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Abstract

In this thesis I use a range of remote sensing data, ranging from simple ground-
based radiometers, through thermal imaging cameras to the latest space-based high-
resolution multispectral instruments for the observation of active volcanic phenomena. I
consider small scale degassing events within the Pu'u’O’o crater of Kilauea volcano, and
provide a critique of the often used “dual-band” method for thaining sub-pixel thermal
information. I go on to use improvements of this method to prdvide the basis of a
comparisc;n of the existing and well understood Landsat7 ETM+ with the new Eo-l ALI
with respect to volcanic observations.

This thesis falls into two main sections. In the first section I use thermal data from
an array of simplye radiometers operated by the University of Hawaii and the USGS Hawaii
Volcano Observatory, coupled with basic RSAM data to identify degassing events at a
small vent within the Pu'u’O’0 crater. I relate these events to the semi-diurnal and
fortnightly lunisoiar tides. I show that there is a very weak relationshib between these
events and the semi-diurnal tide, but conversely a stronger relationship exists between the
degassing events é.nd the fortnightly tide. I show that these observations are consistent
with previous observations of the fluctuating levels of the 1919 Halema’uma’u lava lake

“on Kilauea, and may be used as part of a synergistic approach to aid understanding of the
complex Pu'u’O’o plumbing system. I go on to use thermal diffusion modelling -to
determine the mass of ejecta associated with certain degassing events that appear to
possess well defined cooIing curves in the radiometer data. By using soﬂ_wére modelling
iteratively applied to thermal diffusion equations, I show that the time taken for the
temperature record from a spattering event ‘to return to the ambient temperature is a
function of the mean size of spatter blebs associated with the event. I use both laboratory

tests and actual data recorded from a two month study period in 2001. This section of the



thesis highlights that it is poésible to obtain high-value information of active volcanic
events without the cost of satellite data.

The second section of this thesis deals mainly with analysis of the dual-band
method for extracting sub-pixel thermal information from multispectral satellite data. I use
high-resolution ground based thermal imagery to geﬁérate simulated EO-1 ALI pixels,
which can be adjusted to simulate a variety of likely volcanic scenarios. I apply the dual-
band method to this simulated imagery and analyse the response in detail. I show that it is
preferable to use relative estimates of sub-pixel thermal structure rather than the exact
estimates provided of the resulting factors. I also show how the results returned by the
dual-band method may change if the lava flow is angled with respect to the instrument, due
to the combined effects of the slope angle down which the flow is moving and the
instrument look angle.

I finally assess the respor.lse of the recent EO-1 Advanced Land Imager to the
remote sensing of lava flows in comparison to the established Landsat7 ETM+. I use the
dual-band techniqﬁe as the baéis of this comparison, despite the flaws previously discussed,
because it provides a valid means of comparison that remains valid if used in a relative
fashion. I show that the EO-1 ALI is of great use for the remote sensing of lava flows due
to the provision of extra channels within the SWIR, not présent on the ETM+. These extra
channels provide better solutions to the dual-band method as they are less susceptible to
saturation and better placed within the spectrum for detection of volcanic products, than

those of the ETM+.
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1. ‘Remote Sensing of Active Volcanoes

1.1.Introduction

In. the past three decades satellite remote sensing has become invaluable for
volcanology. Satellites with ever improving inétruments have been and continue to be
launched providing capabilities far exceeding the earliest instruments used to identify and
record volcanic activity. There is now a wide variety of data available ranging from high-
resolution hyperspectral imagery, to radar data providing topographic and interferometric
‘maps. Improvements in spaceborne instruments have been accompanied by the .steady
development of ground based instruments, such as Fourier transform spectroscopy (FTIR)
and thermal imaging cameras, able to provide a detailed temperature map of the surface of
a lava flow at millimetre scale. The ever greater availability of technology at decreasing
costs has provided the opportunity to obtain real-time thermal data from an active volcano
using a network of simple radiometers telemetering the data to a ground-station. The
creation of such a network on Kilauea volcano, Hawaii, has set the precedent for
installation of similar networks on Mt Etna and Stromboli volcanoes. Such a wide range in
types and capabilities of data at a variety of scales has enabled new insights into volcanic

Processes.

In this thesis I describev the observation of volcanic activity using various remote
sensing instruments at a range of scaies. I begin with the observation of small scale
phenoména at Kilauea volcano ﬁsing a system of simple radiometers, and I show how such
relatively simple data can be used to extract meaningful information on volcanic activity. I
then show how high quality data from a thermal imaging camera can be used to simulate
the appearance of active lava flows and the like within data from an orbiting satellite

instrument. This is an attempt to gain an intimate understanding of the response of the
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“dual-band” model to realistic lava flows. | This model has been fundamental in extracting
estimates of the thermal composition within instrument pixels, and until recently it has
been difficult to relate thé results provided by this model to actual lava flows. I show the
deﬁcienéy of this model, but also i)ropose how the results rﬁay be optimised. In the ‘ﬁnal
chapter I compare the performance of the established Landsat7 .Enhénced Thematic
Mapper plus (ETM+) and the recent EO-1 Advanced Land Imager for volcanological
remote sensing. The ALI has been touted as a “technology try-out” for future Landsat
instruments and uses extra channels situated at more useful wavelengths for the purposes
of remote sensing of volcanoes. If any new Landsat instrument incorporates techﬁology

from the ALL then this should considerably improve the quality of volcanic imagery.

Within this thesis I aim to show how simple ground based radiometers and thermal
imaging cameras can be used synergistically with spaceborne instruments to enhance
further understanding of volcanic processes. I also provide insights into the performance

and future use of established instruments and methods.

1.2.The advantages of remote sensing of active volcanoes

Thermal' anomalies have Been identified at active volcanoes since the earliest
satellites were launched with the intention of studying weather pattéms (Francis &
Rothery, 2000). Since the first generation of Earth observétion satellites in the late 1960s
and early 1970s, much work has been completed using such observations tojanalyse levels
of activity and to track ongoing eruptions. It quickly became apparent that satellite-based
instruments provide the useful ability to detect and track the progress of eruptions at

remote volcanoes, reducing the need for costly field studies.

Satellite remote sensing offers many advantages to the study of volcanoes. A single

satellite image may cover many thousands of square kilometres, depending on orbit and
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instrumeht. Such a scene can provide coverage for an entire volcano so a;lalysis of activity
on the volcano in its éntirety may be assessed. The Geostationary Environmental
Operational Satellite (GOES) obtains imagery of almost an entire hemisphere. Two such
GOES satellites (GOES 8’& 10) provide coverage ‘of both seaboards of theAUSA. Data
returned from such instruments can cover the entire Hawaiian island chain including all
volcanoes on the Big Island (Harris et al, 2002). As the GOES instruments are
geostationary, and are therefore positioned over a single point on the Earth’s surface, they
are at an ideal vantage point from which to continuously monitor volcanic activity. GOES
8 & 10 return images every 10-15 minutes, and thus it is possible to detect any new
volcanic activity very quickly (Harris et al, 2002). A drawback of GOES data is that due to
its high orbit, and therefore wide éoverage it has a very large pixel size ranging from ~1 -
14 km. Pixels (or picture element) are the smallest elements from which an image is
constructed, and in remote sensing terms will relate to a discrete area of the Earth’s
surface. Low resolution instruments such as GOES have large pixel sizes, whereas high
resolution imagery such as IKONOS (a commercial imaging instrument) have much
smaller pixel sizes. Because a single GOES scene images most of an entire hemisphere,
pixels at the edge of a scene will be significantly larger than those pixels directly beneath
the instrument (nadir) due to the curvature of the Earth. However, the size of a GOES
scene allows detection of the spread of eruption clouds and their interaction with weather

systems on a global scale.

Instruments placed on satellites that orbit at lower altitudes generally have smaller
scene dimensions and correspondingly smaller pixel sizes. Optimal pixel size and scene
dimensibns are of course dependant on the intended use. Weather satellites require
synopﬁc imagery covering large areas (i.e GOES), whereas iﬂstmments intended for
observation of land surfaces such as the Landsat7 ETM+ may require higher resolutions
(smaller pixels). The ETM+ has a pixel size of ~30m and a swath width of 183km. The

ERS-2 ATSR2 orbits at a similar altitude to the ETM+ and has a pixel size of 1km, yet a
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swath width of 512km. Duevto,the physical limitations of the instruments themselves, the
space available for detectors at the focal plane of an instrument may be limited. Pixel size
is therefore a function of the instrument optics, orbital altitude and the detector popuiation
on the focai plane (Cracknell, 1998)1 Instruments such as the’ ETM+ and EO-1 ALI With
pixels sizes of 30m (or smaller, depending on channel) have scene dimensions large
enough to observe an entire volcano in the majority of cases. Satellite imagery can

~ therefore provide a unique vantage point from which to observe an eruption.

Most Earth observation satellite>s have been placed into an ingenious sun-
synchronous polar orbit. This is so that as the platform moves albng its orbit north to south
(typically), the Earth rotates underneath. After a certain period, the platform will have
passed over every point on the Earth’s surface. The time taken for a particular instrument
to image the entire Earth’s-surface is a function of the orbit and swath width of the
instrument. The Landsat7 ETM+ has a 16 day repeat orbit, bﬁt any location on the Earth’s
surface is imaged roughly once every 3 days, even at the Earth’s equator. This means that
the ETM+ passes over exactly the same location every 16 days, but because of the
instrument swath width, which extends either side of the satellite ground track, the same
location will be covered at an oblique angle within the imagery every 3 days. Instruments

with a wider swath will cover the Earth’s surface in a shorter period.

This ability to repeat observations of any volcanic events (cloud cover permittihg)
is very useful for tracking the progress of eruptions. The July 2001 eruption of Mt Etna
(Italy) was tracked on a daily basis by a number of NOAA Advanced Very High Resolution
Radiometer (AVHRR) instruments (Pergola et al, 2003). Information obtained from this
imagery was used in models to predict the likely extent of the resulting lava flows (Harris
& Rowland, 2001). Therefore, near-real time imagery of an entire volcanic flow field can
be used to constantly update eruption predictions, a feat very difficult to accomplish

otherwise (Rothery et al, 2001). Furthermore, the nature of measurements from
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spaceborne instruments allows a long time series of consistent observations to be
constructed. This allows not only a record of activity at any particular volcano to be made,
but the ability to readily spot new activity and to identify short and long period trends in

thermal activity (Rothery et al, 2001).

One vital aspect provided by satellite instruments is the ability to obtain
information on reflected and emitted radiation, not only at the visible anelengths, but also
within other regions of the electromaghetic spectrtum.  Channels situated at other
wavelengths within the Short Wave Infra-Red (SWIR: 0.8—3pm) and Thermal Infra-Red
(TIR: 3—15pm) in addition to the Visible and Near Infra-Red (VNIR: 0.5—0.8pm) can be
used to infer properties of surface materials (i.e. minerals, vegetation) as well as the
properties of the atmosphere itself (relative amount of water vapour) (Drury, 1987). The
integration of informatibn from a number of channels éaﬁ aid in the identification not only
of the differing geologic units upon a volcano but also the differing effusive volcanic
products. -For example channels located within the TIR of the MODIS (MODerate
resolution Imaging Spectro-Radiometer) can detect the presence of volcanic ash within the

atmosphere, as well as gases such as SO, associated with a volcanic eruption (Realmuto,

1995).

Observations of volcanoes‘ using satellite instruments provide the ability to obtain
data at a variety of scales and at differing wavelengths. Consistent observations may be
accumulated over many years, providing an easily accessible archive that would otherwise
- be expensive to obtain in terms of time, material cost and personnel safety. To obtain such
quality information using any other method would not be feasible. It is for these reasons

that satellite remote sensing of volcanoes has become an invaluable tool for volcanology.
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1.3.Problems associated with the remote sensing of active volcanoes

Despite the many advantages to conducting observations of volcanoes using remote
sensing instruments, there are some drawbacks. One of the major problems encountered
when conducting remote sensing of volcanology is that associated with sensor saturation.
This occurs when the amount of detected electromagnetic radiation from a feature such as
a lava flow or lava lake exceeds the instruments abiﬁty to meaningfully record the level of
detected radiance. As a cohsequence, the Digital Number (DN) representing the scaled
radiance will record a nonsensical value that is not representative of the actual emitted
radiance from the feature. This problem is compounded by the initial design of remote
sensing instruments, many of which are intended for weather observations or for high
resolution remote sensing of the Earth’s surface using reflected solar radiation rather than
the emitted radiation from volcanic features. The pla;:ing of many of the spectral channels
used by these instmmeﬁts within the visible and infrared regions is such that they are
designed to be used with réﬂected solar radiation and because of this they are more likely
to saturate. This is a consequence of the Planck relationship which predicts the emitted
radiation for any object at any temperature depending on wavelength, and is fully

described in the following section.

The net result of this problem is that many spectral channels are placed in the
visible and the near infrared (VNIR)‘ and are not generally sensitive to volcanic activity.
Another popular placement of spectral channels is within the thermal infrared to make use
of atmospheric “windows” and features relating to water vapour within the atmosphere,
and are therefore of meteorological use. However, these channels are highly sensitive té
the emitted radiance from even moderate volcanic features (fumarolés, cooling lava flows)
and therefore saturate easily. Indeed, until recently very few remote sensing instruments

have been designed with the express intent of making useful remote sensing observations

19



of volcanoes and are intended for making meteorological use or for general purposé multi-
spectral applications such as vegetation mapping. It has not been untii recently that
speciﬁc channels have been placed on remote sensing inétruments (such as the Advanced
Land Imager —ALI, deécribed and discussed latér within this thesis) to ;ietect volcanic
activity without easily saturating. However, due to the cost of development and use of
remote sensing instruments and the relative user communities all instruments are at best,

compromises, given the available resources.

A related problem is that weather satellites often have very large pixel sizes,
required so as t(; provide a large scale synoptic vantage point. Pixels from such
geostationary instruments (and therefore in a very high orbit) may be of the order of ~10
km, and therefore it is often difficult to detect the presence of even moderate volcanic
activity in such large pixels. The reverse is true of relatively high resolution imaging
satellites such as the Landéat7 ETM+. A pixel size of 30m x 30m may often be only
slightly larger (if at all) of such feétures as lava flows, vastly increasing the likelihood that

the emitted radiance from the flow will saturate many of the spectral channels.

Another major problem with remote éensing df volcanoes is the problems
associated with scattering and absorption df the emitted radiation from such features as
lava‘ flows, eruptive activity and so on. The problem in many of these cases is that the heat
generated by such features can distort the viewing conditions to an unknown degree that
make it difficult to relate to atmospheric models as MODTRAN and LOWTRAN. This
problem is further compounded by the gases and pyfoclastic material associated with
cooling lava flows and efuptive activity. Volcanoes in many cases tend to be in elevated
positions, increasing the likelihood of cloud cover which will inhibit the creation of long
term observations. All these factors make at best, any measurement of a thermal feature
associated with active volcanoes an informed estimate and cannot be considered as

absolute values.
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The history 6f remote sensing of volcanoes has therefore been a catalogue of often
ingenious methods combining data from several different instruments to provide the
required spectral coverage to obtain meaningful information. The “dual-band” method that
uses assumi)tions based on prior kﬁowledge of eruption temperatures and tWo spectrél
channels of instrument data to return an estimate of the likely thermal structure within a
pixel of satellite data is just such a method. This method is described and used later in this
thesis. Others have used the way in which an instrument saturates to gain meaningful
observations of eruptions (Dennis et al, 1998). The use of many different instruments
together to study volcanoes introduces a margin or error, mainly due to the fact that the two
(or more) instruments did not obtain their data at exactly the same time due to differing
orbits. Volcanic activity can vary at very short timescales, and therefore it is difficult to

relate a number of observations that may be separated in time by as much as a few days.

In section 1.6 I discuss these issues further when discussing the application of

remote sensing techniques to the study of volcanoes.

In this thesis I tackle some of these issues, namely by using gfound based thermal
cameras that provide almost real tiﬁle dedicated high resolution observations of such
volcanic phenomeha as degassing and molten spattering events from a single volcanic
vent. Such systems can be considered a cheaper alternative to space-based remote sensing
. instruments, ‘yet provide very high quality data and are tailored specifically to the
observation of volcanic phenomena. I also look into the viability of some of the ingenious
methods often used to deduce information from a sub pixel resolution. I wiil also conduct
a comparison between established remote sensing instruments such as the Landsat7 ETM+
and the ALI an instrument with spectral channels placed with the express intention of

obtaining unsaturated high resolution data from active volcanic phenomena.

Although I have listed some of the drawbacks of remote sensing of volcanoes, they

in no way exceed the advantages provided by the many forms of remote sensing. As
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technology and financial resources improve with time, these current drawbacks can be

overcome or worked around.

1.4.0btaining surface temperature from IR instruments

All satellite instruments record a DN (Digital Number) value for each pixel. The
DN is related tQ the total detected electromagnetic energy (radiance) within the footprint of
the pixel. As the instrument platform travels forward along the orbital path a mechanism
scans the area within the instrument optiéal field of view and translates the s‘cene into an
array of DN values which comprise a single image of the scene. There are many different
methods by which this is accomplished, and an overview may be found in Lillesand &
Keiffer (1994). The DN is stored an 8, 12 or 16 bit (depending on instrument), which can
then be received and subsequently converted using empirically derived algorithms into a

spectral radiance value representing the total emitted and reflected radiance within the

pixel.

The emitted spectral radiance from a surface or material can be calculated at
a given wavelength if the temperature of the surface or material is known. Planck’s law

governs this relationship between spectral radiance emitted from a black body source and

its temperature.

Lom=ci/ 7\>(exp(cy/AT)-1) (Equation 1.1)

Where L is the emitted spectral radiance (measured in Wm® pm™), A is the
wavelength and T is the temperature (in K). The values ¢=3.742x10"® Wm® and
¢,=1.4388x10?mK. Figure 1.1 depicts a set of curves for materials at different

temperatures showing this relationship between emitted spectral radiance and wavelength.
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As the temperature of the material increases, the emitted spectral radiance increases at all
wavelengths. Importantly however, the wavelength at which the maximum emission of
radiance occurs shifts towards shorter wavelengths. This function of Planck’s law is
kno§vn as Wien’s Law. No£e from figure 1.1 the noﬁ-linear rate at which the emitted
spectral radiance increases with increasing temperature. As a result of this relationship,
surfaces similar to the surface temperature of the Sun will emit radiance strongly within the
visible region, hot volcanic surfaces in the region of 800-1100°C emit within the SWIR.

Cooler surfaces such as solar heated ground will emit most strongly within the TIR.

10%7 4
03

10«01:

03]

Spectral Radiance (Wm? m)

Wavelength

Figure 1.1: The relationship between emitted spectral radiance (log scale) and wavelength for materials

at different temperatures.

Most imaging satellite instruments operating within the visible or infrared regions
are designed to detect reflected solar radiation at the visible, VNIR and SWIR
wavelengths. Solar irradiance at SWIR wavelengths warms the Earth’s surface which then
re-emits this energy at longer SWIR and TIR wavelengths due to the thermal properties of
surface materials. Remote sensing of this re-emitted energy at TIR wavelengths is possible

during the night as solar illumination is not required.
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These relationships are simplified in figure 1.2, which shows that irradiance from
the Sun is not only absorbed and re-emitted by the surface but also scattered, a‘bsorbed and
. re-emitted by the atmosphere. Any radiance emitted by such hot features as volcanic
activity or vegetation fires will therefore t;e mixed with the solar'radiative signal in

daytime images. Therefore the at-satellite radiance may be described as:

Lsatetiite = > (Lvolcanic + Latmosphere:Scattering + Latmosphere: reflection T Lground)

(Equation 1.2)

The Earth’s atmosphere. is not transparent to electro-magnetic radiation at all
wavelengths but possesses “windows” at various regions within the spéctrum. In these
atmospheric windows any signal is relatively unattenuated by preferential absorption‘by
thé various atmospheric‘ gaseous species and aerosois. In drder to observe the Earth’s
surface at wavelengths other than the Visibié, then instrument channels must be located

within these atmospheric windows.
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windows). The spectral reflectivity of the surface, represented by p varies also with
wavelength. These values may be obtained from published sources (i.e Buongiorno et al,
2002). Rop) is the reflected radiance from the surface and Ryy is the radiance emitted from
the atmoéphere itself. The radiancé emitted from the ground’surface is Lo, 1), and this \;alue
may be used to estimate the surface temperature. In the case of remote sensing of active .
volcanic surfaces, this value is a combination of the emitted radiance from both the hot

volcanic surface as well as the re-emitted radiance due to solar heating.

Once the radiative component, L, 1) has been calculated from a pixel value
ata partiéular wavelength then it is possible to calculate a surface temperature for the pixel
by rearranging equation 1.1 (Equation 1.4). This single value is referred to as the Pixel

Integrated Temperature (PIT).
Ta=ca/ M[ci A/ Ry ]+ 1) (Equation 1.4)

The temperature value Ty, representing the PIT returned by equation 1.4 must be
considered unrealistic, especially in the case of such instruments as an ALI (Advanced
Land Imager) or Landsat7 ETM+ pixel as it us unlikely that the entire 900m’ pixel is
thermally homogenous. For a pixel with a IFOV comprising a volcanic situation, this
scenario is especially unlikely as a certain fraction of the pixel may be at an elevated
temperature due to the presence of a lava ﬂéw (or other feature such as a fumarole or lava
lake). The remaining pixel fraction will be occupied by the ground surface at the ambient

| temperature. The calculated PIT will therefore represent the integrated temperature of all
surfaces emitting within the pixel’s Instantaneous Field Of View (IFOV). This value will
be a weighted average as a consequence of Planck’s law, as those areas within the IFOV
emitting at higher volcanic temperatures will emit dispfoportionately more radiance than

those surfaces at ambient temperature, as indicated by figure 1.1.
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1.5. Loss of surface thermal information within a pixel

The inherent loss of information within the PIT is a big problem when considering
application of the data to a volcanic context. For instance, the activity of a basaltic lava
flow may be gauged by how fast it is moving, which is dependant on the rate of supply qf
fresh lava (effusion rate), the slope angle (if any), the viscosity of the lava and the rate of
cooling. The velocity of the flow itself may be gauged by the relative proportion of cracks
within the chilled upper crust exposing the hot inner regions of the flow. A flow moving
relatively fast may display a great number of cracks, such as a’a flows that are associated
with high effusion rates (Lipman & Banks, 1987). Temperatures ranging from the ambient
(~20-30°C) to the near-magmatic temperatures of fresh lava > 1100°C may all be present

within a single pixél (Pinkerton et al, 2002). This concept is represented in figure 1.3.
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zoom-out 17x the image processing returns a single pixel. This loss of visual information
with increasing zoom value is quantified within the graph represented in figure 1.4. The
maximum temperature decreases and the minimum temperature increase, tending towards

the mean temperature.
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Figure 1.5: Similar representation of the loss of thermal information as in figure 1.4, but with the

addition of cool surrounding ground.

Figure 1.5 displays a similar set of images and graph to that displayed within figure
1.4, but additional to the lava flow is an amount of material related to the channelised flow
levees and cool background. This is a more realistic satellite pixel composition than that
shown in figure 1.3. This makes for a distinct visible structure which is apparent in many
of the zoomed out images until at least zoom-out 20x. As the images tend toward a single
pixel value at 40x (not shown in figures 1.4 or 1.5), the visible thermal structure is still
evident suggested by the presence of the dark centre pixel at 30x representing the medial

flow levee.
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Both figures 1.4 and 1.5 highlight the loss of thermal information present at the
ground surface within the PIT calculated from a smgle pixel DN. They also show
however, that it is possible to discriminate between the main thermal components of the
scene (hot cracks, cool crust or backéound) at even high * zoorﬁ-out” factors. In section
1.7 1 shall describe an ingenious method to extract the main thermal components from a

single pixel, if multispectral information is available.

1.6.Application of remote sensing to volcanology

Until relatively recently with the introduction of such instruments as the Hyperion
(Hyperspectral imager) and the Advanced Land Imager (ALI) onboard the EO-1,
volcanologists with a taste for remote sensing had to be content with the provision of data
from instruments primarily intended for weather or surface imaging (Francis & Rothery,
2000). None of these systems were designed specifically for monitoring active -volcanism,
and few had channels situated within the desirable mid-SWIR portion of the
electromagnetic spectrum. The Planck relationship predicts that for active lava flows With
initial surface temperatures in the region 900-1100°C, then an instrument channel placed in
the region of ~1.2um would be ideally situated for the remote sensing of high temperature
volcanic features (Donegan & Flynn, 2004). Many of these instruments also hati relatively

poor spatial resolution, often in the range of 1-4km pixels sizes.

A further problem with the use of instruments originally designed to operate with
reflected solar radiation in the SWIR, or from low emitted temperatures within the TIR is
saturation of the instrument channel over hot volcanic surfaces e.g. Wooster & Rothery,
2002; Harris et al, 1999B; Rothery et al, 1988. Saturation of a channel occurs when the
detected incoming radiance from the pixel exceeds the dynamic range of the sensor, and

the DN records the maximum value within the bit range, or returns nonsensical values.
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eruption of Mt Etna and was actively fed from a number of vents in the upper region of the

- image. This flow has actually easily saturated ETM+ channel 7, indicated by the presence

large numbers of dark pixels in the centre of the flow which is the most active region with
the largest amount of fresh exposed lava at > 16009C due to the movemént of the flow. In
this case these DN’s are represented by zero’s therefore resulting in these dark pixels. The
apparent blurring obscuring the clarity of the lava ﬂow in A and B is due to the extreme
saturation of the sensor and the local scattering of emitted radiance by the associated gas
and ash present at such an effusive eruption. These effects render the data from these
pixels useless. A similar problem has ’also affected chaﬁnel 5, albeit to a lesser extent.
However, figure 1.6C shows the same lava flow in the VNIR channel 4 and is barely
detectable. Figure 1.6 highlights the problem of high resolution instruments such as the
Landsat7 ETM+, as the SWIR channels are easily saturated, yet the VNIR channels
(channel 4) barely register the anomalous thermal radiance of the very active.lava flows

associated with the July 29" 2001 eruption of Mt Etna.

