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a b s t r a c t

A new generation of airborne bathymetric laser scanners utilises short green laser pulses for high res-
olution hydrographic surveying in very shallow waters. The paper investigates its use for the doc-
umentation of submerged archaeological structures, introducing the concept of airborne laser
bathymetry and focussing on a number of challenges this novel technology still has to face. Using this
method, an archaeological pilot study on the northern Adriatic coast of Croatia has revealed sunken
structures of a Roman villa. The results demonstrate the potential of this novel technique to map sub-
merged archaeological structures over large areas in high detail in 3D, for the first time providing the
possibility for systematic, large-scale archaeological investigation of this environment. The resulting
maps will provide unique means for underwater heritage management.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Due to its enormous abundance (74% of the Earth’s surface e

Jensen, 2007) and the various states in which water can exist
together with the fact that it can be difficult to obtain in situ point
measurements, it is not surprising that considerable research has
taken place in the field of water remote sensing. Methods have
been developed to measure, inventory, quantify, and predict dif-
ferent hydrological variables such as water-surface extent and
temperature, water volume, velocity of waves, organic and inor-
ganic water constituents, or water depth (bathymetry).

Detailed knowledge of water depth, or underwater topography
respectively, is essential for many research fields, including hy-
draulics, hydro-morphology, and hydro-biology. In archaeology, it
is the basis for understanding of organisation and distribution of
archaeological sites along and within water bodies. Here, special
attention has to be paid to intertidal and inshore zones where
shipwrecks, fish traps, middens, pile dwellings, weirs, wharves,
docks, piers and other maritime infrastructure, various forms of
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dredging, oyster beds, individual larger objects (e.g. stone anchors),
and any kind of submerged structure can be found (Blondel, 2009,
pp. 220e221; Bowens, 2009, p. 16; Strachan, 1995).

Also, coastlines have changed due to sea-level rise (Lambeck
et al., 2004) and many former coastal sites are now submerged in
shallow water, which is in our case study a depth of maximally 2 m
below the water surface (see below). Mapping the relief within
these areas is therefore important in order to be able to reconstruct
former coastlines, identify sunken archaeological structures and
recognize navigable areas which can help to locate potential former
harbour sites.

Intertidal and inshore areas are, therefore, extremely rich in
archaeological information content. Surprisingly, until now
archaeology has lacked suitable methods to provide detailed maps
of the topography of these shallow underwater bodies. To detect,
document, visualise and archaeologically interpret inshore top-
ography and its archaeological remains, an applicable technique
would have to fit following requirements: (1) it has to cover large
areas in a sufficiently short time; (2) in order to identify archaeo-
logical structures, the resulting digital terrain model (DTM) or
digital depth model (DDM, Collin et al., 2008) should have high
detail (sub-metre), and (3) the depth range should be from the
water surface to a few metres below.
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Currently available methods (Firth, 2011) do not meet these
requirements: Due to practical constraints (boat access in areas of
extremely shallow water) and depending on the pulse length,
waterborne echo sounding has its limitations at shallow water
depths (de Jong, 2002, p. 322). Terrestrial surveys, i.e. the use of
total station and GPS in water depths of up to three metres are
extremely time-consuming, small-scale, and do not generate the
necessary detail (Bowens, 2009, pp. 91e95). Airborne laser scan-
ning (ALS) systems (Wehr and Lohr,1999), used to produce accurate
and precise terrain models of land surfaces (Doneus and Briese,
2011), do not penetrate the water column (see below). Airborne
photogrammetry has been applied (Carbonneau et al., 2006;
Marcus and Fonstad, 2008; Westaway et al., 2001) and although it
proves to be a relatively low-cost method that can be used for
mapping large areas, its success is strongly depending on water
transparency and characterised by many other specific weaknesses
such as illumination variations and refraction behaviour (see
Carbonneau et al., 2006 for a more in-depth discussion). Finally,
underwater surfaces could also be measured using existing hy-
drographic ALS systems, which have been in use for more than
a decade (Guenther et al., 2000b). They are, however, designed for
maximum water penetration and the moderate pulse repetition
rate results in a rather rough ground sampling distance of several
metres (e.g. Cunningham et al., 1998; McNair, 2010, 24 ff.). There-
fore, they are not suitable for the archaeological purposes men-
tioned above.

Only the latest generation of airborne laser bathymetry (ALB)
scanner systems which are now becoming available utilise
very short and narrow green laser pulses. Our objective, there-
fore, is: Do these novel instruments meet the aforementioned
necessary requirements? And, if yes, does their use have the
potential to measure underwater surfaces over large areas in
high detail, even revealing archaeological structures in shallow
water?

Following our research questions, this paper will present the
latest generation of airborne bathymetric laser scanning systems. It
is hypothesised that these sensors have a number of advantages,
especially for very shallow water volumes, which can lead to
a better identification of micro-topographic and archaeological
structures. After introducing the physical fundamentals, basic
techniques and state of art of ALB, the concept of the new system
will be explained. Finally, using an area in the Croatian Northern
Adriatic as a case study, its archaeological potential will be illus-
trated and discussed.

