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INTRODUCTION

1.1 Volcanoes and their Hazards

1.1.1 Volcanoes

A volcano can be defined as an opening in the earth’s crust through which hot magma
(gas-rich, molten rock) from beneath the crust reaches the surface (Tazieff & Sabroux,
1983). Frequently, gases disrupt the magma and hurl the resulting clumps of rock of
various sizes into the atmosphere (or, in the case of submarine volcanoes, into the water).
This debris falls back around the eruptive vent and accumulates to form a hill around the
erupting crater. At the same time molten, degassed (or originally gas-poor) magma pours
out as lava flows. These flows can, depending on their viscosity, the slope of the ground
and the volume of output, reach varying distances from the vent (from a few metres to
over 100km) before solidifying into rock.

The location of volcanoes is closely associated with plate tectonic boundaries. Most of
the world’s volcanoes occur along the boundaries of converging plates (the subduction
zones), plate rifting zones or the boundaries of diverging plates (the spreading zones). In
fact, two thirds of the world’s volcanoes are situated along the Pacific plate boundary, the
so-called ‘Ring of Fire’ (Blong, 1984). As the Pacific plate is forced down into the
earth’s mantle, it is dehydrated and molten rock rises through the overlying continental
crust to form subduction zone volcanoes (Fig. 1.1). Subduction zone volcanoes are of
special interest because, while they do not erupt as frequently and as long as rift or
spreading zone volcanoes, they produce the most explosive eruptions and are generally
located in densely populated areas, such as in the Indonesian archipelago. Other wellknown volcanoes, such as the Hawaiian Island chain, occur due to the location of a
hotspot deep in the earth’s mantle, feeding magma to the surface through the overlying
plate.
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Fig. 1.1: The formation of subduction zone volcanoes (Decker & Decker, 1997)

Volcanoes appear in different shapes and sizes, and are categorised as active, dormant or
extinct. However this classification is based on records obtained during a very short time,
in geological terms, and can be misleading because officially extinct volcanoes may
suddenly become active after several hundreds or even thousands of years of repose. The
eruptions of Mt. Lamington in Papua New Guinea (1951), Mt. Arenal in Costa Rica
(1968) and Helgafell in Iceland (1973) are examples of such behaviour (Tazieff &
Sabroux, 1983). As historical records suggest that over 1300 separate volcanoes have
erupted somewhere on the earth in the past 10,000 years, all those volcanoes showing
some activity during this period are identified as historically active or Holocene
volcanoes (Simkin & Siebert, 2000).

The size of a volcanic eruption can be estimated in a number of ways. For example, by
the total volume of erupted products (magnitude), by the volumetric or mass rate at which
these products left the vent (intensity), by the area over which the products are distributed
(dispersive power), by the explosive violence or by the destructive potential of the
eruption (Blong, 1984). The volcanic explosivity index (VEI) introduced by Newhall &
Self (1982) provides a simple descriptive measure of the size of an eruption. This index
combines the total volume of eruptive material, the height of the eruption cloud, duration
of the main eruptive phase and several descriptive terms into a simple logarithmic scale
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of increasing explosivity ranging from 0-8. It is interesting to note that of all the historic
eruptions only the 1815 eruption of Tambora (Indonesia) has been assigned a VEI of 7,
while there are no recorded VEI 8 eruptions. The well-known and widely documented
eruption of Mount St. Helens (USA) in 1980 has been assigned a VEI of 5.

1.1.2 Volcanic Hazards

Volcanic activity can cause several hazards (Fig. 1.2). The most prominent of these are
briefly described in this section.

Fig. 1.2: Schematic diagram of volcanic hazards (USGS, 2002d)

Tephra Falls
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Tephra is a general term for fragments of volcanic rock and lava regardless of size that
are blasted into the air by explosions, or carried upward by hot gases during an eruption.
Such fragments range in size from less than 2mm (ash) to several metres in diameter.
Large-sized tephra (so-called volcanic bombs) typically fall back to the ground close to
the volcano, but may be projected kilometres from the source. Progressively smaller
fragments are carried away from the vent by wind. A large eruption cloud can produce
impenetrable darkness and poses a significant threat to aircraft (Gourgaud et al., 1989).
Volcanic ash, the smallest tephra fragments, can travel hundreds to thousands of
kilometres downwind from a volcano. Accumulated ash falls can cause roofs to collapse
and bury whole structures.

