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ABSTRACT

Dislocated boulders are one sign of high-energy wave impacts on coasts.

These high-energy impacts, caused by severe storms or tsunamis, can trigger

initial cracking and transport of boulders. Monitoring of these boulders, as

well as the associated coastal sites is important in distinguishing between

gradual coastal processes and high-energy events. Western Greece is a seis-

mically active area, where tsunamis and high-energetic storms might occur

and such past events are documented by historic and geoscientific research,

making it an ideal location for monitoring dislocated boulders. Since 2008,

monitoring of eight different coastal sites in this region was conducted by

terrestrial laser scanning and photogrammetric approaches, with low-cost

unmanned aerial vehicles. The re-use of similar surveying points in follow-

ing years, allowed highly accurate monitoring. Point clouds derived from

these methods were evaluated for change detection by point cloud compar-

isons. The data were also used to establish accurate three-dimensional mod-

els of dislocated boulders (n = 70). The determined boulder volumes of

these accurate three-dimensional models were incorporated in wave trans-

port equations and wave decay curves, and compared with monitoring

results. A comprehensive overview of dislocated boulders in western Greece

is presented. Three-dimensional boulder reconstruction is compared to an

approach which uses a tape-based measuring of boulder axes, with the tape-

based measurement showing a mean overestimation of mass by 32%. Accu-

rate monitoring over time by both methods, is achieved by using fixed net-

works of reference points. Changes for each site over time, detected by direct

point cloud comparisons, are fit to the possible inundation calculated by

wave decay curves based on computed minimum wave heights for boulder

transport. Both storm and tsunami waves may have initiated movement from

the cliff edge and further transport is also possible. However, boulders

showed no further movement from their current position in the area for the

time period of this study.
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INTRODUCTION

Dislocated boulders are one sign of high-energy
wave impact on coastlines; and their presence
has been reported from many other coastlines
worldwide (Scheffers & Kelletat, 2003). They are

the subject of a controversial debate over
whether their origin is related to tsunamis or to
powerful storms, which in turn has important
implications for coastal hazard assessment (Nott,
2003a; Spiske et al., 2008; Goto et al., 2010a;
Paris et al., 2011; Cox et al., 2018a).

1411© 2020 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

Sedimentology (2020) 67, 1411–1430 doi: 10.1111/sed.12723

https://orcid.org/0000-0002-8178-557X
https://orcid.org/0000-0002-8178-557X
https://orcid.org/0000-0002-8178-557X
http://creativecommons.org/licenses/by-nc/4.0/


Additionally, these boulders can be used to
approximate the age of the event (tsunami or
storm) through mortality age dating of adherent
marine organisms, such as corals, mussels and
molluscs (Terry et al., 2013). Other dating meth-
ods have been tested in the past to allow for
more robust and accurate age estimations (Rix-
hon et al., 2017).
Several hydrodynamic wave transport equa-

tions have been developed, providing approxi-
mations of minimal wave heights and velocities
required to move boulders during extreme
events (Nott, 2003a; Benner et al., 2010; Lorang,
2011; Nandasena et al., 2011; Engel & May,
2012). All wave transport equations estimate the
forces acting on a boulder impacted by a wave.
The most commonly used or altered equations,
as first presented by Nott (2003b), consider three
different pre-transport settings. These are: (i) a
subaerial setting; (ii) a submerged setting; or (iii)
a joint-bounded setting. Imamura et al. (2008),
introduced a more sophisticated modelling
approach, achieved through experimentation
with cubic and rectangular shaped boulder mod-
els in a water channel. Rolling and saltation
were determined to be the major transport mech-
anisms; however, flume-based experiments indi-
cate that the complexity of boulder movement is
much greater (Oetjen et al., 2017).
For the determination of geomorphometric

parameters of dislocated boulders, measure-
ments of the three main axes are usually taken
by measuring tape during field surveys (Goto
et al., 2010b; Paris et al., 2010; Switzer & Bur-
ston, 2010; Shah-hosseini et al., 2011). Manual
roundness measurements can also be used to
determine the organization of boulder fields and
show a grade of reworking by movement (Cox
et al., 2018b); or a flatness index can be estab-
lished to show boulder distribution (Lau et al.,
2018). However, between studies, methods for
measuring boulder axes differ. Pignatelli et al.
(2009) for example, used the a-axis and b-axis as
major and medium axes, whereas others defined
boulder axes by their orientation to the coastline
(Noormets et al., 2004; Benner et al., 2010;
Etienne et al., 2011).
Some approaches of wave transport equations

rely on ‘mass’ as a direct input parameter (Noor-
mets et al., 2004; Benner et al., 2010; Etienne
et al., 2011; Engel & May, 2012) which is a func-
tion of volume and density. Thus, some authors
take into consideration an approximation of the
shape of each boulder to achieve better mass
estimations based on measurement of the

boulder0s axes (Etienne et al., 2011). Spiske
et al. (2008) actually weighed smaller boulders
and compared their data to measurements of a
laser profiler and the simplified method of mul-
tiplying the axes. Further considerable inaccura-
cies concerning the determination of the mass of
each boulder, occur from rough approximations
of rock density values. The calculation of reli-
able results to be used in wave transport equa-
tions requires more accurate input parameters.
The latter can be conducted for instance by
RTK-positioning (real-time kinematic position-
ing) (Engel & May, 2012), stereo-photogram-
metric approaches (Gienko & Terry, 2014;
Rovere et al., 2017) or terrestrial laser scanning
(TLS) (Scicchitano et al., 2012; Hoffmann et al.,
2013). Hoffmeister et al. (2014) presented a data-
set of 16 boulders from 2008 in western Greece
and showed an average overestimation of boul-
der mass of 67% based on multiplication of the
axes of boulders in contrast to the more accurate
three-dimensional reconstruction and volume
calculation. Following this, several authors
applied correction factors to their axes-based
calculations (Shah-Hosseini et al., 2016).
Monitoring of dislocated boulders and their

surrounding areas can be used to determine fur-
ther displacements, as well as to discriminate
between gradual coastal changes. A TLS-based
monitoring approach conducted between 2009
and 2011 (Hoffmeister et al., 2013) in western
Greece; shows the occurrence of severe storms,
as well as a high amount of seismic activity
which may act as a possible trigger for tsunamis.
The results, collected from the eight sites also
presented here, showed annual reworking of the
beach which resulted in redistribution of gravel
and jetsam on slightly elevated areas but no
detectable change/redistribution on cliff-top
platforms.
In this contribution, new results from monitor-

ing of dislocated boulders in western Greece,
beginning in 2008, are presented. Monitoring
began in 2008; and in 2014, low-cost unmanned
aerial vehicles (UAV) were tested and have been
used ever since. New data from a boulder site at
Cape Schinou, Cefalonia Island, has also been
added. The entire dataset from western Greece
now consists of parameters for 70 dislocated
boulders. In addition to previous publications
(Hoffmeister et al., 2013, 2014), this contribution
focuses on different wave decay curves for each
site, which were computed and related to results
of wave transport equations relying on boulder
mass (Engel & May, 2012). The mass is

© 2020 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology, 67, 1411–1430

1412 D. Hoffmeister et al.



accurately derived by the reconstruction of 3D
models of each boulder, based on TLS-data and
corresponding density values. Results of moni-
toring in this study fit estimated maximum wave
inundations and show that all boulders were not
further moved.

