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Abstract

Airborne laser scanning (ALS), also referred to as airborne LiDAR (Light Detection And Ranging), provides highly
accurate measurements of the Earth surface. In the last twenty years, ALS has been established as a standard
technique for delineating objects (e.g. buildings, trees, roads) and mapping changes. Studies on hydrology or
geomorphology such as monitoring of braided river structures, calculation of erosion and accumulation potential in
watercourses, or floodplain mapping require all the precise location of the water surface. This paper shows a 3D point
cloud based method, which allows an automatic water surface classification by using geometric and radiometric ALS
information and the location of modeled lost reflections, which are called laser shot dropouts. The classification result
can be used to map the watercourse, to improve DTM filtering routines or to replace water points with river bed heights
for hydraulic modeling etc.
Themethod relies on a threshold based classification using geometry and radiometric information of the 3D point cloud.
The method is divided into five major steps. First, we correct the amplitude values by reducing the atmospheric and
geometric influences to the laser shots. A radiometric adjustment was applied to the amplitude values of the data sets,
which allowsmulti-temporal analysis of the amplitude values. The second step is the interpolation of the coordinates of
the laser shot dropouts, which are the most important input to delineate water surfaces. In step three and four the two
attributes (standard deviation of height values and the amplitude density ratio value) are calculated at a fixed distance to
each reflection and dropout. These are used in step five to distinguish water and dry land points. The exploration of the
attributes for the classification and the evaluation of the classification results are done by comparing the results to a
terrestrial orthophoto mosaic an dGPS measurements, which were taken simultaneously to the ALS campaign.
One of the major tasks is the use of modeled laser shot dropouts within a threshold based classification method to
distinguish water and non-water echoes. The method is also suited to detect water under riverine vegetation, which is
problematic by using data from sensors, that are not able to penetrate vegetation. The classification accuracy is about
95%. The achieved amplitude correction and the radiometric adjustment make the data sets comparable and allow to
calculate changes in the channel flow paths within the different flights.

Keywords: LiDAR, airborne laser scanning, laser shot dropout, signal amplitude, multi-temporal analysis, terrestrial
orthophoto

Kurzfassung

Airborne Laser Scanning (ALS), auch bekannt als LiDAR (Light Detection And Ranging), liefert Daten der
Erdoberfläche in einer hohen Genauigkeit und Punktdichte. Seit den 1990er Jahren entwickelte sich ALS zum
Standardverfahren zur Erfassung von Objekten sowie deren Veränderungen, wie beispielsweise Gebäuden,
Vegetation oder Straßen. Für Anwendungen in der Hydrologie oder der Geomorphologie wird die Lage der
Wasseroberfläche benötigt, die zur Überwachung von Braided-River-Strukturen, der Überflutungskartierung oder für
die Berechnung von Erosionsraten von Flüssen herangezogen werden kann. In diesem Artikel wird eine auf der 3D
Punktwolke basierende Methode vorgestellt, mit der es möglich ist anhand der geometrischen und radiometrischen
Informationen der ALSDatenmit Hilfe von fehlenden Punkten (dropouts), Wasserpunkte zu identifizieren und diese zu
klassifizieren. Diese Klassifikationsergebnisse können herangezogen werden um Wasserflächen zu kartieren,
bestehende Filteralgorithmen zurGeländemodellerstellung zu verbessern oder umWasserpunkte aus der Punktwolke
zu entfernen und diese durch berechnete Flusssohlenpunkte zu ersetzen.
DieMethode besteht aus einer schwellenwertbasierten Klassifikation der Höheninformation und der Radiometriedaten
der 3D Punktwolke. Die Methode ist in fünf Hauptschritte aufgeteilt. Als erstes werden die Radiometriedaten
(Amplituden) korrigiert, um diese von atmosphärischen und geometrischen Einflüssen zu bereinigen. Anschließend
werden diese korrigierten Amplituden verschiedener ALS-Flüge zueinander radiometrisch angepasst, um die
Vergleichbarkeit der Datensätze herzustellen. Der zweite Schritt ist die Modellierung von dropouts, welche für die
Ableitung vonWasserflächen essentiell sind. Als drittes und vierteswird die Standardabweichung der Höhenwerte und
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das Amplitudendichteverhältnis für jede Reflexion und jeden dropout berechnet. Diese werden bei Schritt fünf zur
Unterscheidung von Wasser- und Nicht-Wasserpunkten herangezogen. Zur Ableitung der Schwellenwerte für die
Klassifikation wird ein terrestrisches Orthophoto und mit dGPS gemessene Linien verwendet, welche zeitgleich zur
ALS Kampagne erhoben wurden.
Ein wichtiger Schritt dieser Methode ist das Einbeziehen der berechneten dropouts in die Klassifikation, durch die eine
Unterscheidung von Wasser und Nicht-Wasserpunkten ermöglicht wird. Mit der vorgestellten Methode ist auch eine
Ableitung von vegetationsüberdeckten Wasserflächen möglich, was bei Sensoren die Vegetation nicht penetrieren
können nicht möglich ist. Die Genauigkeit der Klassifikation liegt bei ca. 95% richtig klassifizierten Wasserpunkten.
Durch die Korrektur und die Anpassung der Amplitudenwerte wird eine Berechnung der Flusslaufveränderung
zwischen den verschiedenen Flügen ermöglicht.

