant volcanic gas is H2O vapor, followed by CO2, H2, and SO2. Volcanologists study these
gases to improve their understanding of how volcanoes work, and to recognise changes in
abundance or composition that might signal the possible reawakening of an inactive volcano or
point to a threatening eruption at an already restless volcano. Therefore, chemical sensors are
installed in or near volcanic vents and are linked to radio telemetry devices to provide a continuous
readout on one or more gases. In doing so, significant short term releases of gas that will usually be
missed by occasional sampling, can be detected. Decreasing H2O and increasing CO2, SO2,  H2S,
HCl, N2 concentrations usually precede an eruption, whereas H2 and O2 on the other hand do not
change significantly. Sometimes several crises exhibit an increase of H2/H2S, CO/CO2 and a
decrease of CO2/H2O and HCl/H2O ratios even a few months prior to the eruption. [Mcge95],
[Purb97]



2.2 GEOLOGICAL DATA

Most important is Seismicity, since the earliest warning of volcanic unrest usually contributes to
earthquakes. Earthquake swarms immediately precedes most volcanic eruptions. Here, the
frequency, magnitude, location, and type of earthquake are measured for monitoring and forecasting
eruptions. The distribution of earthquakes provides information about magma pathways and the
structure of volcanoes. Most volcanic related earthquakes are less than a magnitude 2 or 3 and occur
less than 10 km beneath a volcano. Sometimes, these tiny earthquakes represent the only indication
that a volcano is becoming restless. [Mcnu96], [Url1]

In order to measure the deformation of the volcano surface caused by the pressure of magma
moving underground, geodetic networks are set up. Measurements of horizontal deformation are
made with electronic distance meters (EDMs). Tilt, which is the measurement of the slope angle of
the volcano's flank, is measured by so called tiltmeters. [Ever93]

Magma movement can also be traced by changes in electrical conductivity, in magnetic field
strength, and in the force of gravity. These measurements may even respond to magma movement
when no earthquakes or measurable ground movement occurs. [Wrig92]

2.3 METEOROLOGICAL DATA

In order to complete the acquisition system, it will also comprise of the measurement of the
following meteorological data: temperature (air, ground), atmospheric pressure, humidity, amount
of rain and snow, wind (speed, direction) and sun irradiation .

2.4 HOUSEKEEPING DATA

"Engineering and Housekeeping-Data" is required to supervise the health of the station itself. The
acquisition of parameters like electrical voltages, currents, power or temperatures needs less
bandwidth than the other measurement values. They can be subcommutated into one single
multiplex channel. Therefore, a subcommutator with 8 channels may be used. So far, there are 7
different housekeeping values to be transmitted. The eighth channel is a spare one.

3 SYSTEM DESIGN CONSIDERATIONS

How will the system look like? Fig. 1 shows the schematic system overview. The heart of the
system consists of a laptop, a data acquisition system (DAS) board, a GPS card, and a packet radio
terminal node controller (TNC) with a modem. Market available components are used. The DAS
board provides the PC with the raw information of the input channels (see 3.1) The GPS card tells
the exact position of the measurement system and synchronises the master clock, which is important
for the timestamps. The PC (laptop) receives, processes and stores all the data just gathered (see
3.2). According to a predefined time interval, which by the way depends on the current operating
level (see 3.2), the processed data is transmitted via a modem (for example TNC2, which can either
be for satellite or terrestrial transmission) (see 3.3). There is also the possibility that the control
station sends commands to the system to ask for specific measurement data (as indicated by the
broken line):



Fig. 1 Schematic systems overview (DAS...Data Acquisition System, CMD...Command, TRX...Transceiver)

3.1 DATA ACQUISITION

Based on the results of chapter two (illustrated in Tab. 2), the monitoring station would require a
DAS (Data Acquisition System) with 32 channels.

Category Measurement
Values

Nr. of
channels

Geochemistry H2O, CO2, H2, SO2, HCl, HF, N2, CO, O2 + Ar, H2S 10
Geologic data earthquake (frequency, magnitude, location, type), horizontal

deformation, tilt, electrical conductivity, magnetic field strength, force
of gravity

11

Meteorological
data

temperature (air, ground), atmospheric pressure, humidity, amount of
rain and snow, wind (speed, direction), sun performance

9

Housekeeping position, time, temperature, various electrical parameters (U, I, P)
(subcommutated into one channel)

1

future use for future measurement goals or overhead 1
Tab 2. Overview of the 32 input channels of the system

As far as the resolution is concerned, 10 bits are enough for most of these sensors. Since none of
them provides information with a higher frequency than 10 Hz (as indicated in [Purb97], [Url2] and
[Url3]), this bandwidth is used as a standard.