2. Airborne laser bathymetry

During the last 10 years, airborne laser scanning (ALS) systems
have found wide application in addition to their well-known
archaeological applications (Crutchley and Crow, 2010). More
specifically, they have had an important impact on the prospection
and documentation of sites and landscapes covered by woodland
(Doneus et al., 2008). During data acquisition, ALS systems operate
in the near or short-wave infrared wavelength (typically using
stable laser sources at a 1064 nm or 1550 nm wavelength), which
is largely absorbed by water bodies (Curcio and Petty, 1951).
Therefore, conventional ALS systems have a limited applicability
under wet conditions (i.e. snow and rain, depending on the uti-
lized wavelength) and when water penetration is desired. In these
cases, other wavelengths have to be utilised as laser sources. In
order to identify adequate wavelengths, it is necessary to have
a proper understanding of the fundamental interactions between
electromagnetic (EM) radiation and the water column and how
this interplay influences the total radiation that penetrates a water
body.
2.1. Underwater laser radiation propagation

The airborne laser pulse always interacts with the three com-
ponents of shallow water bodies: the water surface, the water
column and the benthic or bottom. In the following text, a water
body is considered as a complex mix of particles and dissolved
substances that, when combined with a specific bottom boundary,
yields optical properties that can vary over a large continuum of
values (Mobley et al., 2004).

2.1.1. Electromagnetic radiation in pure water
Before delving into the water constituents, it is useful to un-

derstand how a pure water column without any organic or inor-
ganic components absorbs and scatters incident optical EM
radiation (by absorption it is meant that photon energy is lost due
to interaction with water molecules, whereas scattering changes
the path of the propagating photons). Fig. 1 summarizes the ab-
sorption coefficient a(l), the scattering coefficient b(l) and the total
attenuation (extinction) coefficient c(l) (i.e. a þ b) of pure water
molecules at wavelengths from 250 nm (Ultraviolet) to 750 nm
(Infrared) and expressed in units of inverse metres (m�1). As these
properties only relate to the medium of water, they are both called
inherent optical properties (IOP) (Mobley, 1994). More specifically,
they are determined irrespective of the ambient EM field and
depend only on the medium (Dekker et al., 2002). As both the
scattering and absorption coefficient are functions of wavelength,
they are denoted as spectral properties.

From Fig. 1, it is obvious that absorption mostly takes place from
540 nm onwards, while in the Ultraviolet (UV) region (<400 nm)
molecular water absorption dominates below 320 nm. In the Near-
Infrared (NIR; 700 nme1100 nm) and Short Wavelength Infrared
(SWIR; 1100 nme3000 nm), absorption of the incident EM
radiation is extremely high, but scattering is almost non-existent.
As scattering is largely dependent on the wavelength, it strongly
dominates in the UV and blue spectral region (400 nme500 nm).
From 540 nm wavelengths onwards, molecular water scattering
becomes insignificant when compared to the amount of absorption.

The combination of these effects explains why pure deep water
bodies are perceived as blue by the human visual system.Moreover,
it also explains why water is readily discernible in NIR images, as its
high absorption coefficient (Curcio and Petty, 1951) renders its very
dark to black in NIR images (Smith and Baker, 1981; Engman and
Gurney, 1991). From a remote sensing point of view, these NIR
and SWIR regions are perfect for discriminating land from pure
water, as they yield a very high contrast between the dark water
and reflective land features. Looking again at the visible range, the
low attenuation in the 420 nme540 nm spectral region seemsmost
promising to penetrate through thewater column and obtain depth
(i.e. bathymetric) information.

Besides the absorption and scattering processes, large-scale
salinity and temperature variations create changes in refraction of
propagating EM radiation, a phenomenon called turbulence. Apart
from some influence in very clear water, particle scattering mostly
dominates underwater light propagation (Mullen, 2009). The next
section describes the effects of these (in)organic constituents in
more detail.

2.1.2. Spectral response of water with (in)organic constituents
For the archaeological purposes outlined in the introduction,

additional optically active material such as suspended sediments,
phytoplankton, and yellow substances have to be taken into ac-
count. This yellow substance, also known as coloured/chromo-
phoric dissolved organic matter (CDOM) or “Gelbstoff”, is decayed
organic material that has been dissolved in fresh or marine
waters (Davies-Colley and Vant, 1987). Together with the other



Fig. 1. How EM radiation propagates in clear water is determined by absorption and scattering coefficients. This graph displays the scattering, absorption and total attenuation of
EM radiation in pure water from 250 nm UV radiation to 750 nm NIR wavelengths (data from Bukata et al., 1995).
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constituents, they affect the absorption and scattering of radiant
energy (Han and Rundquist, 2003; Kirk, 1994).