Lava Flows
Lava flows are streams of molten rock (temperatures ranging from 750-1200°C) that pour
or ooze from an erupting vent. They destroy everything in their path, but usually move
slow enough not to be a threat to human life. The speed of an advancing lava flow is
primarily a function of the type of lava erupted and its viscosity, the ground slope over
which it travels and the effusion rate at the vent, ranging from a few tens of m/h, up to
50km/h in extreme cases. The two most common types of lavas are the aa and pahoehoe
lavas, both of which are Hawaiian terms. Aa lava is relatively viscous and is
characterised by a rubble of broken lava blocks on its surface as it flows downslope.
Pahoehoe lava flows are generally thinner and move more quickly, sometimes crusting
over and creating lava tubes, which transport the lava even further from the source. Once
cooled, pahoehoe flows form a smooth-to-wrinkled surface of solid rock.

Pyroclastic Flows
Pyroclastic flows (also known as nu¾e ardentes) are high-density mixtures of hot, dry
rock fragments and hot gases that move away from the vent that erupted them at speeds
which can exceed 200km/h. They are among the most potentially dangerous and
destructive types of volcanic activity as they occur suddenly and progress very rapidly,
and are capable of wiping out towns as far as 100km distant from the volcano (Murray et
al., 2000).

Lahars
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The Indonesian term lahar refers to a volcanic mudflow, a flowing mixture of watersaturated ash, mud and debris that moves downslope under the force of gravity. Lahars
can cover distances of up to several tens of kilometres in a short time and originate in
many ways. They can occur when heavy rains wash down loose ash or when an
earthquake dislodges a steep slope of clay and rocks that have been weathered by
volcanic gas vents and hot springs. They can also be generated when an eruption ejects a
crater lake or rapidly melts the snow and ice on a volcano’s high summit.

Earthquakes and Ground Deformation
Earthquakes can be defined as either tectonic or volcanic. Tectonic earthquakes are
typically much larger in magnitude and are easily distinguished using seismic
observations. Volcanic earthquakes reflect magma movements inside a volcano and
provide a good indication of where and when an eruption may take place. As the magma
moves towards the surface, it also causes ground deformation, which can be measured in
order to gather additional information on impending eruptive activity. The damaging
effects of volcanic earthquakes and associated ground deformation are very localised to
the volcano.

Tsunamis
Tsunami is a Japanese name for a great sea wave produced by a submarine earthquake or
volcanic eruption. It can reach open ocean travel rates of more than 800km/h and wave
heights exceeding 30m can be experienced on the coast (Blong, 2000). Tsunamis were
responsible for the deaths of approximately 36,000 people following the violent 1883
eruption of Krakatau Island in the Sunda Strait, Indonesia (Simkin & Siebert, 1994).

Gases
Magma contains dissolved gases that are released into the atmosphere during eruptions.
Gases are also released from magma that either remains below ground (for example, as
an intrusion) or is rising toward the surface. In such cases, gases may escape continuously
into the atmosphere from the soil or volcanic vents. While the well-known smell of
sulphur dioxide at active volcanoes is noxious, it usually does not pose a threat.
However, the tragic example of the sudden release of carbon dioxide at Lake Nyos,
Cameroon in 1986 showed that other gases can be lethal. The released carbon dioxide (a
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colourless, odourless gas that is heavier than air) accumulated into a cloud of an
estimated one km3 in volume and flowed down the valley below the crater, killing
approximately 1700 people and 3000 head of cattle (Decker & Decker, 1997).

While a number of factors may influence the degree of hazard presented by the various
forms of volcanic activity, the most important are the distance travelled from the volcano
and the area covered, the velocity, the temperature, the length of warning and the
frequency of occurrence (Blong, 1984). Pyroclastic flows, lahars and tephra falls are
regarded as the most dangerous hazards. To a limited extent, lava flows can be redirected
away from populated areas by constructing earth banks and reinforced concrete canals to
steer their flow. Improved building standards can reduce the effects of earthquakes and
accumulated ash on rooftops.

