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Abstract
During an eruption, time scales of topographic change are fast and involve vertical and planimetric evolution of millimeters to meters
as the event progresses. Repeat production of high spatial resolution terrainmodels of lava flow fields over time scales of a few hours is
thus a high-value capability in tracking the buildup of the deposit. Among the wide range of terrestrial and aerial methods available to
collect such topographic data, the use of an unmanned aerial vehicle (UAV) as an acquisition platform, together with structure from
motion (SfM) photogrammetry, has become especially useful. This approach allows high-frequency production of centimeter-scale
terrainmodels over kilometer-scale areas, including dangerous and inaccessible zones, with low cost andminimal hazard to personnel.
This study presents the application of such an integrated UAV-SfM method to generate a high spatial resolution digital terrain model
and orthomosaic of Mount Etna’s January–February 1974 lava flow field. The SfMmethod, applied to images acquired using a UAV
platform, enabled the extraction of a very high spatial resolution (20 cm) digital elevation model and the generation of a 3-cm
orthomosaic covering an area of 1.35 km2. This spatial resolution enabled us to analyze the morphology of sub-meter-scale features,
such as folds, blocks, and cracks, over kilometer-scale areas. The 3-cm orthomosaic allowed us to further push the analysis to
centimeter-scale grain size distribution of the lava surface. Using these data, we define three types of crust structure and relate them
to positions within a channel-fed a ā flow system. These crust structures are (i) flow parallel shear lines, (ii) raft zones, and (iii) folded
zones. Flow parallel shear lines are found at the channel edges, and are 2-m-wide and 0.25-m-deep zones running along the levee base
and inwhich cracking is intense. They result from intense shearing between themoving channel lava and the static levee lava. In zones
where initial levees are just beginning to form, these subtle features are the onlymarker that delimits themoving lava from the stagnant
marginal lava. Rafts generally form as the system changes from a stable to a transitional channel regime. Over this 170-m-long zone,
the channel broadens from 8 to 70 m and rafts are characterized by topographically higher and poorly cracked areas, surrounded by
lower, heavily cracked areas. We interpret the rafts as forming due to breakup of crust zones, previously moving in a coherent manner
in the narrow proximal channel reach. Folded zones involve arcuate, cross-flow ridges with their apexes pointing down-flow, where
ridges have relatively small clasts and depressions are of coarser-grained breccia. Our folds have wavelengths of 10 m and amplitudes
of 1m; are found towards the flow front, down-flow of the raft zones; and are associatedwith piling up of lava behind a static or slowly
moving flow front. The very high spatial resolution topographic data available from UAV-SfM allow us to resolve surfaces where
roughness has a vertical and horizontal scale of variation that is less than 1m. This is the case over pāhoehoe and a ā flow surfaces, and
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thus allows us to explore those new structures that are only apparent in the sub-metric data. Moreover, during future eruptions, the
possibility to acquire such information in near-real time will allow a prompt analysis of developing lava flow fields and structures
therein, such as developing lava channel systems, so as to contribute to timely hazard assessment, modeling, and projections.

Keywords Unmannedaerial vehicle (UAV) .Structure frommotion (SfM) .Digital elevationmodel (DEM) .Etna 1974eruption .

Lava flow

Introduction

Lava flow morphometric analysis is essential for defining lava
flow systems and their associated flow dynamics (e.g., Lipman
and Banks 1987; Rossi 1997; Lev and James 2014; Dietterich
and Cashman 2014; Dietterich et al. 2015). In quantifying lava
flow field morphologies, generation of digital elevation models
(DEMs) and acquisition of visible and thermal imagery are nec-
essary first steps (e.g., Mazzarini et al. 2005; James et al. 2009;
Tarquini et al. 2012). These tasks have traditionally been the role
of remote sensing, where sensors operating at the appropriate
wavebands, and flown on satellite and airborne platforms, offer
an efficient means of achieving full spatial coverage of exten-
sive, remote and/or inaccessible, lava flow fields (Francis and
Rothery 2000). Building on well-developed photogrammetric
methods (e.g., Lillesand et al.1987), efforts in the 1990s focused
on use of Bhigh^ spatial resolution (10 m pixel) data from
satellite-based sensors, such as SPOT, coupled with ground-
based electronic distance measurement surveys to furnish lava
flow field DEMs with spatial resolutions of around 10 m
(Stevens et al. 1999). Ground-based GPS surveys, coupled with
use of laser-range finder total stations allowed spatial resolutions
of order 1 m, but data collection was time consuming and only
possible for small areas within the flow field system (James et al.
2009; Harris et al. 2009). Instead, airborne LiDAR imaging
offered a 1-m capability for entire channel-fed systems
(Mazzarini et al. 2005; Favalli et al. 2010a, b) and lava flow
fields (Favalli et al. 2009; Behncke et al. 2016), but mission
deployment was costly, and acquisition of high point densities
over poorly reflective, basaltic surfaces limited the spatial reso-
lution and number of points available per pixel (Fornaciai et al.
2010; Kolzenburg et al. 2016). Tripod-mounted LiDAR systems
coupled with thermal camera imaging have allowed sub-metric
spatial resolution, as well as temporal resolutions of a few mi-
nutes (James et al. 2009; Slatcher et al. 2015). But again, cover-
age is limited and highly oblique viewing conditions can intro-
duce extensive shadow zones (Richter et al. 2016).