These shortcomings however, have not stopped the development and use of
techniques to extract information on active volcanic phenomena from a wide variety of
instruments. The choice of systems used has fallen into two broad categories, those
systems wi;th frequent repeat times for a given location on the Earth’s surface yet with
lower resolution imaging capability. The second category consists of those instruments
with relatively high resolution, yet infrequent overpasses of the same location. Both these

approaches have their relative merits.

1.6.1. Remote sensing of volcanoes using low/medium resolution instruments

Instruments that tend to have lower image resolutions are often those that have the

fastest repeat cycle for a given location, due to the large physical area within a single
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scene. Instrumenfs with frequent 0verpasées of the same location, such as a volcano,
provide the benefit of rapid detection- of the onset of new acﬁvity (Harris et al, 1997b).
One of the many problems involving the remote sensing of volcanoes is local weather
' conditions; that often obscure the sﬁmmit region and any acl;ivity present. This effect‘ is
exacerbated by the tendency of volcanoes to be high, increasing the chance of cloud cover.
Frequent. overpasses will increase the likelihood of making successful observations of the

volcano, free or only partially obscured by cloud.

The first instrument to be used in this way was the NOAA AVHRR (Advanced Very
High Resolution Radiometer) series of instruments, with a nominal pixel size of 3-4km
(Harris et al, 1997b). This instrument provided repeat capability over the span of just a
few days, and methodologies developed with this series of AVHRR instruments from the
mid-1970s to the late 1980s set the trend for introduction of inétmments with a similar
repeat capability. Instruments such as the Along Track Scanning Radiometers (ATSR) on
the ERS series of satellites complimented the later series of AVHRR instruments (Wooster
& Rothery, 1997A). These instruments benefit from the addition of higher pixel
resolutions and a greater number of spectral channels. These instruments have been
successfully used to record radiance trends at many volcanoes, including Mt Etna and Mt
Erebus in Antarctica (Harris et al, 1997b) since the mid 1990s. Such an archive can be
used to help spot new phases of activity at currently active volcanoes as well as to spot
new activity. More recently the MODIS instrument on the Terra satellite has been used to
provide a near-real time volcanic alert system available online. The improvisation of an
algorithm using a ratio of two of the MODIS TIR bands enables an alert to be generated if
a threshold value has been exceeded, indicating the onset of new activity (Wright et al,
2004). This system has proved extremely affective at spotting new activity, and logging
known activity. For example new activity had been found at the remote South Sandwich

islands in the Southern Ocean. This activity has only recently been confirmed by survey
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expeditions, and the MODIS data helped the interpretation of the ongoing eruption (Patrick

et al, 2004).

The detection of thermal aanalieé preceding an actual volcanic eruptidn by such
instruments is well documented (Francis & Rothery, 2000), (Harris et al, 1998). Thermal
anomalies within instrument channels reflect DN values elevated above the immediate
surrounding DN values. The elevated DN value may be related to the presence within the
pixel ground footprint of a high temperature source, such as a lava flow or lava lake. This
source may not ﬁil the pixel area sufficiently to saturate the instrument channel, but must
be extensive enough to raise the overéll PIT. In certain cases a thermal anomaly may be
indicated by the saturétion of a channel (Oppenheimer, 1993). Such anomalies may be
related to the opening of a new vent within a summit créter, effusion of lava flows or as
subtle as an increase in ﬁlmarolic activity. All such phenomena may indicate the imminent
onset of eruptive activity. The magnitude of the thermal anomaly, and which instrument
channels the anomaly registers in, indicates the likely cause of the anomaly. Anomalous
pixels in SWIR channels may be related to high-temperature products such as the effusion
of a new lava flow. Thermally anomalous pixels within TIR channels may relate to the
heating of the ground surface on a volcano by the close proximity to the surface of a new
magma body within the volcanic edifice. This may be accompanied by an increase in
fumarolic activity with heating of the surrounding ground (Oppenheimer & Francis’, 1997).
Such an increase may be only a few degrees above the ambient temperature, and therefore

- visible only within TIR channels.

The recent addition of a second MODIS instrument aboard a second polar orbiting
satellite, Aqua, doubles the likely frequency of observations. Although these observations
are not available every 10-15 minutes as in the case of the geostationary GOES
instrurﬁents, polar orbiting medium resolution instruments such as the ATSR2 and MODIS

provide good coverage and the ability to detect activity with a broad range of spectral
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channels. The increasing number of such medium resolution instruments in orbit increases
the likelihood of the detection of the onset of new eruptive activity, which can then be
incorporated into global alert schemes such as those that warn air traffic of volcanic ash

hazards.

1.6.2. Remote sensing of volcanoes using high resolution instruments

The second major category of instruments used in the application of remote sensing
to volcanology, is those with low repeat frequencies but relatively high image resolutions.
‘Typical of such instruments is the Landsat series of Thematic Mapper instruments. These
instruments have proved the workhorse of high resolution remote sensing volcanology,

with much research completed involving these instruments.

In the early 1970s the first dedicated Earth observing satellite was launched, and
was subsequently dubbed Landsatl. This platform was host to just 2 instruments, a visible
imager and the Multi-Spectral Scanner (MSS). Both these instruments had pixel sizes of
80m. Over the following 10 years two similar Landsat satellites were launched with
similar imaging capabilities. Landsat4 was launched in 1984 with the first Thematic
Mapper (TM) instrument, which possessed additional spectral channels in the SWIR and
TIR. Landsat5 was a duplicate of Landsat4 and launched in 1984 and currently
operational'. The most recent Landsat7 incorporated the Enhanced Thematic Mapper, with
additional channels. The TM/ETM+ series of instruments provide a range of spectral
channels within the visible/VNIR/SWIR and TIR regions. This series of instruments has
been subject to an evolution towards ever increasing pixel resolutions and numbers of
spectral channels that has been accompanied by the range of applications for which these

instruments may be used.

! At the time of writing (April 2004), according to http:/landsat7.usgs.gov/history/Land4-5.html
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This wide spectral éoverage, coupled with high pixel resolutions of 30m has proved
most useful to the remote sensing of volcanoes, despite the non-ideal location of the
various channels for the purposes of detectiﬁg hot volcanic products without saturation
- (Flynn et al, 20015. Despite this, channels’S and 7 are still vefy seﬁsitive to the emitted
radiance from such features as active lava flows or lava lakes, but saturate relatively easily

due to the dynamic ranges of these channels (Flynn et al, 2001).

Application of Landsat imagery to the study of volcanoes has ranged from the use
of the TIR channel 6 in iden;tifying the extent of fumarolic activity and the location of sub-
surface lava tubes at. Kilaueé volcano, to mapping the extent of active lava flows and lava
lakes and predictiﬁg the associated mass flux from an eruption (Harris et al, 1998). The.
smaller i)ixel size of the TM/ETM+ allows easier constraint on the dimensions of features |
such as lava flows or lakes as it is likely that many pixels (at 30m?) will be required to
cover the entire feature. Thermal anomalies such as these; may only register within a
single 1km?® pixel from such instruments as MODIS, ATSR2 and AVHRR (Harris et al,
1999). Imagery from the TM/ETM+ instruments has been used extensively in the
development of techniques to extract information on the sub-pixel thermalvk resolution,

which I briefly describe later (Flynn et al, 2001).

Although ‘;he Landsat series of instruments have provided the majority of high-
resolution data since the 1970s, recently new rsystems have been launched that build upon
Landsat’s capabilitiés. In 2000 the Terra satellite was launched carrying. several
instruments (including MODIS), one of which is the Advanced Spaceborne Thermal
Emission and Reflection radiometer (ASTER). ASTER was intended to compliment the
MODIS instrument by providing high resolution imagery in 14 separate spectral bands .
with pixel sizes ranging from 15m (VNIR) through 30m (SWIR) to 90m (TIR). Certain of
these channels approximately correspond to TM/ETM+ channels but the provision of extra

channels results with an instrument of improved capabilities for remote sensing of
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Volcanogs (Harris et al, 1999B). The Terra plétform has a repeat cycle of 16 days.
However, the ASTER instrument has a limited ability to aim at points of interest either side
of the Terra platform’s ground track, reducing the repeat time to ~5 days (Ramsey & Dehn,
2004). ASTER is a very versatilé instrument and is also clapable of producing Digital
Elevation Models (DEM) based on the differing look angles between two channels. The
greater thefmal sensitivity of ASTER has been used to help predict eruptions from Aleutian
and Kamchatkan volcanoes (Ramsey & Dehn, 20702), and also to provide high résolution

data to the KVERT warning system for air traffic developed by the Alaskan Volcano

Observatory (AVO).

The Earth Observer 1 (EO-1) satellite was also launched >in 2000 and carried
onboard a hyperspectral imaging instrument (Hyperion) and the Advanced Land Imager
(ALI), an instrument considered as a technology “try-out” for a future replacement Landsat
insfrument (Donegan & Flyﬁn, 2004). Both these instruments apply new solid state and 16
bit technologies not previously attempted in space based instruments. Hyperion is the first
orbital hyperspectral imaging instrument with 236 continuous channels within the VNIR
and SWIR, in addition to a high resolution pixel size of 30m. Hyperion provides the
ability to map the continuous spectral response of surface materials within this wavelength
range, and is invaluable to the study of volcanoes as in certain of these channels remain

unsaturated over active volcanic surfaces (Flynn & Donegan, 2002).

The ALI possesses the same spectral channels as the ETM+ (apart from the TIR
channel6), so that these new technologies may be directly’compared Wit_h the ETM+ (EO-1
follows Landsat7 by 1 minute at the same orbital altitude). Vitally however, the ALI
possesses extra channels within the SWIR. These channels are in the region where active
volcanic features emit the most radiance according to the Planck relationship (Donegan &
Flynn, 2004). This extra channel is of paramount importance to the future success and

development of remote sensing of volcanoes. In chapter 6 of this thesis I conduct an

38



investigation into the relative performance of the Landsat7 ETM+ and EO-1 ALI with
respect to remote sensing of volcanoes, and a detailed discussion of these instruments is

given therein.

The availability of data from these and any future instruments derived from them,
ensures that it will Be possible to further develop current methods for extracting sub-pixel
information. Even with instruments such as ASTER or ALI providing data at pixel
resolutions from 15-30m, there is still a large amount of vital thermal information obscured
by the single PIT value. This information is highly useful for the assessment of parameters
relevant to .aspects of the eruption, such as effusion rate. In the next section I show how
multiple channels from high resolution instruments such as the TM/ETM+, ASTER or ALI

can be used to extract information on the likely thermal composition within a pixel.

1.7.A method for obtaining sub-pixel information

The ability to transcend the PIT information barrier allows an estimate of the
overall thermal composition of the ground surface to be made. This method is important
for the analysis of any pixel with a footprint incorporating material at an anomalously
_ eleyated temperature due to volcanic activity. Products of volcanic activity may only rarely
fill the pixel IFOV of even high resolution instruments such as the ETM+ or ASTER. It is
therefore imperative to obtain information on not only the relative portion of the pixel
occupied by the products of volcanism, but also if possible, information of the thermal

make-up of the volcanic signal within this pixel fraction.

For example, the total emitted radiance from a lava flow may indicate whether the
supply of new lava driving the flow has changed, or whether the physical dimensions of
the flow have changed in response to the local topography. Lava flows that advance

relatively rapidly, such as a’a flows on Kilauea, possess cracks within the chilled crust
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‘expo'sing the hot inner core. The rate at which the -ﬂow crust material is entrained into the
flow interior, opening new cracks is a function of the velocity of the flow advance (Lipman
& Banks, 1987). Rapid forward movement will quickiy rupture the cooler flow crust, and
therefore active ﬁows will display larger 'numbers of cracks expoéing high’temperature
~material and therefore increasing the overall radiative output of the flow. The speed at
which a flow advances is related to the rate of supply of new lava to the flow, the width
and depth of the channel, the gradient down which the flow is moving as well as the
viscosity and crystallinity of the lava itself (Harris & Rowland, 2001). The supply of
material feeding the flow is related to the effusion rate of the eruption. Of course, there are
many other factors affecting the movemeﬂt of the flow, such as the cooling of the flow due

to local conditions as well as the topography (i.e. is the flow filling a depression?).

Therefore the ability to distinguish the relative amount of fresh exposed lava may

ultimately allow an estimate of the effusion rate and mass flux of an ongoing eruption.

Dozier (1981) outlined a method’ (subsequently dubbed the ‘dual band’ method)
that used the non-linear nature of the Planck function to estimate the temperaturés and
component fractional areas o.f a thermally diverse pixel. This was originally developed to
identify suﬁ—pixel sized industrial hotspots and gas flares (Matson & Dozier, 1981). The

model was later used by Rothery et al (1988) to investigate high temperature volcanism.

In the case of a pixel with an IFOV incorporating an active lava flow moving over a
much cooler ground surface (or a lava lake surrounded by cooler material), the Planck
function predicts different radiant temperatures for the same pixel in 2 distinct instrument
channels of separate wavelength. This method models the pixel radiance value in the 2
selected channels in terms of two fractional areas possessing differing surface

temperatures, using two non-linear simultaneous equations (equations 1.5 & 1.6).

R(}\,l,T) =TE€E (PcLl(ll,Tc) + (l-Pc) L1(7\.1,TH)) (Equation 15)
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RO\Q,T) =TE (PCLZO\Q,TC) + (1-Pc) L2(7\,2,TH)) (Equation 16)

R(A;,T) and R(A,,T) are the " in-channel measured radiances obtained from the
instrument data in the two respective channels. T¢ and Ty are the temperatures of the cool
thermal component, at fraction Pc and hot component Py (equivalent to 1-P¢) respectively.

Ln(An,T) and Ln(An,Tc) are the resulting modelled radiances derived from the Planck
function, emitted by the relevant thermal component in either channel calculated at the
appropriate wavelength. T is a vfactor of atmospheric transmission and thus attenuation bf
the signal from the surface to the iﬁstrument, whilst € defines the emissivity of the |
radiating surface. By the éssump'tion of any 1 of the 3 unknowns (fractional area, Ty or Tc)

then the simultaneous equations can be solved (Rothery et al, 1988).

1.7.1.. Use of the dual-band procedure for analysis of volcanic surfaces

In order to apply this method to any pixel incorporating hot volcanic material, it is
necessary fo idealise the wide thermal composition present on any such surfaée. Crisp &
Baloga (1990) proposed that a simple two component lava flow model would more
- accurately represent the surface of a lava flow than the thermally homogenous models or
‘non-radiant crust models’ used previously. These earlier models assumed erroneously that
the cooler crust at 100-400°C could be ignored as only the hot component at 700-1000°C+
radiated sufficiently enough to be used (Harris et al, 1999). The Crisp & Baloga model
represents an active lava flow surface comprising two thermal components: é cooler
component representing the lava flow’s chilled crust, and a hot component representing a
fraction of exposed ﬂoxrv core due to processes within the active flow (Crisp & Baloga,

1990). This model can be most accurately applied when the lava flow in question fills the
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entire IFOV of the pixel. This model ié the one represented in figure 1.3 (p28). For the |
application of this model to the dual band method, Ty relates to the temperature of the
’cracks exposing the hot flow core within the relatively cool crust at temperature Tc. We
can reléte this model to the ﬂov;l imaged within figure 1;4 (p29), which consists éf two

endmember temperatures-the hot cracks and cooler crust.

This model has been widely applied to a range of scenarios involving hot volcanic
material located within an instrument pixel. Early application of the dual band‘ method to
volcanoes included the estimate of surface temperatures of a lava dome within Lascar
volcano, Chile (Francis & Rothery, 1987). Work by Oppenheimer (1991) found that it is
| easier to assume the hot component Ty within the model as this value is easier to constrain
than the cool component T¢ which can vary widely depending on a large number of
factors. Assumption of Ty became the accepted form for the application of the dual-band

method to volcanic products.

However, in the likely situatidn where a lava flow or other volcanic feature does
not fill the pixel IFOV, then a third component must be used to denote the temperature of
the surrounding ground surface (Oppenheimer, 1993). This problem is highlighted'within
figure 1.5 (p30), which shows the presence of the three main thermal components, hot
crabks, cool crust and cooler surrounding materials. One of the problerﬁs with the addition
of this extra component is that when using Landsat TM/ETM+ data; only channels 5 and 7
are useful. Channel 6 within the TIR (and therefore sensitive to emitted radiance from cool
surrounding ground) has a different pixel size of 60m. This is because it is difficult to
obtain high resolution imagery at TIR wavelengths due to the extra sensor integation time
required (effectively, the sensor needs a longer “exposure” time to gather the required TIR
sample) and the orbital speed of the platform. Therefore, the TIR channels have a larger
IFOV as a trade-off. Any surface sufficient to register or saturate channels 7 & 5, is

unlikely to register within channel 4. This problem led to the use of low resolution
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| instruments such as the AVHRR or ATSR2 for estimating the temperature of the cool third
component (Harris et al, 1999C). Any feature such as a lava flow or lake which may fill a
‘signiﬁcant fraction of a 30m* TM/ETM+ pixel will only fill a small fraction of the 1km?
pixel size of instﬁments such as the ATSRZ. ‘Thus, the TIR channeis of these instruments
may not saturate over active volcanic features such as these, as the contribution of emitted
radiance from these sources is only a fraction of the entire pixel area. This approach was
used by Harris et al (19799C) to help identify mass fluxes from lava lakes such as those at

Mt Erebus, Antarctica.

The dual-band method is at best an approximation of the representation of active
volcanic features using spectral radiance measured in different channels. The biggest
problem with this approach is that it fails to represent the wide thermal variations present
on the surface of lava flows. However Wﬁght & Flynn (2004) found that it is possible to
use 5 to 7 differing tﬁermal components that better represent the thermal variation on a lava
flow surface. These thermal components may be resolved using a number of the 66
possible SWIR channels available using the Hyperion hyperspectral in§tmmeht. It is clear
that the future use of such imagery may provide more accurate estimates of sub-pixel
thermal resolution for volcanic features, but at present data from Hyperion is limited by the
high transmission and storage requirements and hampered by its narrow 7.5km swath
(Flynn & Donegan, 2002). In the interim period until similar instruments with greater data
procurement and availability are ready, I discuss in chapters 4 and 5 improved

interpretation of dual and triple band results using the ALL

1.8.Aims and structure of this thesis

In this thesis I aim to show how a variety of remote sensing applications, ranging

from the use of simple radiometers and thermal imaging cameras can provide counterpoint
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to the use of satellite based systems such as the Landsat7 ETM+ and EO-1 ALIL I hope to
show that even a simple radiometer can be used to extract meaningful information, and
with the correct interpretation provide insights into ongoing physical processes at an active

volcano.

This thesis falls into two main sections. The first (chapters 2 & 3) deals with the
interpretation and analysis of thermal data returned by a network of radiometers installed
on the Pu‘u‘O‘o cone of Kilauea volcano, Hawaii (Harris et al, 2003). My aim in these
two chapters is to show that‘satellite-ba.sed data is not necessary to obtain real-time data
from an active Volcanic situation. In chapter 2 I identify.thermal anomalies within the
radiometer data by synergistic use with simple RSAM data, and tie these events to large
scale Earth system processes such as the tidal Qariation. In chapter 3 I show how it is
possible to estimate the mass of molten ejecta associated with these events within the
Pu'u’O’o crater described in chapter 2 byv using thermal diffusion modelling. This
information may then subsequently be used to monitor the dynamics and plumbing of
Veﬁts at Puu’O’o. The net result of these two chapters is the ability to extract meaningful
information on physical processes within a volcanic crater by the simple use of radiometer

data.

The second section of this tﬁesis centres on the use of the dual-band technique, and

~how it is applied to high resolution satellite data frqm such instruments as the Landsat7
ETM+ and the EO-1 ALIL Although this is a subject considered at length elsewhere, I use

thermal camera imagery obtained from active lava flows at Mt Etna to form the basis of

accurate models of the thermal composition of lava flows within a single pixel. As these

models can be adjusted at will to simulate various scenarios any satellite pixel is likely to

encounter, I use this to accurately assess the response of the dual—band. procedure to these

models. This has not been possible before, as previous studies have all considered the

likely response of the prbcedure to a simple two or three component simulated pixel and
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then extrapolate these findings to actual situations. I also show how three-component
modelling is much more effective at extracting the likely thermal composition within a

pixel.

In chapter 6 I use the dual-band model as the basis of a comparison between the
established and well understood Landsat7 ETM+ instrument and the recently launched EO-
1 ALI instrument. The ALI incorporafes many new technologies intended as a trial run for
a future ETM+ replacement instrument. The ETM+ has been regarded as a workhorse for
Volcanological remote sensing, so it is important to assess the next generation of
instruments, especially when 1 equipped with extra spectral channels within the SWIR

designed specifically for the use of remote sensing of volcanoes.

In the final concluding chapter 7, I suggest some direction for future research

arising from work completed in this thesis.

Therefore the overall theme of this thesis is the use of various remote sensing
methods, ranging from simple ground based radiometer to the latest state of the art satellite
instruments. All these methods can provide vital insights into processes associated with

active volcanism.

1.9.Contributions from others to this thesis

The work repreéented within this thesis is my own, including analysis and
interpretation. This PhD research was funded by a grant from the Open University
graduate research fund. Dave Rothery (OU) and Andy Harris (Uni\;ersity of Hawaii) as
supervisors have reviewed this work and contributed suggestions. Chapters 2 and 3 made
use of data returned by the HIGP/HVO radiometer setup on Kilauea volcano, whilst help
and advice (not to mention accommodation and supervision as part of the USGS HVO

volunteer program) was provided by Christina Heliker and others at HVO. Jo Gottsman
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provided me with QuickTide software for the calculation of tﬁe tides within chapter 2.
Dan Morgan (OU/University of Durham) helped me with the choice and understanding of
the correct thermal diffusion equations as well as the laboratory testing of thé model. Dan
also helped review Chépter 3. The thermal caméra imagery used within Chapters 4and 5
was kindly provided by Harry Pinkerton of Lancaster University. Harry also provided
information and advice on how and where the thermal camera imagery was obtained.
Chapter 6 is based on a paper submitted to the Journal of Volcanology and Geothermal
Research and is expected to be published in the summer of 2004. This paper was co-
authored by Luke Flynn of the University of Hawaii, who also provided financial support
for my stay in Hawaii as well as the satellite imagery used within chapter 6 (Landsat7 &

EO-1). Luke also helped review this chapter.
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2. Investigating a possible link between thermal anomalies detected

within the Pu’u’O’o crater of Kilauea volcano and the Lunisolar tide.

2.1.Introduction

An easy assumption to make when considering the remote sensing of active
volcanoes is that satellite data can provide all 'the' solutions to most of the problems
associated with obtaining a complete record of volcanic activity. In time with enough
funding and technology this as’sertion may well hoid true. At present however, many
problems encountered Wifh remote sensing of active volcanoes such as heavy cloud and
fume cover associated with altitude and activity plus often inadequate pixel spatial
resolutions prevent accurate and constant observations using satellite instruments. There is
a paradox in volcanic remote sensing in which satellite instruments that can provide
constant near real-time observations have very poor spatial resolution (i.e. GOES), whereas
those instruments with high spatial resolution (i.e. ETM+, ALI, ASTER) may only pass
over the same location on the Earth’s surface once every few days. In this chapter I shall
show data from a simple, relatively cheap system of radiometers providing real-time high
spatial resolution data from within an éctive volcanic crater can be used to relate and infer
ongoing processes that would be extremely difficult to attempt otherwise with satellite

data.

A system of ground based instrument radiometers installed on the vrim of the
Pu'u'O’o crater of Kilauea volcano, Hawai’i (Hafris et al, 2004) satisfies this criteria. This
system consists of three individual radiometers (referred to as “Ducks”) that continuously
record the temperature fluctuations within three separate thermally anomalous “targets”
within the crater. This system is relatively cheap, resilient, adaptable and ‘\provides thermal

information at a level not currently available with satellite data. This system may be

47



cheap, but is supérior to satellite systems in that it provides a continﬁous record of thermal
activity at a high spatial resolution. Satellite instruments in the main only provide single
snapéhots of the thermal activity once per overpass. This is important as a thermal
signature‘ can be attributed to différent types of volcanic ac'tivity, and wle can use this to

identify and understand processes within the greater volcanic system.

There has been frequent speculation about the relationship between the
gravitational tides due to the motion of the Moon and the Sun relative to the Earth, and
volcanic phenomena. Many previous researchers have commented on the possible
relationship between effusive volcanic phenomena such as degassing and fire-fountaining
events with this “Lunisolar” tide. Shimozuru (1987) recalls observations by H.Jaggar of
the 1919 Halema'uma'u lava lake. The level of the lava lake appeared to fluctuate in
response to the changing tidal forces. Williams-Jones et al (2001) observed that tremor
events at Arenal in Costa Rica also seemed to coincide with minima of the Lunisolar tidal
potential. Other studies of Mt Etna in Sicily also suggest a relationship between Lunisolar

Earth tides and effusive activity (Patané et al, 1994).

The system of radiometers at Pu'u’O’o began to record thermal anomalies from
within the crater at the start of September 2001, and in this chapter I consider those
anomalies récorded during both September and October 2001. These anomalous thermal
signals are manifested as an initial rapid rise in temperature, that in some cases quickly
decays, whilst in other cases the decay of the anomaly took longer with a shape suggestive
of'a cooling curve. On certain days many anomalies were recorded-within the space of 2 to
3 hours. At other times, few or no anomalies were recorded over the course of 1 to 2 days.
The peak temperatures achieved by these signals often varied greatly between 10 - 15°C
above the ambient temperatures and up to 150-200°C above the ambient temperature.
Such apparently ephemeral events within the Pu'u’O’o crater invite an attempt to detect a

link with the ever changing Lunisolar tide.
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In this chapter I investigate these anomalous thermal signals obtained with the
radiometer system from the Pu'u'O’o crater during the study period of September &
October 2001. 1 explore their relationship with low level seismic tremors recorded

simultaneously and attempt to relate these signals with the Lunisolar tide.