STUDY AREA

Western Greece

Starting in 2008, field campaigns were carried
out at selected coastal sites in western Greece,
along the coastline of the eastern Ionian Sea
(V€ott et al., 2010; Hoffmeister et al., 2013, 2014).
Western Greece is directly adjacent to the Hel-
lenic Trench, a major tectonic zone in the east-
ern Mediterranean (Louvari et al., 1999; Cl�ement
et al., 2000; Sachpazi et al., 2000). Thus, the
region is characterized by a high seismic and
tsunami hazard risk (Papazachos & Dimitriu,
1991). In fact, numerous historical accounts
(Soloviev et al., 2000), as well as detailed sedi-
mentary studies indicate repeated tsunami land-
fall in western Greece (Scheffers et al., 2008;
V€ott et al., 2010; May et al., 2012). However,
Marriner et al. (2017), using statistical analysis,
suggested that repeated cycles of strong storms
could be an alternative cause for boulder move-
ment. Likewise, winter storms in this region
may also have considerable impact on the
coastal configuration, as reported for the Italian

coasts of the Ionian Sea (Mastronuzzi & Sans�o,
2004; Barbano et al., 2010).
At several sites in the Mediterranean, wave

transport equations set up by Nott (2003b) are
widely used and partly refined wave transport
equations have also been used in the past. Scic-
chitano et al. (2007) obtained minimum tsunami
wave heights of 2 to 3 m for the Maddalena
Peninsula, south-east Sicily. For the Algerian
coast, larger boulders were reported by Maouche
et al. (2009) and minimum tsunami wave
heights of ca 2 m were calculated. In Mas-
tronuzzi & Sans�o (2004), boulders from southern
Apulia, Italy, requiring calculated tsunami wave
heights of 1.5 m were described. Revised equa-
tions of Nott (2003b), were applied by Barbano
et al. (2010) in Sicily and by Pignatelli et al.
(2009) in southern Italy, yielding minimum tsu-
nami wave heights of around 1 m and storm
wave heights of ca 10 m. Similar results were
found for the north-east Aegean Sea (Vacchi
et al., 2012).

Individual site descriptions
In this study, eight coastal sites (Fig. 1), differ-
ing in location, configuration and type, were
repeatedly surveyed. For a comparison of the
determined annual changes, data from two
buoys of the Poseidon network (HCMR, 2018)
were used (Fig. 1). Examples of dislocated
boulders from selected sites of this study are
shown in Fig. 2A to D. It is generally assumed,
for all areas, that the distance between the

A B

C
Fig. 1. (A) Location of western
Greece in the east Mediterranean.
(B) Map of all research sites (white
dots) in western Greece, as well as
buoy locations (white ‘x’). The map
is based on MODIS satellite imagery
(2009). (C) The south-west part of
Cefalonia Island, indicating study
sites. This map is based on Landsat
7 (2009).
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present location of the boulders and the shore-
line at the moment of boulder displacement,
was at least as far as today or even farther
(Kraft et al., 1977; Engel et al., 2009; Br€uckner
et al., 2010).
The sites of Gialous Skala and Kaminia Beach

on Lefkada Island are characterized by narrow
beaches in front of steep inactive cliffs on the
windward north-western part of the island. The
coastal section at Kaminia Beach is only ca
170 m long and the beach is composed of loose
cobbles and small boulders up to 50 cm in
diameter. The beach section studied at Gialous
Skala, is ca 500 m long and consists of sand,
pebbles and small boulders. Similar to Kaminia
Beach, this beach is also flanked by a rocky
coast. Towards the south, steep slopes, covered
by debris, descend directly into the sea. Both
sites show strong annual changes in beach con-
figuration (Hoffmeister et al., 2013).

Study sites near Cape Gerogombos and Cape
Schinou are situated on the Paliki Peninsula,
Cefalonia Island and represent rocky coastal
areas exposed to strong winds and wave
dynamics. The two capes are separated by a
small embayment, where beachrock-type tsuna-
mites were described by V€ott et al. (2010). At
Cape Gerogombos, large dislocated boulders
occur up to several metres above present sea-
level (a.p.s.l.) on a cliff-top platform (Hoffmeis-
ter et al., 2013). Some of the boulders lie scat-
tered around, others are imbricated and turned
upside down. The (supra-)littoral origin of the
boulders, is documented by rock pools formed
by marine organisms. At Cape Schinou, larger
dislocated boulders are lying on a coastal
ramp.
Cape Aghia Pelagia is situated in the south of

Cefalonia Island, about 8 km south of Argostoli.
The site is characterized by a cliff-top platform,

A B

C D

Fig. 2. Photographs of boulders found at different study sites – each with person (ca 1.8 m tall) or object for
scale. (A) Cape Schinou, Cefalonia. (B) Katakolo, Peloponnese showing a line of boulders parallel to the coast. (C)
Cape Skalas, Peloponnese with imbricated boulders close to the shoreline. (D) Cape Ag. Pelagia, Cefalonia show-
ing PEL-ST (a more recently transported boulder) at the cliff edge indicated by white arrow.
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ca 4 m a.p.s.l., in the south-east, and a ramp-
type topography in the south-west. The whole
site is covered by abundant dislocated boulders,
found up to 30 m inland.
Cape Katakolo is located about 12 km west of

Pyrgos, at the northern part of the Kyparissian
Gulf in the western Greece. Towards the south-
west, it is directly exposed to the open Ionian
Sea and characterized by a narrow rocky coast-
line gradually descending to the present-day
shore, with numerous dislocated boulders lying
up to 30 m inland. In addition, trim lines, where
the vegetation is almost completely missing,
extend more than 40 m inland and document
strong wave activity.
The site of Cape Skalas in southern Lakonia,

Peloponnese, is a flat lying coastal section lee-
ward of Elaphonissos Island, with outstanding
imbrication trains of dislocated boulders (Schef-
fers et al., 2008). On-site geoarchaeological find-
ings indicate that relative sea-level was never
higher during the Holocene than it is at present
(Scheffers et al., 2008).

METHODOLOGY

Surveying methods

Table 1 lists both survey dates and equipment
used. In 2008 and from 2009 to 2011, a terrestrial
laser scanner system RIEGL LMS Z-420i (referred
to as TLS 1) (RIEGL Laser Measurement Systems
GmbH, Horn, Austria) was used. This device is
based on the ‘time of flight’ method with an accu-
racy of 6 mm and a range of 2 to 1000 m. In 2014,
a more lightweight FARO LS120 laser scanner (re-
ferred to as TLS 2) (FARO, Lake Mary, FA, USA)
was used, incorporating the phase-shift method,
which resulted in a higher accuracy of 3 mm but
a smaller maximum range of up to 120 m.

Field research started in 2014 with low-cost
UAV-based recording for the ‘structure from
motion’ (SFM) approach (Westoby et al., 2012).
In 2014, two DJI Phantom UAVs (DJI, Shenzhen,
China) were tested. One was equipped with a
gimbal-attached GoPro Hero 3+ black edition
(GoPro, San Mateo, CA, USA) with a 12 mega-
pixel (MP) sensor and a fisheye lens (UAV 1),
the other was equipped with a fixed Canon
PowerShot S110 (Canon, Tokyo, Japan), also
with a 12 MP sensor (UAV 2). Because the latter
showed greater accuracy, it was used in the
2015 field campaign. In 2016, it was replaced by
a more modern version of the Phantom 3 Profes-
sional (DJI) with a 12.4 MP sensor; this system
was also used in 2017 (referred to as UAV 3).
Manual flying at two different heights was

conducted (mean height for all sites ca 25 m
above ground), resulting in datasets of between
350 and 650 images. Ground resolution for the
derived ‘orthophotos’ was 1 cm per pixel and
2 cm per pixel for digital elevation models. The
latter were not used in this study, as the original
point clouds were used for change detection.
At all sites, the position of a base point and sev-

eral additional surveying points were established
by using real-time kinematic (RTK) positioning
(Topcon Hiper Pro; Topcon Corporation, Liver-
more, CA, USA), with an accuracy of 1 to 2 cm.
These base points were marked with metal screws
on bedrock outcrops. All base points were mea-
sured 500 times to achieve a reasonable mean
position in WGS 1984, UTM 34N and showed an
absolute error of 10 to 20 cm. In each study area,
the base station of the RTK system was set up at
exactly the same position every year or the total
station (Trimble M3 DR 1″; Sunnyvale, CA, USA)
was registered by the previously set base points,
resulting in an accuracy of 1 to 2 cm between
each survey. Between two and six different scan
positions were chosen for each site, depending

Table 1. Year of survey and equipment used for each site (see Fig. 1 for site location), starting from 2008.
(1 = TLS 1; 2 = TLS 2; 3 = UAV 1; 4 = UAV 2; 5 = UAV 3).