Most substances are large enough to be Mie scatterers
(Wojtanowski et al., 2008) and, thus, scatter quite uniformly across
the visible spectrum (Piech and Walker, 1971). However, the
amount of scattering and spectral absorption of mineral particles
is still very different from phytoplankton (Fig. 2). For example, due
to its chlorophyll content phytoplankton mainly absorbs in the
blue and red visible spectrum (Gitelson, 1992), while inorganic
particles often display a high absorption of the Near-Ultraviolet
(NUV) and blue spectrum (Mobley et al., 2004). Although CDOM
does not really scatter light, it has a significant effect on short-
wavelength NUV and blue absorption. An increasing amount of
yellow substance will alter the water colour to green, pale-yellow
and even brown (Davies-Colley and Vant, 1987; Kirk, 1994). This
means that in productive waters such as oceanic upwelling areas
or coastal waters with abundant phytoplankton, the EM radiation
penetration zone is more or less limited to the green wavelengths
(Kirk, 1994). Only in fresh waters red visible radiation might
penetrate equally far as green light (or even further). Of course, the
specific IOPs of every water column are bound to the particular
type and amount of minerals, yellow substance and phytoplankton
species.
Fig. 2. A) Absorption coefficients (per unit mass concentration) and B) mass-specific scat
(Figures from Mobley et al., 2004).
Even though the water-leaving radiance of an incident laser is
governed by this (in)organic matter, the depth and spectral
reflectance of the bottom substrate also largely defines the total
radiometric signal in shallow waters (Silva et al., 2008; Mobley
et al., 2004). Finally, the angular geometry of the incident laser
beam is also of importance (Lee et al., 2011), because it can influ-
ence the beam deflection.

2.1.3. The green laser solution
Taking all the factors into account, it can be stated that the

effective usable spectral region for water penetration is shifted to
longer wavelengths with respect to pure water, but generally
limited to the green EM spectral region to about 600 nm. This
clearly indicates why a green pulse at 532 nm is very well suited for
laser bathymetry from the air and is used in most ALB systems (for
example SHOALS Guenther et al., 2000a, p. 16, 2000b, p. 16 and
Hawk Eye II McNair, 2010, p. 25).

Besides being the frequency-doubled version of the conven-
tional 1064 nm laser (Wojtanowski et al., 2008), the information
above clearly indicates that this laser wavelength has a very good
chance to maximally penetrate different water bodies, hit the
bottom of the water body, and return an echo to the airborne
receiver.
tering coefficients for different mineral particles and chlorophyll-rich phytoplankton
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2.2. ALB history and operating principles

ALB is not an entirely new technique. Its first applications
(detecting submarines) go back to the mid-1960s, shortly after the
invention of the laser (Mandlburger et al., 2011, p. 2417). In themid-
1970s, several ALB prototypes were built and tested. At this time,
the frequency-doubled laser systems with 532 nm pulses were also
used (Kim, 1977). For an overview of the early historical develop-
ment we refer to Guenther et al. (2000b, p. 3). Here, it is worthwhile
mentioning that at the turn of the millennium several operating
systems were available.

Similar to ALS, a bathymetric laser scanner is usually mounted
below a fixed wing aircraft or helicopter, where it emits short green
pulses towards the earth’s surface (both water and terrain). Using
various mechanisms (in our case a rotating mirror), the pulses are
deflected in different directions across the flight path. Due to
a beam divergence of the laser pulse, it will spread over a certain
area, known as a footprint. Where it hits an object, a part of the
energy (corresponding to the area of the footprint covered by the
object and the object’s reflectance) is backscattered, while the
remaining portion of the pulse moves further on. In that way, each
pulse will result in one or more echoes reflected from various
Fig. 3. Diagram explaining ALB. See text for further information (�Department
objects along its path (vegetation, buildings, cars, ground surface
etc.). The duration between pulse-emission and reception of the
backscatter determines the laser-object distance. Together with the
angle of the emitted laser beam and the position of the scanner
(typically determined using a differential global navigation satellite
system (GNSS) and an inertial measurement unit (IMU)), the
location of each reflecting object is calculated (Doneus et al., 2008).

With ALB, the process is complicated by signal propagation in
different optical media (air and water). When entering the optically
thickermediumofwater (airewater-interface) the green laser pulse
is deflected and the propagation speed of EM radiation is reduced
(Fig. 3). Whereas the propagation speed is entirely described by the
refraction coefficient, the beam deflection is additionally influenced
by the laser incidence angle. The former depends on thewater body
(its constituents, salinity and temperature), and the latter varies
bothdue to the scan angle of the laser pulse and the roughness of the
water surface. To keep the incidence angle constant (maximum
deviation of �1� over the entire scan range of 60� assuming a per-
fectly horizontal water surface), the laser pulses are tilted by 20�

from the nadir direction. This results in a scanpattern in the shape of
an arc of an ellipse (Mandlburger et al., 2011, p. 2418; for a detailed
discussion of the nadir angle see Guenther et al., 2000a, 2000b, 10
of Geodesy and Geoinformation Research Group Photogrammetry, E120.7).
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ff.). Additionally, the water surface has to be detected and modelled
in post-processing to be able to correctly apply the refraction cor-
rection. Finally, the optical properties of water further spread the
laser beam to such anextent that thebackscattered laser echo canno
longer be described by a simple Gaussian shape (Mullen, 2009;
Cochenour et al., 2008). Depending on the water body, this scat-
tering results in an overall loss of water-leaving radiance and in
radiation directions that cannot be observed by the receiver. As
a consequence, the illuminated portion of the bottom increases as
does the uncertainty in depth estimation (Kunz et al., 1992).