In the last few years, the structure-from-motion (SfM) com-
puter vision technique has provided a low-cost and user-
friendly tool for generating high spatial resolution digital to-
pography using images acquired by consumer-grade digital
camera images. The SfM method solves for camera position
and scene geometry simultaneously and automatically, using a
highly redundant bundle adjustment based on matching

features in multiple overlapping images (Favalli et al. 2012;
James and Robson 2012; Westoby et al. 2012; Nouwakpo
et al. 2016). The SfM method and the improvements in quality
of consumer-grade digital cameras and methods for camera
calibration have thus encouraged the use of digital photogram-
metric techniques for 3D modeling of volcanic features over
recent years (James and Varley 2012; Tuffen et al. 2013; James
and Robson 2014a; Farquharson et al. 2015; Kolzenburg et al.
2016; Richter et al. 2016; Neri et al. 2017).

In parallel with SfM methods, proliferation of unmanned ae-
rial vehicles (UAVs), often known as Bdrones,^ has presented a
new, flexible, low-cost platform option for the acquisition of
images. UAVs represent an excellent platform to make the best
use of the SfM method. Capable of overflying large areas in a
short period of time and of operating below cloud decks that
block satellite views, the flexibility of operation, the possibility
of high temporal resolution and spatial resolutions, as well as the
array of cheap sensor payload options make a UAV-mounted
camera system an outstanding new option for the volcano remote
sensor. The centimetric spatial scale and high temporal resolu-
tions possible from the UAV-based perspective allow extension
and combination of existing methodologies and development of
new methodologies to allow a fully integrated analysis of volca-
nic topographies, structures, and processes at a variety of spatial
scales. The result is a significant advance in our power to analyze,
track, and understand dynamic Earth surface morphologies,
allowing improved monitoring, surveillance, and science.

We here review and further develop an integrated method-
ology that combines UAV-based remote sensing with the SfM
method through application to a morphometric analysis of a
channel-fed lava flow field. UAV-SfMmethodologies are now
quite well-developed in other disciplines (e.g., Mancini et al.
2013; Lucieer et al. 2014), and are beginning to be applied
also in volcanology (Nakano et al. 2014; Perroy et al. 2015;
Fornaciai et al. 2017; Müller et al. 2017).

Background

In 2005, we completed an airborne LiDAR campaign on Etna,
which allowed construction of a 1-m spatial resolution DEM
covering most of the edifice (Favalli et al. 2009). One-meter-
pixel LiDAR data have already allowed us to complete
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morphological analyses of lava channels (Mazzarini et al.
2005) and channel-fed systems (Favalli et al. 2010a) and to
carry out best-fit modeling of lava flow down channelized
systems (Harris et al. 2007). As described by Cashman et al.
(2013), other relevant lava flow features that can be mapped to
aid in interpretation of lava flow emplacement dynamics are
surface folds, tumuli, fractures, blocks, and lobate flow fronts.
In particular, lava surface folding involves surface-parallel
shortening, and will not occur unless the viscosity of the fluid
decreases with depth (Gregg and Fink 2000; Lescinsky and
Merle 2005). Surface folds are common on lava flows of all
compositions, and they range in amplitude (A) and wavelength
(λ) from centimeters (in pāhoehoe flows) to tens or hundred
meters (in obsidian flows). Wavelengths of folding depend pri-
marily on the compressive stresses, temperature profile of the
flow, and the viscosity and density of the lava (Fink and
Fletcher 1978; Fink 1980). However, folds, tumuli, fractures,
blocks, and lobate flow fronts often have sub-meter spatial
scales and are thus difficult to resolve in the 1-m Etna LiDAR
DEM. Generally speaking, for surfaces where roughness has a
vertical and horizontal scale of variation that is less than 1 m,
which is the case over pāhoehoe and a ā flows (e.g., Crown and
Baloga 1999), 1-mDEMs are not capable of imaging the whole
spectrum of variation.

We thus, here, generate a very high spatial resolution
(20 cm) DEM, as well as a 3-cm spatial resolution
orthomosaic, for the entire lava flow field of Etna’s 1974

eruption, containing three well-developed lava channels
(Fig. 1), through UAV-SfM. To do this, we use photos
collected with a consumer-grade camera during UAV-
based over flights in May and September 2015. The
SfM-derived DEM is compared with the 1-m LiDAR-
derived DEM, where we qualitatively and quantitatively
describe the advantages of increasing the DEM resolu-
tion up to the decimeter scale when completing morpho-
metric analyses. Qualitative analysis is carried out using
our 20-cm resolution DEM to define those new struc-
tures apparent in the sub-metric data. Quantitative anal-
ysis is carried out by comparing the S-transform of se-
lected profiles calculated over the two DEMs at differ-
ent resolutions in order to detect different local struc-
tures and patterns. Finally, the very high spatial resolu-
tion topography of Etna’s 1974 lava flow field was used
to measure morphometric parameters through extraction
of profiles normal to the flow direction from the DEM
(Mazzarini et al. 2005; Tarquini et al. 2012; Deardorff
and Cashman 2012; Chevrel et al. 2013; Dietterich and
Cashman 2014). This was completed for three lava
channels which represented different stages of channel
evolution: a mature channel, an immature channel with
low yield strength, and an immature channel with high
yield strength, allowing their component structures, and
their extension and development in space and time, to
be defined.