Schlüsselwörter: LiDAR, Flugzeuggestütztes Laserscanning, laser shot dropout, Signalamplitude, multi-temporale
Analysen, terrestrisches Orthophoto

1. Introduction

The use of airborne laser scanning (ALS) has
developed to the state-of-the-art technique for
topographic data acquisition in the last twenty
years.Most ALS sensors record the reflected laser
beam as X,Y,Z coordinates and the signal
amplitude (also referred to as intensity) as a
three-dimensional point cloud. Depending on the
scanner type, single-, multiple-echoes or even the
full-waveform [35] [2] can be recorded. Most ALS
driven applications use Digital Surface Models
(DSMs) or Digital Terrain Models (DTMs) in raster
format computed from the 3D point cloud. To
generate those models the point cloud is filtered
and classified in e.g. ground, vegetation and
building points [31].

Most hydraulic applications use the modeled
water surface, derived from a meshed or
rasterized DTM, to calculate the volume of the
water body, the flow velocity, the floodplain area or
to compute flood simulations[24]. The analysis of
different ALS data sets makes the monitoring of
changes in the watercourse and the flow path of
rivers possible. The presented method demon-
strates the ability to map water surfaces by using
the 3D point cloud information. The calculation of
radiometric adjusted amplitude values of multi-
temporal ALS data makes the single data sets
comparable to each other.

We demonstrate a new approach to distinguish
water and non-water echoes from the 3D ALS
point cloud by using geometry and signal
amplitude values. We use this ALS data instead
of optical images or radar data sets because the
ALS data provide more information about the
surface structure and has the positive effect that
ground reflections beyond vegetation are recor-
ded. It is possible to detect reflections (location
and amplitude), which are lying on as well as
under vegetation. The amplitude values under
vegetation are uninterpretable because of the
unknown backscattering properties. Furthermore,

the raster interpolation error is not present in point
data sets. The advantage of the used data is that
land, vegetation and water points can be
distinguished. By using radiometric adjusted
data sets just one set of classification parameters
has to be found because the amplitudes of the
different dates are comparable. The results of the
presented classification can be used to improve
DTM andDSM filtering. Furthermore, the combina-
tion of the topographic riverbed information
computed from measured river cross sections
and the derived water surface is essential to
calculate a DTM of the watercourse (DTM-W).
Such a DTM-W can be used as basis for hydraulic
models [23] [24].

The paper is structured as follows. In section 2,
the interaction of laser light in the near infrared
wavelength with water and the related work on
different water surface delineation methods are
discussed. The test sites are presented in section
3 including the reference data production part. In
section 4 the amplitude correction and the
radiometric adjustment method, the laser shot
dropout modeling routine, the data exploration
and the classification method are explained. In
section 5 the classification results are demon-
strated. Finally, in sections 6 and 7 the results are
discussed and a conclusion is given.

2. Background

2.1 Interaction of near infrared laser light with
water

Electromagnetic waves with 1064~nm wave-
length, which are emitted by the Optech’s ALTM
3100 [27], have special characteristics when they
hit the water surface. Most of the emitted laser
pulses are reflected specular on the water surface
and a few are absorbed. The reflectance and
absorption rate depend on the angle of incidence
and the wavelength of the laser light [36] [18]. The
incidence angle on water surfaces is almost the
same as the scan angle of the laser range vector
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because of the low local slope of thewater surface.
If laser beams have an incidence angle larger
than 9�, most of the light reflect specularly, but not
in the direction of the ALS receiver, which is the
reason for the high number of dropouts [5] [15]. In
general, the water surface roughness is not
homogeneous because of waves. So the specular
reflected laser beam is fragmented into small
single reflections. All of them are reflected in
different directions because of different angles of
incidence, which are a result of the locale slope
and the roughness of the water surface within the
laser footprint. The Bidirectional Reflectance
Distribution Function (BRDF) of water is not
Lambertian. Some of those reflections can reach
the receiver. If there is not enough energy to detect
an echo at the receiver, it won‘t be recorded
(dropout). If there is enough energy at the receiver
the echo will be detected at a very low amplitude.
Incidence angles near 0� (nadir) most likely lead
to specular reflections (i.e. if the water surface is
smooth), which causes extremely high amplitude
values (section 4.3.1) [15].