2.2.Background to activity at Pu’u"O’o crater

Kilauea volcano is the youngest of the five major coalescing volcanoes that
comprise the Big Island of Hawai’i, USA. Kilauea is also one of the world’s most active
~volcanoes and has erupted 2 km® of lava into 105 km® of lava flows, emitted from the East

rift zone since 1983 (Heliker & Mattox, 2003).

Kilauea has been erupting continuously since 1983 and this eruption has progressed
in 3 main episodes. The first of these involved fire fountaining and a’a lava flows issuing
from vents that had opened on Kilauea’s East rift zone in late 1983. These gradually
~created a cinder and spatter cone that was ultimatély named Pu'u'O’o ~(Hé1iker & Mattox,
2003). After 3 Y years, activity transferred to the creation of a lava shield, 2%2km further
down the rift zone. The Kupaianaha vent as it became known, supplied many tube fed
pahoehoe lava flows that often reached the Pacific coast ~13km away. This activity
continued for 5 Y% years after which the main focus of activity switched back to Pu'u’O’o,
where effusion from vents on the flank of the cone further supplied a network of tube-fed
pahoehoe flows onto the coastal flats and into lava deltas at ocean entry points (Heliker &

Mattox, 2003).

The Puu’O’o cone has itself gone through a varied and well documented
evolution, and is well documented elsewhere (i.e Heliker & Mattox, 2003). However,
prior to the study period the crater had been subject to low levels of activity since February

1998. Any activity present was limited to a small number of vents, such as the July pit and
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Figure 2.1 shows the relationship of the various vents upon the crater floor and the
morphology of the interior of the crater as it appearedi in late 2001 before the crater was
' répaved by fresh flows issﬁing from within the crater in early 2002. The crater floor was in |
this configuration during the September-October 2001 study period. The collapsed area of
the crater floor associated with the 25" August 2001 collapse is visible as the trough, in
which the Beehive Vent, July Pit and East Pond Vent are located. Dave’s Pit and the South

Wall Hornito are located on the terrace surrounding the trough.

Night-time video imagery obtained from the rim of the crater showed that various
vents on the crater floor were glowing sporadically. Due to the dark conditions it was not
possible to determine whether this was due to changing conditions within the vents
‘themselves, or due to intermittent clearing of cloud and fume that ofteﬁ obscures the crater

floor within the video imagery.

2.3.Installation of 3 radiometers on rim of Pu'u' Q"o crater

Three autonomous radiometers were placed on the rim of the Pu’u’O’o crater in
late 2000 with the intent of providing a continuous and accurate record of thermal activity
within the crater. These rédiometers (affectionately referred to as the “Ducks”) telemeter
thermal information back to a base station situated within the Hawaii Volcano Observatory
(HVO). A dedicated coﬁputer there compiles and records the resulting data. The three
Ducks work in conjunction with a remote video camera that provides real-time imagery
from the Puuw'O’o crater back to HVO (Thornber, 1997). The Ducks make use of the
existing infrastructure provided by HVO for the operation of the video camera. This

system uses a repeater station situated on the flanks of the adjacent Mauna Loa volcano to
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relay the data from Pu'u'O’o to HVO, as there is no line-of-sight from Puu’O’o to HVO

on Kilauea’s summit (Thornber, 1997).

The radiometer used withiﬁ each “Duék’f is sensitive to Thermal Infrared Radiation
(TIR) in the wavelength range of 8 to 14pum. Due to the effécts of the Planck relationship
(refer to figure 1.1) this’ makes the Ducks very sensitive to temperatures at the average
ambient temperature of 15 to 30°C, likely to be encountered at Puu'O’o, as well as the
_elevated temperatures assocjated with volcanic thermal anomalies exceeding 300°C (Harris
et al, 2003). Therefore this system is ideally suited to detecting temperature changes
associated with the changing conditions and activity of vents situated within the Pu'u’O’o

crater.

The three Ducks (christened Huey, Dewey and Louie) were targeted individually at -
discrete areas ‘within the Puu’O’o crater. These areas were chosen due to anomalously
high temperatures compared with those of the surrounding surfaces within the crater.
These targets had been identiﬁéd first with a hand held radiometer (Minolta Land). Each
duck was then aimed at this feature, the final position being where the highest temperature
is recorded from. the target on an internal read-out, The map of the Pu'u'O'o crater in
ﬁgureZ.l Shows the approximate location of the three Ducks With respect to the crater

floor. Figure 2.2 displays a simple overview of the position and the target vents of the

three Ducks.

Duck Bearing Field of View (FOV) Target

Huey ' 155° 16°+1° below 1° Beehive Vent
Horiz »

Dewey 159-161° 15° below 60° July Pit & Beehive
Horiz Vent

Louie ‘ 135°  20° below 1° July Pit
Horiz

Table 2.1: Bearings of the Ducks at the time of the study and their targets. After the 25™ August

_collapse the areas of the July pit and Beehive vent were still visible, and nightglow was often identified in

video camera imagery of the collapsed floor.
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In mid-July 2001 the Ducks were re-targeted to acquire new igh temperature
rgets on the crater floor, and the Ducks were in this configuration during the period of

this study. Table 2.1 summarises the orientation of the Ducks in this configuration.

SWW , NNE
West gap

I NGVAY

L?‘nl fuey

LA A RS 1
Dewe

Figure 2.2: Schematic of the layout and targeting of the three radiometer “Ducks” on the rim of

Pu'u’O’o crater during September and October 2001.

It was intended that the field of view (FOV) of the wide angle Duck (Dewey)
should cover the combined FOVs of the two narrow angle Ducks (Huey & Louie) so that
confirmation of any thermal activity at the target areas within the two narrow angle FOV
Ducks could be provided by the wide FOV Duck. The wide FOV Duck monitors activity
within a large swathe of the crater floor, and so provides the capability to monitor large
scale phenomena in addition to the information obtained from two small target areas within

the narrow angle Duck FOVs.

The thermal data obtained by the three Ducks from the Pu'u'O’o crater is
automatically displayed in near-real time on a display within the foyer of HVO, and also
on a Hawaii Institute Geophysics Planetology (HIGP) hosted website:

The temperature records for each of the Ducks is
compiled into a single file complete with a correction factor to counter the loss of signal

associated with the Selenium Arsenide glass window through which the radiometer
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observes the target feature (Harris et al, 2003). Each of these files records the temperatures

sampled at two second intervals for each day.

A complete temperature record is therefore available for each of the target areas, .
in which the diurnal temperature variation is present, as well fluctuations due to the
changing levels of cloud and fume obscuring the target areas.. The thermal spikes’
discussed within this chapter are superimposed upon this constantly fluctuating pattern of
temperatures. A full description of the installation, subsequent use and interpretation of
events during the initial period of Duck operations can be found in Harris et al (2003).

Information on the installation and use of the remote video camera can be found in Harris

& Thornber (1999).

2.3.1. Thermal data returned by the Ducks

Since their installation on the rim of Pu’u’O’0, the Ducks have returned reliable -
information about events on the floor of the crater. This includes the diurnal thermal
ﬂucfuaﬁons within thé crater as well as periods of increased activity within the crater, as
typified by lava ponds within the July pit (Harris et al, 2003). In the period prior to this
study the Ducks had been centred on various interesting thermal features on the floor of the

crater with the purpose of recording the thermal flux over a long time span.

Siﬁce the re-targeting\ of the Duéks to aim at the July Pit and Beehive Vent in July
2001 the Pu'u'O’o crater floor suffered a partial collapse on 25® August 2001. This has
been confirmed by seismic data for that day and was also indicated later in pictures
obtained from one of the routine helicopter over-flights (C.Heliker pers. com). The area
affected included the location of the July Pit and Beehive vents, and immediately after the
event no thermal readings above the background temperature within the crater were

received. However within a week, Huey had begun to report small thermal spikes in the
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data and the occurrence of these spikes increased in frequency and magnitude into early
September at the start of the study period. Figure 2.1 shows that despite the 25" August
collapse the July Pit and Beehive vents were still present within the central crater trough.
Therefore it appears that the Ducks had reécquired thermal signals from these vents once
debris associated with the floor collapse had cleared or new vents in these locations had

formed in the new floor within the central trough.
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Figure 2.3: Record of temperatures from all 3 Ducks for 1st September 2001. Note the consistently
higher temperatures during daylight hours than during the dark hours.

Figure 2.3 displays a typical thermal record for a whole day returned by the three
Ducks from the crater floor from 1 September 2001 at the start of the study period. This
particular record does not display any of the spurious thermal spikes that are the focus later
in this chapter, but what is apparent is the ambient diurnal temperature variation.
Temperatures recorded during daylight hours are on average higher than those recorded
during the hours of darkness. This is of course due to the effects of solar heating of the
ground and the local atmosphere. The temperature difference indicated by all 3 Ducks is
of the order 8-10°C. There are also changes in temperature due to the amount of cloud and
fume obscuring the target vents on the crater floor from the Ducks on the crater rim. This
obscuration attenuates part of the incoming infrared signal detected by the Ducks, and is

thus recorded as a period of lower temperatures. There is also a small fluctuation in the

55



temperatures recorded by the Ducks of the order of 1-3°C that varies over the course of 1
to 3 seconds. These fluctuations are due to the small scale changes in viewing conditions
as well as variations in the emitted radiance from the target vents due to changes in emitted

hot gases etc.

What is apparent frpm the study of such a record is that the thermal anomaly
associated with the target vents is not consistenﬂy elevated over the ambient background
temperatufes, and that fluctuations can occur over the course of just a few seconds. It is
unreasonable to assume that the radiative output from a small volcanic vent situated on the
floor of a crater will produce a thermal anomaly of consistent temperature. These
fluctuations are due to the combined effects of changing viewing conditions and small
scale changes in the output of the target vent. A daily “eruption-update” is méintained on
thé HVO website that often details conditions at Pu'u'O'o,

~ (http://hvo.wr.usgs.gov/kilauea/update/main.html). Pu'u'O’o crater is' often described as

“socked in” by cloud, fume and even rain as indicated by field excursions and video
telemetry. This indicates that clear viewing conditions are the exception‘rather than the
norm. However, analyéiS'of the video telemetry in conjunction with the Duck data during
the study period showed that conditions often cleared momentarily throughout most of the
study period. Sometimes the crater floor and all the features present were clearly
identifiable, whilst at other times only brief hazy glimpses of certain features were

possible. This shows the high degree of variability of the conditions present at Pu'u"O’o.

2.4. Thermal anomalies recorded within the Duck data

During September & October 2001 anomalous spikes were recorded within the
thermal data from one narrow-angle FOV duck (Huey) and one wide-angle FOV Duck
(Dewey). These signals took the form of a sharp rise in temperature over the space of 1 to
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5 seconds, that would in some cases quickly drop off, yet in other cases the signal would
decrease at a slower rate down to the background ambient temperature. For those thermal
spikes that achieved temperatures 60°C or more, a response was also often evident in data
from the widé angle Duck, Dewey. Tﬁe thermal spikes continuéd to occur in 1 ey and
Dewey data until late October. No thermal anomalies were recorded at all within Louie
data and it is assumed that whatever feature on the crater floor which was responsible for
the anomalies in the Huey and Dewey data was not present within the FOV of Louie.
Figure 4 shows a typical record of the temperatures recorded within the Duck data over the

course of the afternoon of 18" September 2001.

Figure 2.4 shows a number of thermal spikes ranging from those that possess a
quick return to the ambient background temperature with little or no response within the
data from Dewey (60° FOV), to spikes that tend to take a little longer to return to the

ambient temperatures. Many of these also display a response within Dewey data.
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Figure 2.4: Thermal record for the afternoon of 14th September 2001 showing thermal spikes. Note the
apparent regularity of some of the spikes and how certain spikes appear to possess a slower rate of drop-off

towards the background ambient temperature

The most apparent feature of ese thermal records is that the spikes occur
only within Huey (1° FOV) and Dewey data. No spikes were ever evident within data

from the other 1° FOV Duck, Louie. Hence, it therefore appears that these thermal
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anomalies are associated with the Beehive vent, at which Huey was aimed, and which was

also present within the FOV of Dewey.

The spikes displayed within figure 2.4 reach a peak temperature of ~59°C. Other

spikes frequently achieved peak temperatures in excess of 100°C.

Figure 2.5 shows two large thermal anomalies recorded from the afternoon of
September 18™ 2001. The peak temperatures here are well in excess of 100°C and a strong
response is also recorded within data from Dewey. A third smaller spike is also recorded at
~ 16:20, but this spike does show a sustained and gradual drop-off to the ambient
temperature. A lesser response from the wide angle Dewey (with a FOV encompassing
that of Huey’s) is expected as the FOV of Dewey is greater than that of Huey’s. Therefore,
any temperature record of the same area of material at an elevated temperature above the
background temperature will appear higher within the smaller FOV than the equivalent

record from the wider FOV record.
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Figure 2.5: Thermal record from the afternoon of 18th September 2001 showing two distinct large

thermal anomalies. Note the strong response in records from Huey and Dewey and no response from Louie.
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2.4.1. Recording all thermal anomalies in September & October 2001

In order to analyse all thermal anomalies recorded from the three Ducks within the
two month study period, I wrote software in Research Systems IDL. This software read
the complete thermal record for each Duck on each day of the study period. The software
compensated for attenuation éf the incoming signal by the Selenium Arsenide window
using empirically derived formula (Harris et al, 2003), but the resulting derived
temperatures cannot be considered to be absolute due to a combination of factors including
the complexity of the materials within the FOV (fresh lava, older material, gas & fumes as
well as the differing emissivity values for this range of materials). As Harris et al (2003)
point out, what is of most use and interest is the relative values present within the duck
data. This and oth§r factors relating to the interpretation and use of thermal data returned
by the Ducks can be found in Harris et al (2003). The thermal anomalies were identified
automatically within the IDL software by setting a threshold temperature. Any time this
threshold temperature was exceeded within Huey data, the time and the temperatures at the
remaining Ducks were recorded. The threshold temperature was set by using a “moving
window” technique within the software. As the program looped through all the
temper‘ature‘s, recorded at intervals of 2 seconds, a running mean temperature was
calculated for the preceding 30 minutes. If this mean temperature was exceeded by 5°C
within the space of 1-2 minutes then this would be considered a thermal anomaly, or'
“spike”. The software would also calculate the duration of the spike using a similar
technique. Once the temperature within the duck record had returned consistently to
within +/- 1-2°C of the mean temperature for the current hour (30 minutes ahead and

behind of the current point considered) for 1 minute, then event was considered over.

This “moving window” method allowed an amount of automation and consistency

in the process of anomaly detection, the alternative being to manually set a threshold
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temperature for thé whole day. This threshoid temperature should be>high enough so that
the constantly fluctuating temperatures (usually in the range 25-35°C) detected by the
Ducks do not register as anomalies. Due to the diurnal temperature range displayed within
the duck d;ata, the extent of which dépended on the current viewing conditions within ';he
Pu'u’O’o crater ‘(i.e. amount of fume), the manual selection of an arbitrary threshold
temperature prove(i less satisfactory than the adoption of the “moving window” technique
described above. This method also allowed a much more quantitative method of
identifying the likely duration of an anomaly. The provision of information on the
anomaly duration. is used in conjunction with the maximﬁm temperature achieved in the
next chapter. These parameters will be used to infer the presence and amount of solid

ejecta within the duck’s FOV at the time of the anomaly.

2.4.2. Variation in the number of recorded thermal anomalies during the study

period

Figure 2.6 shows the number of thermal anomalies recorded for each day within the
2 month study period. Over 500 thermal anomalies were detected during the study period,
and as figure 2.6 shows, they are not distributed evenly during the study period but appear
to fall into a cyclic pattern. It appears that the number of anomalies broadly increase to a
maximum number, ‘after which the number of anomalies subsequently falls. This pattern
repeats itself a number of times during the study period. This pattern may be due to a
variety of causes, ranging first from the possibility that changing crater conditions are
~ modulating the détecﬁon of the anomalies to the possibility that the root cause of the

anomalies themselves is fluctuating with time.

I have also plotted on figure 2.6 what I term the “Tide Fluctuation Index” (or TFI). -
I discuss the creation and calculation of this later within this chapter (p81). The TFI is

simply a measure of the relative amplitudes in the semi-diurnal fluctuation of the tides due
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to the combined gravitational forces of the Sun and the Moon on the Earth. The TFI
ranges between 0 and 1. As the TFI tends towards 0 from 1, the ratio between the
amplitudes experienced within the semi-diurnal tidal range increases. This relates to an
increase in tidal force, such as that experienced at new and ﬁll Moons. The opposite is

true as the TFI tends towards 0 from 1.

Figure 2.6 suggests the possibility of a link between the thermal anomalies
recorded within the duck data and the magnitude of the changing tides due to the
gravitational forces of the Sun and Moon. It appears that the number of anomalies
recorded within a day within the duck data are at their lowest when the TFI is at a
minimum. Although those days which see the greatest number of thermal anomalies do
not appear to particularly coincide with the points when TFI is at a maximum, the number
of anomalies per day over the span of 3-5 days seems to increase in conjunction with the
TFI as it waxes from a minimum towards a maximum. This translates as when the actual
Lunisolar tide is increasing to a maximum, the number of thermal anomalies recorded is

also increasing.
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Figure 2.6: The number of thermal anomalies recorded during the two month study period (columns).
On those days where no anomalies were recorded, the number of anomalies is represented by a zero. The red
line indicates the Tide Fluctuation Index (TFI) that is described on p81. The TFI is simply a measure of the
range in tide potential relating to the changing gravitational force due to the motion of the Sun and the Moon.

This is based on the Lunisolar tide at the coordinates and altitude of the Pu'u'O’o crater on Kilauea.
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In order to fully explore the possible relationship between the thermal anomalies
recorded from the floor of Pu'u'O’o with the tides we first need to identify the physical

processes responsible for these anomalies.

During the 2 Iﬁonth study period, I was present at HVO and had the task of
recording any events visible within the Pu'u’O’o crater in the video telemetry system
discussed previously. For the majority of the time the defaﬁlt viewing condjtic;n was that
the crater was full of fumes that obscured any view of the crater floor. Very occasionally,
brief clearings exposed the crater floor but these clearings most often did not last. An early
assumption was that the thermal anomalies were related to clearing viewing conditions
exposing a vent on the crater floor within the Duck FOV. It was soon apparent that
clearing conditions were not responsible for the anomalies as it was easy to cross check the
viewing conditions at the time of any anomaly using the archive of images from the video
telemetry system (Thornber et al, 1999). Therefore another process must be responsible

for the thermal anomalies.

Fortunately at the same time anomalies were first spotted within the data returned
by the Ducks from the Pu'u’O’0 crater floor, anomalous episodes were also recorded by
the HVO RSAM network and interpreted as originating on the Pu'u'O’o floor. ‘Any
coqelation between these events may allow us to identify the cause of the signals recorded

by the Ducks.

In the next section I relate the thermal anomalies to these signals recorded
simultaneously within the HVO RSAM network, and then in the subsequent section, I will

~ try to identify the presence of a link between these events and the tides.
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2.5. Anomalous seismic signals detected within the Pu'u'O"o crater

2.5.1. The RSAM system

Real time Seismic Amplitude Monitoring (or RSAM) is a system for recording the
seismic amplitude without focussing on extracting the location or magnitudes of any
earthquakes (Endo & Murray, 1991). RSAM was developed by the USGS as it is des'irable
to access any seismic data in a volcanic crisis quickly without disturbing the ‘traditional’
analogue recording drums used. The RSAM system calculates and digitally records the
average seismic amplitude over a period of 10 minutes. A bonus of this method is that it
provides real-time monitoring (Ewert et al, 1993). The resulting data are used to analyse
any changes in tremor that may indicate any change’ in seismicity associated with a
forthcoming volcanic crisis (Ewert et al, 1993). This system was first used operationally
by USGS CVO (Cascades Volcano Observatory) with considerable success. RSAM is
used by HVO to constantly monitor the current state of volcanic tremor on Kilauea and has
been successfully used to detect a range of phenomena pertaining to the ongoing Pu'u’O’o

eruption.

2.5.2. Anomalous RSAM signals in September and October 2001

HVO maintain an RSAM network at a number of stations on Kilauea, including the
“Steam Cracks” detector (STC), which is closest to the Pu'u'O’o cone at a distance of
lkm. At the start of September 2001 low amplitude “cigar-shaped” tremor had been
noticed within RSAM data returned from STC. The next nearest station at Kalula cone
(KLC) showed no evidence of these signals. The cigar shaped signals were therefore
interpreted by HVO scientists as.events originating at Pu'u'O’o, probably degassing from a

vent on the crater floor. A crater floor collapse on 25™ August 2001 had been inferred from
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large tremors and reports from helicopter overflights. Information from clear periods
observed within the video telemetry of the crater floor confirmed a limited collapse. The
anomalous RSAM signals were interpreted by HVO scientists at the time as resulting from

degassing episodes from a vent created or reactivated by this crater floor collapse event.

RSAM units (mV)

Time (s)

Figure 2.7: Example RSAM records. A: RSAM record 'for a typical rockfall event within the Pu'u’O’o
crater during the study period. These are characterized by a rapid increase in amplitude followed by a quick
drop off to background noise levels. B: A typical ‘cigar shaped’ RSAM record attributed to a degassing event
within the Pu'u'O’o crater. This type of record is typified by a relatively slow increase in amplitude then
followed by a slow drop off in amplitude. More persistent records display sustained periods of increased
amplitude. The duration of the cigar shaped RSAM anomaly is taken to be equivalent to the duration of the

degassing event from the vent within the crater.

As these anomalous RSAM signals began at a similar time to the thermal anomalies -
within the duck data it was natural to investigate whether both these sets of anomalous data
were linked. If they were indeed linked then we might be able to infer that the Ducks were
defecting hot gas and/or ejecta associated with a degassing vent on the Pu'u’O’o crater
floor. In order to check for a possible correlation it was necessary to identify and record all
instances of the RSAM anomalies. This was accomplished by reco¥ding the times of the
onset of any anomaly where the RSAM amplitude exceeded a set threshold. The RSAM
data I used to accomplish this were in the form of hardcopy on paper sheets recorded on a
cylindrical drum recorder located in the HVO foyer. In this format, tick marks indicate
individual minutes with 15 minutes of data recorded in one complete révolution of the
drum. The lines were spaced so that 24 hours of data was recorded on a single sheet, with

the start and end times recorded so that accurate extraction of the time of any event could
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be accomplished. The amplitude recorded in this method takes the form of Imm = ImV
(RSAM units are recorded in mV). In a similar fashion to the duck thermal data recorded,
there was consistent fluctuation in amplitude due to background noise (ranging from strong
winds and rockfalls to lowvﬂying helicopters!). This fluctuation never exceeded 1-1.5mm,
and 1.5mm was therefore used as a threshold value. Whenever the amplitude exceeded
this threshold for longer than 10s, then the start time, duration and maximum amplitude

was recorded, as well as the time taken for the maximum amplitude recorded to be

achieved.
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Figure 2.8: Ratio of the duration to the amplitude plotted against the amplitude for each measured
September-October 2001 for STC station. Blue points indicate those events identified within the HVO
eruption update as ‘cigar’ shaped low amplitude events, whereas the red points indicate local area
earthquakes or rock-falls. They are easy to distinguish as degassing harmonics are characterised by long
records with low maximum amplitudes, whereas those associated with local area earthquakes or rock-falls

often have very high initial maximum amplitudes that tail off quickly.

Figure 2.7 is an example of the two main types of anomalous RSAM signal
encountered. The first (A) is typical of a rockfall event which is easily characterized as a
sharp and sudden increase in amplitude followed by a decrease to the ambient amj tude
level. Frequent rockfalls were recorded and are to be expected in an active volcanic crater
with areas of loose and friable material. Such events had been continuously recorded prior
to the August 25 collapse. Figure 2.7 (B) is typical of the anomalous RSAM records that

occurred during September and October 2001. These are characterized by low maximum
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amplitude that occ s some time into the event, which then drops off —slowly returning to
the background ambient levels. Over 750 anomalous RSAM events were recorded during

the study period.

Although the method of data collection from hardcopy is non-ideal, it must be
stressed that major items of interest to be extracted were the times of the anomalous
signals, and if possible some idea of their duration. These could be obtained accurately
from the paper hardcopy and it is worthwhile considering that the RSAM system was
designed with the intent to warn of impending volcanic events based on an increase in the
tot: amount of tremor detected, rather than to quantitatively identify any of the signature
parameters of that tremor (which are obtained using different instruments). In a similar
manner to the consideration of the duck thermal data, it is the relative changes in signal

1at are of interest rather than the absolute figures.

Number of seismic occurences detected on Helicorder plot exceeding
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Figure 2.9: All the seismic data recorded from the STC helicorder data over the study period. This
shows the low amplitude cigar shaped degassing episodes (purple) and those records associated with local

area earthquake or rock-falls (maroon). The red line is the TFI, the same as that shown in figure 2.6

Figure 2.9 is a summary of all the RSAM anomalies recorded within the study
period. This chart is explicitly the same as that shown in figure 2.6 for the number of
thermal anomalies, but with the added feature of the distinction between the types of

RSAM record. Rockfall (or non-"cigar-shaped” tremors) are indicated in maroon and
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identified using the afofementioned method. Also shown is the Tide Fluctuation Index
(TFI), as used within figure 2.6 (p61). if we consider merely the non-rockfall type tremors
then a similar (although not as explicit) pattern between these signals and the state of the
Lunisolar tides 'appears to be present. Again, this apparent relat'ionship invites further
investigation. The number of rockfalls per day remains fairly constant throughout the
study period, whilst the remaining “cigar” shaped tremor fluctuates in a very similar
manner to that of the thermal anomalies in figure 2.6. In the next section I attempt to relate

these RSAM anomalies with the Thermal anomalies, after which I discuss the possible

mechanisms that may account for this.

