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ABSTRACT:
Knowledge of underwater topography is essential to the understanding of the organisation and distribution of archaeological sites
along and in water bodies. Special attention has to be paid to intertidal and inshore zones where, due to sea-level rise, coastlines
have changed and many former coastal sites are now submerged in shallow water. Mapping the detailed inshore topography is
therefore important to reconstruct former coastlines, identify sunken archaeological structures and locate potential former harbour
sites. However, until recently archaeology has lacked suitable methods to provide the required topographical data of shallow
underwater bodies. Our research shows that airborne topo-bathymetric laser scanner systems are able to measure surfaces above
and below the water table over large areas in high detail using very short and narrow green laser pulses, even revealing sunken
archaeological structures in shallow water. Using an airborne laser scanner operating at a wavelength in the green visible
spectrum (532 nm) two case study areas in different environmental settings (Kolone, Croatia, with clear sea water; Lake
Keutschach, Austria, with turbid water) were scanned. In both cases, a digital model of the underwater topography with a
planimetric resolution of a few decimeters was measured. While in the clear waters of Kolone penetration depth was up to 11
meters, turbid Lake Keutschach allowed only to document the upper 1.6 meters of its underwater topography. Our results
demonstrate the potential of this technique to map submerged archaeological structures over large areas in high detail providing
the possibility for systematic, large scale archaeological investigation of this environment.

1. INTRODUCTION
In archaeological topographic research there is a gap between
land surfaces including tidal zones and underwater
environments. This is a result of two factors, where (1)
different archaeological methods are being used for these
differing physical environments, and (2) extremely shallow
underwater bodies between 0 and 5 m depth can hardly be
documented with existing methods. This is unfortunate since
knowledge of this shallow offshore underwater topography is
essential to the understanding of the organisation and
distribution of archaeological sites along and in water bodies.
Special attention has to be paid to intertidal and inshore zones
where, due to sea-level rise, coastlines have changed and
many former coastal sites are now submerged in shallow
water (Lambeck et al., 2004). Mapping the detailed inshore
topography is therefore important to reconstruct former
coastlines, identify sunken archaeological structures and
locate potential former harbour sites. Bridging the “border”
between land and water in archaeological topographic
research therefore requires the development of new
archaeological documentation methods.
Until now archaeology has been lacking suitable methods to
provide the required topographical data of shallow underwater
bodies between 0 and 5 m water depth (see also: Doneus et

al., 2013). Due to practical constraints and depending on the
pulse length, waterborne echo sounding has its limitations at
shallow water depths (Jong, 2002, 322). Tachymetric surveys,
i.e. the use of total station and GPS are extremely timeconsuming, small-scale, and do not feature the necessary
details. Airborne photogrammetry has been applied 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 many specific weaknesses such as illumination
variations and refraction behaviour (see Carbonneau et al.,
2006 for a more in-depth discussion). Finally, airborne laser
scanning (ALS) systems operating in the NIR region of the
electromagnetic spectrum (usually @ 1064 and 1550 nm
wavelength) do not penetrate the water column. Up to
recently, those systems operating with green laser (@532 nm
– so called hydrographic or bathymetric ALS systems –
Guenther et al., 2000) are designed for maximum water
penetration and the moderate pulse repetition rate results in a
rather coarse ground sampling distance of several meters (e.g.
Cunningham et al., 1998; McNair, 2010, 24ff.). Therefore,
they are not suitable for detection and documentation of
archaeological sites and structures.
Only the latest generation of airborne laser bathymetry (ALB)
scanner systems which are now becoming available, utilise
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very short and narrow green laser pulses resulting in
underwater surfaces over large areas in high detail (ground
sampling distance < 50 cm). This paper builds upon a
previous publication (Doneus et al., 2013) and focuses on the
concept of ALB and currently available systems. Finally, two
case studies – a Roman harbour location in the extremely
clear waters of the Northern Adriatic and a lake dwelling
located in a turbid Austrian lake – are contrasted and potential
and limitations discussed.

penetration depth. It is the so called Secchi depth, which is
actually a measure for turbidity of water and denotes the
maximum depth at which a black and white or all white disk
with 30 cm diameter disappears from view by the unaided
human eye (Preisendorfer, 1986).