2.2 Related work

Various remote sensing techniques are used to
delineate water surfaces for floodplain mapping,
natural hazard forecasting, water depth measure-
ments, etc. The air- and space borne optical
sensors provide the most common and popular
data for classifying different land cover classes
including water areas [32] [18] [25]. Many
features can be derived for water by using the
information of multi-spectral optical sensors (e.g.
suspended load, proportion of organic material,
water depth, etc.) [18]. Optical data are used for
land cover classification and monitoring of large
areas. The combination of optical data with near-
infrared information is a standard method for
water surface delineation.

Radar sensors are used for soil moisture
mapping, floodplain mapping, water stage mo-
deling etc. (e.g. [10] [32] and [7]). The advantage
of using space born radar is the fast revisiting time
of the sensor, the global coverage, the high
accuracy and spatial resolution of the data
especially of TerraSAR-X (SpotLight, 1m) and
the independence of weather situations (espe-
cially for tracking the water stage during and after
flood events) [30].

In the last few years, measurements with ALS
have been established as an additional group of
sensors for the data acquisition of the Earth
surface. A large number of methods are available

for measuring, monitoring and delineating featu-
res. ALS data are mostly used to generate Digital
Surface Models (DSMs), Digital Terrain Models
(DTMs) for the detection of buildings, trees, roads,
etc. [22] [34] [28] or to distinguish different
surface classes (e.g. snow types) [12]. In
bathymetry, ALS systems with two wavelengths
are used to measure through the water body to
derive the elevation model of underwater objects
and the bottom of rivers, lakes, or the ocean [16]
[9].

In hydraulics, ALS data are used as raster or
triangulated meshmodels. Those are the basis for
hydraulic models [24]. By generating river bed
models out of measured river cross sections [23]
[33] the ALS DTM can be modified and updated
for hydraulic applications. [3] and [26] show
different applications of ALS data for monitoring
river environments using rasterized data.

[1] present an object-based classification
method for delineating the water surface by using
an elevation and an intensity model. They classify
water by combining both rasters with near-
infrared SPOT images, which have low intensities
in the water areas. The delineation accuracy of
raster based methods are always in the resolution
of the used input models. To compute the location
of the water surface only a few methods are
established by using the 3D point cloud infor-
mation [4] [15]. [23] integrate the ALS points and
an interpolated river bed model, which is
generated from measured river cross sections,
to derive the water-land boundary as well as the
height of the water surface. Another approach is
demonstrated by [4], who use a strip wise
classification method by calculating a member-
ship function for each point. As parameters they
use the height information, slope, amplitude,
missing points (not modeled, only the gap
between two reflections) and the point density
to classify water and land points in the Wadden
Sea. [11] and [14] figured out that the use of
corrected signal amplitudes, the standard devia-
tion of height values and modeled dropouts can
be used to run a seeded region growing
segmentation to derive water surface information.
Those methods operate on the 3D point cloud.
The results are of high position accuracy and can
be used as input for accurate hydraulic models.

3. Test sites and reference data

Three different river sections, which are located in
Austria, covered by seven ALS data sets are used
in the following study. We use different types of
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rivers and various ALS data sets (Tab. 1), with
different water conditions, river geometries,
morphological parameters, point densities, sen-
sor parameters, vegetation covering, etc. in order
to test the parameter settings and to demonstrate
the robustness of the method.

3.1 Test sites

The test site at the Hintereisfernerbach is located
in the upper Ötztal (Tyrol) at the glacier forefield of
the glacier Hintereisferner (46�49’13.77’’ N;
10�48’23.58’’ E). Five ALS flights are available
at this test site, which were taken in the years 2003
to 2007 between August and November [8]. One
orthophoto is available from the flight of August 12,
2003 (H03).