So far, available ALB systems are designed for maximum pene-
tration of water bodies using long (w7 ns) and high energy (w5 mJ)
laserpulseswitha typical pulse repetition rateof approximately1kHz.
For eye safety reasons, the green laser beam has to be spread to
a footprint diameter of severalmetres. This results in ground sampling
distances of 2e5 m at typical flying heights between 200 and 500 m
(Guenther et al., 2000b, pp. 3e5). Since the maximum survey-depth
mainly depends on water clarity, it is usually specified in Secchi
depths. This is an empirical water clarity measure denoting the depth
atwhich a 20 cmwideblack andwhite disc is just perceptible. Current
ALB systems cansurveyunder-waterdistancesbetween2and3Secchi
depths. Depending on the clarity of water, this can equal a depth of
50mandmore (Guenther et al., 2000b, p. 5;Wojtanowski et al., 2008).

Long pulses, relatively low repetition rates, wide footprints, and
comparatively deep water penetration make current ALB systems
viable tools for providing topographic models of coastal waters
(Cunningham et al., 1998; Wozencraft and Millar, 2005; Allouis
et al., 2010), lakes and shallow continental water (Hilldale and
Raff, 2008) with a planar grid spacing of a few metres. Investigat-
ing the reflectance of the individual laser echoes provides addi-
tional information to classify the degree of vegetation (Wang and
Philpot, 2007) or hydrodynamic processes (Long et al., 2010). So
far, ALB has been used for archaeological purposes on the Black Sea
Coast in Bulgaria (Prahov et al., 2011), where the underwater sur-
face model was used as a component for predictive modelling. A
combined use of ALB with side-scan sonar within the Irish National
Seabed Survey to investigate areas with “high archaeological po-
tential” is also mentioned (Lambrick, 2008, 56).

2.3. The Riegl ALB system

Although their spatial resolution would be useful to visualise
and investigate submerged landscapes (e.g. Westley et al., 2010),
current ALB systems would not meet the criteria specified for the
archaeological research in this paper. Therefore, the recently
designed novel hydrographic laser scanner RIEGL VQ�-820-G,
manufactured by RIEGL Laser Measurement Systems GmbH in
cooperation with the University of Innsbruck Unit of Hydraulic
Engineering, was tested (Riegl, 2012).

The innovative aspects of the instrument are (i) its light-weight
design (25 kg), (ii) high effective measurement rate (200 kHz), and
(iii) the utilization of very short laser pulses (approximately 1 ns)
and (iv) integrated online waveform processing. The moderate
weight makes the instrument particularly suitable for mounting in
helicopters and light-aircraft, allowing flexible flight paths. The
high measurement rate yields a point density of up to 50 soundings
per square metre depending on the flying height, and the short
pulses enable the measurement of extremely shallow water depths
(in the range of 20 cm). With 1 mrad, the instruments beam
divergence is wider compared to topographic ALS systems (0.2e
0.5 mrad) due to eye safety reasons. This results in a footprint
diameter of 0.5m at a flying height of 500m. Altogether, this results
in a reduced water penetration capability of about 1 Secchi depth.

The returning echowaveform is digitised with an interval of less
than 1 ns and can be either processed online (online waveform
processinge seePfennigbauer andUllrich, 2009) or stored andpost-
processed (full-waveformprocessinge see Hug et al., 2004). Similar
to ALS, full-waveform analysis results in additional physical pa-
rameters which can be utilised to improve the quality of the
resulting DTM and enhance interpretation (e.g. Wang and Philpot,
2007). However, the current capacity for storing the full waveform
information is restricted by the internal data buffer of the scanner.

3. Case study

To test the capabilities of the new ALB system for archaeological
purposes, a flight mission was arranged over selected case study
areas. One of these, the small island of Sveti Petar demonstrates the
archaeological potential of this new scanning system.

3.1. The island of Sveti Petar

Sv. Petar is located on the northern Croatian Adriatic coast, 2 km
southwest of the Island of Lo�sinj (Fig. 4), separated from the island
of Ilovik by a 200e400 m wide channel. The maximum extents of
the island are roughly 2000 by 700 m. Altogether, it occupies an
area of 94 ha. Its highest elevation is a roughly 64 m high hill in the
south. The geology is comprised largely of limestone, densely
covered with typical Mediterranean vegetation consisting mainly
of dense, rigid, mostly evergreen shrubbery (macchia). In some
areas, abandoned and recently used olive tree plantations can be
found, which are enclosed by dry stone walls. Pine trees are mainly
confined to the coastal areas (Fig. 5a and b).