2. AIRBORNE LASER BATHYMETRY
In the year 2000, ALS systems were introduced to
archaeology (Doneus and Briese, 2011, 61). Today, it has
become a viable method of data acquisition for detailed digital
terrain models (DTM) in open fields, meadows or forested
and otherwise densely vegetated areas. They usually operate
in the near- or short-wavelength infrared (typically 1064 nm
or 1550 nm, respectively), which is significantly absorbed by
water bodies.
ALB necessitates a laser which allows water penetration to
document underwater topography. Since the effectively usable
spectral region for water penetration is generally limited to the
blue and green EM spectral region between about 400-600 nm
(Pope and Fry, 1997; Bukata et al., 1995), a green pulse at 532
nm is used in most ALB systems (Table 1).
While the basic operating principle is the same as with ALS
scanners, the processing of the signals is complicated by the
signal propagation in different optical media (air and water –
Figure 1). This comprises a deflection of the green laser beam
at the air-water-interface and a reduced laser propagation
speed in the water. The refraction angle depends on the
incidence of the laser beam with the water surface and is
described by Snell’s law of refraction. To keep the incidence
angle constant (maximum deviation of ±1° over the entire
scan range of 40° assuming a perfectly horizontal water
surface), the laser pulses are usually tilted by 20° from the
nadir direction resulting in circular or elliptic scan lines
(Mandlburger et al., 2011, 2418; for a detailed discussion of
the nadir angle see Guenther et al., 2000, 10ff.). Within the
water body, the laser beam is further spread due to the optical
properties of water. As a consequence, the illuminated portion
of the bottom increases as does the uncertainty in depth
estimation (for a more detailed discussion, see Doneus et al.,
2013, 2139f.).
The penetration capability of an ALB system is a function of
instrument specific parameters and of environmental
conditions. The main variables affecting penetration depth are
energy and length of the individual laser pulse, beam
divergence with flying height and resulting footprint size,
clarity of the atmosphere, water surface roughness, water
clarity, and seafloor reflectivity. Highest penetration rates can
be achieved using long and high energy pulses at calm days
over clear water and well reflecting sea floors. However, due
to the involved environmental variables, which will be
different for each data acquisition campaign and even may
change during an ALB scan, it is not possible to specify
penetration depth in absolute values. Therefore, a relative
measure is used to define the maximum achievable water

Figure 1. Diagram explaining ALB. See text for further
information (©Department of Geodesy and Geoinformation
Research Group Photogrammetry, E120.7).
2.1 ALB Systems
Up to recently, ALB systems were mainly designed for
maximum penetration of water bodies using long (~7 ns) and
high radiant energy (~5 mJ) laser pulses with a typical pulse
repetition rate of approximately 1 kHz. For eye safety reasons,
these instruments spread the green laser beam to a diameter of
several meters. As a result, these devices can penetrate a water
body of up to 3 Secchi depths yielding ground sampling
distances of 4 – 5 m at typical flying heights between 200 m
and 500 m (Guenther et al., 2000, 3-5). While this allows for
the generation of sophisticated underwater topography
models, which can be used in archaeological research (Prahov
et al., 2011; Tian-Yuan Shih et al., 2014), the resolution is too
low for the archaeological documentation of submerged sites
and individual features.
Meanwhile (at the time of writing, i.e. February 2015) a few
systems have become available that have a higher scan rate
and a relatively small footprint (Table 1). They seem to be
very promising for archaeological research purposes.
However, to guarantee eye safety, the smaller footprint
requires the radiant energy to be lowered. This results in a
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Table 1. Compilation of recent ALB scanning systems (© Gottfried Mandlburger).

reduced water penetration capability typically between 1 and
1.5 Secchi depths. Of special interest are Leica HawkEye-III
(AHAB 2014), Optech Titan (Optech 2014) and RIEGL LMS
VQ-880-G (RIEGL 2014). While Leica’s HawkEye III is
extremely performant with two green laser sources for
shallow and deep water, Optech’s Titan is operating
simultaneously with two infrared (1064 nm and 1550 nm) and
one green (532 nm) laser source providing not only the
possibility to survey submerged surfaces but also a spectral
analysis of scanned objects (see also Briese et al., 2014).
RIEGL’s VQ-880-G has a high scan rate and slightly better
penetration capability, which allows acquiring more detail of
underwater surfaces.
For our case studies, which had been measured already in
2012 (see below), the hydrographic laser scanner VQ-820-G
had been used, which was manufactured by the company
RIEGL Laser Measurement Systems GmbH in cooperation
with the University of Innsbruck, Unit of Hydraulic
Engineering, was used (RIEGL 2012). It was designed to
yield ground sampling distances less than 1 m. This is
achieved using very short laser pulses (1 ns allowing good
range discrimination and narrow laser beams) with small
footprints (in our case 0.45 m at a flying height of 450 m) and
a high effective measurement rate (200 kHz) while providing
a depth penetration performance of up to one Secchi depth.