This test site was chosen because of the
available time series and the special river
structure. The Hintereisfernerbach near the
glacier is a braided river with a lot of sand and
gravel bars in the channel, high suspended load
and a turbulent, rough water surface, which
makes the classification of water complex.

Data Date points/m2 Altitude [m]

H03 12.08.2003 2.0 1000

H04 05.10.2004 2.0 1000

H05 12.10.2005 2.0 1000

H06 08.10.2006 2.0 800

H07 11.10.2007 2.0 1000

Z07 11.10.2007 1.5 1000

D03 11.09.2003 1.6 728

Data Scanner Scan f. [Hz.] Speed [m/s]

H03 ALTM 2050 30 75

H04 ALTM 2050 30 75

H05 ALTM 3100 40 75

H06 ALTM 3100 41 75

H07 ALTM 3100 41 70

Z07 ALTM 3100 41 70

D03 ALTM 2050 30 70

Data Angle PRF [kHz] Scan w. [m]

H03 20� 50 155

H04 20� 50 155

H05 20� 70 400-600

H06 20� 70 300-600

H07 20� 70 300-600

Z07 20� 70 300-600

D03 30� 20 328-428

Tab. 1: Flight data: H ¼ Hintereisferner (Hintereis-
fernerbach), Z ¼ Zwieselstein (Venter Ache), D ¼ Doren
(Bregenzer Ache); 03 – 07 ¼ year of flight (2003-2007);
points/m2 = mean point density; Altitude = flying altitude
above ground; Scan f. ¼ scan frequency; Speed =
speed of the aircraft; Angle = maximum scan angle;
PRF¼ pulse repetition frequency; Scan w.¼width of the
swath

The test site at the Venter Ache is located in
Zwieselstein (Ötztal, Tyrol; 46�56’09.17’’ N;
11�01’21.53’’ E). It is the reference area of the
ALS campaign at the Hintereisferner of October
11, 2007 (H07). For this test site a terrestrial
orthophoto mosaic was computed (sec. 3.2)
whichwas used to check the relevant attributes for
the classification method.

The Venter Ache near Zwieselstein is a torrent
with many rocks in the channel. The water surface
is characterized by a rough surface and fast
flowing channel sections. At the edges of the
channel many pools are located, surrounded by
gravel and sand, with slow flowing and a smooth
water surface.

The Bregenzer Ache is the largest river in the
Bregenzerwald (Vorarlberg; 47�28’26.93’’ N;
9�51’11.22’’ E). The site near Doren was chosen
because of the confluence with the Weißache and
the lake in the center of the test site.

The Bregenzer Ache is a strongly regulated
river and therefore characterized by a smooth
water surface. Huge sand and gravel bars inside
the Weißache and the Bregenzer Ache are
evident, which make the classification process
more complex.

3.2 Reference data production

However, orthophotos from aerial images taken
parallel to the ALS campaign are rarely available
or the resolution of the images is too low.

To analyze the ALS point attributes, it is
necessary to know which material (including
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water) is hit by the laser beam. The use of
orthophotos with higher resolution than the
average point distance are a proper method to
evaluate and analyze the ALS data. However,
orthophotos from aerial images (taken parallel to
the ALS campaign) are rarely available or the
resolution of the images is too low. Thus, we use a
terrestrial orthophoto mosaic with a cell size of
5 cm and a vertical position accuracy of 15 cm.

The workflow of the terrestrial orthophoto
generation process is shown in figure 1.

Amplitude
correction

Dropout
modeling

Evaluation

Terrestrial
orthophoto

Water points

Attribute
calculation

Threshold based
classification

ALS point cloud

dropouts
σ(z) & ampDensRatio

reflections
σ(z) & ampDensRatio

i) ii)

iii) iv)

v)

Fig. 1: Work flow of the classification method; �ðzÞ ¼
standard deviation of height values; ampDens Ratio ¼
amplitude density ratio

We took about 50 images of an approximate
70m long section of the Venter Ache to generate
the terrestrial orthophoto. The initial orientation,
the bundle block adjustment, the semiautomatic
terrain point extraction and the final orthophoto
computation are done in ORPHEUS [20].

4. Water surface classification

The presented method uses the geometry and
amplitude values of the 3D point cloud. The local
roughness on water surfaces and bare Earth is
very low. The smoothness depends on the water
level and on the roughness of the riverbed. The
amplitude values aremostly low onwater because
of the special reflectance and absorption
properties (sec. 2.1). By analyzing smooth areas
with very low amplitude values, water echoes can
be classified (sec. 4.3).