Macchia, which is anthropogenic secondary vegetation, and
a system of dry stone walls covering most of the island are in-
dicators of past intensive human utilization, although the island is
uninhabited today. The advantages of the natural harbour between
Sv. Petar and Ilovik, which offers protection frommost winds, were
recognized from an early date and the small island was already
populated in prehistory (�Cus-Rukoni�c, 1982, 12). More prominent
sites on the island are a monastery and church of Saint Peter dating
back to the 11th century, which houses the present-day cemetery of
Ilovik, and a late 16th century Venetian fortification (Fig. 5c) (Fu�ci�c,
1949, 74 ff.). The focus of the test scanwas, however, a large Roman
settlement complex. The remains are located on the southern coast
of Sv. Petar, opposite the village of Ilovik (Fig. 6). A high quantity of
ceramics, graves, and architectural details as well as widespread
building material demonstrate the importance of this Roman site
(Fu�ci�c, 1949, 74; �Cau�sevi�c-Bully and Bully, in press).

The remains of Roman buildings have been located both on land
and in the sea. Thismakes the site interesting for our researche due to
the changing seawater level of theMediterranean during the last 1500
years large building sections have become submerged. The degree and
rateof sea-level riseare still amatterofdebate (suggestions range from
1.5 to 3.1 m e Faivre et al., 2011, p. 132). Submerged archaeological
remains and tidal notches indicate a regionally varying sea-level at
around 1.5 m below present mean sea-level during Roman times
(Antonioli et al., 2007; Faivre et al., 2010). Therefore, archaeological
coastal sites are at least partially located under water. As a result, at
several locations over a length of 300 m remains of walls continuing
into the water can be identified (Fig. 5d). The height difference be-
tween the surface of the walls and the surrounding area is however
minimal (between 5 and 20 cm). It was therefore uncertain whether
the ALB-derived DTM would be precise enough to visualise them.

3.2. Data acquisition

The test flight was conducted by Airborne Technologies (ABT) on
29th of March 2012 between 10:54 and 11:33 local time. Wind and
water conditions were calm. The flying height was approximately



Fig. 5. Ground photographs of Sv. Petar; (a) macchia overgrowing a dry stone wall (b) olive tree from a former plantation (c) Venetian fortification (d) wall of a Roman villa
continuing into the water.

Fig. 4. Map of the northern Adriatic coast indicating the location of the island of Sv. Petar. Data Source: SRTM. North is up.
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Fig. 6. Mosaic of orthophotographs from March 2012 of Sv. Petar indicating the location of the case study area presented in this paper. North is up.
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450 m above ground level, which resulted in footprints of 0.45 m
diameter on the water surface. The effective measurement rate was
approximately 200 kHz. To guarantee eye-safety, the low energy
mode, with a special instrument setting provided by RIEGL, was
used. The scan angle was set to the full field of view of the instru-
ment (60�). According to Mobile Geographics (http://tides.
mobilegeographics.com/calendar/year/3554.html), which utilizes
the software Xtide (http://www.flaterco.com/xtide/tty.html), low
tide occurred on March, 29 at 7:49 while high tide was at 23:25.
This means that the data acquisition took place at low tide condi-
tions (the maximum tidal range is 61 cm).

Altogether, 9 longitudinal strips with an overlap of 70% and one
cross-strip were acquired. Echo detection was realized using the
Fig. 7. Colour-coded distribution map showing the point density of the ALB scan (resoluti
Especially in the area covered by an additional cross-strip, it reaches up to 50 points. Over wa
which is a result of the tilted laser beam direction (20� from nadir). North is up. (For interpre
version of this article.)
scanners online waveform processing capability (see Pfennigbauer
and Ullrich, 2009). The data were processed by ABT, using the
software RiPROCESS. This resulted in a total point cloud (including
all echoes) with a density of 10e50 points per square metre (Fig. 7).

As discussed above, deriving the range between scanner and
sub-water surface and assigning coordinates to the reflecting ob-
jects is difficult. Calculating the range and refraction correction due
to signal propagation in air and water requires a good model of the
contemporaneous conditions and shape of the water surface, as the
speed of light differs for atmosphere and water. While the system
used provided good initial results, especially over land, remaining
systematic errors between the strips stemming from a too simple
model of the water surface could be minimized using least squares
on ¼ 1 m). On land, the point density is quite high (10e30 points per square metre).
ter, the point density decreases with water depth (compare Fig. 9). Note the arc-pattern
tation of the references to colour in this figure legend, the reader is referred to the web

http://tides.mobilegeographics.com/calendar/year/3554.html
http://tides.mobilegeographics.com/calendar/year/3554.html
http://www.flaterco.com/xtide/tty.html
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matching of overlapping strip pairs and a subsequent least squares
adjustment of the entire flight block (Ressl et al., 2009). Strip
adjustment (Fig. 8) was accomplished utilizing the software pack-
age OPALS (Mandlburger et al., 2009).