Kolona, located in the Kolone bay, was a peninsula during the
Roman period. Today, the connection to the mainland is
submerged due to sea level rise. The research on the site has
started in 2009 by the Croatian Conservation Institute (HRZ)
which has conducted several underwater surveys till 2012.
The water can be very clear on calm days, as displayed in the
orthophoto mosaic that was photographed simultaneously
with the ALB data acquisition in March 2012 (Figure 3).
(2) The area of Lake Keutschach in the southern part of
Austria which contains a late Neolithic lake dwelling
(Samonig 2003; Cichocki and Dworsky 2006). The waters of
the alpine Lake Keutschach – although of high quality –
contain suspended sediments and are therefore less clear. The
orthophoto mosaic – again acquired during the ALB flight –
shows the underwater surface only in extremely shallow areas
along the lakeshore and at the oval shaped shallowness, where
the late Neolithic lake dwelling is located (see arrow in Figure
4).

3. CASE STUDIES
To demonstrate the archaeological potential and limitation of
ALB, two case study areas with different water quality were
chosen (Figure 2). Both case study areas are different in terms
of environmental conditions.
(1) The coastal area of the bay of Kolone (Croatia), containing
a Roman harbour site with fish ponds in the southwest of
Croatian Istria. It has been known for stone artefacts and
underwater structures dating to the Roman period. The islet

Figure 2. Geographical location of the two case study areas.
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Figure 3. Case study area Kolone. Simultaneously acquired orthophoto mosaic showing the situation of the ancient harbour area.
North is up.

Figure 4. Case study area of Lake Keutschach. Simultaneously acquired orthophoto mosaic. The arrow hints at the oval shaped
shallowness, where the late Neolithic lake dwelling is located.
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Figure 5. Hillshade of underwater DTM derived from the unfiltered last echo point cloud without (left image) and with (right
image) strip adjustment.
electromagnetic radiation differs for atmosphere and water.
3.1 Data Acquisition and Processing
While the operated system gave already good results,
remaining systematic errors between the strips could be
The data for both case studies were acquired at the end of
minimized using least square adjustment of the individual
March 2012 using an airborne RIEGL VQ-820-G toposcanning stripes (Ressl et al., 2009) utilizing the software
bathymetric laser scanner operated by Airborne Technologies
package OPALS (Mandlburger et al., 2009; Pfeifer et al.,
GmbH. Lake Keutschach was covered on the 28th of March
2014; see also Figure 5).
around 18:30, while Kolone was documented on the 29th of
March around 12:30 local time, both at calm water conditions.
Filtering off-surface points from the resulting point cloud was
The flying height was approximately 450 m above ground
done using robust interpolation with an eccentric and
level, which resulted in footprints of 0.45 m diameter on the
asymmetrical weight function (see Doneus et al., 2008, p.
water surface. The effective measurement rate was
887). From the remaining point cloud, a DTM with a spatial
approximately 200 kHz. To guarantee eye-safety, the low
resolution of 0.5 m was derived, which was finally imported
energy mode, which is a special instrument setting provided
into a GIS environment for further visualisation (Hesse, 2010;
by RIEGL, was used. The scan angle was set to the full field
Bennett et al., 2012; Doneus, 2013; Kokalj et al., 2013) and
of view of the instrument (60 degrees).
interpretation.
Due to the difficulties of deriving DTMs from ALB (see
above), the process of deriving underwater surfaces from
ALB data is slightly complicated (Mandlburger et al., 2014).
It comprises:
 Echo detection and generation of a 3D point cloud from
the scanner, GNSS and IMU data.
 Strip adjustment and quality control (Figure 5).
 Calculating a water surface model for subsequent
refraction correction.
 Range and refraction correction of water echoes based on
the water surface model.
 Classification of surface and off-surface points (both
within and outside the water body).
 DTM interpolation.
 Calculating visualizations (typically hillshade, slope,
local relief model, openness).
 GIS-based archaeological interpretation.
Echo detection was realized using the scanner’s online
waveform processing capability (see (Pfennigbauer and
Ullrich, 2009). The data was processed by Airborne
Technologies GmbH using the software RiPROCESS. This
resulted in a total point cloud (including all echoes) with a
density of at least 10 points per square meter.
To calculate the range and execute a proper refraction
correction, an accurate model of the contemporary conditions
and shape of the water surface is essential since the speed of

4. RESULTS
In Kolone the digital model of the underwater topography
could be derived at depths of up to 11 meters. The DTM and
its visualisations allow recognizing several structures that
could be verified during underwater surveys (Figures 6 and 7).
The integrated interpretation and various architectural remains
imply two fish ponds: while the western part of the bay is
dominated by the large and deep fish pond (A), a structure
with square layout and architectural elements found nearby
represents a smaller one (E). This structure (15x15 m) does
not represent a wall but a tesselation or a paved area. It
stretches by the edge of the structure and is around 3 meters
wide. Diving surveys revealed a few stone slabs within both
fish ponds. One stone slab (2x0,9 m) with two incised
rectangular fields was found inside the fish pond (E). Another
identical stone slab was found on the northern edge of the fish
pond (A), between the pier (B) and fish pond (A). A third
stone slab was found in the fish pond structure (A). It
comprises of a round hole on one half and an opening or some
kind of a lid on the edge. The second half of the slab contains
a stone grid. The function of the slabs is yet unknown, but it
may be assumed they were a segment of stone elements used
to construct the fish pond, probably allowing water to
circulate to and fro the fish ponds.
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Figure 6. Shaded digital surface model generated from the filtered and strip-adjusted ALB-point cloud over the Roman harbour
site of Kolone, Croatia.