Site Abbreviation 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Cape Skalas ELA 1 – – – – 2, 3 – – 5
Katakolo KAT – 1 1 1 – – 3, 4 4 5 5
Ag. Pelagia AIR – 1 1 1 – – 2, 3 – – –
Cape Shinou SHI – 1 1 1 – – 2, 3 – – –
Gerogombos A GER-A – 1 1 1 – – 2 – – –
Gerogombos B GER-B – 1 1 1 – – 2, 3 – – –
Gialous Skala GIA – 1 1 1 – – 2 – – –
Kaminia Beach KAM – 1 1 1 – – 2 – – –
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on the size of the study area and the geomorpho-
logical setting. Approximately the same scan
positions were used every year to obtain compa-
rable datasets. For all UAV-based recordings, as
well as for the Faro laserscanner (TLS 2), the
described total station was used to measure the
ground control points (GCPs) marked by spray
paint crosses and the globe-shaped targets of
TLS 2.
Agisoft Photoscan Professional (AgiSoft,

2018), was used to establish point clouds from
the image sets acquired by the different UAVs.
For each dataset, the software was set to a high
accuracy for the alignment of the images and
the most common parameters for camera lens
optimization (focal length, principal point coor-
dinates, radial and tangential distortion coeffi-
cients) were used, relying on the georeferencing
by GCPs measured in each area by the total sta-
tion. Typically, an amount of 12 to 16 equally
distributed GCPs were used. The mean error of
the GCPs is between 16 mm and 21 mm. Fur-
ther, a high-quality reconstruction for the dense
point cloud generation, with an aggressive depth
filtering was conducted.

Boulder reconstruction

For accurate reconstruction of boulder volumes,
the different scan positions at each site were
directly georeferenced and merged. Afterwards,
the registration was enhanced by the iterative
closest points-algorithm (ICP). Noise and outliers
of the final point cloud for each site were manu-
ally removed with the help of incorporated fil-
ters. Parameters for each boulder, such as the
mean length of boulder axes, were measured
manually for each boulder based on the georefer-
enced dataset. Likewise, the distance to the sea
(d.t.s.) and the height above present sea-level
(a.p.s.l.) were measured from the centre of the
boulder to the nearest point of the present-day
shoreline. While some authors classify axes
based on the length (Pignatelli et al., 2009; Paris

et al., 2010), for this study the a-axis was mea-
sured as parallel to the coast line, the b-axis as
perpendicular to the coast line and the c-axis as
the height of the boulder, which is common prac-
tice in other studies (Noormets et al., 2004; Ben-
ner et al., 2010; Etienne et al., 2011).
For optimal boulder reconstruction and gap-

filling based on the manually extracted point
clouds for each boulder, the software Geomagic
Studio (now Geomagic Wrap) was used (3D Sys-
tems, 2018). In particular, the bottom side of
each boulder was automatically filled and after-
wards checked in order to achieve accurate
polygonal models. Examples are shown in
Fig. 3, additional results can be found in
Hoffmeister et al. (2014). Thus, the shape of
each 3D boulder model was extracted and the
accurate boulder volume was determined. Den-
sity measurements were obtained by applying
the principle of Archimedes, using hand-sized
samples that had been taken from several dislo-
cated boulders in the study areas.

Wave transport equations

Most studies which reconstruct minimal wave
heights required to move boulders, utilise the
wave transport equations developed by Nott
(2003b). However, these equations have been
revised by Pignatelli et al. (2009), Benner et al.
(2010) and Nandasena et al. (2011). All of these
equations require the lengths of the axes of a
selected dislocated boulder as parameters. In
contrast, several wave transport equations use
the mass of a boulder as a direct input parameter
(Noormets et al., 2004; Benner et al., 2010; Eti-
enne et al., 2011; Engel & May, 2012). Generally,
the equations can be classified based on the pre-
transport scenario. In the submerged scenario the
boulder lies loosely offshore in the water,
whereas in the joint-bounded scenario the boul-
der is quarried from a seaward edge of a cliff.
The equations presented by Engel & May (2012)

include adjustments based on several existing

Fig. 3. Reconstructed 3D models of boulders found at Cape Schinou, Cefalonia as a perspective view.
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approaches and use boulder mass as an input.
With the calculation of the wave decay curves,
this allows for combination with the results of the
multi-temporal surveying. In contrast to the
above-mentioned approaches, the presumed pre-
transport scenario is a joint-bounded boulder sce-
nario (JBBS), which assumes an initial quarrying
out of cliff edges and subsequent sliding. This is
the most realistic scenario for all sites, and can be
expressed in the following equation:

Ht=s ¼ mb � ðcos hþ l � sin hÞ
2 � qw � CL � q � a � b ð1Þ

where, mb is the mass of the boulder, h is the
average bedrock angle of the pre-transport set-
ting, l is the coefficient of static friction (0.65),
qw is seawater density (1.02 g cm�3), CL is the
coefficient of lift (0.178) and q is an empirical
aspect coefficient (0.73) for correction of the area
calculated by multiplying axes a and b. The fac-
tor 2 in the denominator is for the tsunami case,
for the storm case it is 0.5. Thus, for boulder
transport, storm wave heights need to be four
times larger than tsunami wave heights. All
coefficients are taken from Engel & May (2012).
The latter values are compared to wave decay

curves derived from the following equation:

Hi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hw � E

p
� 5 � Xi

T � ffiffiffi
g

p
� �2

ð2Þ

where Hi is the height at a certain distance, Xi is
reduced by the difference of the estimated wave
height Hw and the mean elevation (E). The wave
height Hw, in this case, is derived from the maxi-
mum tsunami or storm wave height from Eq. 1 for
each site. Several authors add settings or scenarios
that fit to a specific region or have been observed
by eye-witnesses (Barbano et al., 2010; Engel &
May, 2012). In the current study, a tsunami sce-
nario with an inundation height of 4 m is added,
which matches the results of the numerical simu-
lations in the Gulf of Kyparissia, Peloponnese, by
R€obke et al. (2013). For a storm setting, a greater
height at a certain distance (Hi = 13.6 m) is used
(Barbano et al., 2010). The mean of the 20 maxi-
mum values of the maximum wave height
(12.3 m) and associated wave periods (13 s)
between 2008 and 2018 of buoy data (buoys:
Zakynthos and Pylos) from the Poseidon network
(HCMR, 2018) was used.
The mass of each boulder was determined by

a combination of the 3D model-based volume

and density measurement. Three-dimensional
model-based calculations of mass were subse-
quently compared with results derived from
conventional approaches, using the length of
boulder axes and approximated density values.
For the boulders in the area of Cape Skalas, a
density of 2.1 g cm�3 was used (Scheffers et al.,
2008); for the limestone in the area of Cape
Gerogombos a density of 2.3 g cm�3 was used,
as well as 2.5 g cm�3 for boulders from Katakolo
and Ag. Pelagia. For the latter two areas, no den-
sity measurements were conducted.