From the above summary it is evident that volcano hazards pose a significant threat to the
ever-increasing population inhabiting areas around active volcanoes. In order to reduce
the risk to human life and infrastructure stemming from volcanic activity, it is therefore
necessary to monitor volcanoes in some way. Volcano monitoring systems can provide
data that can be used by volcanologists and public health administrators to issue warnings
in the event of ‘abnormal’ behaviour that may signal an imminent eruption, hence
contributing to volcanic hazard mitigation and disaster risk management. The use of
ground deformation measurements for this purpose will be described in section 2.2.

1.2 The Global Positioning System

According to Wooden (1985) “the NAVSTAR Global Positioning System (GPS) is an
all-weather, space-based navigation system under development by the U.S. Department of
Defense to satisfy the requirements for the military forces to precisely determine their
position, velocity, and time in a common reference system, anywhere on or near the earth
on a continuous basis.” GPS has been under development since 1973 and has been fully
functional since the mid-1990s. It can be partitioned into three segments, the space
segment, control segment and user segment. Technical details about GPS can be found in
a large number of textbooks and reports. This section only presents a brief overview.
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The space segment nominally consists of 24 satellites arranged in six orbital planes of
approximately 20,200 km altitude above the earth’s surface. Each plane is inclined about
55° to the equator and hosts four satellites (Fig. 1.3). The satellite orbits are almost
circular and the orbital period is half a sidereal day (approximately 11 hours and 58
minutes in length). This design provides global coverage with at least four satellites
simultaneously visible anywhere on earth at any given time. At present 27 GPS satellites
are operational (USCG, 2003).

Fig. 1.3: Schematic view of the GPS satellite constellation (Parkinson & Spilker, 1996)

The satellites continuously transmit a signal on two L-band frequencies of the
electromagnetic spectrum, namely L1 = 1575.42 MHz (corresponding to a wavelength of
19.05cm) and L2 = 1227.60 MHz (corresponding to a wavelength of 24.45cm). In
addition, two codes are generated and modulated onto these carrier waves in order to
produce the pseudorange signal. The restricted Y-code is modulated onto both
frequencies, while the freely available C/A-code is only present on L1. The navigation
message, containing information about the satellite orbits, satellite clock corrections and
satellite status, is also modulated onto the carrier waves. Figure 1.4 shows the different
GPS satellite signal components.
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Fig. 1.4: GPS satellite signal components (Rizos, 1997)

The control segment comprises a network of five globally distributed monitor stations
located in Hawaii, Colorado Springs, Ascension Island, Diego Garcia and Kwajalein
(Fig. 1.5). The latter three are equipped with ground antennas for communication with the
space segment via an S-band uplink. Colorado Springs also hosts the master control
station (MCS), responsible for the overall supervision of the system. Here, GPS time is
maintained by a set of atomic clocks, satellite clock corrections and ephemerides are
computed from the data collected by the monitor stations, and, if necessary, actions such
as satellite manoeuvering and signal encryption are initiated. Satellite orbits are
expressed in the ECEF (earth-centred, earth-fixed) World Geodetic System 1984
(WGS84), and the navigation message is generated and uploaded to each satellite via the
ground antennas. All stations are owned and operated by the U.S. Department of Defense.
Several NIMA (National Imagery and Mapping Agency) ground stations also contribute
tracking data to the MCS.
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Fig. 1.5: GPS control segment

The user segment consists of the entire range of hardware, software and operational
procedures available to collect and process GPS data by both military and civilian users.
It also contains infrastructure such as civilian reference stations for differential GPS
(DGPS) in order to increase the system’s positioning accuracy. Although GPS was
initially designed as a navigation system, nowadays a vast variety of surveying and
geodetic applications have been able to utilise GPS due to advances in technology and
processing procedures. These techniques make possible centimetre level accuracy using
relatively low-cost equipment. A large number of reference books and monographs deal
with the many different facets of GPS, both in theoretical and practical terms (see e.g.
Hofmann-Wellenhof et al., 2001; Kleusberg & Teunissen, 1996; Leick, 1995; Parkinson
& Spilker, 1996; Rizos, 1997; Seeber, 1993; Wells et al., 1987).