How much data has to be transmitted per second? In order to calculate this, the sampling rate has to
be figured out first. In this example, a Butterworth filter (8th order) is chosen. To get a full profit of
the resolution of 10 bits, a sampling rate of 40 Hz is to be taken into account. Now, the number of
accumulated bits that have to be stored in a second can be calculated:

number of channels * resolution * sampling rate = 32 channels * 10 bit * 40 1/s = 12800 bit/s

Thus, within an hour the system has to transmit

3600 s * 12800 bit/s = 46080000 bits/h = 5760000 Bytes/h = 5,49 MB/h

DAS

Clock

CMD

PC
TNC &
Packet
Modem

TRX

position

GPS

input
channels

time

LAPTOP



which is due to the assumption that all the measured raw data is transmitted. This does not seem to
be very efficient. In some cases it doesn't even make sense, like for example to transmit the position
of the monitoring station or the temperature which surely won't change much within a second. As a
consequence, the data has to be processed before transmission.

3.2 DATA HANDLING AND PROCESSING

As mentioned before, it is not necessary to transmit all the raw information every single second. It
seems to be far better to scale the data and then to process it, according to different types of
operating levels.

Fig. 2 Data handling

The analogue input coming from the sensors first has to be sampled. The sensors are expected to
deliver values within a standard input range (e.g. from 0 to 10 Volts or ± 5 Volts). With a resolution
of 10 bits, they will be represented as discrete values between 0 and 1023. This level is called raw
data. Then, a scaled measurement ("human readable") value is calculated out of the raw data that
accumulates in one second (e.g. value of a temperature sensor in the range of 0 ° C to 100 ° C). The
mean value of the 40 values of a sensor per second is calculated and written into the database:

timestamp = id temperature [° C] pressure [mbar] humidity [%] ... value 32
20010511/161500 25,4 986 84,3 ... ...
20010511/161501 25,5 986 84,3 ... ...
20010511/161502 25,4 987 84,4 ... ...

... ... ... ... ... ...
Tab. 3: Database model: timestamp = id (2 Bytes), 32 values (floats, each 4 Bytes) with some example data

In other words, every second a tuple of 32 values is inserted into the database. The 40 packets of
raw data are then thrown away. Every tuple gets a timestamp (2 Bytes), which at the same time is
the ID of the database table. The final step is the appliance of one of the following operations:

ab. Description ab. Description
Em Average value σE Variance
Eeff Root mean square value (effective value) ns1 Number of trespasses of threshold no. 1
Emax Maximum value measured ns2 Number of trespasses of threshold no. 2
Emin Minimum value measured ns3 Number of trespasses of threshold no. 3

Tab 4: possible operations for the scaled measurement values and their abbreviations (ab.)

The length of the time period where the operations should be applied may either depend on the
operating level in which the system currently runs, or can be requested by a parameter when using
the command option.

transmissionprocessingscalingsamplingLevel 0 :
analogue data

(0...10 V)

Level 1:
digital data

(0...1024 bits)

Level 2 :
scaled data

(0...100 ° C)

Level 3:
processed data

(23,4 °C)

raw data output buffer

reading in
sensor data

database



In the command option, the scientist can determine, from which sensor (s)he wants the data and
which operation should be applied for a specific time period: (get_data(start, end, sensor,
op)). When a command is coming in, the measurement values from the chosen sensor between
start and end is read out of the database. Then, the specified operation op is applied on the data.
Finally, the result is written into the output buffer where it waits to be transmitted (see 3.3).

When no commands are sent to the system, it behaves according to the operation level in which it is
running (automatic mode). That is to say, the operation level determines the time interval in which
the scaled data is read out of the database, processed an written to the output buffer. Tab 5 shows a
suggestion for operating levels (which, of course, can be altered by the scientist as well). The
decision, in which operating level the sensors run, is taken automatically by the system. For critical
sensors (like CO2, SO2, temperature, ...), the scientist has to define several ranges that correspond to
the particular operating levels. :

Operating Level Description Data processing every ... Temperature
P1 Disaster         n =       6 sec             > 90 ° C
P2 Problem n =     60 sec =     1 min 90 ° C – 70 ° C
P3 Warning n =   600 sec =   10 min 70 ° C – 50 ° C
P4 Normal n = 6000 sec = 100 min            < 50 ° C

Tab. 5: different operating levels & an example for measurement ranges (temperature) according to the operating level

Should a measurement value pass such a threshold, the system would change the operating level for
this sensor (or for the whole system) automatically.