2.6.Correlation between the Duck thermal anomalies and the RSAM signals?

In order to ascertain whether the anomalous thermal signals within the duck data
correspond with the anomalous RSAM signals, further IDL software was created to
analyze the timings of the two sets of events. This software simply searchés for the
occurrence of both the thermal and RSAM anomalies within a certain time span. I used a
time threshold of +/- 5 minutes when correlating the duck times with that recorded on the
STC helicorder drum in the HVO foyer. This accounted for any deviation in the hand
recording of the RSAM anomalies from the hardcopy. In order to simplify this process 1
converted the date (Julian) and time for each thermal and RSAM anomaly into total
elapsed seconds from the start of the study period i.e. 01:00hrs on September 1% 2001 is

3600 total elapsed seconds.

A total of 628 thermal anomalies were recorded during the study period and 178 of
these were found to have occurred close to the occurrence of an RSAM anomaly within the
set threshold period. I have also included 3 sets of randomly generated thermal anomalies

in order to provide control data for basing a statistical comparison for any relationship
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Figure 2.10 displays the total number of detected thermal anomalies, the number of
RSAM correlated thermal anomalies and the distribution“ of maximum detected
temperatures. In order‘to represent this informaﬁon graphically the numbers of thermal
anomalies shown in figure2.10 A and B are the numbers of anomalies within individual
temperature bins of 5°C, spénning the whole range of temperatures achieved by the

thermal anomalies. The artificial random anomalies are represented by the dashed lines

Figure 2.10A shows that the most common thermal anomaly temperatures lie
within the range 30 to 50°C, as indicated by the red ‘Total’ line representing all recorded
anomalies. The number of thermal anoﬁlalies per temperature bin drop as the maximum
‘achieved temperature increases. This pattern is replicated in the number of correlated
thermal anomalies (those thermal anomalies that coincided with an RSAM event within the
threshold period), shown by the blue line. However, this distribution of anomalies about
the peak achieved temperature is not replicated by the randoinly generated anomalies. This
suggests a relationship between the thermal anomalies and the RSAM events, as the
distribution of correlated events echoes the overall distribution of ‘thermal anomalies. This
might be expected if a relationship did indeed exist as the correlated anomalies must be a
subset of the total recorded anomalies. As the greatest number of anomalies recorded lie
within this duration range then it must be expected that a larger number of correlated

anomalies will also lie within this duration range.

In. order to further explore this possible relationship, figure 2.IOB plots the
percentage of correlated anomalies in each individual 5°C temperature bin against the
temperature of that particular bin. This value is calculated using the total number of
anomalies present within the given temperature bin. A trend line is highlighted on this
graph and is accompanied by an r* value of 0.574. This suggests a moderate relationship
where more correlated thermal anomalies are detected at higher temperatures than at lower

temperatures. No such relationship is observed in the 3 randomly generated datasets. If
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these events are degassihg episodes from the Beehive vent, as initially suggested by HVO,
then the radiometers will be more likely to detect higher magnitude thermal events as the
signal is initially stronger so there will be less chance that the anomaly will be masked by
signal attenuati(;n by cloud and fume witilin the crater. This is as'suming that for similar
~ given levels of fume, a larger thermal signal (due to more emitted gas/ molten
material/combination of both) within the radiometer FOV will be attenuated less by
scattering and absorption than a lesser thermal signal (less emitted gas/molten material).
However, the constantly fluctuating levels of fume and viewing conditions within the
crater will also attenuate the signal to varying extents making direct comparison between

any two thermal events impossible to compare accurately.

Other effects present in the crater may also contribute to mask the relationship
hinted at in figure 2.10B. The morphology of the vent itself may change during the two
month study period (especially if we consider that a crater floor collapse took place on
August 25™ so some continuing movement may well be expected), the supply of degassing
magma providing the impetus for the degassing events may well change, as may the level
of the free magmatic surface within the vent from which (if any) molten material may be
ejected from. If molten material is indeed being ejected from vent, then some of this
material may be emplaéed on the rim of the vent, building it up in the style of a Hornito or
spatter rampart. Similarly, not all material ejected or degassed may be within the FOV of
the radiometer. For instanée, any ejecta might land behind the vent and be obscured from

the radiometer.

All or some of these processes may have been in operation during the study period
and would serve to detract from the relationship shdwn in figure 2.10B. Therefore if the
trend-line in figure 2.10B suggested no relationship, then this would not be categorical
proof that the thermal events de'_tected were not related to the RSAM events because of the

above environmental conditions.
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Other anorhalies possessed a very quick return to the ambient background
temperature, and it is possible that with these anomalies Huey has detected the passage of
hot gas through its FOV. This gas will rapidly rise due to a combination of its motion on
exiting the vent and its Buoyancy within the atmosphere of the Pu'u’O’o crater. Gases
have a very low emissivity, emitting much lowe; levels of radiance than a solid material
such as basalt at the same temperature. Therefore the temperature detected by the duck
will bé lower. Due to a combination of dispersal and mixing within the atmosphere, the
hot gas emitted from the vent will appear to cool very quickly within the duck thermal
data. Any molten ejecta associated with a degassing event will cool much slower,

depending on its initial temperature, volume and density.

Harris et al (2003) have created a catalogue of thermal forms recorded by various
expeditions using radiometers very similar to those discussed here. These waveforms were
recorded not only at Puu’O’o, but also Stromboli (Italy), Masaya (Nicaragua) and
Soufriere Hills (Montserrat) among others. This catalogue was compiled by visually
identifying degassing and spatfering episodes at differing levels of activity from active
vents at these sites, and then relating them to the record of thermal anomalies recorded
within the radiometer data. In this way the catalogue of known thermal traces and actual
events relating to differing types of activity was built up‘with each radiometer deployment.
This activity ranged from persistent degassing at a single vent, regular “puffing” of hot

gasses to small lava flows within the FOV of the radiometer.

| Using this range of identifiable behaviour it is possible to identify the anorﬁalous
thermal waveforms observed during the study period at Pu‘u‘O‘o as most closely
approximating Strombolian type behaviour (those anomalies with possible cooling curves)
and gas pistoning events (those anomalies with a rapid drop off from peak temperature).

This comparison with Harris et al’s (2003) catalogue strongly suggests the likelihood that
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the thermal anomalies present within the duck data from Pu'u'O’o are associated with a

mixture of degassing events often including ejecta.

This issue is considered in the next chapter where I use the information on initial
temperature and cooling rate from the duck data to infer the volume and mass of material

ejected during one of these thermal anomalies.

Now that we have a mechanism to account for the thermal and RSAM
anomalies, namely degassing from a vent on the Pu'u'O'o crater floor, we can consider
using the information on the timing of these events to investigate whether they are in fact
linked to the state of the Lunisolar tides, as hinted at within figure 2.6. In the next section I
shall investigate whether this is the case, and what it can tell us about the system at

Pu'u'O’o, and the Beehive vent in particular.

2.8.A possible link between degassing events at Pu'u' Q"o and the tides?

It is not unreasonable to believe that there is a link between the tides resulting from
the gravitational force of the Moon and the Sun and degassing from a fluid magma
reservoir within an active volcano. After all, these same tides have an effect on the oceans
and also the solid Earth (Kasahara, 2002). Tidal fluctuations have also‘been observed in
the water level within deep boreholes (Shimozuru, 1987) as well as having been linked to
seismic activity and degassing at volcanoes such as Arenal in Costa Rica (William-Jones et
al, 2001) and Mt. Etna in Italy (Patané et al, 1994). A link between the level of lava within
the 1924 Halema'uma'u lava lake, within Kilauea caldera itself, and the semi-diurnal tide
was made by H.Jaggar in 1919 (Shimozuru, 1987). Therefore, to look at the timings of the
anomalous signals returned from the thermal and seismic data with an eye to seek a link to
the Lunisolar tides, is not unreasonable. In order to do this though, there are a number of

considerations that must be made, especially considering the case of Pu'u’O’o.
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It is ironic that one <0f the greatest certainties about the ‘plumbing’ of the Pu'u'O’o
conduit system is its great complexity (Barker et al, 2003). Little else is known for sure. It
is poss‘ible that the crater floor collapse of 25t August 2001 rearranged the local plumbing
of vents, sucil as the Beehive vent at 'WhiCh Huey was pointiné,. This change may have'
made it possible for magma to make its way to the surface via new pathways, or at least
provide new paths for gas exsolved from the source reservoir to escape to the surface. It
may be that the collapse event itself blocked off exfsting paths and created new ones in the

process.

Pu'u’O’o is situated on the east rift zone of Kilauea, and is at the ‘head’ of an active
system which supplies lava through a system of lava tubes (Heliker & Mattox, 2003).
These transport lava down the flanks of Kilauea to surface flows and onto the ocean flats.
These tubes also supplied lava to an ocean entry in the: West Highcastle area at the tﬁﬁe of
the study. The amount of ‘frec’ magma at Pu'u’O’o may well be dependant on the overall
supply of fresh magma into the system, and where and how in this system it is transported
into this network of lava tubes feeding the ocean entries. For instance, a temporary
blockage upstream of the lava tube network may cause lava to back up to Pu'u'O’o itself,
and it is surmised that this process was the cause behind the late 2001-early 2002 flows

within Pu'u’O’o (Heliker & Mattox, 2003).

Therefore, it is possible that any link between degassing events at Pu'u'O"o and the
Lunisolar tide may be obscured by ongoing physical processes affecting the supply of fresh
magma elsewhere within the Pu'u’O’o system. However, the possible link between these
two processes hinted at within figure 2.6 (p61) suggests that further analysis of the link
between the degassing events at the Beehive vent, and fortunately recorded within the

radiometer data, and the Lunisolar tides should be made.
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2.9.The Lunisolar tide

Every point on the Earth’s surface is affected by the gravitational attraction of the
Sun and the Moon. These tides vary as the Earth rotates on its axis, as the Moon orbits the
Earth and also as the Earth progresses in its orbit about the Sun. The tides are present as -
both short term semi-diurnal oscillations as well as medium term oscillations with a
fortnightly period (Melc‘:ho‘ir, 1978). Figure 2.12 displays the Lunisolar tide calculated for

the location of the Pu'u'O’o cone.

The basic semi-diurnal tidal oscillation is a result of the apparent motion of the
Moon due to the daily rotation of the Earth. The fluid ocean responds to this tide in the
form of a “high” tide as the ocean nearest to the Moon is attracted the‘ greatest. This lobe
has a counterpart on the opposite hemisphere of the Earth as the ocean here is attracfed the
least (Melchior, 1978). Low tide is recorded in the oceans perpendicular to the hemisphere
that is currently experiencing high tide. This semi-diurnal variation within the tides is
readily apparent within figure 2.12. However this semi-diurnal oscillation is not constant '
in magnitude, and the overall pattern observes periods where the maximum tidal potential
is increasing, and others where the potential is decreasing. This variation is the fortnightly
tide, and is attributable to the varying gravitational force due to the motion of the Moon in
its twice fortnightly orbit about the Earth. This is further complicatéd by the fact that that

the Sun also has a similar effect due to the same processes (Shimozuru, 1987).

This constantly fluctuating tidal potential acts in three dimensions due to the nature
of the Earth-Moon-Sun system, and because of this, the tidal potential encountered varies
not only at differing longitudes but also at differing latitudes and elevations (Melchior,
1978). It is therefore important to ensure that the tidal potential is calculated at the correct

location for the point of interest.
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Tides within the solid Earth are also present, and this phenomenon is well
documented (Kasahara, 2002; Patané et al, 1994 among others). Earthquake activity on the
sea floor has been linked to thé changing mass of the overlying ocean (Tolstoy et al, 2002).
Solid Er;.lrth tides have been linke(i to seismicity within the Eaﬂh’s crust (Kashara, 2062) as
well as seismic activity at Arenal volcano (Williams-Jones et al, 2001). It is noted that for
locations closest to the ocean, the changes in crustal stress are the greatest (Kasahara,
2002). Shimozuru (1987) relates the changing level of lava in the 1919 Halema'uma'u

ylake to the Earth tide, by relating the effect to an enclosed magma chamber with a single
small conduit leading to the surface. As the Eaﬁh tide affects the dimensions‘ of the magma
chamber, this will affect the level of the fluid magma within the conduit system
(Shimozuru, 1987). Shimozuru (1987) also notes that changes in the level of water within
wells have also been related to the lunisolar tide, and such a scenario may be analogous to
the magma chamber and conduits leading to vents within the Pu'u’O’o crater. As water is
less viscous than the basaltic magma at Kilauea, the effect of the lunisolar tide will be more

pronounced in water wells. It is therefore clear that the tides can affect volcanic processes.

Figure 2.12 displays a plot of the variation in tidal force calculated for Puu'O’o,
with both the semi-semi-diurnal and fortnightly fluctuations clearly visible. I use here
QuickTide software to calculate the changing tidal forces for the location of Pu'u’O’o. It is
clear that at the times of the new and full Moon the semi-semi-diurnal tide displays the
greatest variation in amplitude. Conversely when the Moon is in. its first or last quarter
phase the semi-diurnal variation tends to the lowest range in amplitude. Also plotted
withiﬁ figure 2.12 are the times of the thermal anomalies. These are represented as
roundels superimposed upon the tidal force plot. The timings of the anomalies with respect
to the local phases of the semi-diurnal and fbrtnightly tides appear random on first
impressions. On closer inspection it appears’that greater numbers of thermal anomalie.s‘ are
related to the waxing of the fortnightly tide to a maximum (panel B), than with the waning

and minimum within the fortnightly tide (panel C). At many points the thermal anomalies
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appear to be related to the tidal minimum, or at least more thermal anomalies seem to be

superimposed upon the timing of the tidal minimum than the tidal maximum.

In the next section I show whether the semi-diurnal tide can be linked to events at
the Beehive vent. I go onto to establish whether any relationship exists between these

events and the fortnightly tide.

2.10. Relating the thermal anomalies with the semi-diurnal tide
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Figure 2.13: Chart showing the time period (s) between the occurrence of a degassing episode at the

Beehive vent and the nearest semi-diurnal tidal turning point plotted against the measured duration of
the thermal anomaly. Inset shows derived relationship when times to nearest tidal turning point has been

restricted to the range 5000 to 15000 s and only those anomalies with durations greater than 100s used.

In this section I investigate the possibility of a link between the semi-diurnal tides
and the occurrence of the thermal anomalies. In order to accomplish this I wrote IDL
software that takes as its input the time of each thermal anomaly and the tidal force
calculated for Pu'u’O’o during the two month study period, and outputs the time interval
separating the tidal turning points and the thermal anomalies. The tidal force information

was obtained from QuickTide software that calculates the tidal potential at 10 minute
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intervals. For easy comparisoﬁ with the Duck data, time was calculated for both datasets

as total elapsed seconds from 00:00:00 hours on September 1% 2001.

Figure 2.13 shows the interval in seconds between each correlated thermal
anomaly and the nearest tidal turning point (i.e. as it changes from waxing to waning and
vice versa). If any relationship exists between the minima and maxima within the semi-
diurnal tide and the thermal ahomalies then it should show within figure 2.13 as a
clustering of anomalies close to the origin, as this represents the occurrence of the tidal
turning point. However, the trend line shown in figure 2.13 does not show this, but there
does appear to be a clustering of anomalies with the longest durations a short period (4000
— 6000s : ~ 1 to 2 hours) after the tidal turning point. This ﬁay be indicative of a lag
between thesé turning points, and therefore the time of the most stress induced by the
changing lunisolar tide (Shimozuru, 1987). Such a lag may be because of the delayed
effect of variation of the magma degassing rate due to a change in the rate of gaseous
exsolution from the magma because of the changing forces imparted on the magma column
by the lunisolar tide. A lag in the system must be involved due to the certain amount of
time (depéndant on the plumbing of the Pﬁ‘u‘O‘o conduit system) for this exsolved gas to
reach vents, such as the Beehive vent, and to drive phenomena such as those I am studying

here. This is discussed at greater length in section 2.14.

The graph inset within figure 2.13 shows a trend line calculated for only those
anomalies that occurred between 5000s and 15000s and with durations greater than 100s in
an attempt to highlight this clustering. The derived relationship shown by the trend line in
the inset graph suggests a stronger possible relationship if we compensate for these lag
effects within the Pu‘u‘d‘o system. This particular finding indicates that those thermal
anomalies detected at the Beehive vent with the longest duration and with compensation
for the system lag time may occur preferentially near the semi-diurnal tidal turning points. |

However, due to the lower overall number of longer duration anomalies in comparison
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with the more common shorter duration anomalies within the study period, it is difficult to
identify this relationship. In the next chapter I suggest that those anomalies with the
longest duration (cooling interval) are associated with the greatest ejected mass at the

Beehive vent.

It may also be possible to relate the amount of change within the semi-diurnal tide
within a discrete period, such as a single day,‘ to the rate of degassing at the Beehive vent:
1.e. do periods in the semi-diurnal tide with the greatest fluctuation in tidal force have any
greater effect on the number of degassing events than other periods when the semi-diurnal
tidal fluctuation is less? In order to betterl assess aﬂy such possible relationship I have

created what I call the Tidal Fluctuation Index or “TFI”.

2.11. The Tidal Fluctuation Index (“TFI’’)

I define the TFI as a ratio between the range in tidal force experienced betwéen one
set of semi-diurnal tidal turning points (i.e. a minimum — maximﬁm) and the range
experienced in the subsequent set of turning points (i.e. @ maximum — minimum). This
~ concept is displayed in figure 2.14. The smaller range is always divided by the larger
range, irrespective of which came ﬁrst. This metﬁodology restricts the TFI to a positive

range from 0 to 1.
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Figure 2.14: How the Tidal Fluctuation Index (TFI) is calculated. The TFI effectively calculates the
relative ratio of the inter-turning point values between a set of three points (i.e. A>B: B—C). The largest
value is always divided by the small value and is calculated irrespective of sign. This restricts the value of

the TF1 to the range O to 1.

Where these relative amplitudes are of a similar range (in figure 2.14 A—B:B—C),
such as at times of new and full Moon then the TFI will tend towards 1. This indicates a
higher variation between the maximum — minimum — maximum (or vice versa) during

one cycle, and therefore a higher variation in absolute tidal force encountered. For

example, at time of new and full Moon the highest tides are encountered, but the

intervening low tide is of a similarly low magnitude relative to the mean level.

Where the difference in relative amplitudes is largest (in figure 2.14 D—E:E—F),
such as at the times of the first and last quarter Moon then the TFI will tend towards O.
This indicates a lower variation between the maximum — minimum — maximum (or vice

versa) during one cycle, and therefore a_lower variation in absolute tidal force

encountered. For example, at times of first and third quarter Moons, the least variation

between high and low tides are encountered relative to the mean level.

Figure 2.15 displays the calculated variation in tidal force calculated for the
longitude and latitude of Pu'u’O’0, and the derived TFI. The TFI calculated over a single
cycle of point] —point2—point3, shows a waxing and waning between 0 and 1 in sequence

with the fortnightly tide. However, this “single” cycle TFI shows considerable variation
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due to the complex interplay of the Lunisolar tidal forces. It is still possible to identify that
where the variation in tidal force is least, then the TFI tends towards 0. In order to clarify
this, the third line shown within figure 2.15 represents the TFI integrated over 8 tidal

cycles.

It inust be remembered that the TFI is a relative measure rather than an absolute
measure, so at those times in the Lunisolar cycle where there is Very little variation
between low and high tides, but the actual range between. the maximum and the minimum
is still relatively low the TFI will still tend to 1. This anomalous effect can be compensated
for by integrating the TFI over several cycles. I use the integrated TFI in the next section

to relate the variation of the fortnightly tide with degassing events at the Beehive vent.
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In figure 2.16 I have plotted the number of degassing events recorded over discrete
intervals within the single cycle TFI. This is an attempt to relate the number of degassing
events to the Lunisolar tide, as suggested by the apparent preference of degassing events
fof tidal minima observed vin figure 2.12. In figure 2.16 there appears to Be a weak
relationship indicated by the positive gradient of the trendline, suggesting that as the TFI
tends towards 1, then the number of recorded degassing events also increases. The TFI
tends to 1 at times of the greatest tidal variation, such as the new and full Moons.

lowever, due to the nature of the TFI it is difficult to relate the particular phase of the
Lunisolar cycle to the process responsible for increasing the rate of degassing events- i.e.
we cannot tell from this whether it is the relatively higher maxima or the relatively lower
minima at these times triggering the events. In section 2.14 (p91), I discuss this further

and relate this observation to those of degassing events and tidal processes on other

volc oes.
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Figure 2.16: The number of correlated degassing events plotted as occurring within discrete 0.05
ranges of the TFI. This graph shows as the value of the TFI increases, so does the number of degassing
events occurring. This suggests that more degassing episodes occur when the semi-diurnal tidal variation is
least.

The lack of any clear relationship within figure 2.13 between the actual turning

points within the semi-diurnal tide and the occurrence of degassing events does not
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| categorically rule out the actualv presence of a stronger relationship. Any relationship may
be obscured by such factors as crater fume conditions, the temporal resolution of the data
and even the system of analysing the datei. These clouding effects are not aided by the
restrictive two month sﬁdy period. However, :;1 relationship is suggestea in figure.2.16
between the TFI and the occurrence of degassing events. This relationship intimates that
the majority of degassing events‘occur when the TFI tends towards 1, and therefore the
greatest difference in tidal range, a]though it is impossible to definitively state here
whether it is the relatively large maxima or minima at such times which may be triggering

the degassing events.

In the next section I investigate the relationship between degassing at the Beehive
vent and the longer period fortnightly tide, as it is possible that the Pu'u’O’o system may
respond more obviously to tidal forces that change over a longer period, and hence

overcome effects that may obscure the relationship over shorter timescales.

2.12. Relating the Beehive degassing events to the fortnightly tide

"In the previous section I investigated the possibility of a link between the semi-
diurnal tibde and the degassing events at Pu'u'O'o with limited success. It is important to
also try to link these events with the fortnightly tide, as the Pu'u’O'o system may be
responsive to changes in tidal forces over longer time periods. Dzurisin (1980) found that
eruptions at Kilauea occurred in a cycle of 14.7 days, based on records since 1832
(Dzurisin, 1980). Of Mauna Loa’s most recent historical eruptions, 37 appear to occur
randomly and appear to possess no obvious relationship with the fortnightly tide. Eruptions
at Stromboli appear to be linked to the minimum within the fortnightly tide (Shimozuru,

1987). It is therefore of interest to investigate whether smaller scale events such as
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The tidal range of seé level is greatest at times where the TFI is closest fo 1, and
the fortnightly tide is at a maximum. The variation in sea lc:v‘el does not match the TFI
exactly, but increases in range When the TFI is increasing towards a maximum-and
similarly decreases in ¥ange when the TFI is dec'reasing. The range in sealleveli recorded at
Hilo possesses a small lag compared to the TFI calcualated for Pu'u’O’o, and also the range
in variation differs. The lag may be due to the fact that Hilo is some 30 miles east of
Puu'O’o and possesses a slightly different tidal vector at slightly different timihgs
(Melchior, 1978). The differing range in variation is because the change in sea level in
response to the changing tidal force is highly dependant on the local bathymetry and ocean

currents as well as the inertia of the sea mass itself (Melchior, 1978).

2.13. Is there a link between degassing and the foirtnightly tide?

The timing of past events at Kilauea have been clearly linked to the fortnightly tidal
maximum (Dzurisin, 1980), such as the fluctuations in the level of the Halema'uma'u lava
lake measured in 1924 by H.Jaggar (Shimozuru, 1987). Here I am trying to relate a lower
level of effusive activity at Kilauea with the fortnightly tide. Figure 2.18 relates the
degassing events that occurred at the Beehive vent to the TFI calculated and integrated
over 2, 4 and 8 cycles (A, B & C respectively). Clearly evident within A & B are the
smaller peaks and troughs resulting from the integration of the TFI over too few cycles,

whilst C displays a smooth response to the changing phase of the fortnightly tide.
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Figure 2.18: Plots of the Tide Fluctuation Index (TFI) relating to the relative ratios in tidal range
integrated over 2 (A), 4 (B) and 8 (C) TFI cycles. The TFI integrals chart the variation in tidal force over a
number of days and aids in relating Lunisolar tidal force to events that may possess a lag due to physical
processes (i.e. rate of degassing from magma within the Pu'u’O’o system). Note that the smoothest TFI
integral (C) accurately reflects the change in amplitudes of the diurnal Lunisolar tide displayed in Figure
2.15. Also plotted on these curves are the times of the thermal anomalies coinciding with RSAM signals.
Note that in C it appears that more anomalies appear to be located on the waxing slope of; the TFI curve as it

trends from ~0 to ~1 than on the waning slope.

I found that- by integrating over 8 cycles a smooth curve would result, clear of any
intermediate peaks and troughs within integral TFI’s calculated over 2-7 cycles. The times
at which the degassing events occur.red. at the Beehive vent are represented as dots plotted
upon the line representing the TFI in figure 2.18. It is perhaps evident within figure 2.18
(C) that these instances of degassing appear to occur preferentially as the TFI is increasing,
rather than periods when the TFI is decreasing. This shows that as the fortnightly tidal
force is increasing towards the time of a new or full Moon, then‘the number of degassing

events recorded is higher than at those times the new or full Moon is waning towards the

first or last quarter moons.
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fortnightly tide andb decreasing to background levels 6 days after thé minimum point.
There is an important distribution shown by the pattern of thermal.anomalies in figure
2.19: the peak number of recorded thermal anomalies occurs 4 days after the minimum
turning poin;[ and tails off over the ne;xt 2 days at a much quic;ker rate than the build-ub
before the turning point. This pattern of anomalies about t=0 shows a skewed distribution,
and may be’important in identifying the processes and mechanisms responsible for these
degassing events. In the next section I attempt to relate this pattern shown in figure 2.19 to

the possible mechanisms responsible.

