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Abstract Digital images from hand-held cameras are
increasingly being acquired for scientific purposes, partic-
ularly where non-contact measurement is required. How-
ever, they frequently consist of oblique views with
significant camera-to-object depth variations and occlu-
sions that complicate quantitative analyses. Here, we report
the use of oblique photogrammetric techniques to deter-
mine ground-based thermal camera orientations (position
and pointing direction), and to generate scene information
for lava flows at Mount Etna, Sicily. Multiple images from
a consumer grade digital SLR camera are used to construct
a topographic model and reference associated ground-
based thermal imagery. We present data collected during
the 2004-2005 eruption and use the derived surface model
to apply viewing distance corrections (to account for
atmospheric attenuation) to the thermal images on a pixel-
by-pixel basis. For viewing distances of ~100 to 400 m, the
corrections result in systematic changes in emissive power
of up to £3% with respect to values calculated assuming a
uniform average viewing distance across an image.

Keywords Close-range photogrammetry - Etna volcano -
Lava flows - Thermal imaging

Introduction

In order to improve our understanding of how lavas flow
and eventually stop, improved measurements of flow
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evolution and cooling are required (Hidaka et al. 2005).
Satellite data are regularly used for monitoring active
volcanoes, but the spatial resolutions available for obtain-
ing appropriate temperature information are currently
~30 m in the mid- or near-infrared region (Landsat TM
and ASTER data) or greater in the thermal infrared region
(60 m for Landsat ETM+ and 90 m for ASTER; Donegan
and Flynn 2004; Pieri and Abrams 2004). These dimen-
sions are considerably larger than the spatial variability in
thermal structure of lava flow surfaces and thus limit the
use of satellite data for constraining cooling models. The
recent availability of hand-held thermal imagers offers a
potential solution by enabling viewing over distances of
order 10°~10* m, increasing spatial resolutions by up to a
factor of 10° (to ~1 mm). Thus, images acquired by hand-
held instruments have the potential to provide a wealth of
information for flow models and also provide ‘ground-
truth’ information for the interpretation of satellite data
(e.g. Calvari et al. 2005). However, the critical disadvan-
tages which exist in most close-range datasets (strongly
oblique viewing angles, unknown imaging geometry and
sensor positioning) usually prevent georeferencing and
currently constrain quantitative analysis.

The application of digital photogrammetry techniques
within volcanology has been generally confined to
producing digital elevation models (DEMs) from conven-
tional aerial imagery (Baldi et al. 2000; Kerle 2002) or,
more recently, from satellite data (Stevens et al. 2004). On
a smaller scale, close-range and oblique photogrammetry
has been successfully used for geomorphological research
(e.g. Chandler and Brunsden 1995; Lane et al. 2001) and a
computer-vision based approach has been recently devel-
oped for determining volcano topography from sequences
of oblique images (Cecchi et al. 2003).

Here, we show how close-range digital photogrammetric
techniques can be used to combine image data acquired
from arbitrarily positioned thermal and visible cameras in
order to overcome some of the data processing problems
inherent in using oblique viewpoints and comparatively
low resolution thermal sensors. Automatic photogram-
metric and image matching techniques (Papadaki 2002) are
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employed to obtain topographic data, and to rectify and
georeference visible and thermal images. Determination of
the observed surface and camera orientations allows the
relevant atmospheric attenuation factor to be calculated for
each pixel of the thermal images. We illustrate the
application of these techniques using ground-based images
of active lava channels and flow fronts on Etna volcano.

Data acquisition

Mount Etna, in Sicily, Italy, has a recent history of both
effusive and moderately explosive activity. After about a
year of relative quiescence, on 7 September 2004, a small
lava vent opened at ~2,800 m a.s.l., at the base of the SE
crater. Within a week, two lower vents at the head of the
Valle del Bove (at 2,650 and 2,250 m, Fig. 1) had also
formed, from which lava flowed east into the valley. Fed at
relatively modest effusion rates (~3 m?® s'; Burton et al.
2005), the channel-fed flows were cooling limited (Guest et
al. 1987) and (during the period of fieldwork) were
<2.5 km long, with active flow fronts at the break in slope
on the valley floor, south of Monte Centenari (Fig. 2a).
Whilst a considerable portion of the flow field developed
on steep topography exposed to rock fall hazard, the flow
fronts were relatively accessible. Hence, ground based
images could be acquired of the flow front and distal
channel regions and the data used in this paper were
collected on 27 September 2004.