An other way of determining the operating level of one sensor or of the complete system is provided
via the command function. The scientist can change the operating level manually by just telling the
system to do so (set_operating_level(sensor, level)). According to the operating level, the
system now gathers the values that have accumulated in the last n seconds, applies the predefined
operations for each single sender and puts the results into the output buffer. Here, the results wait to
be transmitted by the TNC. This is repeated by the time interval defined in the operating level. In
other words, in operating level P4 (normal), the incidental raw data is processed every n = 100
minutes, using the data of the last 100 minutes, and then put into the output buffer. Unless there is
any change in the operating level, it repeats doing this every 100 minutes.

How much data would there be accumulated in the output buffer? If we assume that one
measurement value (float) needs 4 Bytes, we get

32 channels * 4 Bytes * 8 operations = 1024 B = 1 KB

What happens to the scaled measurement values? They remain in the database for a predefined
period, selected by the scientist, for example one week. Then, the last n measurement values will be
deleted every n seconds:

Fig 3: delete last n measurement values every n seconds

t = w t = w + n

t = 0 t = w

t = 0

Input Buffer (one week) n new values

delete n old values

database-window (one week w = 7 * 24 * 3600 sec)

new database window (one week w = 7 * 24 * 3600 s)



How much data has to be stored in the database within this week (7*24*3600 s) then?

(32 channels * 4 Byte + 2 ByteTimestamp) B/s * (7*24*3600)s = 78624000 Bytes = 74,98 MB

3.3 DATA TRANSMISSION

The data transmission is based on packet radio, since the broadcast nature of the radio channel and
the ease of transporting and installing a station make this technology very attractive for the
collection or dissemination of sensor data in remote areas with a poor infrastructure. As
communication protocol, the world wide standard X.25 (or rather AX.25 with an extended address
field) is used (see Fig. 4):

Fig 4. The X.25 protocol

As far as the data transmission is concerned, the VHF/UHF range is advisable, because there exist a
plenty of efficient low power systems (1 - 10 W) with rather low prices (as a consequence of being
the radio amateur level technology). Further this technology exhibits low signal attenuation (caused
by vegetation like trees) when transmitted in the VHF/UHF range. The applied modulation
technique for bit rates of 9,6 kbps (and higher) is FSK. If aiming for a bit error rate of about 10-5, a
Carrier-to-Noise-Ratio of more than 15 dB is required.

There are two types of PR, terrestrial (3.3.1) and satellite based PR networks (3.3.2). When a
terrestrial PR network is used, the antenna could be a fixed mounted medium gain directional (Yagi)
antenna. In the case of LEO satellite PR networks, fixed mounted cross dipoles (circular
polarisation, over a reflector plane) would be applied. [Clau93] [Maye94]

3.3.1 TERRESTRIAL PACKET RADIO NETWORKS

Since acquisition systems of environmental data are often located in areas that lack GSM
infrastructure, a packet radio network seems to be attractive. Such an infrastructure with digipeaters
is now available in many countries. In Indonesia for example, a packet radio network system called
Jasipakta (UHF, 56 kbit/s) was introduced in 1993 [Clau93]. In the case of volcano data collection,
the measurement stations are located on elevated points, at the top of the volcano, which means a
wide range of propagation. By the way, the data rate mentioned is not the one that can be used by
the system. Since an X.25 frame looks like as indicated in Fig. 5, there is also some protocol data to
be transmitted. So every 2048 bits are accompanied by (at most 594 bits) overhead. Thus, the
maximum efficiency η is calculated

η = maximum data field / total packet = 2048 bits / (2048 + 594) bits = 0,775

Consequently, the effective net uplink data rate amounts to a value of

56 kbps * 0,775 = 43,4 kbps

8 bits 8 bits 8 - 2048 bits 16 bits 8 bits112 - 560 bits8 bits

flags
address

field
control
field PID flagsFCSdata field



According to the calculation in (3.2), there are 1024 Bytes (= 1 kB) in the output buffer that have to
be transmitted (in the worst case within 6 s). Thus, the transmission would last for

(1024 * 8) bits / 43,4 kbps = 0,19 s

How many stations could be served then (best case)?

Operating level Transmission every possible Stations
P1 n =       6 sec       6 s / 0,19 s/station =       31,79 =       31 stations
P2 n =     60 sec =     1 min     60 s / 0,19 s/station =     317,87 =     317 stations
P3 n =   600 sec =   10 min   600 s / 0,19 s/station =   3178,71 =   3178 stations
P4 n = 6000 sec = 100 min 6000 s / 0,19 s/station = 31787,10 = 31780 stations

Tab 6. calculation of possible served stations according to the operating level (terrestrial system)

3.3.2 SATELLITE BASED PACKET RADIO NETWORKS

If data from stations without access to any terrestrial PR network, like a monitoring station in the
tropical rainforest of Brazil or a volcano from Indonesia, should be transmitted, the only solution is
the use of space based networks. Or, to put it differently, satellites. The available geo-stationary
satellites are not recommendable here, since VSAT require high power transceiver or large antenna
structures because of the distance to the earth (about 40000 km). Therefore, LEO satellites (circular
or elliptic orbit, < 1000 km) are used. In general, there are two different types of LEO satellites,
commercial and non-commercial satellites. [Maye94]

The big advantage of commercial satellites such as ORBCOMM is that they are visible (available)
all the time. The disadvantage is the fact that they are rather expensive; every single byte that is
transmitted has to be paid. Furthermore, the provided uplink data rates are not really impressive (see
Tab 7).