Fig. 1 UAV-data-derived
orthophoto mosaic of Mt. Etna’s
1974 lava flow and cone system
overlaid on the shaded relief
derived from a merge of the 1-m
and 20-cm DEMs. The RGB area
indicates the area imaged during
the UAV surveys and where the
DEM was reconstructed starting
from the photos. MDF I andMDF
II stand for Mount De Fiore I and
II, respectively. The inset shows
the location of the 1974 lava flow
on Mount Etna
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The 1974 Mount Etna flank eruption

The 1974 eruption of Mount Etna occurred at a relatively low
elevation (~ 1660 m a.s.l.) on the west flank, a location ap-
proximately 6 km from the summit craters and 6 km from the
nearest villages (Fig. 1). It consisted of two phases of activity
separated by 22 days of quiescence (Bottari et al. 1975).
Effusive and explosive activity built up two compound lava
flow fields and two scoria cones, named the Monte De Fiore I
and II (Fig. 1). The first eruptive phase began on 30 January
and produced the cinder cone of Monte De Fiore I (MDF I),
which reached a height of about 70 m and a width of 300 m in
just a few days (Corsaro et al. 2009). The first phase involved
ten discrete lava fountaining and effusive episodes that pro-
duced ten individual lava flow units (Tanguy and Kieffer
1977), and stopped on 16 February. A new, highly explosive
activity began on 11 March and rapidly built the 50-m-high
cinder cone of Monte De Fiore II (MDF II), from which lava
flows advanced westward. The eruption ended on 29 March.

Materials and methods

Acquisition system

Photogrammetric campaigns were carried out using a Dà-
Jiāng Innovations Science and Technology Co. Ltd. (DJI)
hexacopter (model F550), with an onboard GPS system
and internal gyroscope (Fig. 2). The hexacopter has a
payload capacity of around 2.4 kg. The 10,900-mAh bat-
tery provides about 20 min of flight time. The Ground

Station Software v4.0.11 allows the flight plan (including
platform velocity, altitude, and direction) to be defined
and uploaded to the onboard autopilot. The autopilot also
ensures platform stability by controlling the craft pitch, roll, and
yaw using the real-time information feed from the gyroscope.
There is also an option of radio control, which includes a return-
direct-to-base (mission abort) button. Further details about the
UAV system used in this work are described in Nannipieri et al.
(2016). Italian flight operations law requires two independent
radio control systems to be deployed so that a backup is always
on site. The second system cuts power to the drone if contact
with the first system is lost, thereby terminating the flight. The
UAVwas equipped with a consumer-grade SonyNEX-5T, a 16-
megapixel camera which is 111 mm× 59 mm× 38 mm in size,
weighs 0.39 kg, and can provide 4912 × 3264 pixel images. The
E 16–50-mm zoom lens has a 24–75-mm focal length, an 83–
32° field of view, and a minimum aperture of f/22–f/36. Camera
calibration was completed by using the lens tool function of
PhotoScan Pro 1.2, which uses a standard black-and-white
chessboard grid to calculate the lens focal length and distortion
properties so as to provide a lens-distortion correction.

UAV field survey of the 1974 lava flow

Flight planning needs to be set up so as to ensure a flight
altitude, craft velocity, and imaging frequency that provide
sufficient overlap between images to allow SfM reconstruc-
tion. All acquisitions were at a fixed zoom of 16 mm, and
images were acquired at an oblique angle of 24° from vertical.
As a result, pixel viewing angles range from 0° (for the pixel
immediately below the drone) to 48° at the image edge. This
ensures that each pixel is viewed at sufficiently diverse angles
so as to reduce overall geometric errors when compared with a
vertical view (James and Robson 2014b). If we set flight alti-
tude to 70 m above-ground level (AGL), for an angular field
of view of 83°, the image area will be trapezoidal with a width
of 78 m and a length of 104 m for its short edge and 157 m for
its long edge, giving an image area of 10,179 m2. This gives a
nominal pixel size of 2.5 cm. If we image once every two
seconds at a craft velocity of 10 m/s, we will thus image every
20 m of flight, meaning that each point is imaged in the flight
path direction four times from four different angles. Given
overlapping flight paths in the cross-track direction, each point
is imaged up to 21 times. This flight plan was entered into the
Ground Station Software v4.0.11. The result is displayed on
Google Earth™ for checking, and the flight plan can then be
uploaded to the autopilot. Flight time is taken into account
when setting up the flight plan and cannot exceed the battery
lifetime of 20 min. Flight planning also needs to take into
account national flight law. For the 1974 lava survey, we
needed to follow the regulations of ENAC (Ente Nazionale
per l’Aviazione Civile) that covers UAV (SAPR—Sistema
Aeromobile a Pilotaggio Remoto—in Italian) operations over

Fig. 2 The platform and sensor system used during the survey. MU
stands for management unit
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Italian sovereign airspace. At the same time, the camera is
programmed to image once every two seconds, with images
stored in raw format on the camera internal memory card. Raw
image size is 48Mb, so for 12min of acquisition at a 2-s frame
rate, card capacity needs to be 28.8 Gb. This capacity can be
reduced to around 5 Gb if images are collected in JPEG for-
mat, but use of the JPEG format reduces the final accuracy of
the model (Agisoft Photoscan 2013). We carried out 11 flights
(Fig. 3) during two different campaigns, acquiring 2781 pho-
tographs over a total flight distance of about 40 km, which was
completed during a total flight time of 124 min. From this, we
built six topographic models, which covered six overlapping
areas across the target zone. These, when merged, provided
complete coverage of the lava flow field (Fig. 3).

DEM and orthomosaic generation

SfM DEM generation

The 3D model was generated using SfM as implemented by
Agisoft PhotoScan Professional version 1.2. As a preliminary
step, we organized the acquired photos into six different photo
sets. This was necessary because the data set was particularly
large and because the photographs were collected on different
days and/or under variable lighting conditions. To build the
3Dmodel, we input the images and camera calibration param-
eters into PhotoScan Pro 1.2. The automated image feature

identification routine was run to find corresponding features
in different images using an algorithm able to correctly detect
the same features over a large image dataset, regardless of the
changes in orientation, scale, illumination, or 3D position. In
step 2, by matching features identified in multiple images, the
camera positions were resolved and scene geometry obtained
by applying a highly redundant bundle adjustment. This out-
put an initial, sparse, point cloud. Step 3 thus involved crea-
tion of a dense cloud, which was derived directly using the,
now known, camera position relative to each image. This step
is termed multiview stereo matching (MSV). This workflow
allowed derivation of 270 × 106 points, from the 2781 photo-
graphs input, over a total area of 1.35 km2, for a point density
of 200 points per square meter (Fig. 4a).