1.3 The GPS Measurements

There are two fundamental GPS measurements, namely the pseudorange observation and
the carrier phase observation.
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1.3.1 Pseudorange Observation

The pseudorange observable is the difference between the transmission time and the
reception time of a particular satellite signal scaled by the speed of light. The receiver
makes this measurement by replicating the code being generated by the satellite and
determining the time offset required to make the incoming code synchronous with the code
replica within the receiver. If the receiver and satellite clocks were synchronised,
multiplication of the time offset (or travel time) with the speed of light yields the true
range between the satellite and receiver. However, perfect synchronisation is not
generally achieved. In addition, there are other errors and biases affecting the satellite
signal as it propagates through the earth’s atmosphere. The pseudorange observation
equation can be written as (e.g. Langley, 1993):

PR = ρ + dρ + c ⋅ (dδ i − dδ j ) + d ion + d trop + d PR
mp + ε PR
where PR

(1-1)

= pseudorange observation in units of metres

ρ

= geometric range between receiver station and satellite

dρ

= effect of satellite ephemeris error on a particular one-way observation

c

= speed of light

dδi

= receiver clock error

dδj

= satellite clock error

dion

= ionospheric delay

dtrop

= tropospheric delay

dPR
mp

= pseudorange multipath effect

εPR

= pseudorange observation noise for a particular one-way observation

The geometric range between receiver and satellite is expressed as:

ρ = (X j − Xi )2 + ( Y j − Yi )2 + (Z j − Zi )2

(1-2)

where Xj, Yj, Zj = known satellite coordinates
Xi, Yi, Zi = receiver coordinates to be determined
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Pseudorange measurements are generally used for navigation purposes. With the
discontinuation of Selective Availability − the intentional degradation of the single point
positioning accuracy − by order of the President of the United States at 04:00:00 UTC on
2 May 2000, the accuracy of the Standard Positioning Service increased from about 100m
to less than 10m (Rizos & Satirapod, 2001). While this move was certainly welcomed by
navigation users and outdoor enthusiasts, it did not have any effect on the surveying
community.

1.3.2 Carrier Phase Observation

For precise applications, such as deformation monitoring and surveying, the carrier phase
observable is used instead of the pseudorange. Applications in this area are generally
termed GPS surveying or GPS geodesy. The carrier phase observable is a measure of the
difference between the carrier signal generated by the receiver’s internal oscillator and
the carrier signal transmitted from a satellite. This observable is made up of an integer
number of full cycles and an additional fractional part. Unfortunately a GPS receiver is
not capable of distinguishing one cycle from another. It can only measure the fractional
part and keep track of changes in the carrier phase. Hence, when a receiver first locks
onto a satellite signal, the number of full cycles is initially unknown, or ambiguous. In
order to convert the carrier phase observable into a range between the receiver and the
satellite, this so-called phase ambiguity must be resolved or accounted for in some way
(Wells et al., 1987). The carrier phase observation equation can be written as:

φ = ρ + dρ + c ⋅ (dδi − dδ j ) + λ ⋅ N - d ion + d trop + d φmp + εφ
where φ

= carrier phase observation in units of metres

λ

= wavelength of the carrier phase

N

= integer ambiguity for a particular receiver-satellite pair

φ

(1-3)

dmp

= carrier phase multipath effect

εφ

= carrier phase observation noise for a particular one-way observation

The remaining terms are the same as in equation (1-1). Note that the ionospheric delay for
carrier phase observations has the same magnitude as for pseudorange measurements, but
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is of the opposite sign. In GPS processing, usually the double-difference observation,
involving measurements from two receivers to two satellites, is formed (see sections 3.2
and 4.5). Ambiguity resolution is discussed in section 3.5.

1.4 Error Sources in GPS Positioning

Several errors impact GPS measurements and must be accounted for in order to achieve
precise and reliable results.

1.4.1 Orbit Bias

The orbit bias is a satellite-dependent systematic error that can be interpreted as the
‘wobbling’ of a satellite along its orbit in space. Orbits are perturbed by such effects as
the non-sphericity of the earth and the gravitational attraction of the Sun and Moon
(gravitational effects of the other planets can be neglected). Non-gravitational effects such
as solar radiation pressure, relativistic effects, solar winds and magnetic field forces also
result in small perturbing accelerations on the satellite orbit.