Figure 7. Interpretation drawing based on ALB derived visualizations and underwater survey © Igor Miholjek.
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Figure 8. Keutschach, Austria. Traces of a late Neolithic lake dwelling. Left: simultaneously acquired orthophoto; middle:
hillshade of ALB derived DTM (light source in upper left corner); right: local relief model of the ALB derived DTM (kernel size
= 12.5 m).
The “breakwater” is built from smaller pieces of stone without the
use of a binding agent (mortar) and is around 150 m long and 10
m wide. Pier remains (B) were discovered north of the fish pond.
They consist of a line of blocks stretching 13 m long and 10
meters wide.
Remains of a Roman harbour (C) are located in the eastern part of
the bay, large enough to service the needs of a Roman villa. The
harbour is enclosed from the south, west and north by a
breakwater constructed of smaller stones built without binding
agent. Large amounts of archaeological material are still preserved
inside the breakwater. The Roman villa is situated in the eastern
part of the bay along with its operational quay (F). Stone presses
remains (D) are maybe an indication of oil or wine production or
were used in the process of dying fabrics (fullonicae).
The turbid Lake Keutschach exhibits a much lower Secchi depth.
This can be seen in the aerial photograph, which was acquired
simultaneously with the ALB data acquisition (Figure 8). The
underwater surface is only visible within a narrow band along the
lakeshore and a small, 30 m by 60 m wide oval shallowness (water
depth roughly 1.6 m) within the lake, which is the location of the
late Neolithic lake dwelling. Again, the penetration depth of the
ALB system is in the range of one Secchi depth (roughly 1.6 m)
and the documented lake floor coincides with the visible area from
the aerial photograph. The spatial resolution, however, is high and
allows differentiating individual wooden logs lying on the lake
floor.
5. DISCUSSION
ALB for documentation of submerged archaeological remains has
been discussed in more detail already before (Doneus et al., 2013,
2146ff.). Most importantly the results clearly demonstrate that
ALB can document both land and underwater surfaces with a
single device and at a single data acquisition flight. This allows to
systematically document and survey the topography of extremely
shallow-water zones over large areas in high spatial resolution.
Only the first 25 cm of the water column can be theoretically
problematic if an individual laser pulse is reflected both from the
water surface and the sea floor (Mandlburger et al., 2011, p.
3422).

It has to be stressed that a major advantage of ALB compared to
other hydrographic methods (mainly different versions of sonar –
sound navigation and ranging) is the short acquisition time
needed. ALB can thus be used over large areas to rapidly assess
potential archaeological traces and topographical features. Any
further detailed information can subsequently be gathered using
sonar in smaller predefined areas, an integration already proposed
by Danson (2006).

Figure 9. Kolone, Croatia. The photograph was taken on March 29
around 12.30 during the ALB data acquisition and documents the
smooth water surface and this calm and almost windless day
(Photo: Davor Milošević).
However, only archaeological sites and structures still surviving in
(micro-) relief can be visualised and identified. This also holds for
sonar and ALS, and may result in a biased archaeological record.
Also, a high quality DTM is necessary in order to be able to
interpret individual archaeological structures. Therefore, only the
latest generation of ALB systems from Leica, Optech, or RIEGL
can be successfully applied for this kind of research. This means,
that currently, there is a trade-off between detail and water depth,
where 0.5 m resolution can be achieved only up to 1.5 Secchi
depths.
In Kolone, the penetration depth of up to 11 m was achieved on a
calm day and over clear water with a relatively smooth water
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surface, as can be seen in (Figures 3, 8 and 9). These are ideal
conditions. The results can thus not be applied to other parts of the
world, as could be showed in the second case study of Lake
Keutschach.
We anticipate this technique also as a major break-through in
scientific fields that are in need of detailed topographic maps of
intertidal zones and shallow-water bodies. Furthermore, multitemporal ALB missions could reveal environmental change
regarding underwater sedimentation and erosion rates
(Mandlburger et al., 2014), as well as changes in underwater
vegetation.
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6. CONCLUSION
Our results demonstrate the potential of airborne laser bathymetry
to map submerged archaeological structures over large areas in
high detail, for the first time providing the possibility for
systematic, large-scale archaeological investigation of this
environment. Utilizing green lasers, it has become possible to shift
the measurement border from the water-land boundary into the
water. This allows including shallow-water zones, which can
otherwise hardly be mapped in detail, into topographic
documentation.
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