The point clouds generated by Photoscan must be now
positioned, oriented, and scaled. To do this, first, three
points at different spatial positions in the cloud were iden-
tified using Scanalyze software and tied to ground control
points using a simple C++ code to allow initial, approxi-
mate, georeferencing of the slave (the point cloud) to the
master, which in this case was the 2005 LiDAR-derived
DEM of Mount Etna as generated by Favalli et al. (2009).
To more precisely match the point cloud to the surface,
we minimized the root mean square (RMS) error between
the master (reference LiDAR DEM) and the slave (the
SfM point cloud) by iteratively varying the three angles
of rotation, the translation, and the magnification or

Fig. 3 Flight plan for the survey
of the 1974 lava flow field with
the six sub-areas imaged during
each flight. Solid lines mark UAV
flight paths, dots give each
change in flight direction, and
stars are the launch/landing
locations
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reduction factor of the slave using a custom-made algo-
rithm based on the MINUIT minimization library (James
and Roos 1977), as described by Kolzenburg et al. (2016)
and Richter et al. (2016). MINUIT is a tool to find the
minimum value of multiparameter functions and can be
freely downloaded (http://www.cern.ch/minuit). Our RMS
error is the root mean square residuals (in elevation)
between the SfM point cloud and the reference LiDAR
DEM, rather than a true absolute error. Best fit was
obtained with an RMS error of 0.24 m.

Six DEMs (Fig. 3) were created from the six
georeferenced point clouds. Given the point density, we
could quantize the data into a 20-cm pixel grid, meaning
that we had eight points per pixel on average. These six
DEMs were merged to create a single very high spatial
resolution DEM of the 1974 lava flow field, which is
provided here as a GEOTIFF file (see supplementary
material). The orthomosaic (Figs. 1 and 5) was then cre-
ated automatically using the build orthomosaic tool of
PhotoScan Pro. In setting up this tool, we were careful
to maintain the spatial resolution of the original images
by entering 3 cm at the output resolution prompt.
PhotoScan Pro then orthorectified each pixel and built
the orthomosaic. The output image was 66,000 × 44,000
pixels, or almost 9 Gb in size as RGB image, and covered
a ground area of 1.98 × 1.32 km. Finally, the 3-cm reso-
lution orthomosaic was georeferenced to the 20-cm DEM.
The orthomosaic of 1974 Etna lava flow resampled to
20 cm is provided here as an RGB GEOTIFF image
(see supplementary material).

DEM accuracy

Elevations for each pixel in our DEM are the mean value for
all points within the pixel. Thus, to describe variability inside

each pixel, we used the standard deviation (σ) for each pixel.
Generally, variability within a pixel was 1–3 cm, being highest
over vegetated zones (especially trees) where σ was greater
than 1 m, depending on the height of the bush or tree (Fig. 6).
We also found linear artifacts, in correspondence to pixels in
which we had a high (10–15) number of points, around the
projected edges of a few photos, in which the end of a leg of
the drone had been imaged. To clean up these artifacts, we
rejected all points that were greater than 2σ from the mean and
recalculated the pixel mean value. To understand the differ-
ence between the two DEMs, we resampled the UAV-derived
DEM to 1 m, so as to make it comparable with the spatial
resolution of the LiDAR DEM. The RMS difference, across
zones where we had both LiDAR and UAV coverage and
excluding vegetated regions, was 0.22 m.

DEM-derivative maps

Using the 1-m LiDAR DEM of the 1974 lava flow field
and the 20-cm UAV-derived DEM, we next derived pa-
rameters that can be useful for lava flow morphometric
analysis (Favalli and Fornaciai 2017), that is, shaded-
relief, sky view factor (SVF), and openness down maps
(Fig. 7). These were obtained from the 20-cm DEM
placed into the LiDAR DEM. Placement of the former
into the latter is merely esthetically pleasing, allowing a
rectangular region of analysis and map to be set up. To
complete this merge, each 1-m LiDAR DEM pixel was
divided into twenty-five 20-cm pixels across which
values were interpolated. These values were used to fill
the empty areas of the rectangular grid, especially
around the irregular area defined by the limit of drone
coverage (Fig. 3).

The sky view factor was described by a solid angle (Ω)
open to the sky and expressed in terms of the total sky view

Fig. 4 Point density distributions of the SfM and LiDAR 3D models. a
Point density distribution of the 1974 lava flow reconstructed using UAV-
SfM methods. b LiDAR point density distribution over the investigated

area (see a for legend). The dotted line indicates the area reconstructed
using the UAV-Sony NEX-5T system
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possible from any given pixel, i.e., SVF =Ω/2π (Favalli and
Fornaciai 2017). It is thus the fraction of the sky visible from

each pixel and ranges from one to zero and was calculated
following Zakšek et al. (2011). To speed up the process,

Fig. 6 SfM and LiDAR DEM
difference to quantify the
displacement (and distribution of
displacement) between the two
DEMs