The GPS monitor stations (within the system’s control segment) track the satellites so that
the MCS can use this data to generate the satellites’ orbits (or ephemerides). The
predicted orbits are then uploaded to the satellites and broadcast in the navigation
message. These orbits are referred to as the broadcast ephemerides. However, in
practice it is impossible to perfectly model the satellite orbits, and the difference between
the predicted position of a satellite and its true position is the satellite orbit bias.

The International GPS Service (IGS) coordinates a global network of nearly 200
continuously operating GPS stations (see Fig. 2.3) in order to collect data for the
generation of the precise ephemerides. The final orbits are available after 7 days and can
offer considerable mitigation of the orbit bias for post-processing applications.
Additionally, a range of predicted ephemerides is available for real-time applications
(IGS, 2002a).

1.4.2 Clock Bias
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As perfect synchronisation of the clocks with true GPS time can not be achieved in the
satellites nor in the receivers, clock biases are introduced into the observations. The
difference between the satellite clock time and GPS time is the satellite clock bias.
Accordingly, the difference between the receiver clock time and GPS time is the receiver
clock bias. While the GPS satellites are equipped with high quality cesium and rubidium
atomic clocks, receivers typically use relatively inexpensive quartz oscillators whose
performance characteristics are several orders of magnitude poorer. Hence, the receiver
clock error is much larger than the satellite clock error. However, both biases can be
eliminated by forming the double-differenced observable, as used for relative GPS
positioning.

1.4.3 Ionospheric Delay

The ionosphere is that part of the earth’s atmosphere located at a height of between
50−1000km above the surface. The effect of the ionosphere on the GPS signal travelling
from the satellite to the receiver is a function of the Total Electron Content (TEC) along
the signal path and the frequency of the signal. The TEC varies with time, season and
geographic location, with the main influences on the signal propagation being the solar
activity and the geomagnetic field. When propagating through the ionosphere the speed of
the signal deviates from the speed of light, causing measured pseudoranges to be ‘too
long’ compared to the geometric distance between satellite and receiver, while carrier
phase observations are ‘too short’. The ionospheric range error on L1 in the zenith
direction can reach 30m or more, and near the horizon this effect is amplified by a factor
of about three (Kleusberg & Teunissen, 1996).

The ionosphere is a dispersive medium for microwaves, i.e. the refractivity depends on
the frequency of the propagating signal. Hence, measurements on both the L1 and L2
frequency can be used to account for the ionospheric effect on GPS observations by
forming the so-called ionosphere-free linear combination of L1 and L2. In addition,
global ionosphere maps generated from IGS data are available (AIUB, 2002). For short
baselines the ionospheric effect is considered to be the same for both receivers, and
therefore assumed to be eliminated by differencing the measurements taken at both
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receivers. However, recent studies have shown that this assumption is not always true,
especially in periods of high solar activity (Janssen et al., 2001).

1.4.4 Tropospheric Delay

The troposphere is part of the lower atmosphere and stretches from the earth’s surface to
a height of approximately 50km, with the majority of the variability being in the first
10km (Spilker, 1996). It is a non-dispersive medium for microwaves, hence, unlike the
ionosphere, its effect cannot be accounted for by a linear combination of observations on
two frequencies. The tropospheric delay is dependent on temperature, atmospheric
pressure and water vapour content. The type of terrain below the signal path can also
have an effect. The resulting range delay varies from approximately 2m for satellites at
the zenith to about 20m for satellites at 10° elevation (Leick, 1995; Seeber, 1993). The
tropospheric effect can be divided into two components, the dry and the wet component.
The dry component accounts for 90% of the effect and can be precisely modelled using
surface measurements of temperature and pressure. However, due to the high variation in
the water vapour it is very difficult to model the wet component, which contributes the
remaining 10% and can play a significant part in the error budget for certain applications.

Several models based on a ‘standard atmosphere’ have been developed to try to account
for the tropospheric delay. For example, the Hopfield model, Saastamoinen model and
Black model are all routinely used in GPS processing (e.g. Mendes, 1999; Spilker,
1996). For short baselines, the tropospheric effect is considered to be the same for both
receivers, and therefore assumed to be eliminated by differencing. However, for
baselines involving a significant difference in receiver altitude, which is usually the case
in GPS volcano deformation monitoring networks, this assumption is not realistic.
Moreover, it has been suggested that an additional residual relative zenith delay
parameter be estimated in such cases (e.g. Abidin et al., 1998; Dodson et al., 1996;
Roberts & Rizos, 2001).