The strip adjusted last echo point cloud still contains a sub-
stantial number of off-surface points (one should never forget that
the returning waveform is an integration of the sea floor, water
column and water surface signatures e Collin et al., 2008). These
will be predominantly due to gross errors (e.g. multi-path) and
systematic errors (e.g. some points will be from buoys, ships, fish or
dense vegetation) and have to be reduced by employing advanced
filter methods. In this case, the technique of robust interpolation
with an eccentric and asymmetrical weight function was used (see
Doneus et al., 2008, p. 887). The remaining point cloud was finally
imported into a GIS environment for further visualisation and
interpretation. There is already abundant literature regarding
archaeological visualisation of ALS-derived DTMs (Bennett et al.,
2012; Challis et al., 2011; Devereux et al., 2008; Hesse, 2010;
Kokalj et al., 2011). In this study, hillshade, slope, local relief model
Fig. 8. Point density map of DTM derived from the unfiltered last echo point cloud from
adjustment. North is up.
(Hesse, 2010) and positive as well as negative openness (Yokoyama
et al., 2002) were calculated and used both exclusively and in var-
ious combinations.

3.3. Results

The resulting DTM combines land surface and underwater
topography. As was to be expected, filtering the dataset resulted in
a point cloud with a varying point density (Fig. 11). While the
process of robust interpolation did not remove many points on the
often bare underwater surface, the point density was highly
reduced in the densely vegetated areas of the islands. Particularly,
macchia prevented a high number of pulses from reaching the
ground surface. This situation was additionally aggravated by the
fact that the tilted scan direction resulted in longer travel paths of
the individual pulses through the vegetation. On the islands of Sv.
Petar and Ilovik the dense Mediterranean vegetation could be
removed completely by the applied filter algorithm, but due to the
low number of ground points the resulting terrain model shows
the case-study area in Sv. Petar without (upper image) and with (lower image) strip



Fig. 9. Orthophotograph of the channel between the islands of Ilovik and Sv. Petar overlain with a grey-coded distribution map of underwater point density (resolution ¼ 1 m). In
the extremely shallow zone (i.e. <0.2 m) at the transition between land and water, the point density is low (due to problems of echo separation). At water depths between 0.2 m and
6.5 m, the point density varies only due to nick-movements of the airplane (arc-shaped under- and overscan). In the centre of the channel, the point density decreases at water
depths below 6.5 m. North is up.
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little detail (Fig. 11). However, the system of dry stone walls be-
comes clearly visible. More importantly, the terrain model of the
underwater surface displays high detail up to a water depth of
approximately 8 m (Fig. 9). Due to the high initial point density and
the minor loss of points after filtering, a digital model of the un-
derwater topography with a grid spacing of 25 cm could be derived
(Fig. 10). As a result, the channel dividing Sv. Petar from Ilovik could
be covered almost entirely; only a few small areas were deeper than
the maximum penetration depth of the scanner system.

Fig. 11 displays the area of the Roman villa. A colour-coded map
of thewater depth is superimposed on the shaded DTM. The Roman
site can be recognised by the large amount of pottery that can be
Fig. 10. Sv. Petar. ALB-derived, shaded digital terrain model after robust inte
found along the shoreline and a few walls within the small inter-
tidal zone (Fig. 5d). Interestingly, the DTM reveals a submerged 80
by 60 m platform. According to the cross-section, it is more or less
horizontal (Fig.11A and B). The height difference to the surrounding
sea floor is 1 m in the north and 2 m in the south. Coming from the
island, the terrain drops slightly by 1m over a length of 20m until it
reaches the platform, which has an almost flat convex surface and
slopes by 0.4 m over a length of 40 m, before it falls off by almost
2 m to the sea floor (Fig. 11, Profile C and D).

The hillshade already indicated some possible linear structures
within the area of the platform. However, due to the minor dif-
ference in elevation (see also Fig. 5d), more sophisticated
rpolation. The white rectangle marks the outline of Fig. 11. North is up.



Fig. 11. Shaded filtered DTM superimposed with a colour-coded map of the water depth generated from the ALB data acquisition campaign over the Roman villa site. The shaded
DTM combines land surface and underwater topography. Arrows point at individual anchoring stones for buoys. The cross-section AeB shows a more or less even, raised platform
with the spikes highlighted in the light circle due to seagrass, which was not removed by the filter algorithm. Cross-section (AeB): 2 m height, 140 m width. Cross-section (CeD):
3.5 m height, 85 m width. North is up. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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visualisation techniques had to be utilized. Most promising was
the local relief model (LRM; Hesse, 2010) where the detailed DTM
is subtracted from its low-pass filtered derivative resulting in
a relief model which enhances micro-topography. The degree of
enhancement depends on the kernel size of the low-pass filter,
which has to be adapted to the size and degree of relief variation
within both the terrain and its micro-topographic structures. After
systematic testing, a kernel size of 10 m yielded the best results in
our case study (Fig. 12). The LRM was colour-coded with raised
features (stones, walls, seagrass) displayed in red and lowered
areas in blue.