Fig. 5 Region of interest extracted from the 3-cm orthomosaic image
showing the centimeter-scale grain distribution of the lava surface at
different scales. a Location of frame b. b Lava channel and dispersed
flow with the location of frames c and d. c Lava channel near the

transition zone. The presence of meter-sized blocks, especially at the base
of the levee inner flank, is evident. d Section of lava channel taken from
the othomosaic. Differences in grain size across the levee (dashed lines
give the outer levee base), as well as across the channel, are evident
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SVF is usually calculated by considering the openness to the
sky along a number of directions (n), instead of calculating it
at each point of a DEM (Zakšek et al. 2011; Favalli and
Fornaciai 2017) using the equation

SVF ¼ 1−
1

n
∑
n

i¼1
sinγi

where γi is the elevation angle of the visible horizon along a
given direction. Ridges will be incident to nearly all of the in-
coming light, and so will have values close to one. For depres-
sions, the opposite will hold. Thus, this method is extremely
effective inmapping ridges, which in our case include levee rims
(Fig. 7c, d). Yokoyama et al. (2002) introduced two parameters
termed positive (ΦR) and negative openness (ΨR) (hereafter la-
beled openness up and openness down, respectively) defined as

ΦR ¼ 90°−
1

n
∑
n

i¼1
γi and ΨR ¼ 90°−

1

n
∑
n

i¼1
ψi

where the subscript R refers to the maximum horizontal
search radius considered, γi is defined as above, and ψi is

the angle of visible horizon from a given point i towards the
ground (Favalli and Fornaciai 2017). While ΦR is a measure
of the openness of the terrain to the sky, ΨR is the below-
ground openness (Yokoyama et al. 2002; Karátson et al.
2016; Favalli and Fornaciai 2017). Openness up has high
values at crests and ridges, and it is similar to the SVF, but
openness down has high values inside valleys, gullies, and
craters. Because narrow cracks and fractures will form sharp
incisions, theywill have highopenness downvalues (Fig. 7e,
f). Thus, the openness down map is extremely effective in
locating highly fractured areas of the lava flow surface, so
much so that we termed the resultant product a crack map.

Results and discussion

Interpretation of lava flow crust and fold systems

In Fig. 7, we compare the distal section of an a ā flow system
using the 20 cm and 1 m data. Because the spatial scale of

Fig. 7 SfM-UAV and LiDAR DEM comparison of a region of interest
(ROI). Location of ROI is given in Fig. 5. a Hill-shaded map, c sky view,
and e openness down (crackmap) image derived from the 20-cmDEM; b

hill-shaded map, d sky view, and f openness down (crack map) derived
from the 1-m DEM
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roughness is less than 1 m, only in the 20-cm derived products
can we acquire a sense of roughness and map the micro-
structure of the flow surface. The texture of the 20-cm open-
ness down map (Figs. 7e and 8) in particular reveals three
classes of roughness: relatively smooth, rough, and mixed.
These classes are defined by differences in the clast sizes that
make up the a ā surface, where clasts of the smooth group are
relatively small and those of the rough class are relatively
large. The mixed class contains a range of clast sizes with
scattered large blocks. These large blocks are probably rafted
levee boats (Lipman and Banks 1987), or levee blocks that
have collapsed onto the flow surface once the channel became
inactive (Harris et al. 2009). Next, we see that the detail of the
surface structure allows the fractal form of folds, which in-
volve folding scales from a few meters to tens of meters, to be
resolved. For example, the frontal fold in the image of Figs. 7
and 8 is about 20 m wide. However, cross-flow, this develops
into a double-fold system, within which each fold is 10 m
wide. At the right bank, we have at least four components to
the fold, as revealed only in the 20-cm openness down map.
The 20-cm SVF map (Fig. 7c) reveals that the crests of the
folds are rougher than the troughs. Reference to the 20-cm
shaded relief confirms that fold crests are dominated by
finer-grained material than the troughs, the troughs being
blockier (Fig. 7a).

Surface structures: a tripartite classification and flow
regime association

The combination of a 3-cm resolution orthophoto and a
20-cm resolution DEM allows us to define three types of
surface structure and relate them to positions within a
channel-fed a ā flow system. These crust structures are

(i) flow parallel shear lines, (ii) raft zones, and (iii) folded
zones (Figs. 5 and 8). Each are associated with different
spatial distributions of cracking, roughness, and clast size,
and characterize different flow regimes.

Flow parallel shear lines are found at the channel edges.
These structures are long, narrow continuous depressions in
which cracking is intense and clast sizes are intermediate be-
tween the small clasts of the levee wall and the larger clasts of
the channel (Figs. 5d and 8). Where levees are well formed
and distinct, these shear lines run along the base of the levee
inner wall and are typically less than 2 m wide and 0.25 m
deep. Given their location, they must result from intense
shearing between the moving channel lava and the static
levee lava. In zones where initial levees are just beginning to
form, these subtle features are the only geomorphological
marker that delimits the moving lava from the stagnant
marginal lava. As Lipman and Banks (1987) pointed out,
across this distal Btransitional^ channel zone, the channel-
levee boundary can be indistinct because the channel is, in
effect, brim full and the levees have no positive expression.
These linear features are thus extremely useful in delimiting
the channel in the distal reach of the flow system, where their
topographic subtleness means that it is generally the crack
map that identifies these structures distally.

Rafts generally form as the system changes from a stable to a
transitional channel regime.Over this zone, the channel broadens
significantly. In our case, the channel broadens over a distance of
170 m, from 8 m at the exit of the stable channel to 70 m in the
transitional channel. Rafts are only apparent in the openness
down map (Fig. 7e), being characterized by topographically
higher and poorly cracked areas, surrounded by lower, heavily
cracked areas. Dimensions are up to 10 m, and raft distributions
resemble patterns created by pāhoehoe slab breakup (e.g., Guest

Fig. 8 Openness down map for a
zone of dispersed flow and stable
channel contained lava derived
from the SfM-UAV DEM. a
Overview of the selected area; b
openness down map (left) and
orthomosaic (right); c openness
map (left) and orthomosaic (right)
magnification of the zone of dis-
persed flow
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and Stofan 2005). Close to the levee, the long axes of rafts are
orientated down-flow but, towards the channel-center, orienta-
tions are random. We interpret these rafts as being formed by
breakup of crust zones, previously moving in a coherent manner
in the narrow proximal channel reach, as the flow exits the stable
channel and enters a wider channel reach.