Comparisons of point clouds

For the change detection between subsequent
surveys of a site, the registered and filtered
point clouds of the TLS-instruments and the
original point clouds of the UAV-surveys were
compared. The comparison of subsequent point
clouds was conducted, using the Model-to-
Model-Cloud-Comparison algorithm (M3C2),
implemented in CloudCompare software
(CloudCompare, 2018). This algorithm computes
the orthogonal distances between two point
clouds (Lague et al., 2013). Between automati-
cally selected core points, a 3D surface is inter-
polated, from which a normal vector is created
for each core point. Along these vectors, the dis-
tance to the derived surface of the second point
cloud is calculated for each core point. All point
clouds were sub-sampled with a point spacing
of 1 cm and segmented to a comparable area of
interest. These final reduced point clouds were
used for these comparisons, in order to reduce
computation time and data size. The registration
error for the M3C2, was set to 50 mm for all
computations. For a generalized visualization,
the detected significant elevation changes were
interpolated to a 10 cm grid size and changes
smaller than 5 cm were neglected.

RESULTS

Boulder mass estimations

All parameters from 3D models of the dislocated
boulders, as well as mass calculations based on
rock density analyses (3D mass) are listed in
Table 2. This comprehensive overview consists
of boulder parameters from Cape Schinou,
Cefalonia (SCI), shown in Fig. 3, as well as pre-
viously published parameters for other boulders
(Hoffmeister et al., 2013, 2014). Also shown in
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Table 2. Volume, density and mass of dislocated boulders by tape-based (axes a, b and c) and the three-dimen-
sional model-based approach.

Boulder – Id
a.p.s.l.
[m]

d.t.s.
[m]

a-axis, b-axis,
c-axis [m]

Calc.
vol.
[m3]

Density
[g cm�3]

Est.
mass
[m3]

3D
volume
[m3]

3D
mass
[t]

Ratio est.
to 3D
mass [%]

Tsunami
wave
height
Eq. 1 [m]

ELA-B28 0.5 10.9 1.7 0.9 0.4 0.6 2.3 1.4 0.5 1.1 75 1.5
ELA-B29 0.6 9.9 2.0 1.1 0.7 1.5 2.3 3.6 0.6 1.4 39 1.4
ELA-B30 0.6 8.5 2.5 1.2 0.6 1.8 2.2 4.0 0.9 2.1 52 1.4
ELA-B31 0.4 7.8 1.2 0.6 0.5 0.4 2.3 0.8 0.3 0.7 84 2.0
ELA-B32 0.4 2.8 2.0 1.5 0.3 0.9 2.3 2.0 1.3 3.0 148 2.1
ELA-B33 0.5 2.0 1.8 1.9 0.6 2.1 2.4 5.0 1.2 2.9 57 1.9
ELA-B34 0.4 1.7 2.4 1.5 0.6 2.2 2.3 5.0 1.2 2.8 55 1.7
ELA-B35 0.9 3.5 1.9 1.9 0.4 1.4 2.6 3.7 1.1 2.7 74 1.7
ELA-B36 0.9 1.2 1.9 1.0 0.6 1.1 2.4 2.7 0.5 1.1 40 1.2
ELA-B37 0.5 1.3 2.2 1.8 0.6 2.4 2.3 5.5 1.3 3.0 53 1.6
ELA-B38 0.4 0.7 1.7 1.2 0.6 1.2 2.3 2.8 0.7 1.6 58 1.7
ELA-B39 0.4 1.1 2.2 1.7 0.6 2.2 2.2 5.0 1.2 2.7 53 1.5
ELA-B40 0.4 1.3 3.0 1.5 0.8 3.6 2.3 8.4 1.9 4.4 52 2.1

Ø 0.5 4.1 2.0 1.4 0.6 1.7 2.3 3.8 1.0 2.3 65 1.7
� 0.2 3.6 0.4 0.4 0.1 0.8 – 1.9 0.4 1.0 27 0.3

KAT-1 3.1 32.7 2.3 1.8 0.9 3.7 2.5 9.3 2.6 6.5 70 3.6
KAT-2 2.8 35.0 2.2 1.4 0.7 2.2 2.5 5.4 1.5 3.8 71 2.8
KAT-3 3.0 34.0 1.7 1.3 0.8 1.8 2.5 4.4 1.3 3.3 75 3.4
KAT-4 2.8 33.5 1.1 0.8 0.8 0.7 2.5 1.8 0.5 1.3 71 3.2
KAT-5 3.0 34.5 1.3 1.3 0.7 1.2 2.5 3.0 1.1 2.8 93 3.7
KAT-6 1.5 21.8 2.5 1.8 0.7 3.2 2.5 7.9 2.1 5.4 68 2.7
KAT-7 1.4 26.4 0.8 1.1 0.9 0.8 2.5 2.0 0.6 1.5 76 3.8
KAT-8 1.4 24.5 1.5 1.3 0.8 1.6 2.5 3.9 1.2 3.0 77 3.5
KAT-9 2.6 33.7 1.4 1.3 1.0 1.8 2.5 4.6 1.1 2.8 60 3.4
KAT-10 2.7 34.7 1.7 1.6 0.8 2.2 2.5 5.4 1.1 2.7 50 2.3
KAT-11 2.9 33.8 1.3 1.7 0.7 1.5 2.5 3.9 0.9 2.3 60 2.4
KAT-12 2.8 33.8 1.7 1.3 0.7 1.5 2.5 3.9 1.3 3.3 86 3.4
KAT-13 3.8 37.6 1.3 1.2 0.5 0.8 2.5 2.0 0.5 1.3 64 1.8
KAT-14 3.5 36.7 1.3 0.8 0.6 0.6 2.5 1.6 0.4 1.0 64 2.2
KAT-15 2.8 35.9 1.6 2.2 0.8 2.8 2.5 7.0 1.4 3.6 51 2.3
KAT-16 3.4 35.4 0.7 1.4 0.6 0.6 2.5 1.5 0.5 1.3 85 2.9

Ø 2.7 32.8 1.5 1.4 0.8 1.7 2.5 4.2 1.1 2.9 70 3.0
� 0.7 4.3 0.5 0.4 0.1 0.9 – 2.3 0.6 1.5 12 0.6

PEL-1 4.3 17.9 1.7 1.3 0.7 1.5 2.5 3.9 0.9 2.3 58 2.3
PEL-2 4.0 19.9 2.4 2.0 0.7 3.4 2.5 8.4 2.4 6.0 71 2.8
PEL-3 3.9 15.8 1.8 1.1 1.0 2.0 2.5 5.0 1.8 4.5 91 5.1
PEL-4 3.9 17.2 1.2 0.8 0.5 0.5 2.5 1.2 0.4 1.0 83 2.4
PEL-5 3.9 17.5 1.6 1.4 0.7 1.6 2.5 3.9 0.8 2.0 51 2.0
PEL-6 4.0 18.5 1.8 1.9 0.6 2.1 2.5 5.1 1.4 3.5 68 2.3
PEL-ST 4.2 4.5 2.0 0.9 0.6 1.1 2.5 2.7 0.9 2.3 83 2.8
PEL-7 5.1 16.3 2.2 1.6 0.6 2.1 2.5 5.3 1.3 3.3 62 1.5
PEL-8 4.0 14.0 2.7 1.7 0.8 3.7 2.5 9.2 2.0 5.0 54 1.4

Ø 4.1 15.7 1.9 1.4 0.7 2.0 2.5 5.0 1.3 3.3 67 2.8
� 0.4 4.3 0.4 0.4 0.1 1.0 – 2.4 0.6 1.5 13.4 1.0

GER-ST5 3.2 62.4 3.4 3.2 0.9 9.8 2.5 24.7 4.5 11.4 46 2.4
GER-top 1.9 40.3 3.5 2.8 0.9 8.8 2.5 22.2 5.0 12.5 56 2.9
GER-base 2.0 41.5 3.0 2.4 1.0 7.2 2.5 18.1 3.8 9.5 52 3.0
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the table is volume [calculated by multiplying
the different axes (calc.)] and the estimated mass
[calculated with estimated density values (est.)].
Minimum tsunami wave heights in metres
derived from Eq. 1 are also shown. Correspond-
ing minimum storm wave heights are four times
larger than tsunami wave heights.
Generally, most values of the 3D model-based

masses in Table 2 are considerably smaller than

masses calculated from measurement of boulder
axes. As an example, boulders of Cape Schinou,
Cefalonia, are presented in Fig. 2. Obviously,
the difference is larger for bigger boulders. The
3D model-based masses are generally 12 to 44%
smaller than calculations using volumes based
on axes calculations and estimated densities,
with the greatest difference having been calcu-
lated for boulder ELA-B29, which exhibits only