The skewness of this’ distribution (obtained using the MS Excel Statistical Analysis
Toolpack) has been calculated és 0.68 for theuactual thermal anomalies (if the number of
anomalies exhibited a normal distribution about t=0 then the skewness would tend to 0).
The standard error of skewness (SES), can be calculated from \/(6/11), where n is thei
number of samples. In this case, I calculate SES as 0.09. Using the “twice the standard
error of skewness” rule (Tabachnik & Fidell,1996), the skewness of 0.68 is greater than
0.18 suggesting that this skewed distribution is significant. Therefore, this pattern of the
number of recorded thermal anomalies cannot be regarded as insigniﬁcanf and must be
related to ongoing processes relating the fortnightly tide to the occurrence‘of the thermal
anomalies. This implies that more degassing episodes occur as the fortnightly tide is

increasing towards the time of maximum fortnightly tide.

However, it is difficult to conclusively prove this relationship as this dataset spans
just two months, which is insufficient to‘ prove the association of events with a fortnightly
cycle. It is not possible to extend the thermal anomaly dataset significantly as the Huey
radiometer lost track of the thermal anomalies 2-3 weeks after the 2 month study period in
September and October 2001. The low number of fortnightly tidal cycles within such a
short study period precludes a more extanf statistical analysis due to the small spread and

lack of range within the data. Hence, I interpret the apparent preferential occurrence of
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degassing episodes on the waxing fortnightly tide as suggestive of a relationship that
warrants further and longer study to definitively prove the existence of this relationship. In

the next section I investigate the possible causes behind such a relationship.

2.14. Mechanisms to account for preferential tidal degassing at the Beehive vent.

In this section I investigate the various mechanisms by which the changing tidal
force may affect the rate of degassing at the Beehive vent and detection of the thermal

anomalies within data from the Huey Duck.

Observations made by H.Jaggar of the Halema'uma'u lava lz;ke in 1919 suggested a
possible semi-diurnal oscillation of the level of the lake (Shimozuru, 1987). When the
tidal force was at a minimum, the level of lava was at its highest (Shimozuru, 1987). If a
similar process is effecting the magma within the Pu'u’O"o conduit, then at times of tidal
minima, the level of the magma will be relatively high. This might modulate the degassing
events at the Beehive vent in quite a simple manner. If the magma level is highest at these
times it might be possible that the free-magmatic surface within the Beehive vent is closer
to the actual vent opening within Huey’s FOV. Any degassing from this surface will be
more likely to be detected by the Duck when the level is highest, as any gas and/or ejecta
will be emplaced onto the crater floor and within the Duck FOV. This is especially true for
molten ejecta. When the free-magmatic surface is lower, any material released from this
surface as ejecta by the passage of the gas will be more likely to remain hidden from the

Duck’s view by the walls of the Beehive vent.

Shimozuru (1987) calculates that it is possible when considering a volcanic system
as a simple chamber with a single open conduit through which the fluid magma can rise
and fall in response to the tides, for the level of magma to change by several tens of

centimetres. This is in response to the dilation of the Earth’s crust which is affected by the
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tidal force. In effect, the magma as a fluid is ‘squeezed’ upwards. This can have a marked
effect on even smaller bodies Qf fluid such as water within a borehole; changing the level
by a number of centimetres (Kasahara, 2001). Shirﬁozuru (1987) aﬁalysed the recorded
fluctuations of the la‘va lake in response to the' tides present in 1919, ana deduced that the
Halema'uma'u lava lake was supplied not by a single magma reservoir, but by a larger .
reservoir silrrounded by a number of smaller interconnected reservoirs. Due to the knoan
complexity of the conduit system at Pu'u’O'o coupled with the complex plumbing of the
Beehive vent, likely due to the August 25" crater floor collapse event (the degassing events
were only noticed at the Beehfve vent after this collapse), it is likely that the response of
the level of the free magmatic surface within the Beehive vent will also be complicated.

This will affect the relationship between degassing events and the tides.

If changing levels of the free—frlagmatic surface within the Beehive vent are
responding in this manner to the semi-diurnal or fortnightly tides, then we might expect
that those degassing events possessing a thermal signature with a prplonged cooling
duration occur predominantly at times when the semi-diurnal tide is at a minimum. Such
thermal anomalies may be indicative of the presence of molten ejecta due to the nature of
the cooling curve, and may be related to stronger degassing events required to eject such a
mass as well as ahigher level of the free magmatic surface. This may be the case is if we
assume a parallel with the semi-diurnal oscillations recorded at the Halema'uma'u lava
lake in 1919, where the highest lake levels were associated with tidal minima (Shimozuru,
1987). In ﬁgure 2.13 (p78), the anomalies with the greatest duration appear to occur

closest to both the semi-diurnal tidal turning points.

This situation may be clarified if we consider figure 2.16 (p84) and also if we
consider another mechanism that may be contributing to the detection of thermal anomalies
at the Beehive vent. If the level of magma is at its highest at the minimum tide value, then

there may be a change in the rate of vesiculation within the magma at depth. This will
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occur due to the changing column mass of overlying magma (Shimozuru, 1987). This in
turn will affect the ‘budget’ of exsolved gases av;ailable to drive degassing events at the
Beehive vent. If the level of the magma column is at its highest at times of the tidal
'minimum then it might Be expected that this Will aecrease the rate of vesicﬁlation due to
the greater mass of magma in the column, and hence restrict the volume of exsolved gases
and ultimately, therefore, the rate of degassing. This type of scenario has been suggested
for Arenal volcano (Williams-Jones et al, 2001) and Masaya volcano (Stoiber et al, 1986).
* Increased levels of exsolution of gas will drive more vigorous dégassing from a vent, and
more likely the accompaniment of ejecta as the gas escapes from the free-magmatic |
surface within the vent. Therefore degassing is more likely to occur when the magma
column is lowest, and therefore the pressure created by the overlying magma within the
system is lowest. The level of magma, if we remain consistent with thebcom/parison with
the Halemafuma‘u lava lake, will be‘ lowest at times of maxima within the semi-diurnal

tide.

Figure 2.16 suggested a relationship between the greatest range in the semi-diurnal
tide as indicated by increasing TFI and the number of degassing events recorded at these
times. If we consider the exsolution scenario above, which may modulate the rate of
degassing, and apply this to the interpretation of figure 2.16 then it may be the maximum
in the tide at times of the greatest variation in the tides that will trigger increased numbers
of degassing events. Therefore; the weak relationship displayed in figure 2.16 may be
positive proof of this hypothesis. This observation is also valid if we consider the apparent
relationship between the fortnightly tide and the preference of degassing events to occur as

the tide is waxing towards maximum.

The relationship between the number of thermal anomalies and the minimum
turning points in the TFI in figure 2.19 (p89) describes a definite pattern that may assist in

identifying the above process. The number of thermal anomalies gradually increase from 8
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days before a minimum turning point, continue fp increase in number as the minimum
turning point (or t=0) passes until a peak is reached 4 days after the turning point, after
which the number of events drops sharply. This pattern is very consistent if we consider
that as the TFI i; approaching a min_imurﬁ turning point, then the ’related effects on the
magma column will become apparent before the actual turning point has been reéched.
According to the TFI, similar variation in the magnitude of the variation in tidal force is
apparent at 2 days before and after the turning point. Hence, it is difficult and perhaps
inadvisable, to try and relate only those degassing events that occur after a minimum
turning point in the TFI as the fortnightly tide is having an increasing effect towards the
time of the TFI minima. The increasing number of events before the minima at t=0 in

figure 2.19 are indicative of this process. <??? Adjust???>

Such a relationship will be confused, however, by a supply of fresh magma into the
system which will also increase the levels of exsolved gasses \yith which to drive
degassing events at the Beehive vent (Williams-JOries et al, 2001). Hence, all these factors
may only serve to obscure any relationship betwéen degassing events detected by the

radiometers and the changing tidal force.

It is quite clear that the Pu™u'O’'o system is complex, with other vents within the
crater tapping an ephemeral supply that often also varies the supply to lava flows
elsewhere on the east rift zone (Heliker & Mattox, 2003). The sudden manner in which
thermal anomalies where recorded from the Beehive vent after the 25™ August crater floor
collapse also suggests a level of uncertainty in the plumbing of that vent. It is unclear
whether this configuration changed during the course of the sﬁdy period, and it is cgrtainl&
possible that the vent itself might change during the course of the study period. Prior to fche
study period, lava had last ponded within the Pu'u'Oo crater in 1997 (Heliker & Mattox,
2003). Two months after the study period considered here in January 2002 lava issued

from various vents on the Pu'u'O’o crater floor, eventually filling the crater to within 50m
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of the rim (Heliker & Mattox, 2003). One of the vents involved was possibly the Beehive
vent. It is possible that activity further down the flow field caused the lava in the system to
“back-up”, causing renewed activity at Pu'u’O"o. This shows that the supply of magma at

Pu'u’O’o is subject to fluctuations due to activity elsewhere on Kilauea.

If molten ejecta often accompanied degassing events from this vent, then it is
possible that an amount of this may form a small spatter rampart or similar structure
around the vent. If this was the case, then we might very well expect the amount of molten
ejecta events observed by the radiometef to decrease during ’Ehe study period, or at the very
least to confuse the relationship between the magma level within the vent and the changing
tides. Visualbobservatiops were not possible during the viewing period from either the
video camera, or personally due to the viewing conditions. The presence of ‘tube’ like
Hornitoes created by just this method within the west gap of Pu'u’O’o in January 2004 as
shown in figure 2.11 (p71), certainly suggests that this must be considered the case for any

spattering events at the Beehive vent within the study period.’

All these processes greatly complicate the identiﬁcation of a true relationship
betWeen degassing from the Beehive vent and the tides by simply detecting hot emitted
material with the aid of a simple radiometer system such as the Ducks. The constantly
fluctuating viewing conditions experienced by the Ducks also compound this problem, and
make it difficult to definitively relate any single process as all processes are linked in this

highly complex system.

The relatively shoft two month study period and the unavailability of Duck data
after the study period, due to the loss of signal (A.Harris pers.comm), also compound this
problém. It is difficult to relate such a two month study period to the fortnightly tide and
expect to find obvious and meaningful relationships. The possible link found between the
increasing fortnightly tide and the occurrence of degassing events may just be an artefact,

and would not be apparent if a longer duration study period was used.
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In order to reduce these errors and shortcomings leading to the uncertainties of the
data discussed here, a future study must be underfaken that will relate not only activity at a
single vent within the Pu'u’O’o crater, but overall effusive activity on the scale of Kilauea
itself. Such a study mey take into account the tetal lava supplied to the ac‘dve flow-field on
the south flanks of the volcano as well as the rate of degassing from Pu'u'O'o and the

entire south east rift zone, even that from the Kilauea caldera itself.

Such a locally expansive study would be able to relate the overall rate of degassing
and total volume of lava erupted, and this may codnter the local problems of viewing
conditions of a single radiometer at a single vent as well as the complexity of the supply
conduit to that vent. These shortcomings and suggested remedies are further discussed in

the final chapter of this thesis.

Conclusions

Thermal anomalies detected within radiometer data returned from the Pu'u'O’o
crater have been linked to degassing events from the Beehive vent. This was accomplished
by showing that the times of the thermal anomalies matched the times of increased seismic
amplitude recorded within RSAM date at HVO. The RSAM anomalies had been
independently interpreted as degassing events within the Pu'u'O’o crater, due to the
sustained low amplitudes of these aﬁomalies caused by the passage of gas through the vent
walls. There were two main types of thermal record associated with these correlated
anomalies. The first type is typified by a sharp onset in recorded temperatures followed by
a similarly prompt return to the previous background temperatureS. These have been
| interpreted as the detection of the hot gas escaping from the Beehive vent. The sharp drop-
ofT in temperature is attributable to a combination of the rapid dispersal and mixing of the

hot gas within the relatively cool atmosphere of the crater and the movement of the gas
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upwards and out of the FOV of the radiometer. The second form of thermal anomaly
recorded with the radiometer data displays a similarly rapid onset in temperature but a
much more pronounced degradation in temperature back to the previous ambient
temperatures. The decrease in temperafﬁre is reminiscent of the (':ooling curve described
by cooling lava flows (Hon et al, 1995). These events at the Beehive vent are interpreted
as degassing accompanied by an amount of molten ejecta.' This scenario is considered in

more depth in the next chapter.

The thermal anomalies relating to degassing events at the Beehfve vent are not
evenly spread throughout the study period, suggesting a non random origin. As figure 2.6
(p61) shows, the number of degassing events fluctuates with an apparent pattern. This
pattern appears to be related to the ﬂucfuation Within the fqrtnightly tide, as related by the
TFI, also plotted on figure 2.6. Further investigation revealed that the number of degassing
events may occur preferentially on the fortnightly tide as it waxes towards tidal maximum.
On a shorter time scale, analysis of the number of degassing events recorded appears to
increase at times of maximum semi-diurnal tide. This suggests a link between the

exsolution of gases and the changing height of the magma column in response to the tide.

These findings are in accordance with observations of the Halema'uma'u lava lake
in 1919 (Shimozuru, 1987; Dzurisin, 1980), which displayed high .lake levels at times of
tidal minima. Using this logic, low levels of magma within a column will occur at times of
tidal maximum. These findings agree with previous research on Kilauea (Shimozuru,

1987) which link eruptions of Kilauea to the maximum fortnightly tide.

It is most likely that the degassing events at the Beehive vent respond to the
changing tides in a number ways. It ‘is possible that the tides affect the level of magma
within the Beehive vent, from which exsolved gases escape, often accompanied by an
amount of molten ejecta. At times this level is higher, making it more likely that ejecta can

land on the crater floor. There does not appear to be a strong correlation linking thermal
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records associated with degassing events accompanied by molten ejecta (i.e. an increase in
number of thermal records with a distinct cooling curve) at times of low tidal force, when
the level of the magma is highest (Shimozuru, 1987). There are a number of issues with
tﬁis mechanism, not least tﬁe likelihood that repeateel molten spatter within the vent walls
will only serve to increase the height bof the vent opening, leading to a decreasing number
of such thermal records with the passage of time. Also likely, is the possibility that the
changing tidal potential is affecting the rate of vesiculation within the magma at depth.
However, as the Pu'u’O’o system is not closed, there will be at some stage the supply of
new fresh magma that will degass at an increased rate. This supply of new material into
the system, the unknown relationship between the plumbing of the Beehive vent and the
rest of the Pu'u’O’o plumbing and lava supply will only serve to cloud the identification of
a true relationship between the Lunisolar tides and events related to degassing from the

Beehive vent.

All this highlighte the difficulty in proving a relationship between degassing events
at the Beehive vent and the tides. In order to definitively answer this question a wider
ranging study must be undertaken which investigates the rate of degassing from a vent and
the amount of spattering experienced, and also obtain definitive information on the rate of
supply of fresh gaseous magma to that vent. Physical measurements of the level of magma
within the vent must also be taken, perhaps by using the VLF instrument (Kauhikauau et
al, 1996). Visual observations of the vent itself must be made so that any change in vent
geometry may be accounted for. Such a wide ranging study may definitively be able to

relate degassing and spatter events from a single vent to the changing tides.

Despite this, there does appear to be a tantalising relationship between the changing
tides and the events detected by the radiometer and RSAM instruments at the Beehive
vent, but more detailed and wider ranging work needs to be accomplished to conclusively

prove this.
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3. A technique for estimating the mass of molten ejecta from degassing

events from a single ‘Duck’ radiometer

3.1.Introduction

In the previous chapter I investigated the possibility that thermal anomalies
associated with degassing e?ents at a vent in the Pu'u’O’o crater of Kilauea.volcano are
linked with the changing Lunisolar tide. The anomalies were detected in radiometer data
returned from the edge of the crater and can be placed into two main categories. The first
category consists of those anomalies characterised by a rapid onset in temperature followed
by an equally rapid decline back to the ambient temperature. These were inferréd to be the
detection of hot gases ejected from the Beehive vent passing through the radiometer field
of view (FOV) and dissipating in the crater. The second categbry consists of anomalies
that were characterised by an equally rapid rise in temperature but with a much slower
decline in temperature. This decline in temperature is reminiscent in form of the cooling
curves measured from lava flows elsewhere on Kilauea volcano (Kesthelyi, 1995; Hon et
al, 1995), suggesting the presence of molten material in the radiometer FOV. These
anomalies were interpreted as b_eing due to degassing ev;ants with associated molten ejecta

emplaced in the radiometer FOV and are further studied within this chapter.

I shall show how a simple temperature record representing a single discrete area of
the Pu'u’Oo crater floor can be used to estimate the mass of molten material ejected from
a single vent. I shall base this on the premise that large spatter blebs will take longer to
cool to a certain temperature than smaller spatter blebs. I shall use the two dominant
féétures of the thermal anomalies, the maximum temperature and the duration, as input into’
a model based on thermal diffusion in a single spatter bleb to estimate the mass of molten

ejecta associated with each event.
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By gaining an understanding of the size and mass of any spatter ejected during a
degassing event it is possible to infer the strength of the event expelling the gas escaping
from the free magmatic surface in the Beehive vent. This adds extra utility to the relatively

cheap, yet highly capable system of radiometers used at Pu'u'O’o

3.2.Temperatures detected from in Pu'u O’ o crater

In the previous chapter I investigated the causes of thermal anomalies in radiometer
data from the Pu'u’O’o crater during September and October 2001. I found that it was
likely that at least some of the events may be interpreted as degassing events accompanied
by molten material ejected from the free magmatic surface in the Beehive vent. In this
chapter I use the same derived parameters of anomaly magnitude (maximum temperature
achieved) and duration from t’he same temperature dataset as used and described in the

previous chapter. This description and discussion can be found in section 2.3.

3.3.Modelling the cooling of a molten spatter bleb

In the initial development stages of the simulation of the cooling of molten spatter,
I investigated the use of equations for the cooling of molten lava derived empirically by
Hon et al (1995). These were derived from radiometer measurements of the cooling
surface of a Hawaiian lava lake. I found these cooling rates of lava not to be consistent
with the cooling trends apparent in the degassing thermal anomalies, as might be expected.
A lava lake as measured by Hon et al (1995) is a much greater “thermal reservoir” than a
single bleb cooling from molten, and hence the time taken for the surface to cool was much

longer than that observed in the “duck” radiometers. Therefore by using the premise that
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larger molten blebs will take longer to cool than smaller blebs due to the difference in
volume and surface area and the actions of the various cooling mechanisms, I investigated

the use of alternative methods to simulate the cooling of various bleb sizes.

Hot molten ejecta separated from the original magmatic material in the Bechive
vent and emplaced into the relatively cool surroundings of the open Puu'O’o crater will
cool until the material is 1 thermal equilibrium with its surroundings. Once any fresh
basaltic molten material is exposed to the atmosphere it will rapidly chill and form a thin
glassy layer (Hon et al, 1995). This is often visible on fresh lava flows as the very thin
layer that spalls off as the flow is emplaced (Keszthelyi et al, 1998). Any molten ejecta is
subject to the same rapid process of chilling, especially considering the passage of the
ejecta through the atmosphere. The rate at which such a spatter ‘bleb’ will cool is

:pendant on a number of factors, including the thermal properties of the material itself,
d e rate of conduction of heat into the surrounding atmosphere (convective cooling)

and also into the ground after impact.

Ribbon
Spatter

Spatter blebs
7 Spatter blebs

Spattering from Hornitoes in Pu'u’O’o crater (west gap pit) 2003 -2004
{Photographs courtesy of USGS Hawaii Volcano Observatory)

Figure 3.1: Spatter blebs and ribbons resulting from degassing through a free-magmatic surface at

vents on the Pu'u O o crater floor in later 2003 and early 2004.

Any analysis of spattering from vents or hornitoes upon the Puu'O’o crater floor

shows that spatter blebs are emplaced in a variety of shapes and sizes. Figure 3.1 shows a
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pair of spattering episodes in the Pu'u’O’o crater during 2003 and 2004. There is a wide
variety in shapes and sizes resulting from even a single degassing event. Larger ejected
fragments such as ribbon spatter or even bombs may also break apart on impact, often akin

to fluidal splashing (Sumner et al, 2004).

It is a complex problem to predict the cooling of a number of spatter blebs ejected
onto the crater floor. Some factors are unknown for each degassing event, such as the
vesiculation present in the bleb, the heat loss while the bleb was in free-fall, whether the
bleb was originally part of a larger bleb before emplacement in the radiometer FOV and so
on. Furthermore, estimates of heat loss due to convective cooling also vary considerably

due to the effects of wind velocity (Keszthelyi & Denlinger, 1996).
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Figure 3.2: Different rates of cooling with differing initial temperatures for various anomalies detected
in the radiometer FOV suggest different sizes of molten ejecta. The dashed lines are exponential best-fit

lines approximating the cooling of each event.

This is understood to be an important heat loss mechanism for the lava flows with a
large surface area (Keszthelyi & Denlinger, 1996), but it is poorly understood for small

amounts of spatter.
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In essence, at Pu'u’O’o all we have is a record of the relative cooling of hot
material in the radiometer FOV (Harris et al, 2003) so we must therefore create an
idealized scenario of spattering from the Beehive vent on which to base a model to match

this single thermal record.

Such a set of thermal records is shown in figure 3.2, for a number of distinct
- anomalies obtained for different days. What is apparent in even this small subset of over
500 individual anomalies (refer to chaptér 2) is the variation in initial peak temperature and
the interval that the anomalies take to return to the ambient temperatures in Pu'u’O’o. The
rate at which the anomalies cooled also varies. As figure ‘3.2 shows, the largest anomaly
for Julian Day (JD) 251 decays at a lower rate than the anomaly at 16:03 on JD 250. It is
this variation in cooling rates that I intend to use to estimate the difference in size of

molten ejecta.

3.4.An idealised shape for a spatter bleb

Any liquid material in a state of free-fall will assume a spherical fqrm due to the
surface tension of the liquid (Chapman, 1995). In an atmosphere such as the Earth’s,
aerodynamic forces will shapé the sphere if it is moving, into a tear-drop form with the axis
of elongation parallel to the direction of motion. The rate at which this will occur is a
function of the liquid viscosity and surface tension. Molten lavg of a mafic composition. is
no exception due itsilower viscosity resulting from the geochemistry of such magfnas and
the relatively high eruption temperatures (Flynn et al, 1994). Vesiculation of the lava also

decreases the effective viscosity of the material (Harris & Rowland, 2001).

Larger pyroclasts such as spindle bombs are so named because of this aerodynamic
sculpting. Smaller pyroclastics such as ash particles or lapilli with a mafic composition are

subject to the same forces resulting in similarly sculpted forms but on a smaller scale,
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such as ‘Pele’s tears’ (HVO), commonly found on Kilauea. These result from the
solidification of small molten droplets that have fallen out of a fire-fountain plume

(Sumner et al, 2004).

Size is an important controlling factor on the rate of cooling of a spatter bleb.
Srﬁall blebs, of lapilli, may cool sufficiently to solidify before impact on the ground
(Vergniolle & Mangan, 2000). Wolff & Sumner (2000) record that larger spatter clasts
(10cm +) resulting from Strombolian fire-fountaining will still develop a chilled crust that
oftén ruptures on impact. The still molten material in the interior then spills onto the
ground surface, often forming an agluttinated spatter rampart or contributing to a
clastogenic lava flow (Wolff & Sumner, 2000). Other such larger clasfs, if still fluid at the
time of impact may ‘splash’, resulting in a number of smaller blebs. However, the scale of
a fire-fountaining episode is much larger, in terms of both the volurhe of material and
magnitude than the degassing events with associated molten spatter I consider here.
Larger irregular sized spatter is apparent in figure 3.1, and it is unlikely that such large
spatter clasts resulting from any similar activity at the Beehive would cool sufficiently to

develop a chilled rind strong enough to resist deformation on impact.

Smaller lapilli or blebs are more likely to retain a spherical shape, such as Pele’s
tears, due to the cooling of the surface by their passage through the atmosphere. Wolff &
Sumner (2000) observe that smaller lapilli on the periphery of fire-fountaining events and
in low density spattering events are more likely to develop a chilled rind on passage
through the atmosphere. Such clasts or blebs are less likely to defonn oni impact, or even
shatter (Sumner et al, 2004). If the bleb retains a spherical shape, then the rate at which
heat will be lost from the bleb by conduction to the ground surface will be much lower
than if the bleb had deformed. This is because a much smaller surface area is present at the
interface between the bleb and the ground surface, as the spherical surface of the bleb will

be tangential to the ground surface (Figure 3.7B on page 119). Conversely however, a
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spherical form will increase the rate of heat loss due to convective cooling to the
atmosphere as the spherical bleb has a greater surface area than ‘an approximated

hemispherical bleb deformed due to impact with the grouhd.

It is therefore clear that due to the large number of factors, many of which cannot
be easily assumed, it is difficult to decide the form that irﬁtially molten blebs will take
subsequent to impact on the ground surface. It is within the bounds of probability that due
to the low magnitude 6f the recorded évents at the Beehive vent, the degassing was not of a
strongly vigorous nature, and therefore resulting molten ejecta may be of a small size. If
this is the case, then it may be likely that the ejecta may take a roughly spherical form akin
to Pele’s tears during the‘ airbome phase and retain this shape on impact with the ground.
Therefore for the purposes of an idealised “Ejecta-Mass” modél for spattering from the

Beehive vent, I WiH consider the blebs to be spherical.