An inspection of the LRM displayed in Fig. 12 reveals several
linear structures, as well as rectangular areas which are higher
than the surroundings (compare with Fig. 13). With a few excep-
tions, the orientation is NEeSW and NW-SE respectively, i.e. the
structures are parallel and perpendicular to each other. They can
therefore be interpreted as walls and former floors of a building
complex which were more resistant to erosion. Only four linear
structures follow a deviating course, but again are set at right
angles to each other. These seem to be related but it is uncertain
whether they are from a different chronological phase. In most
cases the walls are 1 m broad and show height differences to the
surrounding sea floor between 5 cm and 15 cm. The floors are
often raised by 15e20 cm.

This interpretation could be verified on-site at the end of July
2012. During two visits at high tide, the areawas documented using
an underwater camera (Canon PowerShot D20) while snorkelling.
Some of the walls could be easily recognised (Fig. 14) and photo-
graphed. Others were covered with mud and algae and therefore
very hard to identify. At all locations, the water column was
a maximum of 1.5 m, while predominantly pottery could be found
on most of the platform area.



Fig. 12. The local relief model of the submerged platform reveals raised linear structures and rectangular areas (in red). Kernel-size of the low-pass filter was 10 m. North is up.
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4. Discussion

The results clearly demonstrate that ALB has the capability to
shift the measurement border from the water-land boundary into
the water. This allows for the inclusion of shallow-water zones,
which can otherwise hardly be mapped in detail, into topographic
documentation. This is important since, until now, archaeology
lacked suitable methods to provide detailed maps of the top-
ography of these extremely shallow underwater bodies.

Theoretically, digitising submerged structures in the first 25 cm
of the water column can be problematic if an individual laser pulse
is reflected both from the water surface and the sea floor (see also
Fig. 9). In this case echo separation would not be possible since the
minimum discrimination range lies at about 25 cm (Mandlburger
et al., 2011, p. 3422). This could result in more noise within this
Fig. 13. Interpretation of the ALB derived data superimposed on the orthophotograph
area. From a visual inspection of the resulting DTM and the cross
section through the point cloud, this problem seems not to be
relevant in our case study. This could be due to the fact that in many
cases, laser pulses are not reflected from the water surface but only
provide a sea floor echo.

As mentioned above, the penetration depth of the bathymetric
laser scanner is a compromise between footprint size (narrow laser
beam allowing for an increased resolving power) and high laser
energy (allowing deeper water penetration) due to eye-safety
reasons. A small footprint size is a necessity to yield high resolu-
tion DTMs. In combination with the high repetition rate and a 50%
overlap between adjacent flying strips, a spatial resolution of 25 cm
could be achieved in Sv. Petar. This is high enough to visualise even
individual larger stones at a depth of several metres. The arrows in
Fig. 11 point to individual concrete anchor stones for buoys at
. The arrow roughly indicates the position of the photograph Fig. 14. North is up.



Fig. 14. Submerged wall (see arrow on Fig. 13 for approximate position) as photographed on July 22nd around 1 PM using a Canon PowerShot D20 underwater camera.
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a depth of 4 m. This is a novelty, since the design of existing ALB
systems only allows for grid sampling distances of several metres at
a relatively high penetration depth.

High spatial resolution is, however, achieved at the expense of
penetration depth, which depends on the water constituents and is
specified as up to one Secchi depth. In our case study the maximum
measurablewater depthwas 8.2m. Anyway, we argue that with the
exception of shipwrecks, a high percentage of the submarine
archaeological structures will be situated within this depth range
(at least in the Mediterranean).

The penetration depth of 8 mwas achieved on a calm day and e

documented by the simultaneously acquired vertical aerial photo-
graphs e over clear water with a relatively smooth water surface.
Fig. 15. Seagrass photographed on July 22nd around 13:0
These are ideal conditions for ALB data acquisition. The results can
thus not be applied to other parts of the world. Consequently,
testing the validity of the method in different aquatic environments
is one of the future research topics. A recent scan over the turbid
Austrian Keutschacher See confirms the instrument’s specification
that the penetration equals 1 Secchi depth, which in this case was
1.6 m. This, however, was enough to map the topography of
a shallow Bronze Age lake dwelling located in the lake’s centre.

Besides environmental conditions such as water depth, surface
roughness and water clarity, the sea floor type also has an impor-
tant impact on the quality of the ALB dataset. Submerged aquatic
vegetation can be especially problematic. In Sv. Petar, several areas
are overgrown with seagrass (Fig. 15) which is very dense and was
0 using a Canon PowerShot D20 underwater camera.
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not removed by the filter used for our case study (Fig. 16). Further
experiments are needed to study the ability of the ALB system to
penetrate underwater vegetation. Storage of the entire waveform
data, which is planned for the next generations of Q-820-G scan-
ners, would enable more sophisticated signal analysis compared to
the information obtained from the current online waveform pro-
cessing results. Given certain underwater vegetation penetrability,
advanced filtering techniques taking additional waveform param-
eters into account (e.g. amplitude or pulse deviation) could be
helpful in these areas (compare Doneus and Briese, 2006).