Table 2. (continued)

Boulder – Id
a.p.s.l.
[m]

d.t.s.
[m]

a-axis, b-axis,
c-axis [m]

Calc.
vol.
[m3]

Density
[g cm�3]

Est.
mass
[m3]

3D
volume
[m3]

3D
mass
[t]

Ratio est.
to 3D
mass [%]

Tsunami
wave
height
Eq. 1 [m]

Ø 2.4 48.1 3.3 2.8 0.9 8.6 2.5 21.7 4.4 11.1 51 2.8
� 0.6 10.1 0.2 0.3 0.0 1.1 – 2.7 0.5 1.2 4 0.3

SCI-1 3.2 11.0 1.7 2.8 0.9 4.3 2.3 9.9 2.9 6.6 67 2.9
SCI-2 1.5 15.0 2.6 1.1 0.9 2.6 2.3 5.9 2.0 4.5 76 3.4
SCI-3 1.5 16.5 1.3 1.3 1.0 1.7 2.3 3.9 1.1 2.4 63 3.1
SCI-4 1.9 28.1 5.3 2.2 1.5 17.5 2.3 40.2 11.1 25.4 63 4.6
SCI-5 2.4 29.3 0.7 0.9 0.6 0.4 2.3 0.9 0.4 0.9 106 3.1
SCI-6 2.2 27.9 0.7 1.6 0.6 0.7 2.3 1.5 0.7 1.5 100 2.9
SCI-7 2.5 27.4 1.0 1.7 0.5 0.9 2.3 2.0 0.9 2.1 108 2.7
SCI-8 1.9 27.9 0.9 1.2 0.7 0.7 2.3 1.6 0.5 1.2 73 2.3
SCI-9 1.9 29.9 1.7 1.1 1.0 1.9 2.3 4.3 1.2 2.8 65 3.2
SCI-10 1.8 28.9 1.4 3.3 0.8 3.8 2.3 8.8 2.8 6.5 74 3.0
SCI-11 3.3 37.9 0.9 0.4 0.6 0.2 2.3 0.5 0.3 0.7 148 4.4
SCI-12 3.3 39.3 0.9 0.7 0.4 0.3 2.3 0.6 0.2 0.6 95 1.9
SCI-13 3.4 40.8 0.9 0.8 0.6 0.4 2.3 1.0 0.2 0.5 51 1.5
SCI-14 1.2 28.0 1.5 2.5 1.0 3.8 2.3 8.6 3.0 6.9 80 3.9
SCI-15 1.2 34.9 0.8 1.5 0.9 1.1 2.3 2.5 1.0 2.4 96 4.2
SCI-16 2.7 36.2 1.8 1.2 1.2 2.6 2.3 6.0 2.0 4.6 77 4.5
SCI-17 3.7 43.7 0.7 0.8 0.5 0.3 2.3 0.6 0.3 0.6 100 2.4
SCI-18 3.7 35.5 0.8 0.8 0.5 0.3 2.3 0.7 0.7 1.7 228 5.6
SCI-19 1.1 26.5 0.7 0.7 0.5 0.2 2.3 0.6 0.2 0.5 90 2.2
SCI-20 1.8 32.3 2.0 0.8 0.4 0.6 2.3 1.5 0.6 1.3 91 1.8
SCI-21 0.4 22.4 3.0 1.7 1.9 9.7 2.3 22.3 5.8 13.4 60 5.6
SCI-22 0.5 25.1 1.9 1.2 1.3 3.0 2.3 6.8 2.2 5.0 74 4.7
SCI-23 1.1 29.1 1.6 1.2 0.6 1.2 2.3 2.6 1.1 2.5 93 2.7
SCI-24 1.4 31.5 2.5 1.3 0.9 2.9 2.3 6.7 3.2 7.3 109 4.8
SCI-25 1.9 31.5 1.3 1.6 0.9 1.9 2.3 4.3 1.5 3.4 78 3.4
SCI-26 0.9 27.0 1.6 1.0 1.0 1.6 2.3 3.7 1.1 2.6 69 3.4
SCI-27 1.4 21.1 2.0 2.8 0.8 4.5 2.3 10.3 3.2 7.5 72 2.8
SCI-28 1.4 28.4 1.8 1.9 1.0 3.4 2.3 7.9 2.3 5.2 66 3.2
SCI-29 1.8 25.9 1.6 0.8 1.0 1.3 2.3 2.9 0.9 2.0 68 3.3

Ø 2.0 28.9 1.6 1.4 0.8 2.5 2.3 5.8 1.8 4.2 88 3.4
� 0.9 7.2 0.9 0.7 0.3 3.4 – 7.9 2.1 4.9 33 1.2

Ø 2.3 25.9 2.1 1.7 0.8 3.3 2.4 8.1 1.9 4.7 68 2.7
� 0.5 5.9 0.5 0.4 0.2 1.4 – 3.4 0.9 2.0 18 0.7

a.p.s.l., above present sea-level; d.t.s., distance to sea; calculated = multiplying the axes; 3D = achieved by 3D ana-
lysis; Ø and � represent mean and standard deviation per site and for all boulders. Table includes data from ELA
(Cape Skalas) and GER (Gerogombos) (Hoffmeister et al., 2014), data from PEL (Ag. Pelagia) and KAT (Katakolo)
(Hoffmeister et al., 2013), as well as SCI (Cape Schinou).
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39% of the estimated mass. Several exception-
ally large boulders (for example, ELA-B32, KAT-
5, PEL-3, SCI-5, SCI-6, SCI-7, SCI-18 and SCI-24)
show, as a result of their irregular shapes, nearly
similar or larger values (>90%) for the achieved
3D mass, in contrast to their estimated mass.
Boulders of Cape Skalas, southern Peloponnese,
are located closer to present-day sea-level, as
well at the lowest height above present sea-
level, in comparison to all other observed areas.
The highest position above present sea-level is
observed in boulders from Ag. Pelagia, which
are located on a cliff-top platform. The largest
boulder (SCI-4) is found at Cape Schinou,
Cefalonia Island, with a mass of 25.4 t.

Wave transport equations, decay curves and
detected changes

General overview
The results for each boulder and site of the
applied wave transport equation are presented in
Table 2 and wave decay curves for each boulder
site are shown in Fig. 4. Minimum wave heights
for storms and tsunamis were derived using Eq. 1
and wave decay curves were derived by applying
Eq. 2. For each scenario (setting), two different
wave decay curves were computed. One wave
decay curve represents the data-driven scenario
with the highest wave height of that location
derived from Eq. 1. The second curve represents
stronger wave scenarios, using the simulated 4 m
inundation depth for tsunamis and maximum
wave heights, and periods collected from buoy
data for the storm scenario. These curves are
shown in combination with the derived tsunami
and storm wave heights for each boulder at sites
depicted in the graphs of Fig. 4. As expected, all
calculated wave heights are relatively small com-
pared with other studies, because the boulders
are generally smaller.
Based on the extracted wave decay curves

shown in Fig. 4, most of the boulders can be fur-
ther transported from their current position by
tsunamis, with the exception of one boulder at
Ag. Pelagia and several boulders at Cape Shinou
and Katakolo, since these fall below all wave
decay curves. In contrast, further transport from
their current location is not possible by storm
waves for all boulders located at Katakolo and
Cape Gerogombos, as well as several boulders at
Ag. Pelagia and Cape Schinou, since all of these
boulders plot above all calculated curves. All of
the boulders at Cape Skalas could be moved by
further storm inundation from the current

position. Generally, most of the boulders actu-
ally lie in areas which can be reached by storm
inundation, except for one boulder lying at a
distance of 60 m inland at Cape Gerogombos.
When the current distance from the coast is

nil (by virtually moving the boulder position
along the x-axis), most of the boulders lie below
calculated wave decay curves. Thus, initial
quarrying out of the reef edge by both storms
and tsunamis, depending on the mass of the
boulder, its current position and chosen scenar-
io, is mostly possible. Exceptions are all boul-
ders at Katakolo and Ag. Pelagia and some
boulders found at Cape Schinou.
All wave decay curves show the maximum

extent of coastal inundation, which fits monitor-
ing results, as the furthest redistribution is
detected at the end of each range suggested by
the decay curve. Likewise, the end of the non-
vegetated spray zone at each site matches with
the end of coastal inundation calculated by the
wave decay curve of the storm scenarios.