3.5.An Idealised model for detection of molten ejecta at the Beehive vent

In the previous section I proposed that for the purposes of the model to estimate the
mass of molten material ejected at the Beehive vent, then it is adequate to assume a
spherical bleb. In this section I show how the setup of the radiometers at Puu’O’o can be
used to calculate the areal extent of the FOV, and how the occupying fraction of any
molten material in the FOV may be calculated. This is vital for inclusion into the Ejecta-
Mass model, as without any information on the likely areal extent of any ejecta then it will

be impossible to derive the volume of material ej ected.
3.6.Calculation of the radiometer FOV

In order to estimate the area of the Pu'u'O’o crater floor covered by the radiometer

FOV we must know the optical properties of the radiometer and the distance of the
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radiometer to its target, the Beehive vent. I use here an idealised Setup of the radiometer
on the crater rim with respect to the crater floor, based on simple field measurements. One
of the conclusions of the previous chapter was that the Beehive vent would in all likelihood
increase‘ in height due to the accﬁmulation of spatter on it‘s rim. I use here an ideélised
scenario in which the Beehive vent is a simple opening on a horizontal crater floor. The
exact form and dimensions of the Beehive vent during September aﬁd October 2001 is
difficult to determine, and this idealised scenario is in keeping with the assumptions on the

consistent spherical form of the spatter blebs from the Beehive vent.
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Pu'u’O’0. The method in which the long axis of the elliptical FOV is calculated (see figure 3.4) is also

shown, based on the low inclination angle of the conical radiometer FOV and its intersection with the

assumed horizontal crater floor.
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Figure 3.4: Simple schematic plan section of
the radiometer installation at Pu'u’O’o. The
FOV of the radiometer will assume an elliptical
form due to the intersection of the conical field
of view with the horizontal crater floor. In this
idealized scenario the semi-minor axis of the
ellipse is equivalent to the diameter of the

conical FOV at the target distance

The linear FOV of the radiometer will expand with distance in a conical fashion,
at a rate governed by the lens angle and focal length. In this case, the Huey radiometer
has a 1° lens attached, compared to the 60° lens angle of the wide angle radiometer,
Dewey. As the radiometer is inclined downwards towards the crater floor, the ‘footprint’
of the FOV will take the form of an ellipse as the conical FOV intersects the supposedly
In this configuration the semi-minor axis of the ellipse will be

equivalent to the diameter of the conical FOV at the target distance. This is represented
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graphically in figure 3.4 as a plan view of the radiometer with respect to the vent. The

semi-minor axis Agpy of the resulting FOV ellipse will therefore be:
Asm=2Tan (6/2) d (Equation 3.1)

Where 0 is the lens angle and d is the distance from the radiometer lens to the

centre line of the target vent.

The calculation of the semi-major axis (Arm) of the ellipticél FOV is more
complicated. This is because the semi-major axis is a function of n;)t only the angle of
inclination of the radiometer with the level surface, but also the conical expansion of the
FOV with distance due to the lens angle. This problem is represented as a schematic with
vertical section in figure 3.3. A simplified mathematical overview of the problem is also
represented in figure 3.3. The semi-major axis of the elliptical FOV is equivalent to the
combined values of the ‘adjacent’ of the yellow right angle triangle in figure 3.3 (w), and

the ‘opposite’ of the smaller orange right angle triangle (y). Therefore:
Aim=y+w ' (Equation 3.2)
The FOV of the radiometer, considered as an ellipse is therefore equivalent to:

Elliptical FOV (%) = n(Asn/2)(AL/2) ~ (Equation 3.3)
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If the radiometer was positioned vertically above the vent, then the FOV would be
circular. As the angle of the radiometer moves away from the vertical, then the FOV
becomes increasingly elliptical. An angle of 15° from the horizontal was measured for
the radiometer on 15™ July 2001, and the radiometer was in this conﬁguraﬁon during the

study period.

The straight-line distance from Huey on the eastern edge of the Pu'u’O’o crater,
to the Beehive vent on the crater floor has been estimated as roughly 115m by the use of
a laser ranger over several attempts (A.Harris, pers.comm). This may be regarded as a
rough estimate as it is not known how the constantly variable levels of fume emitted in
the crater will attenuate the range finder signal. However, consultation of the HVO map
in figure 2.1 suggests that this figure of 115m is reasonable. By using the above
equations, a FOV of approximately area 12m? was calculated for Huey. I use this figure

in all subsequent calculations.

3.7.Extracting the thermal composition in the radiometer FOV

For the purposes of the idealized model 1 assume that the radiometer FOV
encompasses the entire Bechive vent. Any ejected spatter will therefore occupy a certain
fractional area of the radiometer FOV. The remaining fraction of the FOV will be
occupied by ground at ambient temperature. By assigning estimated temperature values
for these two fractional areas, it is possible to estimate the relativé occupying fractions.
This concept is adapted from a model proposed by Rothery et al (1988) for a simplified

radiant model of fresh lava flows and is shown in equation 3.4. L, is the total emitted
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radiance from a discrete area, in this case the radiometer FOV. Ly, is the combined
radiative flux from the hot ejected spatter (Ly) of fractional area f, and that from the cool

background (L¢) of fractional area 1-f.

Liotar = €T ((fLu) + ((1-f) L¢)) (Equation 3.4)

For the purposes of the Ejecta-Mass model I use an idealised situation in which
all molten spatter is emplaced in the radiometer FOV, as depicted in figure 3.5. As a
simplification for this model, I assume that once emplacéd, the only hot material within
the radiometer FOV is the molten éjecta. This is because it is very difﬁcult to ascertian

the temperature of the open vent, as well as the size of the vent itself.

Equation 3.4 shows this relationship apf)lied to the case of molten"spatter from the
Beehive vent. L is the total emitted radiance (Wm® um™ sr™') emitted from in the FOV of
area A (m%), and which may be calculated according to equation 1.1. € is the emissivity
of the material in the radiometer’é FOV. 1 use a value of 0.92 for € for basalt, based on
Harris et al (1‘998). T represents the attenuation of the signal by scattering and absorption

by the atmosphere in the crater.
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Previous sfudies using equation 3.4 applied to mafic volcanism such as that at
Pu'u'O’o, use the initial magmatic temperature of ~1373°K to represent cracks in a chilled
flow crust. In the case the Ejecta-Mass model we may consider a temperature for Ty less
than this value due to the cooling of any ejecta by passage through the atmosphere. In a
later discussion on the application of the Ejecta-Mass model I use a variety of values of Ty
in order to match the observed cooling periods from the radiometer thermal anomalies with
the model results. Values for T¢ may be easier to constrain, if we consider the ambient
temperature to be in the region of ~300°K, which is the approximate value for
temperatures recorded in the radiometer FOV not associated with any thermal anomalies at

the Beehive vent.

A final point to consider when estimating and using temperatures from the
radiometers, is that the signal will be degraded by absorption and scattering by the
atmosphere in the crater (T in equation 3.5). Such factors may be very small over similar
distances in a clear atmosphere, far removed from the effects of the mix of volcanic gases
and aerosols present in the crater. However, the presence of such factors at Pu'u’O’o
ensures that the temperatures detected by the radiometers will be an underestimate of the

true values.

In order to calculate the fractional area fin equation 3.4, and as we know the total
FOV, then we may calculate the total emitting area of ejected spatter blebs as follows. As
we are assuming a spherical form for an idealized spatter bleb then the cross-sectional area

of such a sphere is given in equation 3.5, where r is the sphere radius.

Spherical cross sectional area Ag = 7 1> (Equation 3.5)
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If all ejected spatter blebs are of equal size then the total emitting area A, will be
equivalent to the number of blebs multiplied by the cross sectional area Ag. If there are a

range of different sized blebs present, then At will be equivalent to:
Ar=n(rs+rm +rl+red ... Fon’) (Equation 3.6)

The calculation of emitted radiance using equation 1.1 takes into account the effect
of the conical propagation of radiance by the inclusion of 7 to counter for the solid angle.
We may therefore consider the total emitting area of hot material associated with the ejecta
to be equivalent to At. The choice of a sphere as the idealized form of spatter in the
Ejecta-Mass model ensures that whatever the orientation of the radiometer FOV with
respect to the cross sectional area of the sphere, the cross sectional area remains constant.

This principle is shown in figure 3.6.

/

{ p—

Figure 3.6: Idealised representation of a single spatter bleb on the crater floor. For the sake of simplicity
within the model the emitting surface is represented as a disk of the same diameter as the spherical bleb.
From this we can calculate the occupying area of all spatter blebs in the radiometer FOV using the concepts

shown in figures 3.3 and 3.4.

Therefore the fractional area frepresenting the calculated total emitting area

At is equivalent to:
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f = (1/Radiometer FOV) * Ar (Equation 3.7)

By using equations 3.4 to 3.7 it is possible to calculate the total emitting area of the
ejected spatter at the assumed temperature Ty and relate it to the total detected radiance

calculated for the radiometer FOV.

We now have an idealized scenario for the emplacement of spatter in the
radiometer FOV, and the ability to calculate the cross-sectionél areal extent of the hot
spatter. In the next section I consider the various cooling mechanisms that any ejecta will
undergo, and propose a method that allows an estimation of the size of a bleb based on the
observed rate of cooling. By combining such an estimate of the size of a spatter bleb with
the above methods on extracting the totél area of hot material from the radiometer FOV I

estimate the total number of ejected spatter blebs, and therefore the total ejected mass.

3.8.Cooling mechanisms of hot spatter

If we consider a single spatter bleb, emplaced and cooling from the original
magmatic temperature then the outer surface will have been cooled due to the passage of
the molten bleb through the atmosphere. Once the bleb has landed, it will cool further by
conduction into the ground if the ground surface is cooler than the bleb itself. In addition
to this the bleb will also cool due to convective heat transfer into the atmosphere. The rate

at which the bleb will lose thermal energy or cool is summarized in equations 3.8 and 3.9.

Equation 3.8 predicts the amount of heat that will be conducted through a material
of known thermal conductivity. The thermal conductivity is defined as the rate at which

heat is transferred in the material, and is considered as ratio of heat flux to the temperature
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gradient. Materials with a high thermal conductivity‘ will warm or cool relatively rapidly.
Rocks generally have low thermal conductivities, and are good insulators (Chapman,
1995). We can consider Q as the quantity of heat (M L? T?) (Chapman, 1995), that may
flow through an aréa A of thickness / in timé t. Thermal conductivity’is represented by &
and entropy is represented by the minus sign before & (Chaprﬁan, 1995). A is the

difference in temperature across the distance /.

Q=-kt(4/)AO (Equation 3.8)

This modification simply shows that entropy decreases with time, i.e. the material
will cool rather than heat with time! Equation 3.8 can be modified so that we can express

the transfer of heat as per unit time or area:

q=-Q/dt =k A8/ (Equation 3.9)

Equation 3.9 results with q conventionally expressed in units of mWm™ (Chapman,
1995). The thermal conductivity of a material is inherently related to the physical
properties of the material in question. Equation 3.10 displays these relationships and how

the thermal conductivity & (Wm'lK'l) can be calculated (Crank, 1975).

k=pCK (Equation 3.10)

Where p is the density of the considered material (kg m™), Cpis the specific heat
capacity (j kg K™') and K is the thermal diffusivity of the material (m?s™). The thermal

diffusivity can be considered as the ratio of thermal conductivity to heat capacity, and in
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effect represents the efficiency of the material as a conductor. Equation 3.11 shows how

thermal diffusivity may be calculated (Crank, 1975).
K =kpC, (Equation 3.11)

Materials with a low thermal diffusivity conduct heat poorly, whereas materials
with a high thermal diffusivity are good conductors of heat. Equations 3.8 to 3.11 all
predict the manner in which a material, such as the basalt at Pu'u"O"o will cool over time
given a éertain considered volume. In one way the scenario of molten ejecta emplaced
onto the crater floor proves a bonus, as all the materials are of a similar basaltic
composition, and vtherefore adds an in-built degree of simplification to the problem.
However, the difference in these parameters for basalts of different ages and vesiculation is
not well known, although the differences between basalt and other réck types are better

known (Vosteen & Schnellschmidt, 2003).

The vesiculation of any molten ejecta at Pu'u’O’o complicates the calculation of
the above parameters, due to the effect on the overall bleb density. It is expected that
increasing rates of vesiculation will increase the effectiveness of basalt as an insulator. As
the number of vesicles increases the overall density of the material will decréase, and
therefore the number of conductive ‘pathways’ of non-vesiculated material seperating the
vesicles will also decrease. Therefore, it is probable that highly vesiculated basaltic spatter

blebs will possess low thermal diffusivities and conductivities.

Heat lost due to convective cooling is summarized by equation 3.12, in which Q is
the heat lost (W), A is the surface area in question (m?), Tg and Tc are the surface
temp’erature and air temperature respectively. The factor h, may be obtained from
published sources and effectively quantifies the relationship between the surface roughness

of the considered object and the wind velocity.
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Q=Ahc(Ts-Tc) (Equation 3.12)

77 7.

ace

Figure 3.7: Cooling of spatter blebs. A). A greater rate of conduction of heat energy away from the interior
of the bleb is possible if the bleb deforms on impact. B). If the spatter bleb retains a spherical shape, then
conduction of the internal heat energy to the cooler ground surface is impeded by the small surface contact
area. C). Consideration of the cooling bleb as an isothermal front moving inwards with time.v This thermal

diffusion considers the temperature gradient between the entire bleb and the cooler material it is immersed in.

Equations 3.8 and 3.9 consider the rate at which thermal energy is transferred
across a gradient separating the warmer material from the cooler material. If the bleb
deforms on impact, increasing its surface area as it flattens whilst still semi-molten, then
the rate at which the bleb will lose thermal energy due to conduction will be much higher
than if the bleb does not deform and remains spherical. Figure 3.7A displays a simple
rendition of this principle. The chilled rind of such a spatter bleb may well be relatively
strong, resulting from the visco-elastic nature of the chilled molten material (Vergniolle &
Mangan, 2000). The low mass of smaller spatter blebs, resulting from their small size and
low density due to the relatively high levels of vesiculation diminishes the possibility that

the bleb may shatter on impact.

In the idealised model for spattering in the confines of the Pu'u’O’o crater, I
consider each bleb (at least post-groundfall) as a smooth sphere. In this respect, heat 2ss
due to convective cooling is minimized, and at least in the idealised model at this stage
may be discounted due to the poor understanding of the effects of convective cooling on
smaller objects. If we assume a stable still atmosphere in the crater, v ich is not

unrealistic due to the relatively sheltered conditions provided by the Pu'u’O’o crater, then
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we may be justified in neglecting convective cooling at this stage in the model

development.

By using this idealised scenario, I show in the next section how by considering heat
loss solely by thermal diffusion in the idealised spherical spatter bleb we can better
simulate the cooling of a spatter bleb than by simply considering the cooling by conductive

cooling with the ground surface and convective cooling into the atmosphere.

3.9.Thermal diffusion in a sphere

In the previous section I proposed an idealised model in which any molten ejecta is
considered spherical after groundfall. Equations 3.8 to 3.11 depict the cooling across a
thermal gradient due to conduction, but if we use a spherical bleb then the bleb-ground

interface will be small, impeding cooling by conduction into the ground.

However, we can use thermal diffusion modeling to predict the cooling in the
spherical bleb as an isotherm of decreasing terﬁperature that encroaches inwards with
.elapsed time, as depicted in figure 3.2 C. This assumes the spherical bleb is initially at a
hot temperature 7}, and is subsequently surrounded by material at a cooler temperature 7.
Thermal diffusion modelling allows the prediction of the temperature for any point in the
sphere at any time, and takes into account the cooling in the entire sphere based on the
thermal characteristics of the materials involved. This thermal diffusion modelling is in
essence an adaptation of the conduction equations 3.8 to 3.11 to consider heat loss in the
sphere, and of course takes into account the volume and surface area of the sphere. As the
size of the sphere is considered in such equations, then this allow us to adjust the idealised
bleb parameters in an attempt to match the cooling curves in the radiometer data on the

premise that larger blebs will take longer to cool than smaller blebs.
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Figure 3.8 depicts a simple model of thermal diffusion in a bar composed of
material with known thermal properties. If we assume that one end of the bar is exposed to
a hot thermal source Ty, and the opposing end is exposed to a cooler thermal source T, en
a temperature grédient will develop along fhe length of the bar. Thefe will be a continuum
of temperatures separating the two endmember temperatures. The temperature at any point

along the length of the hypothetical bar can then be calculated for any particular time.

H Cold

Figure 3.8: Simple thermal diffusion model of a single bar of length L, with one end exposed to a high
temperature and the opposite end to a cooler temperature. Using thermal diffusion modelling it is
possible to calculate the temperature at point A after an elapsed time period if the thermal properties and

volume of the material is known.

The left-hand section of equation 3.13 on page 123 (after Carslaw & Jaeger, 1954)
depicts such a scenario, and allows the calculation of the temperature (C) at a point A of
known distance along the length (L) of the bar. The temperature difference, C,, is defined
as Ty - T, time (t), thermal diffusivity (K) are all known (Crank, 1975). This equation
allows the calculation of the position of isotherms that depict the rate of cooling over time

in the bar, once the heat sources are removed.

The same principle of thermal diffusion may be applied to a spherical object.
Figure 3.9 depicts an idealised model of a spherical bleb cooling by thermal diffusion, if
the sphere itself, initially at a hot temperature is surrounded by material at a cooler

temperature.

Figure 3.9 is a schematic representation of equation 3.13. The spherical thermal
diffusion equation 3.13 models the temperature at a set point, A at a defined time, t if the

temperature difference C, is known. The point A can lie at any point aluug the diametric
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axis through the centre of the sphere, and the equation effectively models the balance in
heat flux between the point A and both ends of the diametric line. These widths are
represented as ‘a — r’ and ‘a + r’, and this is how the equation counters for the thermal
differences Between A and the cooler‘exterior. If the point A lies at some point along thé
diametric axis other than at the centre, then the ‘cooling influence’ of the closer surface
will influence the temperature at A sooner than the cooling influence on the opposite,

further cooling surface.

Source

urce
ata-r ata+vr

S

2a

Figure 3.9: Simple schematic of thermal diffusion in a spherical bleb, of radius a. The spherical thermal
diffusion equation considers diffusion in a bar (as in figure 3.7), but corrected for the ‘wedging’ effects and
thermal influence of the surrounding mass of the sphere. Cooling of the sphere is represented as an isotherm
parallel to the cooling surface, in this case the isotherm will therefore also be spherical if the initially hot
sphere is surrounded by cooler material. The isotherm will progress inwards over time, as represented by the
inward pointing arrows. The thermal diffusion equation allows the calculation of temperature at point A at

time t.

This concept is represented in figure 3.9, as the point A is off-centre. An inwardly
encroaching isotherm from the source at ‘a — r’ will affect point A sooner than the source at
‘a + r’. The section left of the subtraction sign in equation 3.13 considers the thermal
diffusion in a simple bar, but it is the section to the right of the subtraction that provides
such a correction for the thermal influence in the remaining spherical portion of the bleb.

A radial correction is applied to counter the wedging effects due to the pie slice geometry
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of the two "considered cones". This is because the model takes into aécount the three
dimensions of the sphere, rather than just the two-dimensional rectangle considered by the
left hand section of the equation and visualised in figure 3.8 (Crank, 1975) and pers.comm.

D.Morgan.

Conductive cooling between two sources/sinks Correction for spherical modelling-consists of

two opposed cones

c-tofol g5 B - 2]

(Equation 3.13)

A drawback of this equation is that it assumes that the hypothetical éphere is
surrounded by material of the same composition and thermal dynamics. In the case of a
basaltic spatter bleb empiaced onto the ground surface (in the case of the Pu'u'O’o crater
we assume the -ground surface is also of a similar basaltic nature), then it will be
surrounded by the atmosphere. However, in our idealized scenario I assume that the bleb
is spherical and at least semi rigid so it does not deform on impact. This is due to the
formation of a chilled rind due to the passage of the initially molten bleb through the
atmosphere. Observations of Pele’s tears in the field at Kilauea, which are tear drop
shaped lapili that were obviously originally molten but solidify after ejection whilst still
| airborne, retain their teardrop shapé after landfall. If this is the case, then we may consider
that the bleb is indeed surrounded by cooler material of the same composition — the chilled

rind.

This concept is further supported by the fact that equation 3.13 cannot predict the
temperature on the surface of the sphere as the model would not be able to track the

balance in heat flux at A if a-r = 0. In this instance the temperature at A will always be
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equivalent to the cooler surrounding material, as the thermal diffusion bver such an
infinitesimally small distance would be almost instantaneous, especially considering the
time taken for thermal diffusion from the opposite surface at a + r. Equation 3.13 is still
viable if A is set é)nly a small width from t‘he outer surface, and in @y model I regard this

width as equivalent to the thickness of the chilled rind.

However, this does not bypass the problem of the detection of the cooling bleb as a
hot thermal anomaly. The radiometer can detects only the radiance emitted by the surface
material, as predicted by the Planck relationship (equation 1.1) for a bleb of temperature, T
at wavelength A (not withstanding the remaining material at different temperatures in the

radiometer’s FOV). In effect, the radiometer only detects the ‘skin’ temperature of the hot

" bleb.

In the next section I describe how this problem may be overcome and the adaption
of the thermal diffusion equation into an “Ejecta-Mass ” model for estimating the mass of

molten spatter ejected at the Beehive vent during a single event.

3.10. Creation of a model using thermal diffusion to estimate Ejecta-Mass

3.10.1. Testing the thermal diffusion equation

In order to resolve this problem I undertook an experiment in which a known
quantity of Hawaiian basalt was heated using a laboratory furnace, and the subsequent
cooling was observed with a radiometer. I then attempted to use the model outlined above
using equation 3.13 to predict the observed cooling. By contrasting the observed with the
predicted then it will be possible to verify the use of the above model. If the above médel
using thermal diffusion to accurately predict the cooling of a spatter bleb is possible, then

we can attribute the different rates of cooling observed for different thermal anomalies
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(figure 3.2) to different sizes of spatter blebs. This would have been otherwise very
difficult to achieve if we considered the simple cooling by conduction with the ground

surface.

The cooling of this artificial ‘bleb’ was monitored using a small radiometer

| mounted on a tripod, until the temperature of the fake bleb dropped below the seﬁsitivity of
the radiometer. This simple set-up is analogous to the basic setup of the radiometers at
Pu'u’O’o. These laboratory conditions however did not present similar conditions in terms
of cloud and fume as usually prevalent at Pu™u"O"o, but small corrections can be made for

the estimated attenuation of the signal by these factors.
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placed in a laboratory furnace and heated until the flux and pulverized basalt had become

molten once ~1373K had been exceeded.

_Once the mixture was verified as molten it was extracted from the furnace and
poured onto a “warm-plate” (a cool surface at room temperature will have caused the fake
molten bleb to shatter due to thermal shock). Once the artificial bleb had cooled it had
formed a disk approximately 40mm in diameter. The cooling of this fake bleb was then
recorded using a small radiometer, and the temperature sampled every 2s. It was verified
that at the small distances involved in the lab, the molten bleb filled the radiometer’FOV.
This proéess was repeated three times and the results are shown in figure 3.10 as lines 1, 2

and 3.

In order to simulate the measured surface temperature of this artificial bleb,
I applied equation 3.13 using a system of Microsoft Excel Spreadsheets and Visual Basic
“used as part of the “Ejecta-mass” model. These are described later in section 3.13 on p131,
with example software code shown in Appendix II. Figure 3.10 shows a series of
estimated cooling trends each with the actual observed cooling trends. These show the
sensitivity of the thermal diffusion model to variation in the parameters of bleb size and
external temperature for Co. In these models a value for thermal diffusion (K) of 9.47x10
7 was calculated using equation 3.11 (p118), by using a value for the density of basalt
(Dense Rock Equivalent- DRE). p =2280kg m? (courtesy A.Harris), thermal conductivity
k=3 Wm™ s (courtesy A.Harris) and a specific heat capacity for basalt of Cp,=1225J kg
'K |
Figure 3.10 shows the sensitivity of the thermal diffusion model to variation in the
input parameters. This is important‘ to know, as for the application of this modelling to the
- observed cooling curves derived from the radiometer data at Pu'u’O‘o (described in
Chapter 2) we need to use a value for the rim dimension which is vital to the application of

the model. However, this value is difficult to isolate from the artificial anomaly test run
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shown in the top panel of figure 3.10 as it is impossible to ascertain this dimension whilst
the artifical bleb was initially molten. As the bleb cools, the rim dimension, or chilled
rind, will change as the ‘cooling front’ moves inwards in accordance with the diffusion
modelling. | Therefore in order to der1:ve this initial value, I adjﬁsted the various paramete;rs
until the modelled curve from the application of equation 3.13 matched that of the
observed cooling trends of the artificial bleb.‘ The rim Value. a at which this ,}occurs may
therefore be considered a good approximation of the actual value and could therefore be

‘used in the modelling described later in this chapter.

Using this empirical method, I found that a ‘rim’ value of 1mm resulted in the
closest match between the thermal diffusion modélling (represented as a solid red curve in
figure 3.10) and the true cooling shown in figure 3.10. This successful application
suggests that it is possible to reiate the cooling of a small spatter bleb with the thermal

diffusion approach of equation 3.13.

Figure 3.10 also shows the sensitivity of the thermal diffusion Iﬁodel to the actual
variation in input parameters. Panels 1A to 1D show the response of the diffusion model to
simulated blebs of varying diameters. These values are considered either side of the
empirically derived values in the top panel. Figure 3.10 1A shows the most rapid cooling
with the smallest bleb, whilst the slowest rate of cooling is associated with the largest
simulated bleb in figure 3.10 1D. In later sections I show that the size of the blebs
associated with molten spatter is the dominant factor that controls the cooling durations

“recorded within the radiometér data from the Beehive vent. Panels 2A to D show a similar
set of cooling curves for variation in the‘ applied rim value. Those models with the thinnest
rim cool very much quicker than those models with thicker rims. Variation in the initial
assumed temperature does not show such a marked variation in cooling times. The main
effect of this variation shown in panels 3A to 3D is in the initial rate of cooling. After 20

seconds, each of these 4 models possess very similar cooling times.
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This thermal sensitivity modelling therefore suggests that the model is very much
more sehsitive to the bleb size and considered rim (chilled rind) values than the initial
assumed temperature. This is important as the initial temperature value used later in this
chapter is derived frorﬁ the radiometer data obt;ained from events at the B‘eehive vent. As I
show later, the thermal diffusion model is applied iteratively until the simulated model
cooling matches the observed cooling trend, with the ‘intent of deriving the size of the
molten spatter. The lack of sensitivity to initial temperature in terms of the total cooling
duration lessens the likely error from radiometer measurements when deriving the bleb

size.