Some of the submerged walls are also visible on the aerial pho-
tographs, which were acquired simultaneously with the ALB scan.
This is due to the fact that they are located in shallow, smooth and
very clearwater. Besides, thewalls that are discernible in the vertical
air photo consist of large stones which produce a good visual con-
trast with the surrounding sea floor. In other areas with less pro-
nounced contrast, the walls are invisible in the photographs, but
Fig. 16. Sv. Petar. Upper image: orthophotograph of an area partly covered with seagrass (da
was not removed by the filter algorithm. North is up. (For interpretation of the references t
were still recorded in the ALB-derived DTM (Fig. 17). Using the local
relief model, very small elevation differences (between 5 cm and
20 cm) could be visualised. As an active system ALB is also sun angle
independent (i.e. no issues with reflections and glint) and is not
disturbed by shadowed areas (Hilldale and Raff, 2008), giving it an
additional edge over passive optical imaging (although the latter
provides colour information).

Besides the fact that it is useful for extremely shallowwater, one
other major advantage of ALB compared to other bathymetric
methods (mainly different versions of sonar e sound navigation
and ranging) is the short acquisition time needed. This is mainly
due to the fact that, in contrast to sonar systems, in ALB the swath
width is independent of the water depth and only depends on the
flying height. Within just 40 min, an area of 10 square kilometres
was covered with a high point density in Sv. Petar (see Fig. 7),
resulting in a terrain model with a planar spatial resolution of
25 cm. ALB could thus be used over large areas for a rapid
rk green). Lower image: shaded DTM of the same area after filtering. The dense seagrass
o colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 17. Left: Orthophotograph of the Roman villa. Some walls are clearly visible. Right: superimposed with a LRM and an interpretation drawing. North is up.
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assessment of potential archaeological traces and topographical
features, while any detailed information can subsequently be
gathered using sonar in smaller predefined areas, an integration
already proposed by Danson (2006).

As with sonar and ALS, only archaeological sites and structures
still surviving in (micro-) relief can be visualised and identified.
Buried features or sites, which do not have relief traces, cannot be
detected in an ALB-derived topographic model. Also, a high quality
DTM is necessary in order to be able to interpret individual
archaeological structures.

The quality of the DTM is determined by various factors, most
importantly point density (see Fig. 9, which determines the final
spatial resolution of the DTM) and the quality of water surface
modelling (which has an effect on the correct geolocation of the
scatterers for each laser echo). Additionally, the successful removal
of all object points which do not belong to the ground surface is
necessary. On the land, vegetation removal is slightly complicated
by the tilted scan angle. Travel distances of a laser pulse through
dense vegetation is hereby extended, which reduces the chance
that the last echo is actually returning from the ground surface. To
digitally remove dense submerged aquatic vegetation would
require filter settings that could potentially also remove archaeo-
logical structures. To what extent the inclusion of additional attri-
butes derived from the full waveform signal can enable a more
advanced filtering approach remains to be researched.

5. Conclusion

The paper has demonstrated that the recent development of
a green laser with narrow footprint and short repetition rate is able
to provide topographic data of both land surfaces and shallow-
water zones. Unlike existing ALB systems, it can yield very
detailed terrain data at better than 1 m planimetric spatial reso-
lution. This is due to the small beam divergence of the laser
(1.0 mrad), resulting in narrow footprints (in our case with
a diameter of 0.45 m at a flying height of 450 m) combined with
a high effective measurement rate of about 200,000 measurements
per second.

Using a case study area of a submerged Roman villa on the
northern Croatian Adriatic coast, the archaeological potential of
this new scanning system is demonstrated. The flight pattern,
which allowed for a more than 50% overlapping area of adjacent
scanned strips at the previously-mentioned small footprint size,
resulted in an underwater DTM with cell sizes of less than 1 m. The
spatial resolution was high enough to visualise several walls and
floors of the villa complex exhibiting height differences between
5 cm and 20 cm, which are located under a water column between
0 m and 1.5 m. Even larger individual stones in water depths of
several metres could be spatially resolved.

For the first time, large-scaled shallow-water zones can now be
measured systematically in detail. This is important since, until
now, archaeology has lacked suitable methods to provide detailed
maps of the topography of these (extremely) shallow underwater
bodies. What is also important is the fact that the result of ALB is
a topographical model both of the area under shallow water and
that above the water level. Therefore, coastal areas can be mapped
in their entirety using a single method.

We anticipate this technique also as a major break-through in
further scientific fields which are in need of detailed topographic
maps of intertidal zones and shallow-water bodies. Furthermore,
multi-temporal ALB missions could reveal environmental change
by documenting underwater sedimentation and erosion rates, as
well as changes in underwater vegetation. In the field of archae-
ology the results will have an important impact as, with the
exception of shipwrecks, underwater archaeology often deals with
submarine archaeological structures that are located in these
shallow-water zones.
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