Individual sites
The minimum wave heights calculated for the
area of Cape Skalas, Peloponnese (ELA-B28 to
ELA-B40) near Elaphonissos Island are the
smallest of all generated values (Table 2). This
corresponds with the small size of the 13 boul-
ders (Ø 2.3 t) found here. Most of the boulders
are imbricated and lie close to the coastline.
Although there is evidence of tsunami impact
based on fine-grained sediment deposits (Schef-
fers et al., 2008), the calculated minimum storm
wave heights for boulder replacement are very
small and storms might be capable of moving
these boulders initially from a joint-bounded
location (Fig. 4). The calculated minimum wave
heights for each boulder are below the line of
the wave decay curve generated in the stronger
storm scenario and some are even below the line
of data-driven calculation. Monitoring results
from this site as values of mean difference and
areas with significant change are higher, as the
boulders of the area which lie closer to the sea
are not very elevated. (Table 3). The changes are
detectable as sand and gravel redistribution in
larger amounts around and beyond the boulders
(Fig. 5).
For the time period between 2011 and 2014,

Fig. 6A to C shows detailed height changes (in
metres) for the following sites: Cape Ag. Pela-
gia, Cefalonia; Katakolo, Peloponnes; and Cape
Schinou, Cefalonia. The 16 boulders at Kata-
kolo, western Peloponnese (Hoffmeister et al.,
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Fig. 4. Graphs for tsunami and storm wave cases at all study sites. The graphs show calculated wave heights
(minimum) and the distance to a boulder’s (black squares) present-day location. Values were determined from
Eq. 1 and wave decay curves from Eq. 2. Both directly derived scenarios based on data (solid lines), as well as
estimated, stronger scenarios for the storm and tsunami cases (dashed lines). All values given in metres.
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2013) are generally larger, lie at a considerably
greater distance to the sea (Ø 32.8 m) and are
more elevated (Ø 2.9 m) than the boulders at
Cape Skalas. Likewise, boulder mass and corre-
sponding estimated wave heights are greater.
Annual monitoring results are shown in Fig. 6B
and show significant height changes of approxi-
mately 15% of the area per year (Table 3). Most
of the dislocated boulders are arranged along a
north–south trending line parallel to the trim
line, with three exceptions, boulders KAT 6 to

KAT 8. These boulders are located at an edge
closer to the sea (Ø 25 m). This pattern can be
observed in Figs 4 and 5, where two linear
groups are distinguishable. As shown in
Fig. 6B, redistribution of gravel and sand is
detected around and beyond the boulders,
which fits the inundation depth of both storm
scenarios.
For the area of Ag. Pelagia, Cefalonia Island,

nine boulders (see Hoffmeister et al., 2013)
(Table 2), are located on a cliff-top platform (Ø

Table 3. Results based on annual comparisons of mean and standard deviation (SD) in metres of the computed
height changes by the M3C2 algorithm, as well as the percentage of points with a detected significant difference
per site and time interval. Height changes over time are the result of erosion or accumulation. The denoted
method [unmanned aerial vehicle (UAV) or terrestrial laser scanning (TLS)], is used for comparison with the prior
period; comparisons between both methods are denoted with ‘TLS/UAV’ for the year 2014.

Site Time period Mean [m] Standard deviation [m] Sig. change [%]

AIR 2010–2009 (TLS) 0.001 0.077 2.67
2011–2010 (TLS) 0.023 0.088 2.18
2014–2011 (TLS) –0.010 0.112 3.96
2014–2011 (UAV) –0.017 0.124 10.83
2014 (TLS/UAV) –0.001 0.046 0.00

ELA 2014–2008 (TLS) –0.128 0.273 16.65
2014–2008 (UAV) 0.109 0.293 6.20
2017–2014 (TLS) 0.006 0.283 57.10
2017–2014 (UAV) 0.031 0.095 22.31

GER-A 2010–2009 (TLS) 0.016 0.092 2.60
2011–2010 (TLS) –0.009 0.078 2.76
2014–2011 (TLS) –0.015 0.108 8.56

GER-B 2010–2009 (TLS) 0.003 0.078 2.48
2011–2010 (TLS) 0.005 0.107 3.80
2014–2011 (TLS) 0.002 0.113 5.24
2014–2011 (UAV) –0.003 0.116 10.22
2014 (TLS/UAV) –0.008 0.104 0.00

GIA 2010–2009 (TLS) 0.049 0.263 55.91
2011–2010 (TLS) –0.025 0.279 43.30
2014–2011 (TLS) –0.047 0.211 28.14

KAM 2010–2009 (TLS) –0.122 0.212 25.50
2011–2010 (TLS) 0.030 0.144 28.00
2014–2011 (TLS) –0.094 0.224 27.27

KAT 2010–2009 (TLS) 0.008 0.062 1.28
2011–2010 (TLS) 0.037 0.082 6.54
2014–2011 (TLS) –0.020 0.116 13.66
2014–2011 (UAV) –0.018 0.149 17.15
2014 (TLS/UAV) 0.002 0.113 1.28
2015–2014 (UAV) 0.038 0.086 13.43
2016–2015 (UAV) –0.006 0.096 16.92
2017–2016 (UAV) –0.045 0.124 15.94

SCI 2010–2009 (TLS) 0.000 0.084 2.76
2011–2010 (TLS) –0.001 0.073 1.88
2014–2011 (TLS) 0.016 0.108 3.25
2014–2011 (UAV) 0.005 0.150 16.14
2014 (TLS/UAV) 0.007 0.111 0.00
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4 m a.p.s.l). Similar to Katakolo, the boulders
are lying in a notional north-east/south-west
trending line parallel to the south-eastern fringe
of the cliff-top platform, ca 17 m away from the
present shoreline (Fig. 6C). The location of the
boulder PEL-ST is exceptional in that it lies
much closer to the edge of the cliff-top platform.
Moreover, its surface is reddish in colour, indi-
cating that the boulder has recently been broken
out of the weathered bedrock and might have
been moved during stronger winter storms prior
to the first field campaign (Hoffmeister et al.,
2013). The required tsunami wave heights are
similar to those presented for Katakolo, Pelopon-
nese. Boulder redistribution from their current
positions, as depicted in Fig. 4, is possible for
most of the boulders, because these are within
the range of the stronger tsunami scenario, but
not in the range of the calculated tsunami scena-
rio. In contrast, the stronger storm scenario is
capable of initiating movement for only some of
the boulders. Boulder PEL-3 is unique, because
it could not be moved by any of the tsunami
and storm scenarios and also an initial quarry-
ing out of the cliff-edge is not possible by all
calculated scenarios. Similar to previous pre-
sented results, detected changes end after the
actual boulder’s position (Fig. 6A). As the cliff-
top platform is considerably higher than pre-
sent-day sea-level, significant changes are smal-
ler (<10%; see Table 3) and related mostly to
vegetation growth or decline.