3.11. Points to consider for the application in thermal diffusion modelling

There are some problems in relating the observed cooling of the spatter bleb in the
laboratory conditions outlined above with the therm;al diffusion model. Firstly, the molten
bleb deformed into a Simple flattened hemisphere, once it had been poured from the
crucible. This is directly analogous to the likely processes resulting from the impact of the
molten spatter. However, the fake bleb eventually formed a disk ~40mm in diameter once
cooled. This shape would increase the rate of conduction through the base of the bleb with

-the ground surface.

Secondly, the ;[emperature ‘of the bleb in the radiometér FOV is calculated from the
radiance emitted from the surface only. This model predicts the temperature at the
boundary between the chilled exterior rind, and the hot inner region of the bleb as a
consequénce of using the thermal diffusion equation 3.13. The close comparison of the
modeled curve with the observed curves in figure 3.10 suggests that despite this paradox
the thermal diffusion model is able to predict the likely cooling of a spherical spatter bleb

with time. In reality there must be cooling effects due to forced convection into the
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overlying atmdsphere and conductive cooling‘ into the medium that the bleb has been
emplaced. These processes may be combining to produce this counter effect which isr
compensated by the empirical adjustments to match model with reality. However, in this
model I prop(;se an initial development' using theﬁnal diffusionai modelling for simplicity’
but further sfudy must be undertaken to understand the interplay between these variqus
cooling processes. The empirical rim width of 1mm might not be a true approximation of
the actual rim width in the fake bleb itself, but the adoption of this value may counter for
the effect of the emitted radiance on the surface representing the temperature of a layer
beneath the actual surface, (in which case, by using such a rim value of Imm we are

countering for this discrepancy).

The idealised ejecta model is a method for deducing the approximate amount of
molten ejecta in the radiometer data, and due to the idealised nature of this model errors
will be introduced. I acknowledge the above apparent discrepancy, but this method does
appear to work in terms of predicting the temperature observed in a radiometer. I therefore
suggest that the model can be used but may only predict the felative strength of a degassing
eveﬁt in terms of the ejected mass rather than‘providing a rigorous'value for that ejected
mass. As the temperatures returned from the radiometers can only be regarded as accurate
relative to each other (Harris et al, 2003) then any features interpreted from this data can

therefore only be regarded as relative rather than absolutely quantitative anyway.

3.12. Effects of the thermal diffusion modelling when applied to volcanic spatter

Figure 3.11 displays the relationship between the size of a bleb and the calculated
time taken to cool to a set threshold, according to the thermal diffusion model. It is clear
from figure 3.11 that there is a difference of an order of magnitude between the cooling

duration of a bleb with diameter 0.01m and a bleb with a diameter of 0.1m. A bleb of this
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size might be better classified as a small bomb, or perhaps an example of ribbon spatter as
shown in figure 3.2 (p103). It is therefore clear that there is a large difference between the

cooling duration between blebs with differences in diameters of even a few millimetres.

Figure 3.11: Variation in time taken to for various sizes of bleb/spherule to cool to the ambient
temperature (within 1°C). As the bleb increases in diameter then the longer it takes to cool to the same

ambient temperature as a smaller bleb.

3.13. Synthesis of idealised Beehive vent scenario and thermal diffusion modelling

into the “Ejecta-Mass > model

In order to combine the thermal diffusion equation 3.13 with the idealized scenario
for spattering from the Beehive vent, it was necessary to combine the use of Microsoft
Excel and Visual Basic to create an iterative feedback model. In this section I give a brief
overview of this process that takes as input the maximum temperature and cooling duration
of any particular thermal anomaly (such as those in figure 3.4 p103). The end result of this
software modeling is an estimate on the number and size of spatter blebs in the radiometer
FOV. A full description and screenshots of this combined software approach is given in
Appendix II. Figure 3.12 shows the algorithm applied by this combined MS Excel-VB

approach.
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I decided that the best method to apply the thermal diffusion equation was to use an
iterative feedback approach in which the thermal diffusion model of a single bleb is used to
~ create an artificial radiometer anomaly comprised of a number of identical sized blebs. By
comparing the resul&ing cooling duration and'initial temperature with tﬁe observed values
extracted from the actual Duck radiometer data, a feedback loop in the software can adjust
the values in the model until the simulated matches reality in a specified error. The
feedback loop adjusté the size of the single bleb in the model to match the cooling
duration, and the number of blebs until the estimated radiometer fractional area f is
matched. These concepts are based on the observations in the previous sections in that
cooling duration is controlled by bleb sizé, whereas fis controlled by the number of blebs

if we assume an initial ‘hot’ temperature Tp.

The various formulae in the model are calculated in separate worksheets in a single
MS Excel file. MS Visual Basic is used to adapt the various macros enabled in the MS
Excel file and to control the operation of the feedback loop in which comparison between
the simulated and actual anomalies are actioned. This method allows simple operation of
the model, with the only required input being the initial temperature and cooling duration

of observed anomalies in the radiometer data described in the previous chapter.

In the Ejecta-Mass model I use the vaiues for the thermal properties of basalt
described in section 3.7.1 (pError! Bookmark not defined.). In order to estimate the
occupying fraction of hot ejecta a range of values for Ty were used, from 600K to 1373K,
as described in section 3.4.2. A value for Tc of 303K was used, calculated from the mean
daily temperatures returned from the radiometers. A discussion on the resulting effect of
differing Ty values on the final Ejecta-Mass estimate is given later. I use a worst case
Valuev of 5K to represent the degradation in radiometer signal at Pu‘u‘O‘o, therefore I

estimate that any temperature values returned by the radiometers are at least an

underestimate of SK. A fuller description of the setup and development of the Duck
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temperatures to descend below a threshold temperature calcﬁlated from “moving window”
average, to counter for ‘diurnal and crater clearing effects on the thermal signal. In the
Ejecta-Mass model, in which simulated thermal anomalies are matched to actual
énomalies, a threshold terﬁperature value equivalent' to the daily mean temﬁefature (303K)
plus the estimated signal attenuation temperature (5K) was used. This is because a
threshold temperature is required in the Ejecta-Mass model due to the logarithmic shape of
the cooling curves. Once the modeled cooling curve is within 5K of the ambient
temperature at which the thermal diffusion model attempts to reconcile the bleb cooling
with, then the time taken for the cooling curve to reduce by even 1K becomes
disproportionately longer than when the temperature difference is greatest. This effect is

shown in both figure 3.2 (p103) and figure 3.10 (p126).

The output of this Ejecta—Mass model is an estimate of the size and number of
ejected blebs associated with the original thermal anomaly. It is possible to estimate the
ejected mass from this information, using the DRE denéity values obtained from example

Pu'u’O’o spatter (A.Harris, pers.com) applied to the known volume of the spherical blebs.
Bleb Volume Vg = 4/31° . (Equation 3.14)

Spherical bleb volume (V) can be calculated using equation 3.14, where r is

equivalent to the bleb radius. The total mass of ejecta Ey can there be calculated as:

Ejecta-Mass Eyy =nVp p (Equation 3.15)

‘Where # is the total number of blebs and p is the density of the basalt. I use here a
value of 2280kg m’® for p. In reality due to the vesiculated nature of ejecta at Pu'u’O’o,

estimated at 13 — 17% (A.Harris, pers.com) the volume of the ejected material will be
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greater as the blebs are considered un-vesiculated and the DRE density used in the Ejecta-

Mass model.

Using the process described here it is possible to apply the idealized
scenario for mass ‘ejection at the Beehive vent to the results obtained for the various
thermal anomalies detepted in the radiometer data, and return an estimate on the mass of
material associated with each event. In the next section I shall investigate the relevance of
this model using simulated thermal anomalies and discuss the issﬁes raised. [ shall
conclude this chapter by analysing the results of this Ejecta—Mass model applied to the
actual thermal anomalies at the Beehive vent with consideration of the issues raised by the

idealised nature of this model.

3.14. Application of Ejecta-Mass model to simulated thermal anomalies

Any event ét the Beehive vent resulting with molten spatter will more than likely
result in the emplacement of more than just a singlé bleb considered in the basic thermal
diffusion model. Figure 3.2 displays a typical set of such spattering episodes. In the
Ejecta-Mass model for spattering at the Beehive vent, the radiorheter‘ FOV will detect a
theﬁnal signal comprised of the cumulative cross-sectional areas of all the blebs. Figﬁre
3.13 displays a set of curves depicting the cooling durations for a simulated set of thermal
anomalies comprised of a varying number of identical sized blebs. These were created
using a set of idealised thermal anomalies input into the Ejecta-Mass model described in

the previous section.

It is indeed apparent that the dominant factor governing the cooling duration of
such anomalies is governed by the size of the blebs. A large number of smaller blebs will

take a much shorter time to cool to a set threshold temperature than a lesser number of
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larger spatter blebs. Therefore the duration of any thermal anomaly recorded from the

Beehive vent is modulated by the size of the spatter blebs ejected.

Figure 3.13: Relationship between the number of cooling blebs in the radiometer FOV and the time
taken to cool to within 5K of the background temperature. Simulated anomalies shown here consist of

varying numbers of blebs with 4 different diameters. Bleb diameter is the dominant factor in the cooling rate
(figure 3.10), irrespective of the number of blebs of a similar size in the FOV. Here I show that even a
relatively large number of smaller blebs will cool much quicker than a lower number of larger blebs. We can

relate this behaviour to the cooling rates of thermal anomalies in figure 3.2 (p103).

If we consider a highly idealised model of spattering events from the Beehive vent
then we might assume that all ejected blebs are of identical size. This is the assumption
used to create the artificial anomalies depicted in figure 3.13, and is an unlikely scenario.
There will of course be a range of bleb sizes present from any spattering event such as
those in figure 3.1 (p102). It is therefore necessary to ascertain the relationship between
the inferred number and size of spatter blebs present in any Duck radiometer anomaly and

the estimated size and number of blebs returned by the thermal diffusion model.

In order to assess this relationship, a set of simulated spattering events was created
involving varying amounts and sizes of ejecta. These models include a range of spattering
combinations (i.e. large amounts of smaller ejecta, fewer but larger spatter blebs or a

combination of these instances). In the absence of quantitative estimates of spatter bleb
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numbers and sizes from actual events at the Beehive vent, this method should provide an
opportunity to assess the results returned from the Ejecta-Mass model and to compare

with the statistics of the ‘original’ events.
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Figure 3.14: This chart represents a number of simulated anomalies comprised of differing numbers
and sizes of blebs. This was undertaken to compare the response of the modeling algorithm that returns an
estimate of the number of blebs and their diameter (assumes all the same size), to different populations of
ejecta. This provides a more realistic scenario than the assumption that all blebs of molten ejecta are of the

same dimensions.

Figure 3.14 displays a set of artificial thermal anomalies for 6 spattering models, in
which varying sizes and number of blebs were used to calculate the likely radiometer
signal. This was accomplished by ‘reverse engineering’ those portions of the Ejecta-Mass
model (steps 4 & 5 in figure 3.12 on p133) and calculating the likely radiant exitance in the
radiometer FOV. The modelled radiance in the radiometer FOV can then be converted
back to a temperature value using equation 1.5. By calculating the mean temperature over
time for the differing cooling rates of the different sized blebs in the model, a single
cooling curve is created. Table 3.1 indicates the range of bleb sizes and numbers used to

create each model.
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The initial temperature and cooling duration of this artificial anomaly is recorded,

and these values may then be input to the standard Ejecta-Mass model.

Thermal
Diffusion
Simulated
Results (T, 300
Model Number - Diameter (m) to 1100 °C)
© 100 0.01 Number of blebs 280 58-315
: 100 0.02 Mean bleb dia (weighted) 0.033m | 0.047-0.053 m
30 0.1 Total actual mass 5736 kg
7-55kg
50 0.07 Total mass (weighted dia.) 13.06 kg
700 0.01 Number of blebs 2300 673 -4165
) 800 0.02 Mean bleb dia (weighted) 0.022 m 0.02-0.022m
500 0.03 Total actual mass 47.51kg
: 6-49 kg
300 0.04 | Total mass (weighted dia.) 28.21 kg
40 0.05 Number of blebs 90 47 - 241
'3 20 0.06 Mean bleb dia (weighted) 0.062 m 0.04-0.047 m
20 - 0.07 Total actual mass 31.25kg
3-29kg
10 0.1 Total mass (weighted dia.) 25.89 kg
300 0.02 Number of blebs 360 243 - 1645
4 30 0.08 Mean bleb dia (weighted) 0.033 m 0.025 - 0.026 m
20 0.1 Total actual mass 85.37kg
4-32kg
10 0.15 Total mass (weighted dia.) 15.52 kg
200 0.01 Number of blebs 850 209 - 985
s 500 0.02 Mean bleb dia (weighted) 0.02m 0.02-0.023 m
100 0.03 Total actual mass 12.06 kg
1-15kg
50 0.04 Total mass (weighted dia.) 8.12 kg
50 0.01 Number of blebs 200 50-334
P 50 0.015 Mean bleb dia (weighted) 0.017 m 0.016 m
50 0.02 Total actual mass 1.67 kg ’
0.22-1.51kg
50 0.025 Total mass (weighted dia.) 1.28 kg

Table 3.1: Comparison between different populations of bleb sizes in each model representing a
simulated thermal anomaly. Also shown is the calculated weighted mean from the simulation, calculated
based on the relative numbers of size of bleb present within the model. The right-hand collimn displays the
results from the model algorithm. The estimated ejected mass returned is the mass range resulting from the
range of temperatures used for T,. We can compare this to the two estimates for mass in the “simulated”

column.
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As figure 3.14 shows, the difference in the returned cooling rates for the various
models is distinct and reminiscent of the actual cooling rates depicted in figure 3.2 (p103).
The total mass of ejecta for each model was calculated using equations 3.14 and 3.15
(p134). The t‘otal actual mass for the ej;:cted material for each m;)del indicated in table 3.1
corresponds well with the rate of cooling for the anomalies shown in figure 3.14. Those
models involving the largest mass (i.e. models 4 & 3) cool slowest, whereas those models
with the least mass (i.e. models 5 & 6) cool the quickest. With these models I have
attempted to replicate a variety of sizes and numbers of blebs associated with differing
spattering events. For example, model 2 has greater numbers of smaller blebs (0.01 —
0.02m diameter) and a lesser number of slightly larger blebs in the 0.03 — 0.04m range.
This results in a relatively quick 'cooling time as indicated in figure 3.14. Model 6 has low
numbers of smaller blebs (0.01 —0.025m diameter) and displays a very quick cooling time.
vModel 4 has relatively high numbers of larger blebs relative to the othe; models, and
displays a slower cooling time. I use observations from the HVO website on such
spattering events at various vents in the Pu'u’O’o crater and elsewhere, as well as from
various footage of spattering events (“Kilauea Eruption Update: 2002”) as the basis of

these basic spattering models.
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curve, in which the initial rapid drop in temperature over time is associated with the
majority number of smaller blebs. This is followed by a sharp decrease in cooling rate as
the lesser number of larger blebs provide the majority of heat detected by the radiometers.
Model 2,‘ in which there are similér numbers of blebs of rélatively low diameter dol not
describe such an obvious compound cooling curve, as the cooling curve does not have such
a pronounced ‘elbow’ as shown in the curve for model 1. We can be more conﬁdént using
such realistic thermal anomalies in relating the results of the Ejecta-Mass model to actual

thermal anomalies.

3.15. Response of Ejecta-Mass model to simulated anomalies

Figure 3.15 shows a set of curves describing the response of the Ejecta-Mass model
to the 6 models described above. These results are also shown in comparison with the

original model specifications in the “simulated” column in table 3.1.

'In the application of the Ejecta-Mass model I have used various values for T,
which are used to calculate the initial fraction of the radiometer FOV occupied by the
molten ejecta. The highest values of Ty used here are close to the original magmatic
temperatures recorded for various Hawaiian basalts (Keszthelyi et al, 1998) and also by
myself in the field using a handheld radiometer. Due to the problems in estimating the
decline in temperature of the molten spatter due to the cooling of the bleb from its flight
through the atmosphere until landfall, I have used a range of values for Ty. This is to
assess how different values of Ty affect the results of the Ejecta-Mass model. A range of

300 to 1200°C covers all likely values of Ty. However, the most likely values of Ty
obtained suggested from field data obtained by myself and others (Pinkerton et al, 2002;

Flynn et al, 1994) suggest a narrower range of 700 to 1000°C.
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Figure 3.15A shows the variation in estimates for the number of blebs returned by
the Ejecta-Mass model using the various estimates of Ty. All models show an increase ih
the estimated number of blebs as the value of Ty drops. The greatest difference between
thenumbefs of blebs i; for models 2, 4 and 5. fhese models originally po;sess the greatest
number blebs, and this is consistent with the returned estimates as showﬁ in table 3.1.
Conversely, the lowest variation in bleb numbers with Ty is with those models that have
origiﬁally the léast number of blebs. However, the greatest disparity between the estimated
number of blebs .for each model lies in the lower range of Ty estimates (< 600°C). If we
restrict estimates of Ty to the likely range of 700 to 1100°C, then the returned estimates of
bleb numbers from the Ejecta-Mass model en;:ompass the actual numbers in the originél 6

models. This is the case for each model.

Figure 3.15B shows the variation in the estimate of the bleb diameters with varying
Ty. The estimate for bleb size does not change in the same fashion as the estimate for
numbers of blebs, and these estimates compare well with the true values shown in table
3.1. Intable 3.1 I give both the actual diameters used for the simulated spattering events as
well as a weighted mean diameter, calculated using the relative numbers of bleb sizes
comprising each model. The returned estimates for bleb diameter all fall in the range of
the actual values used in each model, and overall tend to be a slight underestimate of the
calculated weighted mean diameter, by on average 2 — Smm. Therefore the estimates on
the size of spatter blebs returned by the Ejecta-Mass model respond to the changes to the
changes in bleb size in the artificial anomalies, and may be regarded as an estimate of the

mean size of the blebs involved with actual anomalies.

The Ejecta-Mass model returns more consistent estimates on the mean bleb size
than the estimates for the number of blebs present. It is apparent that the Ejecta-Mass
model is sensitive to the size of the blebs involved in a spatter episode, but a meaningful

estimate of the value of Ty is required to obtain an accurate estimate on the number of
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“blebs involve.d. Therefore the calculation of the total mass ejected during a spattering
event will also be sensitive to the value of Ty used as this requires the number of blebs, as
shown in equations 3.14 and 3.15 (p134). This is shown in figure 3.15C, and the same
pattern of ;/ariation with the estimat;ed values of Ty is remrnéd. If a likely range of 760-
1100°C for Ty is again used, then the variation in the estimate of ejecta mass is minimised.
This is especially true for those models in which the total original model ejecta mass is the
lowest. Tabie 3.1 shows that the range of masses returned by the Ejecta-Mass model |
encompasses those values based on the weighted mean diameter of the ejecta in each
model, and apart from model 4, also provides a good indication of the total actual mass

from the original model.

From this analysis of the application of the Ejecta-Mass model to the artificial
spattering events, I have shown that the model can provide good estimates for the mass of
material ejected bas'ed on the cooling curves from each of the simulated spattering events.
The model is sensitive to the values of Ty used to calculate the original area of ejected
‘hot’ material in the radiometer FOV, but returns good estimates of the mean bleb sizes
involved with an event if values of Ty in the range of 700-1000°C are used. In the next
section I use the Ejecta-Mass model to extract estimates on the masses of ejecta associated

with actual thermal anomalies detected at the Beehive vent.

3.16. Response of Ejecta-Mass model to actual anomalies detected at the Beehive

vent

In the previous chapter I investigated the timings of thermal anomalies with the
Lunisolar tides. In this section I apply the Ejecta-Mass model to these same thermal
anomalies in which the cooling duration and initial temperatures have been identified.

This process was described in section 2.5 <???update this link???>.
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I first investigate the sensitivity of the ejecta mass model to ;1 selection of
anomalies at various recorded durations in order to provide an estimate of error intrinsic to
this model. I will then apply these derived errors in the subsequent section where I analyse
the relationship between‘ the recorded anomaly ’duration and the amouﬁt of ejecta

associated with each anomaly.

3.16.1. Calculation of the thermal sensitivity and errors in the Ejecta-Mass model

I have shown in the preceding sections how the Ejecta-Mass model can be used to
derive an estimate of the mean mass of ejecta associated with a simulated cooling trend
using only the parameters of maximum achieved temperature and event duration. In this
section I shall attempt to derive the thermal sensitivity of the model by using the known
errors in the detection of these two defining parameters for each thermal anomaly. In
chapter 2 I discussed the sources of error present in the Duck radiometers at Pu'u'O’o,
namely the constantly varying levels of fume wjthin the crater which attenuate (by
scattering and absorption) the signal received by the ducks. Such effects may not only
mask the true maximum temperature detected of a degassiﬁg event with resulting molten
ejecta, but also make it difficult to identify the true duration of a thermal anorﬁaly due to
the cooling ejecta. In Chapter 2 I described how the IDL software used a “moving
window” technique to identify anomaly duration. This technique used a calculated mean
over a 10 second Windéw and compared it to a mean calculated for a much longer period
of 30 minutes. Once the elevated temperatures associated with a thermal anomaly had
fallen to the longer duration mean, then the event was deemed over. This technique allows
both a relatively accurate detection of thermal anomalies despite the constant fluctuation of

temperatures over 2-4 second intervals imparted by changing fume conditions attenuating
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identify any vaﬁation in calculated error with event duration and/or maximum recorded
temperature (magnitude). Figure 3.16 shows the esfimated ejecta mass for these anomalies
calculated for various assumed values of Ty with error bars showing the variation in
estimatéd ejected mass for maxiﬁm recorded temperatur‘e +/- 5°C (panels B,D,F '& H)
and recordedA anomaly duration +/- 10 seconds (panels A, C, E & YF). These error bars
.show the error in actual mass, rather than a percentage. This method not only allows us to
identify the variation in estimates of ejecta mass due to the errors within the Duck
radiometer data, it also allows us to closely analyse the sensitivity of the model to small
changes within the input parameters and therefore understand the performance of the
model when applied to actual thermal data. The values used to generate the error bars were

derived from separate model runs with the input parameters changed accordingly.

Figure 3.16 shows that those sample anomalies with the largest errors bars tend to
be those of shorter duration and/or low maximum recorded temperatures. This might be
expected as it is more difficult to isolate the true extent of such anomalies from the
background noise than for those anomalies with higher temperatures which are more easily
distinguished from the background ambient. Furthermore, as I have already shown, the
main factor controlling the duration of a thermal anomaly will be the actual size of the -
ejected blebs. Therefore for those anomalies of lower maximum recorded temperature the
Ejecta-Mass model may find it more difficult to arrive at solutions which match the
observed parameters due to the size of the iterative steps employed by the model. As the
+/- 5°C error margin used is é relatively larger proportion of the lower temperature
anomalies, the resulting errors for such anomalies will be disproportionately larger than

those for higher temperature errors.

All panels within figure 3.16 show that estimates of total ejecta mass decrease
inversely proportionately to the increasing values of Ty used to calculate the area within

the Duck radiometer FOV. This is because as Ty increases, it takes a disproportionately
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anomalies, especially those with lower maximum recorded temperatures. This sensitivity
is less pronounced for anomalies with higher maximum temperatures and longer durations.
In order to better quantify this sensitivity, figure 3.17 displays the maximum variation in

ejecta mass for each of the thermal anomalies recorded in figure 3.16.

Figure 3.17A shows that the Eject-Mass model is less sensitive to errors in recorded
anomaly duration than errors associated with the magnitude of the maximum temperature
achieved in figure 3.17B. However, these differences are more pronounced at lower
assumed values of Ty. In previous sections I discussed the problems associated with
choosing an accurate value of Ty (and is a subject addressed in the following two
chapters), and surmised that most accurate values of Ty will fall in the fegion 700°C to
1000°C. In figure 3.17A and B, the margin of errors for estimated ejecta mass narrows
from Ty = 800°C onwards, and is more marked in figure 3.17B. This shows that the model
is less sensitive to variations in input parameters at higher values of Ty. These higher
values for Ty are consistent with my own observations using a hand held radiometer and

other field observations by Pinkerton et al (2002) and Flynn et al (1994).

Analysis of the pattern of sensitivity for the sampled thermal anomalies in figures
3.16 and 3.17 suggests that there is a relationship between the model sensitivity and the
thermal anomaly duration. The error margins nerrow with increasing anemaly duration.
By using this relationship we can quantify the model error for a given anomaly duration
and apply this to the model estimates to provide a confidence envelope for estimates of
total ejecta mass associated with a degassing event. I have combined these calculated
errors from all these runs to produce a combined error which can be related to the anomaly

duration.

148



Variation of combined pt  ntage error with thermal an ly duration
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Figure 3.18: The combined percentage error calculated from errors introduced by the maximum

recorded anomaly temperature and anomaly duration used as input for the Ejecta Mass model.

This was achieved by calculating the mean error from the relative high and low
maximum achieved temperatures for each of the sampled anomalies for both errors due to
anomaly duration and maximum temperature. These values were summed for each of the 4
samples to create a maximum error envelope, and then expressed as a percentage portion
of the total estimated ejected mass. The resulting values were then plotted against the
sample anomaly duration and a trend line applied. I found that the resulting relationship

could be defined by equation 3.16:

Percentage Error y = 1076.9x->978 Equation 3.16

Where y is the percentage error of the total estimated ejecta mass in kg, and x is the
anomaly duration in seconds. Equation 3.16 was found by best fit applied to the measured
values with an R? of 0.8. Application of equation 3.16 allows the +/- error envelope to be
applied to any estimate of ejecta mass using the model. Figure 3.18 shows this calculated
combined error as a percentage figure of the estimated total ejecta mass using equation
3.16. As figure 3.18 shows, the model is most sensitive to small changes in input errors for

shorter duration anomalies than longer duration anomalies and therefore the ejecta mass
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model is more accurate when used to make estimates for the longer recorded anomaly
durations. This is especially the case where the shorter duration anomalies coincide with

low recorded maximum achieved temperatures.