1.4.5 Multipath
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Multipath occurs when a GPS signal arrives at a receiver’s antenna via two or more
different pathways due to reflections from nearby objects such as buildings, vehicles,
trees, the ground or water surfaces (Fig. 1.6). Reflections at the satellite during signal
transmission also contribute to the error, but these effects are considered to be negligible.
The superposition of the delayed reflected signals and the direct line-of-sight signal leads
to distortion of the received signal at the GPS antenna, and results in ranging errors of
varying magnitude (Walker et al., 1998). Multipath is characterised by amplitude, time
delay, phase and phase rate-of-change relative to the direct signal, and is dependent on
satellite elevation and azimuth. Due to the higher risk of signal reflection, low elevation
satellites are much more prone to be affected by multipath than satellites close to the
station’s zenith. Satellites located in a certain azimuth region might be more affected than
others due to obstructive features in the antenna environment.

Edge-diffracted path

Reflected path

Direct path

GPS antenna
Reflected path

Fig. 1.6: The multipath environment around a GPS receiver

It is well known that the effect of multipath can be reduced by using choke ring antennas.
Furthermore, the multipath disturbance has a periodic characteristic. If the antenna
environment remains constant, the multipath situation will repeat itself every sidereal day
(the sidereal day being about 236 seconds shorter than the solar day). This has led to the
development of several techniques to account for the multipath signal in GPS
observations (e.g. Comp & Axelrad, 1996; Han & Rizos, 1997; Hardwick & Liu, 1995;
Ge et al., 2000a; Walker et al., 1998). In theory, carrier phase multipath does not exceed
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a quarter of the wavelength, which translates into a maximum range error of 4.8cm for the
L1 carrier and 6.1cm for the L2 carrier (Georgiadou & Kleusberg, 1988; Leick, 1995). In
general, multipath can be minimised by carefully choosing the GPS site location.
However, cost considerations and the nature of certain applications, such as GPS
deformation monitoring, where the deforming body itself can be a source of multipath,
might prevent the user from observing in a multipath-free environment.

1.4.6 Antenna Phase Centre Offset and Variation

GPS measurements are referred to the electrical phase centre of the antenna, which is
usually not identical to the physical antenna centre. The difference can be divided into an
offset and a component which is a function of the direction of the incoming signal (e.g.
Hofmann-Wellenhof et al., 2001). While the offset can be described by a constant, the
antenna phase centre variation is dependent on satellite elevation and azimuth, as well as
the strength of the incoming signal. Both offset and variation are different for L1 and L2.
Usually, phase centre offset and variation are calibrated by the manufacturer. In addition,
the U.S. National Geodetic Survey provides antenna phase centre models for various
antennas (NGS, 2002). Single-differencing and high quality oscillators are used to
determine the relative phase centre position and phase variations with respect to a DorneMargolin type T choke ring antenna as a reference (Mader & MacKay, 1996). These
models can then be used to account for the effect during data processing. However,
mixing antenna types in a GPS survey should be avoided if possible.

1.5 Motivation

As indicated in section 1.1, volcanoes pose a significant threat to many communities in
the world, particularly in developing countries. Indonesia, for instance, leads the world in
the number of historically active volcanoes (Simkin & Siebert, 2000). Of the nearly
240,000 recorded deaths caused by volcanic eruptions between 1600 and 1982, 67%
occurred in Indonesia alone (Blong, 1984). An estimated 10% of Indonesia’s population
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of over 200 million people live in close proximity to hazardous volcanoes. In total, the
country is home to 129 historically active volcanoes, of which 60 are regularly monitored
by the Volcanological Survey of Indonesia (VSI), the government department overseeing
all volcano monitoring in Indonesia (Abidin & Tjetjep, 1996). Figure 1.7 shows the
major volcanoes of Indonesia with recorded eruptions since the year 1900.