Visible images were acquired with a Canon EOS 300D
(3072x2048 effective pixels) fitted with a fixed-focus
28 mm lens, the imaging geometry of which had been pre-
calibrated in a laboratory (Robson et al. 1999). Thermal
images were obtained with a FLIR ThermaCAM S40
which provides a horizontal field of view of 24° (similar to
that of a 50-mm lens on a digital SLR with an APS
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Fig. 1 Geographical location of Etna volcano and the Valle del
Bove. The final extent of the 2004-2005 lavas is shown in black on
the main map and their extent on 27 September 2004 is shown in the
inset sketch. The asterisks surrounding the flow fronts demonstrate
the positions of some of the photogrammetric control targets used
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Fig. 2 Visible (a) and thermal (b) images of the active flow front
and channels on 27 September 2004, looking approximately north.
For scale, the active flow front is ~35 m wide. The visible image
shows an inactive flow front and partially drained channel (which
had been active during the previous day) to the right of the active
front. The thermal image is overlain with a perspective view of the
triangulated surface model derived from the visible images

dimensioned sensor). The sensor is a 320x240 uncooled
microbolometer focal plane array, with a spectral range of
7.5-13 um. The imaging geometry of the thermal camera is
non-trivial to calibrate, since targets with a thermal
signature are required. Hence, although preliminary cali-
bration has been carried out to refine the imaging geometry
model (corrections are dominated by the first order radial
distortion term), variations due to required on site focusing
adjustments have not yet been fully accounted for.

The photogrammetric technique used on Etna requires a
minimum of four known three-dimensional target positions
to be observable within each image in order to reliably
estimate the camera orientation. Artificial control targets
constructed from metal foil were deployed in the field;
some large (~50 cm) flat targets were augmented by
smaller (~5 ¢cm) ‘ball’ targets to improve precision at short
viewing distances. Target positions were coordinated using
GPS (ProMark X) augmented, for relatively close targets,
with target-to-target slope distances made using a tape
measure. These measurements were included as observa-
tions in the photogrammetric network adjustment along
with the GPS data.



Photogrammetry and results

The photogrammetric software employed (VMS, Robson
and Shortis, http://www.geomsoft.com) provides a general
case geometric solution, suitable for application to net-
works of convergent oblique imagery. Measurements of
each identifiable control target image are used along with
the three-dimensional target coordinate data, to provide
camera orientation starting values for each image. These
initial values are then refined by least squares based
resection. If required (e.g. to generate topographic data),
additional homologous points can be generated in order to
increase the density of the measurement network, before a
network or bundle adjustment (Granshaw 1980) is carried
out. Registration of the thermal images can be achieved
either by using this target-based photogrammetric approach
with thermally identifiable targets, or, where a camera
position can be ascertained from a visible image taken at
the same location, by calculation of relative camera rotation
angles only.

Post-processing of the photogrammetric data was carried
out using Matlab. A relatively coarse DEM was obtained
by interpolating a 4-m triangulated mesh between the
topographic data points acquired. Under a suitable
projective transformation, the surface can be overlain
onto the thermal imagery (Fig. 2b). Obscuration of any part
of the surface is handled by depth-ordering the triangula-
tion and considering the closest triangle ‘viewed’ by each
pixel to be the one observed.

In Fig. 2b, temperature data collected with the camera set
to a scale of 0-500°C are shown. Viewing distances for the
scene vary from ~50 to 400 m and the flow front was
~110 m from the camera. For quantitative analysis of the
thermal data, the effects of atmospheric attenuation due to
absorption by water vapour should be accounted for. The
magnitude of the attenuation for each individual pixel is
thus a function of both the relative humidity and the
appropriate atmospheric path length. The ‘per-pixel’
viewing distances required are calculated from ray
intersections with the observed topographic triangles.
Although external atmospheric correction routines (Berk
et al. 1989) could be used, here per-pixel corrections were
implemented via similar code within FLIR’s ThermaCAM
Researcher analysis software. In order to avoid complexi-
ties due to mixed-pixel effects (Rothery et al. 1988),
temperature values are converted to emissive power (the
exitance, W m 2, for radiation of wavelengths between 7.5
and 13 pwm) before subsequent analysis. The magnitude of
the per-pixel corrections can be observed by comparison
with those calculated using an ‘average’ distance of 200 m
across the entire image. Differences between the calculated
power values are up to +3% (increased exitance for distant
objects and decreased exitance for closer objects) with
respect to the ‘globally’ corrected image (for a measured
relative humidity of 75%).