Cape Gerogombos on Cefalonia Island has two
monitoring sites (GER-A and GER-B; see Table 3)
and the boulder study site lies between these two
sites (Hoffmeister et al., 2014). Cape Schinou is
located in close proximity to these sites (Fig. 1).
The largest boulder at all sites in this current
study is located at Cape Schinou (SCI-4; 25.4 t).
The boulders located at Gerogombos lie furthest
inland of all those monitored in this study.
Graphs for Gerogombos in Fig. 4 show that tsu-
nami-induced movement is only possible when
using the stronger tsunami scenario, whereas
storm waves do not reach the boulders in any
scenario and are hardly able to initiate transport
from the current location. Likewise, initial trans-
port from the cliff-edge is only slightly possible
in both storm scenarios and one boulder cannot
be reached by inundation in either scenario.
Compared with the other sites, the boulders at

Cape Schinou are mostly larger, with the highest
estimated wave heights of all sites. According to
Fig. 4, many boulders cannot be moved from their
current position or their initial position at the cliff
edge by either tsunami scenario. Initial cracking
and dislocation is only possible for some of the
smaller boulders. Storm related movement is possi-
ble for the smaller boulders of the site and initial
transport from the cliff edge might be possible in
both storm scenarios for most of the boulders.
These boulders (Fig. 6C) showed no movement
during the monitoring period and results are com-
parable to those from the Ag. Pelagia site.

Fig. 5. Detailed height changes (m)
for the time period from 2014 and
2017 at Cape Skalas, Peloponnes. A
digital orthophoto derived from
unmanned aerial vehicle (UAV)
imagery is in the background.
Height changes (in metres) are
detected around the boulders and
related to the redistribution of
gravel and jetsam. Different sea-
levels resulted in some
miscalculations.
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Additional changes
In comparison to the previously presented sites
with dislocated boulders, additonal sites were
monitored to distinguish rare high-energy events
from annual changes (Table 3). These sites were
monitored since 2009 at different intervals, due
to logistical and financial reasons. The annual
changes of the sediment budget at the study
sites of Kaminia Beach and Gialous Skala are
greater (Hoffmeister et al., 2013). The seaweed,
sand and gravel is redistributed over a zone that
is up to 56% of the whole area. The monitoring
sites around Gerogombos, consisting of gravel
and pebbles in the spray zone of the elevated
terraces show no apparent changes (significant
change <10%). Comparison between the TLS
and UAV datasets for the year 2014, show aver-
age differences smaller than 1 cm and no signifi-
cant difference is detected.

DISCUSSION

Methodology

The feasibility of the selected monitoring meth-
ods for coastal geomorphology was shown to be
accurate. Terrestrial laser scanning (TLS) is an
appropriate and reliable tool to achieve various
parameters of geomorphological features, such
as boulders displaced by high-energy waves.
For example, Armesto et al. (2009) summarized
that TLS is of great value for obtaining
detailed, highly accurate and rapid non-contact
measurements of complex objects. The methods
used in this study, show that it is possible to
monitor the sediment budget of remote and
poorly accessible areas. Within one day of
fieldwork, several hundreds of square metres
can be observed with high accuracy and resolu-
tion. The method is suitable, for an even higher
temporal resolution (shorter time periods)
depending on organizational matters and logis-
tics. For instance, Pietro et al. (2008) success-
fully used TLS to monitor results following
beach nourishment, with monthly surveying of
a beach transect, using a set-up similar to that
used in the current study. The given accuracy

and resolution of the TLS system is slightly
worse than tachymetric profile surveying, but
within the range of RTK-DGPS measurements.
Because TLS measurements fully cover an area,
calculations of volume changes are more accu-
rate than volume calculations from profile sur-
veying (Pietro et al., 2008).
The UAV-based approach for SFM showed

similar results to TLS-measurements, as shown
by the comparisons in Table 3 for values
denoted as ‘2014 (TLS/UAV)’, as mean change,
standard deviation and percentage of significant
change is close to nil. The smaller detected
changes are mostly due to differing perspectives
of UAV imagery and occur on the top or the
side of larger boulders or channels. Unmanned
aerial vehicle (UAV)-based approaches cover lar-
ger areas than TLS and thus differences can
occur between the datasets. Data acquisition by
low-cost drones, as used in this study, is much
faster (e.g. P�erez-Alberti & Trenhaile, 2015) and
can also be conducted by kites, which elimi-
nates problems related to permits for UAV oper-
ation (Autret et al., 2018). Currently, acquisition
can be nearly automatic, due to advances in
drone technology (for example, following pre-set
flight patterns and automated landing with dis-
tance sensors). The accuracy in relation to pre-
vious TLS-based surveys, relies on the geo-
reference approach and coverage. The GoPro
camera was also usable and showed only slight
inaccuracies in comparison with the other cam-
eras (for example, reprojection error is 2.3 pixels
for the GoPro, 1.4 for the Canon Powershot and
1.3 for the DJI camera). However, after registra-
tion and correction, the reported errors are simi-
lar, which is again related to the use of many
GCPs and a subsequent accurate correction of
the different camera models. The data covers
the areas in a higher, more equal resolution in
terms of point spacing. Computation time, reso-
lution, accuracy and file size depend on camera
resolution, flight altitude and overlap. In the
previous survey attempts, flight patterns were
manually conducted, the overlap is very high
and can be decreased for the next surveys by
using automated surveying approaches (Eltner
et al., 2016). However, acquisition by UAVs can

Fig. 6. Detailed height changes (m) for the time period between 2011 and 2014, at Cape Ag. Pelagia, Cefalonia
(A), Katakolo, Peloponnes (B) and Cape Schinou, Cefalonia (C). A digital orthophoto, derived from unmanned aer-
ial vehicle (UAV) imagery is in the background. Height changes (in metres) are detected around the boulders and
related to the redistribution of gravel and jetsam. Different sea-levels resulted in some miscalculations.
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only be applied under calmer winds and is
highly dependent on permits (Casella et al.,
2016) which makes TLS-based surveys an
important alternative. Likewise, shadowing
effects and a very different perspective might
hamper coverage at overlapping areas of imbri-
cated boulders. In this case, the site of GER-A
was not covered by UAV imagery, due to stron-
ger winds on that specific day in 2014, and the
beach sites of Gialous Skala and Kaminia were
only recorded by TLS, because people were tak-
ing a bath.
A comparison between all datasets of a site

is possible, as fixed surveying points were used
for georeferencing of data from both methods.
This initial registration is important for the
comparison between subsequent surveys. In
contrast to the previous method of interpolation
or triangulation of point clouds for the calcula-
tion of high-resolution digital elevation models
(DEMs) (Hoffmeister et al., 2013), a direct point
cloud comparison by the M3C2-algorithm was
applied (Lague et al., 2013). The advantage of
this method, according to Lague et al. (2013),
in contrast to the comparison of DEMs is
increased accuracy, in that the local distances
between two points along the surface direction
are determined, as a result of which changes in
the surface orientation or registration errors
between two point clouds can also be taken
into account and mapped. In addition, the cal-
culation determines a confidence interval that
takes into account the roughness, the registra-
tion error and the point density and thus
checks the statistical significance of the
changes measured (Lague et al., 2013). The
higher accuracy was also proven by Barnhart &
Crosby (2013).