Folded zones involve arcuate, cross-flow pressure ridges
with their apexes pointing down-flow (Fink 1980; Lipman
and Banks 1987). They are repeated structures involving
ridges of relatively small clasts with low degrees of crack-
ing separated by depressions of coarser-grained breccia
with high degrees of cracking. Our ridges have wavelengths
of 10 m and amplitudes of 1 m. They are found towards the
flow front and form down-flow of the raft zones. We inter-
pret them as being ogives (Cas and Wright 1988) associated
with folding due to piling up of lava behind a static or
slowly moving flow front (Gregg et al. 1998). They are thus
associated with zones where forward motion of the flow
front has ceased, or has significantly decreased, but where
flow has continued to be supplied into the back of the distal
section of the system so as to cause deformation.

Quantitative analysis of surface folds

Surface folds can be characterized using high spatial resolu-
tion DEMs either as linear transects along the flow axis or by
generating spectrograms via Fourier analysis (Lescinsky et al.
2007; Cashman et al. 2013). Fourier transforms of vertical
profiles can be used to determine the frequencies (and wave-
length λ) of sinusoidal patterns present in the data. However,
conventional Fourier transforms are not able to determine the
location along the profile of the component sinusoids, but
instead give an Baverage spectrum for the entire data set^
(Lescinsky et al. 2007). The S-transform method allows local
spectral analysis to provide local values of amplitude and
phase of sinusoidal spatial components, allowing local struc-
ture and patterns to be identified. The spatial component of the
S-transform is obtained by multiplying the spatial data with a
moving Gaussian window and by determining the Fourier
transform for every point (Stokwell et al. 1996; Lescinsky
et al. 2007). The Fourier transform is given by

F kð Þ ¼ ∫
þ∞

−∞
f xð Þe−2πxkdx

where k represents frequency, x is the distance, f(x) is a given
data series, and F(k) is the Fourier transform. The one-
dimensional S-transform is given by

S k; uð Þ ¼ ∫
þ∞

−∞
f xð Þ jkj

ffiffiffiffiffiffi

2π
p e− u−xð Þ2k2½ �=2

� �

e−2πxkdx

where u is the location within the profile and S(k,u) corre-
sponds to the calculated S-spectrum coefficients. The term

within the curly brackets is the local Gaussian window at
x. Additional details on the derivation and use of the S-
transform are described by Stockwell et al. (1996) and
Lescinsky et al. (2007).

Because the range of λ resolvable by the Fourier and S-
transform approach is a function of the spatial resolution of
the data, as well as of the length of the data profile, we
compare the spectral analysis of two selected vertical pro-
files extracted from SfM and LiDAR data. S-spectrum plots
of two selected topographic profiles (Figs. 9 and 10) reveal
the presence of horizontal bands and patches of high coher-
ence values. Significant features are identified as those that
have higher coherence than surrounding values of similar
wavelength, and which correspond to sinusoidal structures
(Lescinsky et al. 2007). Synthetic sinusoids of appropriate λ
and amplitude are provided for visualization in the profiles
of Figs. 9 and 10. S-spectrum plots of topographic profiles
in the 20-cm data reveal numerous horizontal bands and
patches of high coherence values that are absent in the 1-
m topographic profiles. S-spectrum plots of the Fig. 9 tran-
sect reveal, for the 1-m DEM, only one feature with λ =
8.0 m. The same transect taken down the 20-cm DEM re-
veals two bands with different wavelengths (λ = 4.6 and λ =
3.3 m), neglecting the bands at the edge of the transect.
These overlap at points along the profile, indicating a super-
position of multiple structures and implying multiple for-
mation events (Fink and Fletcher 1978). Figure 10 gives the
S-spectrum of a different profile over the 1974 lava flow. In
this case, in the 20-cm S-spectrum plot, we find as many as
three discrete formation events, with λ values for these fea-
tures of 2.6, 4.4, and 5.8 m. Conversely, in the 1-m S-spec-
trum, only one feature, with λ = 4.7, is identifiable (Fig. 10).

Lava flow morphometric analysis

The high spatial resolution topography of Etna’s 1974 lava
flow was also used to extract morphometric parameters for
three different channel-fed lava flows: a mature channel
(Fig. 11), an immature channel with low yield strength
(Fig. 12), and an immature channel with high yield strength
(Fig. 13). These profiles allow quantitative description of the
lava flow morphology using flow width (Wf), levee width
(Wl), channel width (Wc), downstream local slope angle of
the levees (θl), and the slope of the channel axis (θ) (for def-
inition of each parameter, see Fig. 11). Each of these param-
eters is recorded as a function of distance down the flow cen-
terline from the vent to the flow front.

Figures 11, 12, and 13 plot the evolution of morphology
down the flow centerline for each case. The mature channel
case of Fig. 11 is a ~ 500-m-long channel characterized by
well-formed levees, except where filled by undrained lava
from the final pulse that moved down the upper portion of
the channel (Fig. 11b). Near-vent, the channel undergoes only
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a very slight decrease in width, decreasing in width by 10 m
over the first 350 m. After reaching this minima, the channel
then increases in width until the zone of dispersed flow, at
which point the width reaches a maximum of 40 m. Beyond
this point, the 125-m-long zone of dispersed flow opens out to
a maximum width of ~ 115 m near the flow front. Folds just
behind the flow front are particularly well formed (Fig. 11b).