Fig. 1.7: Major volcanoes of Indonesia (SI, 2002)

One type of precursor to volcanic eruptions is the geodetic measurement of horizontal
and vertical deformations of the volcano. The pattern and rate of surface movement can
reveal the depth and rate of pressure increase within the underlying magma reservoir.
The data obtained can contribute to volcanic hazard mitigation by providing timely
ground deformation information to volcanologists.
The GPS technology has been recognised as an ideal tool for volcano deformation
monitoring. It is particularly suited to monitor deformation on a continuous rather than
periodic basis, thus giving more detailed information about the dynamics of the volcanic
edifice. A permanent GPS network can be deployed in an inhospitable environment,
utilising sophisticated telemetry equipment, to obtain continuous deformation
measurements for online processing. However, for countries such as Indonesia, a lowcost approach is preferred. While the limited funds available in less developed countries
restrict the number of GPS receivers that can be deployed, a large number of receivers is
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necessary in order to adequately monitor the volcano. In addition, the danger of losing
part or all of the equipment during an eruption needs to be considered. A low-cost GPSbased volcano deformation monitoring system has been developed by the Satellite
Navigation and Positioning (SNAP) group at The University of New South Wales
(UNSW) in collaboration with the Department of Geodetic Engineering at the Institute of
Technology Bandung (ITB) and the VSI (see Roberts, 2002).

However, all of Indonesia’s volcanoes, and a large number of the world’s volcanoes, are
located in the equatorial region, an area where ionospheric disturbances have a
significant impact on GPS measurements, effectively degrading the accuracy of baseline
results. These effects are of concern particularly in times of maximum solar cycle
activity, as experienced during the period this research has been conducted. Hence, the
low-cost network of single-frequency GPS receivers on the volcano needs to be
augmented by an outer framework of more sparsely distributed dual-frequency receivers.
The dual-frequency receivers are used to mitigate residual biases so that this mixedmode array system may deliver the sub-centimetre accuracies required for volcano
deformation monitoring.

Although the main focus of this thesis is to further volcano deformation monitoring, the
proposed strategy is also applicable to a wide range of other deformation monitoring
tasks, such as the monitoring of tectonic faults, landslides, ground subsidence, open-cut
mines, or engineering structures like dams, bridges and tall buildings.

1.6 Methodology

During the past few years a strategy has been developed for processing data collected by
GPS networks consisting of a mixed set of single-frequency and dual-frequency receivers.
The strategy is to deploy a few permanent, ‘fiducial’ GPS stations with dual-frequency,
geodetic-grade receivers surrounding an ‘inner’ network of low-cost, single-frequency
GPS receivers. Such a configuration offers considerable flexibility and cost savings for
deformation monitoring applications, which require a dense spatial coverage of GPS
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stations, and where it is not possible, nor appropriate, to establish permanent GPS
networks using dual-frequency instrumentation.

The basis of the processing methodology is to separate the dual-frequency, fiducial
station data processing from the baseline processing involving the inner (singlefrequency) receivers located in the deformation zone. The data processing for the former
is carried out using a modified version of the Bernese software, to generate a file of
‘corrections’ (analogous to Wide Area DGPS correction models for the distance
dependent biases − primarily due to atmospheric refraction). These ‘corrections’ are then
applied to the double-differenced phase observations from the inner GPS receivers to
improve the baseline accuracies (primarily through empirical modelling of the residual
atmospheric biases that otherwise would be neglected).

The main residual atmospheric bias is the ionospheric delay. Accounting for this effect is
particularly important for GPS deformation monitoring networks located in the equatorial
region, where the ionosphere is most disturbed and variable (spatially and temporally).
The impact of the ionosphere is most severe in periods of heightened solar sunspot
activity, adversely affecting baseline accuracy for single-frequency instrumentation, even
for comparatively short baselines.

A fiducial network was temporally established around Gunung Papandayan in Indonesia,
the subject volcano in this thesis, to complement the low-cost volcano deformation
monitoring system already installed. Algorithms were developed to integrate the
‘corrections’ obtained from the fiducial network into the baseline processing. An epochby-epoch solution in multi-baseline mode is preferred in order to detect ground
deformation in near real-time. Special considerations for GPS receivers situated on the
flanks of a volcano, such as the obstruction of the sky caused by the volcano itself, have to
be made.