Boulder mass estimations

The TLS-based high-resolution 3D reconstruc-
tions of all boulders, in combination with accu-
rate density measurements of large dislocated
boulders, yielded more accurate data than previ-
ous approaches. Similar results can be found in
Spiske et al. (2008), Scicchitano et al. (2012)
and Hoffmann et al. (2013). However, the TLS-
based method is susceptible to systematic errors
(for example, accuracy of TLS), calculation
errors (for example, manual 3D reconstruction
for areas out of sight) and errors in interpreta-
tion (for example, manual determination of
boulder axes in the case of complexly shaped
boulders). The accuracy can be enhanced, with

more accurate laser scanning devices or detailed
photogrammetric approaches (Gienko & Terry,
2014).
Nevertheless, this information is considered to

be more realistic and accurate than data
achieved by tape measurements. The compar-
ison of 3D model-based volume and density
data, with conventional estimations shows lower
density values by as much as 22%. Table 2
shows the calculations of volume and mass on
the basis of tape measurements of the axes,
which results in a mean overestimation of 32%
with a 18% variation. Therefore, these results
prove that mass estimations of boulders of this
size based on simple measurements of the axes,
should be multiplied at least by a factor of 0.7.
For wave transport equations, which take the
mass of a boulder into account (Noormets et al.,
2004; Benner et al., 2010; Etienne et al., 2011;
Engel & May, 2012), this correction factor should
therefore be applied to avoid an overestimation
of wave heights and velocities. Likewise, very
irregularly shaped boulders (for example, ELA-
B31, ELA-B32 and ELA-B33) lead to an underes-
timation of the mass by multiplying the axes,
when a mean axis is taken. Hence, multiplying
the axes is not suitable for irregular shaped
boulders and a 3D recording approach by TLS
or the SFM-approach is preferred.

Boulders and detected changes

Generally, most of the boulders show that mini-
mum tsunami wave heights are within the range
of wave heights from the expected tsunami sce-
narios of this area (1 to 4 m). Minimum wave
heights calculated for boulder dislocation at the
study sites, correspond to results reported from
south-eastern Sicily (Scicchitano et al., 2007;
Barbano et al., 2010) and from southern Apulia
(Mastronuzzi et al., 2007). Numerical simula-
tions of tsunami wave propagation in the Gulf of
Kyparissia, underline the possibility of tsunami
wave heights high enough to initiate boulder
movement (Tselentis et al., 2010; R€obke et al.,
2013).
Applying the wave decay curves shows that,

for most boulders, storm or tsunami transport
from their current position, as well as from a
supposed initial position at the cliff edge, is
generally possible. However, some boulders lie
above all calculated wave decay curves (similar
to those in Engel & May, 2012), such as those
at Ag. Pelagia and Cape Schinou (Fig. 4). These
boulders thus need an even higher initial wave
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height of about 6 m for the tsunami case and
up to 25 m for the storm case. However, the
current location of the boulders might also be
the result of several impacts, which would
decrease the necessary wave heights for initial
and further transport. Likewise, a sliding trans-
port is calculated here. In contrast, a rolling
transport would also need decreased initial
wave heights, but no evidence of overturning
was found. As depicted by the annual compar-
ison, yearly changes occur in the surrounding
areas of the boulders (Fig. 6), but no change in
the position of the boulders has been detected
yet, which proves the applicability of the wave
decay curves.
It is assumed that the boulder PEL-ST

encountered at Ag. Pelagia, Cefalonia Island,
was moved by a winter storm event in 2008/
2009 (Hoffmeister et al., 2013) before the first
field campaign. This hypothesis is also backed
by the buoy data (Fig. 6). This assumption is
based on significantly smaller minimum wave
heights, with regard to the mass of this boulder
and compared to other dislocated boulders.
Barbano et al. (2010) mentions that boulders
were moved during a bigger storm during the
2008/2009 winter season on the Italian side of
the Ionian Sea. The boulder PEL-ST is located
directly adjacent to a funnel-type, small inden-
tation of the cliff-top rim, which is believed to
have enhanced storm-wave influence responsi-
ble for boulder dislocation. All of the other dis-
located boulders studied near Cape Katakolo
and Aghia Pelagia, are arranged in lines and
are lying tens of metres inland from the coast,
which may indicate that these were transported
by a single major inundation (Goto et al.,
2011).
Annual changes in the sediment budget of

the study sites, are generally negligible to
modest (Table 3). This is in good agreement
with the analyzed buoy data (Fig. 7), which
documents only outstanding storm wave activ-
ity for the time period of late 2008 and the
beginning of 2009. Most of the sites were ini-
tially visited in September 2009. Moreover, the
results show that dislocated boulders were not
moved at all by winter storm conditions
between 2009 and 2017, because the storms do
not reach similar maximum wave heights as in
the previously described period of 2008/2009
(Fig. 7).
In general, TLS-based and UAV-based SFM

derived areal monitoring and 3D models of

dislocated boulders are considered to offer a
reliable method for detecting the effects of
changes in the sedimentary budgets, to deter-
mine the results of high-energy impacts and to
serve as a basis for further hydraulic modelling
approaches (Oetjen et al., 2017). Evidence of
high-energy impact can only partly be proven,
which might also be a consequence of the incor-
porated wave transport equations. However, for
this region and nearby all regarded sites, differ-
ent kinds of palaeotsunami traces were encoun-
tered in near-coast sediment archives (V€ott
et al., 2010). Finally, numerical simulations of
tsunami landfall for the Gulf of Kyparissia
(western Peloponnese), including Cape Katakolo,
show good agreement between inundation sce-
narios and field evidence.

Fig. 7. Maximum wave height data and correspond-
ing 90th percentile (Q90), from the buoys at (A)
Zakynthos (ZAK) and (B) Pylos (PYL). Locations are
shown in Fig. 1. Please note the difference between
the time ranges and wave height scales.
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CONCLUSIONS

This study provides a comprehensive overview
of dislocated boulders in western Greece. The
purpose was to examine the distribution, size
and mass of these boulders as an input for wave
transport equations in comparison to wave
decay curves. For the first time, the results of
these computations are evaluated with terrestrial
laser scanning (TLS) and unmanned aerial vehi-
cle (UAV)-based approaches. Although docu-
mented boulders of this area are considerably
smaller than boulders reported from other areas,
the high seismic and tsunami risk present in
western Greece, as well as stronger storms, make
this a region of considerable interest for moni-
toring approaches in order to study high-energy
wave impacts on coasts.
This study demonstrates the accuracy of the

method used to create 3D models of boulders
from TLS. These 3D boulder models are, when
compared with manual, tape-based measure-
ments and corresponding calculations of boulder
mass and volume, more accurate. Here a mean
overestimation of 32% is detected, with a vari-
ance of up to 61% depending on boulder shape.
In addition, axes-based calculations sometimes
underestimate boulder volume and correspond-
ing mass. The parameters of the 3D boulder
models derived by TLS, were used in a wave
transport equation and wave decay curves in
order to distinguish either a possible tsunami-
based or storm-based source of dislocation. Ini-
tial quarrying of the reef edge, as the chosen
pre-transport scenario, is possible by both
storms and tsunamis, depending on the mass of
the boulder and its current position. A further
transport of these boulders from their current
position is mostly possible by tsunami waves.
For boulders at Cape Skalas and single boulders
located at other sites, there might be further
movement by storm inundation. However, mul-
tiple impacts from storms or tsunamis might
decrease the necessary wave heights for boulder
transport. Likewise, the necessary wave heights
might be even lower, as a sliding transport sce-
nario is regarded here, because no evidence of
overturning was found.
Monitoring conducted by TLS and UAV-based

approaches worked well and accurately, with
fixed survey points re-used for georeferencing
tasks. Although the UAV-based approach is
much faster, easier and shows better coverage,
the presence of strong winds and an absence of
local permission for UAV usage can exclude this

method of monitoring. The results of the accu-
rate, direct point cloud comparison in contrast
to raster-based comparisons show that, depend-
ing on the height above present sea-level,
changes occur in different amounts. Most impor-
tantly, changes were detected in areas corre-
sponding to the calculated wave decay curves,
which includes the surrounding areas of boul-
ders. The boulders exhibited no movement dur-
ing the observation period. During this time,
measured wave heights by buoys were low, but
this does not preclude movement as the result
of seismically-induced tsunamis and/or stronger
storm activity in this region.
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