The low yield strength (immature) channel of Fig. 12 is ~
1200 m long. The levees are continuous only for the first
500 m, down which Wl has the same value as the mature
channel of Fig. 11 (i.e., about 30 m). Beyond this, the zone
of dispersed flow is ~ 750 m long, with a much more complex
surface morphology than the mature case, as revealed by
openness down map (Fig. 12b, c).

Fig. 9 a Location of profile taken
down the center of the master
channel feeding the longest lava
flow field emplaced during phase
1 of Etna’s January–February
1974 eruption. Inset is the flow
field location map on which the
enlargement is located (1974
lavas are in orange on the shaded
relief from the merged of the
LiDAR-DEM and SfM-DEM). b
S-spectrum of the profile from the
LiDAR and SfM-DEM, respec-
tively. Red and yellow colors
correspond to high coherence,
and blue to low coherence.
Dashed black boxes highlight
zones of high coherence; black
lines correspond to specific
wavelengths plotted in c. c
Topographic profile (top) and
detrended profiles of the mean
slope (below). Dashed lines indi-
cate synthetic sinusoids with their
characteristic wavelengths and
amplitudes
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Fig. 10 a Location of profile
taken down the center of channel
feeding lava flow emplaced
during phase 2 of Etna’s January–
February 1974 eruption. Inset is
the flow field location map on
which the enlargement is located
(1974 lavas are in orange on the
shaded relief from the merged of
the LiDAR-DEM and SfM-
DEM). b S-spectrum of the pro-
file from the LiDAR and SfM-
DEM, respectively. Red and yel-
low colors correspond to high
coherence, and blue to low co-
herence. Dashed black boxes
highlight zones of high coher-
ence; black lines correspond to
specific wavelengths plotted in c.
c Topographic profile (top) and
detrended profiles of the mean
slope (below). Dashed lines indi-
cate synthetic sinusoids with their
characteristic wavelengths and
amplitudes
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The high-yield-strength (immature) channel of Fig. 13
has a well-defined shape and is 450 m long. It is char-
acterized by a wide channel, with a maximum Wl value
of ~ 125 m in the distal zone. Morphological structures
are well developed in the proximal reach of the channel
(Fig. 13c), and are complex in the zone of dispersed
flow (Fig. 13b).

Summarizing the results of this morphological analysis,
Figs. 11, 12, and 13 show that local variations in the slope
angle are sufficient to significantly scatter the data and
that θ is correlated with θl. The plots show also that the
downhill increase in channel width found by Mazzarini
et al. (2005) and Tarquini et al. (2012) is not a general
rule for Etna channels, with Wl of Figs. 11 and 12 having

different trends for different segments. While a negative
correlation between θ and channel width is present for the
channel of Fig. 13, Wf and Wc have almost the same
down-flow trend in all cases.

Such morphometric parameters are much needed as
benchmark controls or validation, as well as initial or
boundary conditions, for lava flow modeling (Harris
et al. 2007; Tarquini et al. 2012; Lev and James 2014;
Cordonnier et al. 2016). They are, though, lacking in
quantity and accuracy. The importance of accurate mor-
phometric measurements was also stressed by Chevrel
et al. (2013), who showed that the propagation of even
small errors in channel measurements can cause a large
spread in derived rheological properties.

Fig. 11 Morphometric analysis of
a mature channel. The channel
system is filled with orange in a. a
Channel axis is given by the
yellow line, and levee rims by the
white lines, and magnifications
are located by dashed-line boxes.
b Openness down (crack) map of
the zone of dispersed flow. c
Openness down (crack) map of
the stable channel. d Down sys-
tem profiles of flow width (Wf),
levee width (Wl), and channel
width (Wc), plus the local slope
angle of the levees and the slope
of the channel axis (schematic
showing measurement system is
given as inset in a)
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Hazard assessment implications

During an effusive eruption, it is of paramount importance to
map, in as precise and timely manner as possible, the location
and direction of newly forming lava flows and their distribu-
tion systems. This is normally carried out through helicopter
surveys, supported by airborne thermal camera operations or
through satellite mapping (e.g., Harris et al. 2005; Spampinato
et al. 2011; Ganci et al. 2012a, b; Harris 2013). However, ash
emission from explosive activity at nearby eruptive fissures,
or from smoke from forests burning at the lava flow front, can
impede or even ground traditional airborne surveys (e.g.,
Patrick et al. 2017; Turner et al. 2017), as during Etna’s
2002–2003 eruption (Andronico et al. 2005; Bonaccorso
et al. 2016). Under such conditions, the use of UAV to obtain
timely and extremely high spatial resolution data of a

developing lava flow field is an extremely attractive option.
UAVs have already been successfully used during an ongoing
eruption as described by Perroy et al. (2015). Although sur-
veys near active vents are reasonably problematic, data col-
lection along an active lava flow is possible if a proper flight
path has been planned before of UAV take off. Our work
demonstrates that a large area, which includes the zone of
dispersed flow, can be mapped using the UAV-SfM method
every 1–2 h, which can be considered a near-real-time acqui-
sition given the relatively slow advance of a lava flow front.
The resulting output allows immediate analysis of flow mor-
phology and structure, as well as analysis of changes in flow
geometry over short time scales. Reporting based on such data
allows a scientist-in-charge at an active site to advise civil
protection authorities, and then populations at risk, regarding
the hazard to which they are exposed, and to provide updates

Fig. 12 Morphometric analysis of
an immature channel with low
yield strength. The channel
system is filled with orange in a. a
Channel axis is given by the
yellow line, and levee rims by the
white lines, and magnifications
are located by dashed-line boxes.
b Openness down (crack) map of
the zone of dispersed flow. c
Openness down (crack) map of
the stable channel. d Down sys-
tem profiles of flow width (Wf),
levee width (Wl), and channel
width (Wc), plus the local slope
angle of the levees and the slope
of the channel axis (schematic
showing measurement system is
given as inset in Fig. 11a)
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on a regular basis. In addition, the drone-based platform pro-
vides a low-cost, flexible option (in terms of deployment, as
well as spatial and temporal resolution), which can be de-
ployed as needed with low risk to those involved in
implementing the observation tasks.