1.7 Outline of the Thesis

This thesis consists of six chapters and one Appendix.
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Chapter 1 – Introduction. A brief description of volcanoes and their hazards is given,
followed by an introduction to GPS. The fundamental GPS measurements and the error
sources of GPS positioning are introduced. The factors motivating this research are
summarised, an outline of the methodology is presented, and the contributions of this
research are listed.

Chapter 2 – Volcano Deformation Monitoring with GPS. A brief history of volcano
deformation monitoring using geodetic techniques is given, before the chapter focuses on
the utilisation of GPS for this purpose. Permanent GPS networks are classified by type,
and examples are given. The UNSW-designed GPS-based volcano deformation
monitoring system is described. This single-frequency system is augmented with the
addition of an outer dual-frequency network in order to form a mixed-mode volcano
deformation monitoring system. Details of the system design, its deployment on Gunung
Papandayan in Indonesia, and the data processing strategy are given.

Chapter 3 – Optimising the Number of Double-Differenced Observations for GPS
Networks in Support of Deformation Monitoring Applications. For a number of
applications the deforming body itself blocks out part of the sky, significantly reducing the
number of GPS satellite signals received by the monitoring receivers. Considering the
special conditions existent around a volcanic edifice, a method to optimise the number of
double-differenced GPS observations by generating a set of independent doubledifferenced combinations is presented. Multi-baseline processing versus baseline-bybaseline processing, as well as ambiguity resolution techniques are discussed.

Chapter 4 – Ionospheric Corrections to Improve GPS-Based Volcano Deformation
Monitoring. The ionosphere and its effects, being the primary error source on GPS
signals, are characterised, with special consideration for the situation present in
equatorial regions where high TEC values and severe scintillations occur. A mixed-mode
GPS network processing approach is described, which accounts for the ionospheric effect
by generating double-differenced ‘corrections’ from an outer dual-frequency network, and
applying these ‘corrections’ to the inner single-frequency deformation monitoring
network. Using several data sets collected at various geographical locations, and under
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different ionospheric conditions, the nature of these empirically-derived ‘correction
terms’ is investigated.

Chapter 5 – Data Processing and Analysis. Data from several networks located in
different parts of the world, including data collected on Gunung Papandayan, are analysed
to show the benefits of the proposed mixed-mode GPS network processing strategy for
deformation monitoring. Ionospheric ‘correction terms’ are generated using dualfrequency data, and then applied to the inner single-frequency network used for
deformation monitoring. It is demonstrated how the resulting GPS baseline vectors can be
used to detect ground displacements in real-time.

Chapter 6 – Summary and Conclusions. The final chapter of this thesis contains a
summary of the research findings, conclusions and recommendations for future research.

Appendix – The November 2002 Eruption at Gunung Papandayan. A chronology of the
November 2002 eruption and its effects on the GPS stations on the volcano is presented.

1.8 Contributions of this Research

The contributions of this research can be summarised as follows:
•

A fiducial network has been designed and established to augment the single-frequency
GPS volcano deformation monitoring system on Gunung Papandayan in Indonesia.
The fiducial baseline lengths had to be carefully chosen in order to produce reliable
‘correction terms’, which are representative of the ionospheric conditions present
within the network area, even during periods of maximum sunspot activity.

•

The UNSW-designed baseline processing software has been modified in order to
accommodate an epoch-by-epoch solution in multi-baseline mode, and to allow the
‘correction terms’ obtained from the dual-frequency network to be applied to the
single-frequency data.
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A method to optimise the number of double-differenced observations for deformation
monitoring applications, where the deforming body itself blocks out part of the sky for
the GPS receivers, has been integrated into the data processing software, resulting in
more reliable and precise baseline solutions.

•

The nature of the empirically-derived double-differenced ‘correction terms’ has been
investigated. A wide range of GPS data sets were processed, combining a variety of
baseline lengths, different geographical locations, and different periods of solar
activity, in order to analyse the ‘corrections’ obtained under varying conditions.

•

Data from several GPS networks have been processed in order to illustrate the
benefits of the proposed mixed-mode data processing strategy for deformation
monitoring applications. The data sets were collected under solar maximum
conditions in different geographical latitude regions, including Gunung Papandayan,
and have varying fiducial baseline lengths.
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