I have now described how the Ejecta-mass model is sensitive to variation and errors
in the two input parameters to the model, and how this varies with the value of Ty used.
However, the value used to simulate the rim, akin to the chilled rind which immediately
forms on molten ejecta once it is exposed to the atmosphere is one other parameter that has
a be ing on the sensitivity and accuracy of this model. I have previously discussed the
use and reasoning behind the rim values used within the thermal diffusion calculations

which are core to the Ejecta-mass model.

[ will show here how variation in the rim size value selected for use within the
model ¢ ects the resulting estimates of ejected mass. In order to accomplish this, I ran the
mo :l 1 e for all recorded thermal anomalies with a Ty of 1000°C, in the first run using
a rim size of 0.00lm and in the second run a rim size of 0.003m. By comparing the
resulting estimates for ejecta mass for each anomaly using these two rim sizes for each of
the thermal anomalies it was possible to calculate the difference in ejected mass, and
therefore the variation. Figure 3.19 shows this variation calculated as a percentage of the
estimated total ejecta mass plotted against duration. This representation allows direct

comparison to the sensitivity analysis shown in figure 3.18.
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Figure 3.19: Calculated error based on variation of 2mm rim size used within the Ejecta Mass model
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The model is much more sensitive to the rim size values used for anomalies of
shorter duration than for anomalies of longer duration. This distribution may be explained
if shorter duration anomalies are associated with smaller blebs sizes rather than larger bleb
sizes. This is because larger values used for the rim size will generate much larger
variations in estimates as the rim size used will approach a significant fraction of the actual
diameter of the bleb itself, producing inaccurate results from the thermal diffusional
modelling. For larger blebs, the variation in rim size will be a much smaller fraction of the
bleb size. In section 3.10.1 on page 124 I discuss the best rim value to be used, empirically
derived from laboratory testing of an artificial bleb. I found that a value of 0.001 provided
the best match between the.model and the measured cpoling of the bleb in laboratory
conditions. However, inl realify such factors as the vesicularity and small changes in the
mineral content etc may affect the thermal resistance and conductivity of the material
resulting in inaccurate estimates by the model. These effects may be countered by varying
the rim size used within the thermal diffusion calculation which takes into account the
values of thermal resistivity and conductivity of the sample material (Crank, 1975).
Although only one rim size can be currently used within the Ejecta-mass model it is still
important to understand the relationship between the value used in the model and the

resulting effect on the models estimate of ejecta mass.

It is apparent from this analysis that the Ejecta-mass model is more sensitive to
variations in the input parameters for smaller blebs than for larger blebs and is also more
accurate for ass;lmed values of Ty greater than 800°C. The model is therefore more
accurate for larger blebs where high values of Ty are used. I have shown that this
sehsitivity can be represented as a function of anomaly duration and can therefore be used

to provide an error envelope for actual predictions of ejecta mass. In the next section I
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investigate whether there is indeed a relationship between the anomaly duration and the

size of the molten ejecta, as well as the total ejected mass.

3.16.2. Response of Ejecta-Mass model to actual anomalies detected at the Beehive

vent

Figure 3.20 displays the results from the application of the Ejecta-Mass model to
the majority of Beehive vent thermal anomalies from the September and October 2001
study period. In this application I use only those anomalies that had a duration exceeding
8-10s, as only anomalies With cooling durations longer than this appeér to be ass;)ciated
with varying quantities of ejecta. Nearly 500 anomalies satisfying this criteria were
identified. This was a requirement to remove those anomalies associated purely with
ejection of gas and which provided no evidence for molten material cooling in the
radiometer FOV. This type of anomaly is characterised by a rapid rise in temperatures with
a subsequently fall in temperature. This is due to the rise of the hot and buoyant gas
emitted from vent upwards and out of the FOV of the radiometer. This effect has been
used at Stromboli volcano (Italy) in which a serieé of ‘stacked’ radiometers were used to
estimate the vertical velocity of emitted volcanic gases (Harris et al,.2003). The low
inclination angle of the radiometer (figure 3.3 on p108) ensures that any gas rising upwards
exits the radiometer FOV very quickly. The rapid fall in detected temperature is also
attributable to the rapid cooling and diffusion of the gases in the atmosphere at Pu'u’O'o

crater.
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the previous section. Clearly evident is a relationship between the ejecta mass and the

anomaly duration.
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Figure 3.21: Scattergraph displaying the total estimated ejected mass calculated for each degassing
event during the study period plotted with the thermal record duration. The trend lines indicate a linear
regression line calculated from the relevant points. The error bars show the sensitivity of the model to errors
introduced by the Duck radiometer setup and are calculated from the combined percentage error discussed in
section 3.16.1. This shows the general trend that thermal anomalies of greater duration tend to be associated

with the greatest ejected mass.

is clearly the size of the spatter blebs from the relationship in figure 3.20A that is
the dominant factor in the relationship shown in figure 3.21. As I have shown in previous
sections it is the size of the spatter bleb that governs the rate of cooling as they have the
greatest thermal inertia and will take longer to cool. Due to the relationship between the
combined error and the anomaly duration the uncertainty in the estimate of ejecta mass for

those events with the greatest ejected mass is less than for lower estimates of mass.

A possible explanation of this observation is that those degassing events which
expel molten spatter from the Beehive vent with the largest estimated ejected mass and
longest anomaly duration are related to the most forceful expulsion of gas from the vent.
We might expect this as more force is required to expel a larger amount of material from
the surface, than a lesser amount of material. This may only be true if the blebs themselves
are fewer in number, but of a larger size as greater force is required to eject larger single

blebs. This effect is evidenced by the very low number of blebs associated with longer

154



duration anomalies shown in figure 3.20A. A large number of smaller blebs may not

require such forceful expulsion of gas from the vent.

The dominant factor upon the style and size of spatter is not only the expulsive
force of the gas release from the free;magrnatic surface, but also the viscosity of the
material (Wolff & Sumner, 2000). Lower viscosity will allow easy fragmentatibn and the
ejection of smaller blebs, whereas a higher viscosity will prevent the easy dissemination of
the material into smaller blebs by gas exbulsion of a given strength. The viscosity of the
magma is a function of the eruption temperature, gaseous content and crystallinity
(Cashman et él, 1999). These controls upon the viscosity will also affect the surface
tension of the liquid free-magmatic surface, and this may also in turn affect the shape, size
and range of ejected spatter. If we assume a consistent viscosity and conditions at the
beehive vent for ejecta, then we éan certainly infer that' degassing events must be stronger
where a greatef mass of ejecta is calculated than in those instances where. there are lower

estimates of Ejecta-Mass.

Figure 3.22 displays a histogram showing the size distribution of ‘'spatter blebs
associated with those degassing events shown in figure 3.20A. Analysis of the frequency
distribution of bleb size may allow for further interpretation and identification of the
eruptive mechanisms present at the Beehive vent. The basic distribution appears to be a
normal distribution with most blebs in a size range of 0.02 — 0.04m in diameter. However,
there are certain episodes where larger blebs ranging upto 0.11m in size are recorded. In
addition to this there is a large number of degassing elvents with blebs of sizes ~ 0.01m.
This may be indicative of a modal process oﬁgoing at the Beehive vent which

preferentially results in spatter blebs of this size.
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degassing events that may coincide with higher levels of the magmatic surface in the vent.
The consistent low numbers of such larger blebs in figure 3.22 may be representative of

this effect.

Figure 3.22 may show just tﬁis type of distribution, with the distortion of the
distribution due to the modulation of the actual mass of ejecta displaced from the magmatic
surface in the vent, by the morphology of the vent itself. Therefore, by analysis of the
returned distribution of ejecta size it is perhaps possible to infer greater detail on the
morphology of the vent itself and therefore gleaning yet more information about the
beehive vent from a simple radiometer record. In effect, we can infer the expulsive .force,
relative viscosity, style and amount of molten ejecta from a volcanic vent using this model.
However, there are several drawbacks to this which I discuss in the final section. This is
still a very useful ability, as highlighted by the difficulty in the last chapter of ascertaining

~ the level of the magma surface in the Beehive vent.

3.17. Discussion & Conclusions

I have shown here that simple thermal ’diffusion modelling applied to simple
radiometer data can be used to estimate the mass of ejecta associated with spattering from
the Beehive vent in the Pu'u’Oo crater. This is possible due to the presence of two key
characteristics in the radiometer record of degassing events: the initial temperature
achieved by an anomaly and its éooling duration. These parameters were used in the
“Ejecta-Mass” model which applied the thermal diffusion model based on equations from
Carslaw & Jaeger (1954) and Crank (1975) to an idealised spattering scenario. This
idealisation considered both the morphology of the Beehive vent itself and the form of all
ejecta. This idealisation is necessary due to the uncertainties and ever changing nature of

vents in Pu'u’O’o crater. The idealised spherical form for all ejecta in the model is an
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extension of observed behaviour (i.e. Pele’s teafs). Because of the wide variety of forms
taken' by any actual ejected material (which in itself is due to viscosity, levels of
vesiculation, initial ejection force and so on), there was a requirement that the form be easy
to model and t;) relate to actual events. ’A spherical form for ejecfa also lends itself most
easily to the consideration of the thermal diffusion equations which form the basis of the
premise that smaller spatter blebs will cooi quicker than larger blebs. The Ejecta-Mass
model was created in a manner so that the only input required was the initial temperature
and the cooling duration, and the output result is an estimate of the mean size of the ejected
spatter blebs and their number. The total ejected mass can therefore be calculated, as the

density of the basaltic magmas at Puu"O’o is known.

There are many apparent drawbacks to this model which on immediate inspection
suggest that it may not meet the rigorous considerations required by the actual events at the
Bechive vent. Interpretation of the returned thermal data from the Duck radiometers may
be conéidered trustworthy only for relative comparison (Harris et al, 2003), hence the
results of the Ejecta-Mass model may only be used as a tool to interpret the relative
strengths of spattering events at the Beehive vent. For simplicities sake, I have not in any
detail considered in this model the small amounts of heat loss due to conduction into the
ground surface as well Vas heat loss due to convective cooling. I have also not considered
here the vesiculated nature of the ejected material. I have only used DRE values for the
density of basalts at Pu'u'O’o. The decrease in density wrought by the vesiculation of the
majority of effusive material at Pu'u’O’o will serve to increase the estimate of cooling
times in the model. The vesiculated material is 10-17% less dense than the DRE values I
consider in the model (A.Harris, pers.com) and this counters the effect on cooling time
when considering the estimate of total ejecta mass. I have instead concentrated upon the
consideration of the spherical bleb as a cooling sphere of molten material encased in a
chilled rind. Despite the emitted radiance paradox from such a surface (the radiometer can

only detect emitted radiance from the surface of the bleb, yet the Ejecta-Mass model
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calculates the temperature at the rim depth), laboratory studies suggested that this thermal
diffusion model could predict the cooling of hot molten basaltic material once that material

was exposed to a cooler environment.

Further problems derive from the idealised scenario for spattering from the Beehive
vent. I assume that all material is emplaced in a single episode of degassing, yet it is
common in degassing from vents such as the Beehive vent that molten ejecta is emplaced
in a series of pulses. Although the number of spatter blebs is calculated from the initial‘
temperature Ty, any subsequent material emplaced in the FOV will affect the cooling
dufation of the anomaly. It is the rate of cooling that is the key to the Ejecta-Mass model.
Any such “multi-stage” spattering events extend the total cooling duration by the addition
of new material. This results in an over-compensated estimate for the total ejected mass, as
the anomaly has been prolonged by the addition of new material since the initial
emplacement. I also assume that all ejecta from a spattering event falls entirely in the
radiometer FOV. Due to the lack of visual observations of spattering at the Beehive vent it
is impossible to ascertain whether this is a realistic assumption based on the likely strength

of spattering and the sizes of the vent and the radiometer FOV.

Therefore, although this model is far 'from absolute it does allow a simple
assessment of the relative strength of degassing from a vent using purely thermal data, and
adds to the many capabilities of the cheap portable radiometer sysfem deployed by HIGP
and HVO. Further observations of spaftering from a vent coupled with simultaneous
radiometer measurements with the application of this Ejecta-Mass model may enable this

model to be further refined.

Even so, this model allows an extended capability that belies a simple radiometer
setup. Despite the often cloudy and fume filled conditions within the Pu'u’O"o crater, this
model applied to the Duck radiometers to estimate the presence and amount of molten

ejecta on the crater floor from the safe vantage point of the crater rim. The video camera
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telemetry system set in place by HVO cannot provide such visual estimates because of
these viewing conditions. Extended use of this model and comparisonh with visual data
would enable the accuracy to be improved and set the basis for the model to be used
extensively to help reﬁne estimates of total efﬁlgive flux from the entire I"u‘u‘O‘o system.
The rate and force of degassing detected using this model may be related to the overall
}degassing detected using COSPEC analysis (Mangan et al, 1995) to provide a ﬁller picture
on such events. Even in its most simple form, the model applied to the Duck data allows
an easy distinction between the presence of the degassing events with and without molten

ejecta, and an estimate of the ejected mass.

In order to for this model to fully realise its capabilities it must be related to
simultaneous visual observations of such events in order to be refined and improved, as
well as further analysis of the effects of viscosity and initial cooling of spatter once it has
made landfall. However in the current absence of such observations, I present this model
as a method for making a relative estimate on the mass of molten material ejected from a

vent using a simple thermal record from a single radiometer.
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~ 4. Analysis of the accuracy of the dual-band method for extracting

estimates of sub-pixel thermal resolution

4.1.Introduction

The dual-band method is a procedﬁre that has been widely used to extract estimates
of the thermal structure found within satellite instrument imagery obtained over lava flows.
I investigate here the accuracy of the dual-band method when applied to simulated satellite
‘imagery based on ground based infrared imaging camera, in light of recent observations on

the application of this procedure to satellite imagery of lava flows.

The dual-band method uses two simultaneous equations applied to two channels of
satellite instrument data to estimate the two fractional areas of a simplified surface of a
lava flow based on the Crisp & Baloga model (1990). This information can be used to
infer the levels of activity present within the pixel instantaneous field of view (IFOV).
This method has been applied to a variety of volcanic phénomena, some of which has been
outlined within chapter 1. Few studies have sought to exactly quantify the accuracy of the
method with fegards to ground based data. I choose to restrict this chapter to the study of
the application of the dual-band model, despite the development of an updated model, the
“triple-band” model (Oppenheimer, 1993; Harris et al, 1998) as the dual-band model

continues to form the basis of many studies (Donegan & Flynn, 2004).

Certain studies, most notably those of Flynn et al (1994) and Harris et al (1998)
investigate the use and application of the assumed temperature within the two simultaneous
equations, and what this actually relates to on the surface of the lava flow. Wright & Flynn
(2003) go on to highlight the problems encountered with the dual-band method by showing
that the temperatures and areas returned by this method do not relate in any practical

reality to actual values extracted from active pahoehoe lava flows (Wright & Flynn, 2003).
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They show that methods using 3 or more channels provide much greater accuracy in
quantifying the thermal structure of a lava flow surface. Satellite instruments that currently
provide this ability are limited. An analysis of the EO-1 Advanced Land Imager (ALI) and
the Landsat 7 Enilanced Thematic Mapper' Plus (ETM+) withih chépter 6 of this thesis,
uses the dual-band method as a basic means of comparing the _response' of the newer ALI
with the older ETM+ over active lava flows. The patterns of solutions and interpretations
obtained from the ALI were éonsistent with ground observations of the behaviour of the
flow-field at Mt Etna at the time. These results showed that ther dual-band procedure can
be used to distinguish various features within the flow-field based on a synergistic analysis

of the resulting estimates for Py and T¢ (Donegan & Flynn, 2004).

I investigate here in detail the response of the dual-band method by using ground
‘baséd thermal imagery and simulated imagery based upon it, to analyse the performance
and accuracy of the dual-bahd method. I accomplish this by reproducing the synthetic
ther;nal distribution as it would appear within various SWIR channels of the Advanced
Land Imager (ALI). I choose to replicate the ALI due to the number of channels within
SWIR that are ideally placed within the infrared spectrum for the remote sensing of lava
flows, and the high spatial resolution of its SWIR channels. This is discussed in defail |

within chapter 6.

By using such data it is possible to change the thermal distribution within a single
pixel, which in tﬁm will affect the single radiance value representing the integral of all
radiances within the area subtended by the pixel. By contrasting thevchanging nature of the
synthetic data suppiied to the procedure and noting the variation of the returned estimates it
will be possible assess the accuracy of the procedure. In this way we can relate the
observations made by Wright & Flynn (2003) and those from Donegan & Flynn (2004). I

also describe a methbd in which the dual-band method can be used as an indicator of the
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likely thermal distribution within a pixel in the absence of accurate.estimates of sub-pixel

thermal resolution.

4.2.The Dual band Procedure

The dual band procedure has been previously described within chapter 1 as a
method of extracting an estimate of the sub-pixel thermal structure using just 2 bands of
satellite instrument SWIR channel data. This model works by assuming one variable,
within two simultaneous equations (Equations 1.5 & 1.6) applied to the radiance values
returned for the same pixel in two separate instrument bands. It is then possible to identify
the remaining 3 i;ariables (Rothery et al, 1988). These components afe the fractional areas
of the “hot” (Py) and “cool” (Pc=1-Py) components and their respective temperatures (Ty
and Tc). When used for identifying sub pixel thermal structure over lava flows the hot
temperature, Ty is assumed as this is the easiest to constrain (Harris et al, 1997¢). Ty is
easier to constrain as fresh lava will be close to the original magmatic t¢mperature. For
Mt. Etna this is usually in the range of 900-1070°C (Harris et.al 1998). Fresh lava with no
crust present will consistently be within this temperature range. Studies by such workers
as Flynn et al (1994) highlight the importance of the use of a reasonable value used for Ty,
and investigate the effects of differing values of Ty on results obtained frém the dual-band
proce;dure for pahoehoe lava flows on Kilauea volcano, Hawaii. If the cool temperature,
Tc was to be assumed there is a much wider range of possible temperatures within the
pixel that might be present. This would range from ambient ground temperature, 0-30°C,
depending on season. I have recorded ground temperatures of ~70°C for solar heated ash
and scoria covered ground on a trip to Mt Etna in June 2000. Temperatures will be even
higher for ground heated by the emitted radiance from a nearby lava flow. In addition to
this, the wide range of temperatures found throughout a lava flow, from flow levees to a

well developed crust compound the problem of consistently assuming a single temperature
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- The ALI is one of several instruments aboard the NASA Earth Observing 1 satellite
launched in late 2000. The ALI is considered to be an operational technology try out
mission for the next generation of the well established Landsat Thematic Mapper series of
instmmenté (Bicknell et al, 1999). A summary of the spectrél channels provided by tile
ALI can be found in Table.4.1. Many of the channels possessed by ALI are duplicated
within the same wavelength regions as channels from the ETM+. Within the SWIR, pixel
sizes are identical for both instruments. ALI has the benefit of 2 extra channels within the

SWIR and 1 extra channel within the VNIR.

The additional ALT SWIR channels assist in the application of the dual-band
procedure to vactive lava flows as they expand the coverage provided by the ETM+
(Donegan & Flynn, 2004). The ALI is less susceptible to saturation within channels 7 and
5 than the equivalent channels of the ETM+, Whilst.the addition of the two extra channels
5p & 4p provide enhanced coverage within the SWIR of t‘hermally anomalous pixels
associated with active lava flows (Mendenhall et al, 2002). These extra channels when
used within the dual-band procedure enable successful solutions from aétive lava flows -
that would otherwise saturate channels 7 and 5 (Donegan & Flynn, 2004). A full
description of this can be found in chapter 5 in which the dual-band procedure is used as a

basis to compare the performance of the ALI with the existing ETM+.

4.4.Ground Based Thermal Imagery

Ground based thermal imagery provides an excellent resource to assess the validity
of satellite instrument derived estimates of the thermal structure of a lava flow within a
single pixel (Pinkerton et al, 2002). Many previous studies have based assessments of this

thermal structure on readings from point measurements obtained from radiometers at
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Various‘ points across the surface of an active lava flow (Oppenheimer et al, 1993).
Thermal camera imagery has the advantage that it can instantaneously map the thermal
distribution across a lava flow at a‘ single point in time. A lava flow has a dynamic thermal
‘structure, with changes 1n the cooling rate, grovs./th of a crust and the e);posure of the
incan»descent interior coupled to such factors as local topography, effusion rate, weather
conditions and lava rheology (Harris & Rowland, 2001). -All these factors act on
timescales ranging from seconds to hours with the net result of changing the character of
the flow. These factors contribute to a highly changeable thermal structure which varies
from the millimetre scale l;pwards to scales of tens of metres to kilometres for an entire
flow. Single point measurements made with a radiométer will only offer a small insight
into this thermal structure, whilst within the time needed to obtain similar measufements

the dynamics of the lava flow may change.

Although undoubtedly useful, radiometer measurements of a lava flow’s thermal
structure fail to capture a “snapshot” of the Whole flow at any one time. When modelling
any space-based instrument’s response to an active lava flow, we need to be éble to identify
as much of the thermal structure as possible and as quickly as possible, so as to mimic the

satellite instrument’s data acquisition rate.

In this section I will discuss the data obtained from the FLIR imagéry and how and
why synthetic FLIR data is used to aséess the estimates returned from the dual-band
method. T will also show how the thermal distribution found within a scene obtained from
the FLIR camera can be summarised and used to define the properties of any surface

within the IFOV of a single pixel value representing the surface.
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4.5.Infrared Camera des'cription and use on lava flows

The ground based thermal imagery used in this study Was obtained using a FLIR
Systems PM390 portable thermal imaging camera. This camera operates within the SWIR
3.4-5um wavelength rénge. This range enables the camera to be sensitive to scenes with
low temperatures from -10 to 450°C. For high temperature scenes it is possible to attach a
3.9um ‘flame’ filter so as to extend the camera’s range for such high temperature scenes as
industrial blast furnaces. This additional filter is placed over the main lens and acts as a
band-pass filter, and hence restricts the incoming radiative energy to a ~single wavelength.
This extends the temperature range to ~1500°C. The thermal camera manages the entire
temperature range of -60 to 1500°C by splitting into 4-5 separate ranges. These must be
pre-select;d for the temperatures likely to be encountered. Any temperatures recorded
below thé selected range will be assigned false land uﬁcalibrated temperatures. For
instance, recording imégery from an active lava channel on Mt Etna the highest
© temperature raﬂge of 750-1500°C would have to berselected to cope with the 1050-1070°C
magmatic temperatures that may be encountered (Wright et al, 2001b). The 3.9pum flame-
filter would be required to achieve this range. The camera provides an accuracy of +/- 2‘;C

for each pixel temperature recorded.

The thermal imagery described here was kindly provided by Prof. Harry Pinkerton
of Lancaster University, UK. This thermal imagery was obtained over 6 field excursions to
Mit. Etna, Sicily: March 1999, May 1999, August 1999, October 1999, July 2000 and July
2001. There was 4a variety of volcanic activity present on all trips, including fire
fountaining, crater overflows, a range of lava flows at differing levels of vigour, cooling
stagnant lava flows and low temperature fumarole fields. Much of the imagery was
obtained with the intent of studying various rheomorphic and physical characteristics of
lava flows, and not initially with the intent of modelling and comparison with satellite data.

Much of the imagery is therefore lacking definite scale. Also there are few distance
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temperature as <230°C. In such an image, only lava flow data within the range can be
used.

Figure 4.1 shows a simple depiction of the typical camera orientation towards a lava flow

under study.

4.6.Using FLIR imagery to analyse thermal distribution

It is possible to summarise thé range of temperatures present upon a lava flow
surface within the FLIR imagery by performing a simple statistical analysié on the number
of temperature values present within a specific temperature range or “bin”. This method of
summarising the data is referred to as a probability density function (PDF) and is

represented as a histogram (Drury, 1987).

The shape of a PDF histogram is highly informative of the contents of an image or
region of interest (ROI) within the image. For histograms depicting pi)‘(els from an image
covering a lava flow, such features as the amount of cool crust, areas at or near eruption
temperature, ambient background temperature can all be identified. The relatiohship
between these features within the histogram is also informativé about the type of activity
present. A peak of histogram columns within the temperature bin range of 800-1000°C
indicates a large amount of molten material present within the image, and this can be
identified as an active lava flow. If this peak dominates the entire histogram with no lower
temperatures present in the 0-100°C bin range, then no ground surfaces at or near ambient

temperature are present.

A clustering of columns forming a histégram peak within the bin range of 300-
600°C decreasing towards the magmatic temperature bin range of 800-900°C suggests the
presence of a significant amount of crusted lava present on the surface of the flow. Levees
present on the boundary of a channelised flow may cause a similar cluster of temperature

bins occupying a similar temperature range to that of the crust. The flow crust itself may
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have a number of cracks revealing the molten core of the flow. These are indicated by a

number of columns within the higher temperature range.

By analysing the relationships within the histogram it is possible to determine the
extent of lava flow activity within an image. The histogram thus provides an excellent
method of determining the thermal ‘detail present within a FLIR imége prior to the
simulation of the ROI as a single PIT. I use the histogram in later sections to demonstrate

the thermal distribution within simulated pixels supplied to the dual-band procedure.

An example of the use of histograms to indicate the thermal distribution within the

FLIR image can be found within figure 4.4 on page 178.

4.6.1. Problems encountered when using ground based FLIR Imagery

Because of the near vertical (nadir) orientation of a satellite instrument with respect
to the ground surface, any simulation using a ground based FLIR data of a satellite
instrument would ideally also be obtained with a} vertical orientati