Take the following scenario. A SfM-UAV-derived DEM is
obtained in which shear lines, similar to those observed in
Fig. 7, are detected. Because such structures form when a sheet
flow becomes channelized, this indicates the developing loca-
tion of the main channel. Given that a channel focuses lava
towards vulnerable populations more efficiently than sheet
flow, this represents a concern. As a result, the development,
orientation, dimensions and extension (with time) of such fea-
tures need to be tracked. Thus, the evolution of the supply
system then needs to be monitored through frequent surveys
by drone so as to obtain continuously updated DEMs in which

the changes in position, orientation and size of channels com-
prising the distribution system can be monitored. With time, a
lava channel system will develop into a lava tube system
(Peterson et al. 1994; Kauahikaua et al. 1998). This will now
increase the risk to communities in the flow path, because in-
creased insulation and lower cooling rates caused by formation
of the tube roof (Keszthelyi 1995) will increase the potential for
inundation of more distant communities to be inundated by
lava. At this point, it becomes of paramount importance to
map the distribution of breakouts and supply from ephemeral
vents, because these will reveal the presence of well-fed lava
tubes developing within the lava flow field (Calvari and
Pinkerton 1998; Duncan et al. 2004) and their emission points.

DEMs obtained on an hourly-to-daily basis allow the for-
mation of channels to be detected and followed, and the rate of
expansion of lava coverage and mass eruption rate to be

Fig. 13 Morphometric analysis of
an immature channel with high
yield strength. The channel
system is filled with orange in a. a
Channel axis is given by the
yellow line, and levee rims by the
white lines, and magnifications
are located by dashed-line boxes.
b Openness down (crack) map of
the zone of dispersed flow. c
Openness down (crack) map of
the stable channel. d Down sys-
tem profiles of flow width (Wf),
levee width (Wl), and channel
width (Wc), plus the local slope
angle of the levees and the slope
of the channel axis (schematic
showing measurement system is
given as inset in Fig. 11a)
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calculated (James and Robson 2014a). The SfM-UAV very
high spatial resolution DEM reconstruction performed in this
work required some time to develop, an amount of time (sev-
eral days) which would be incompatible with hazard manage-
ment. However, now operational, if applied during a volcanic
crisis the survey and methods here described could be sped up
so as to decrease the processing time at the cost of a lower
resolution DEM, as dictated by hazard evaluation and model-
ing needs. For example, a simple test performed with
Photoscan on a sample of 100 photos using a normal desktop
computer took three hours to generate the highest possible
resolution 3D model comprising 200 million points. It then
took less than five minutes to generate the lowest possible
resolution model of about one million points.

Conclusions

For monitoring and surveillance of volcanic terrains, un-
manned aerial vehicles (UAV), otherwise known as drones,
are excellent platforms for acquiring high spatial resolution
photogrammetric data with high temporal resolution.
These data can then be used to map surface features that
inform on lava flow emplacement dynamics. In our case, a
UAV-mounted digital camera capability, coupled with SfM
methods, allowed generation of a 20-cm resolution DEM
for the 1974 Mount Etna lava flow field, enabling analysis
of sub-meter-scale features over an area of several square
kilometers. The 20-cm spatial resolution allowed morpho-
metric analysis of lava surface features such as folds,
blocks, and cracks in a manner not possible with the 1-m
LiDAR-derived DEM. Merging these data with the 3-cm
orthophoto allowed us to further push the analysis to allow
centimeter-scale grain distribution of the lava surface, and
spectral analysis of surface folding over a much larger
spectrum of frequencies than was possible using the
LiDAR-derived DEM. In this regard, geometry of surface
folding can be used to constrain the thickness and viscosity
of the folded layer (from the fold wavelength) and com-
pressional stress (from the fold amplitude). At the same
time, recognizing initial levee formation, generation of la-
va channels, and, eventually, lava tube formation aids in
hazard tracking and assessment. This is just one example
of how UAV-based 3D modeling can be used to measure
and parameterize structural, rheological, and dynamic fea-
tures in extensive, complex, and spatially variable com-
pound lava flow fields.

UAVs allow surveys of inaccessible, kilometer-scale
areas, with low cost and minimal hazard to personnel.
This is a distinct advantage over a volcanic terrain where
time scales of change are fast (minutes to hours), involve
vertical spatial scales of millimeters to meters, and are ex-
tremely hazardous to approach. This is an argument that

has been applied for several decades (e.g., see Harris 2013
for full review), but the advent of the UAV means that an
operator can truly update the topography every few hours
for an outlay of just a few thousand Euros (this being the
price of the drone, the camera, and the autopilot software,
in our case). Better, freely available, and easy-to-use SfM-
based software allows update of a pre-existing DEM, or
creation of a new DEM, in a timely fashion. Alongside
this, the flexibility of the flight plan and frequency present-
ed by the user-operated UAV platform, and the quality of
off-the-shelf digital cameras, means filling of topographic
data gaps is straightforward, and the horizontal and vertical
resolutions of DEMs can be reduced to centimetric.
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