Satellite Frequency (uplink) Data rate (uplink)
ORBCOMM 148.00 – 150,05 MHz 2400 bps (net)
ARGOS                     137 MHz 1200 bps (net)

Tab 7: Commercial satellites

According to the calculation in (3.2), there is a size of 1 KB in the output buffer that has to be
transmitted (in the worst case within 6 s). When ORBCOMM (net data rate uplink = 2400 bps = 300
Bps) is used, the transmission would last for

1024 Bytes / 300 Bps = 3,41 s

This means that only one station could be run in operating level P1, whereas in operating level P4
1759 stations could be served. (see Tab 8):

Operating level Transmission every possible Stations
P1 n =       6 sec       6 s / 3,41 s/station =       1,75 =       1 station
P2 n =     60 sec =     1 min     60 s / 3,41 s/station =     17,59 =     17 stations
P3 n =   600 sec =   10 min   600 s / 3,41 s/station =   175,95 =   175 stations
P4 n = 6000 sec = 100 min 6000 s / 3,41 s/station = 1759,53 = 1759 stations

Tab 8. calculation of possible served stations according to the operating level (commercial satellite PR system)



An alternative would be the use of a non-commercial satellite like one or more of the AMSAT,
UOSAT series or, further, Indonesia's planned Multi Mission Equatorial Satellite (MMES), likely to
be available beyond 2004. The usually used protocol with these satellites is the PACSAT protocol,
which was developed by the University of Surrey (Great Britain) [Ward91]. The big advantage of
non-commercial satellites lies in the fact that they can be used for free and that they really offer
rather high transmission rates (see Tab 9). Therefore, they are ideally suited for the test and
evaluation of a prototype system.

Satellite Frequency (uplink) Data rate (uplink)
AMSAT - series 144 - 146 MHz and 430 - 440 MHz 1,2 - 9,6 kbps (brutto)
MMES 144 - 148 MHz and 430 - 440 MHz 1,2 - 9,6 kbps (brutto)
Tab 9: Non commercial satellites

The major drawback consists of their non-continuous visibility. They are only visible every 100
minutes for about 5 minutes. That is to say that in automatic mode only operating level P4 (normal)
can be applied. Thus, the data collected in 100 minutes would have to be transmitted within the
short time span of five minutes. If MMES - PACSAT for example is used, the transmission for one
station would take

(1024 * 8 bits) / (1,2 kbps * 0,775) = 8,81 s

How many stations could be served by MMES - PACSAT within their availability of 5 minutes?

300 s / (8,81 s/station) = 34,05 = 34 stations

CONCLUSION

In this paper the results of a feasibility study of a volcano monitoring and disaster warning systems,
as an example for a measurement system of environmental data, was presented. Background
information on volcano monitoring was provided. Concepts for sensor data acquisition, storage and
processing were discussed, along the results providing that the designed system could easily be
realised: given that the hardware is available on the market within anticipated budget estimation,
and software for the database and drivers are also available. The interfaces between the drivers,
database and the output field would however have to be developed.

Finally, different opportunities for the transmission by packet radio (both terrestrial and satellite)
were also analysed: Terrestrial PR networks are preferable as they successfully meet the
expectations. Commercial satellite networks allow limited operation, especially in high priority
mode. Non commercial satellites are only suitable for monitoring (but not for real time) issues.

So far, neither redundancy nor reliability aspects have been covered. The electrical power budget
and the influence of environmental conditions (high temperatures, humidity, animals) of the station
on the design of the components still have to be analysed.
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NOMENCLATURE

DAS
EDM
FSK
GPS
PR
LEO

Data Acquisition System
Electronic Distance Meter
Frequency Shift Keying
Global Positioning System
Packet Radio
Low Earth Orbit

LAPAN
MMES
GSM
TNC
VSAT
INPE

Lembaga Penerbangan Dan Antariska Nasional
Multimission Equatorial Satellite
Global System for Mobile Communication
Terminal Node Controller
Very Small Aperture Terminal
Instituto Nacional de Pesquisas Espaciais