The combination of a known surface, camera orientation
and sensor imaging geometry allows orthorectification of
the thermal images and hence georeferencing of the data.
An example is shown in Fig. 3. Note that, for this image,
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some important regions of the flow are occluded by the
irregular topography of flow areas closer to the camera.
This could be avoided by using less oblique images (e.g.
data acquired from a helicopter) or by combining images
from different terrestrial positions. Some distortion is
evident in the uppermost area of the imaged channel (to the
north), where rectification errors from problems at the edge
of the surface model are compounded by the oblique
viewing angle.

Although these issues will be addressed in future work,
flow features can be easily identified in the current rectified
data. For example, using the parallel lineations of elevated
exitance to delineate the active regions of the channel (as
opposed to the levees), at a viewing range of ~310 m, the
western channel branch has a width of 17.5 m, which
narrows to ~9 m as the flow passes over a region of steeper
gradient at a range of ~260 m (Fig. 3). This compares with
an average channel width of 17 m and maxima and minima
of 37 and 2 m respectively, determined from laser altimeter
data collected earlier in the eruption (Mazzarini et al.
2005). For this channel section, the exitance measured
from the central region of the flow is ~700—1,700 W m 2
(corresponding to a black body temperature of 200—-290°C)
and up to 4,850 W m 2 at the flow margins (corresponding
to a black body temperature of ~575°C). The 0-500°C
temperature range (used for this image) of the ThermaCam
S40 gives saturated values for apparent temperatures
>580°C. In this image, 39 pixels were saturated and, with
the exception of only a few, these were observing the flow
front nearest the camera. However, they represent <0.3% of
the imaged front and similar images, taken using the 500—
1,500°C temperature range show that the hottest apparent

In[exitance (7.5-13 pm), W m*]

Fig. 3 Orthorectified thermal image. Each pixel value has been
corrected for atmospheric attenuation over the relevant viewing
distance (ambient temperature, 9.1°C and relative humidity, 75%).
Axes scales are metres with respect to the camera position. Areas of
surface which are occluded for this camera orientation plot in black.
Their angular nature is a result of defining their extent using the
triangulation of the surface model
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temperatures in this field of view were ~700°C. The region
directly behind the flow front, (at viewing distances of
~110 to 200 m, Fig. 3) displays low exitance values with an
average of ~350 W m 2 (or ~80°C). In this area, viewing
angle is strongly oblique and this non-channelized region
of the flow is decelerating over shallow slopes and not
exposing hot core material.

The data presented here demonstrate the potential of
close-range photogrammetric techniques for imaging lava
flows. The thermal image shown (Figs. 2b, 3) illustrates
that, in order to maximise the imaged flow area, at least one
view with a significantly up- or down-flow orientation
should be acquired. Such viewpoints necessitate a per-
pixel-based viewing distance correction to account for
atmospheric absorption effects which would otherwise
result in a systematic error in estimated cooling trends.
Knowledge of relative camera orientations (with respect to
the imaged surface) is also important for examining the
effects of observation angle and resolution on apparent
temperature data. Furthermore, registration of this type of
imagery, which can be collected at a relatively high repeat
frequency, would provide image sequences suitable for
quantitive comparisons of flow channel activity and
evolution, effusion rate estimates and flow field advance,
representing a valuable resource for integration with other
datasets and for hazard mapping.

Summary

1. Multi-photo close-range photogrammetric techniques
have been successfully applied to visible and thermal
images of lava flows collected using ground-based
cameras.

2. The visible images have been used to generate
topographic data and to assist registration of the
thermal imagery.

3. The combination of known imaging geometry and
topographic data allows observation distances to be
calculated and hence relevant atmospheric attenuation
corrections to be applied to each pixel in the thermal
images.

4. Photogrammetric orthorectification and georeferencing
of the thermal images provides quantitative results for
further analysis of lava-flow development (e.g. channel
migration, transition from channel to tube morphology,
the effect of flow fronts constraining advance rates)
and for combination with other image datasets.
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