The water surface classification method
comprises five major steps (fig. 1). Firstly, a
correction and radiometric adjustment for ampli-
tude values (i) and secondly, the locations of laser
shot dropouts have to be computed (ii) (sec. 4.1
and 4.2). Next, the roughness parameter (stan-
dard deviation of height values) and the amplitude
density ratio of each reflection (iii) and each

dropout (iv) are computed at a fixed distance of
2m (sec. 4.3). By analyzing a part of the laser shot
attributes of the Venter Ache by using the
terrestrial orthophoto mosaic it is possible to
extract the proper information for the classification
step (v), which has to be applied to distinguish
water and non-water echoes (sec. 4.4). After the
classification, the results are evaluated by using
all laser shots, which are corresponding to the
measured GPS line.

4.1 Amplitude correction and radiometric
adjustment

The amplitude correction of each laser shot is
necessary to calculate amplitudes, which are
almost free of atmospheric and geometric
influences. The correction was applied by using
the model-driven correction approach of [13]. The
used method is derived from the radar equation
[17]. The main goal of the amplitude correction is
to calculate comparable amplitude values by (a)
correcting the different ranges of all laser shots
within the different flight strips, (b) accounting for
atmospheric attenuation and (c) to normalize the
reflection properties [13].

In this study, the amplitudes were corrected to
a standard range of 1000 m. The influence of the
atmosphere was not corrected because of
missing meteorological data. The directional
scattering properties of the targets are conside-
red by globally assuming Lambertian scatterers.
Although water surfaces exhibit a strong contribu-
tion of specular reflection assuming this simple
reflectance model was chosen as pragmatic
solution for the apriori unclassified laser points. A
data-driven solution, for example, is presented in
[5] where an empirical model is estimated for the
reflectance behavior of water. All data sets were
corrected the same way [13].

The radiometric adjustment of amplitudes is
necessary to make the amplitude values of each
flight campain comparable to each other, when
using ALS data sets from different flight
campaigns of one test site. For this study we
did a radiometric adjustment for the flights at the
Hintereisferner (H03-H07). For the two flights at
the other test sites (Z07, D03) a radiometric
adjustment of the amplitudes can not be realized
because at least two different data sets must be
available of one site.

The amplitude differences between figure 2a
and 2b are the result of different sensors and the
relation between flight speed and the pulse
repetition frequency (PRF).
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Fig. 2: Radiometric adjustment: a) corrected amplitude
values of all data sets (H03 to H07) at the Hintereisferner
(mean values of all 35 reference areas, 4 m2); b)
radiometric adjusted amplitude values (adjusted to H07,
red dashed line), the radiometric adjustment factors are
shown in the legend

The radiometric adjustment at the Hinterei-
sfernerbach (H03-H07) was realized by analyzing
the amplitude values of the different data sets.
Thirty-five reference areas (4 m2) with homoge-
neous amplitude values are chosen to calculate
the radiometric adjustment factor between the
data sets (fig. 2). The amplitudes of the points with
a scan angle< 10� within each reference area are
selected to calculate themean amplitude value for
each reference area. The angle criterion is used to
guarantee that all reflections have almost the
same scattering properties. By multiplying the
corrected amplitude values with the radiometric
adjustment factor, the data sets from all flight
campaigns at the Hintereisferner (H03 –H06)
become comparable and correspond to the
amplitude values of the reference data set (H07).

The remaining strong deviations between the
strips in figure 2 (reference areas 6 to 8 and 26 to
29 of H05 andH06) can be explained by changing
surface conditions compared to the other ALS
data (e.g. dry rock instead of wet rock). In figure 3,
the reference data set of October 11, 2007 (H07)
(fig. 3a) and the data set of October 5, 2004 (H04),
(fig. 3b) with corrected amplitudes are shown. The
results of the corrected and radiometric adjusted
amplitudes of October 5, 2004 (H04) are
displayed in figure 3c. The amplitude differences
between figure 3a and 3b are the result of different

sensors and campaign settings, which are not
corrected by the amplitude correction approach
[13]. For the amplitude values of October 5, 2004
(H04), the radiometric adjustment factor is 1.74
(fig. 3c).

Fig. 3: Corrected vs. radiometric adjusted amplitude
values: a) corrected amplitudes (October 11, 2007,
H07); b) corrected amplitudes (October 5, 2004, H04);
c) corrected and radiometric adjusted (the radiometric
adjustment factor is 1.74; October 5, 2004, H04); the
graphic shows amplitude images (range from 0, black to
160, white)

4.2 Laser shot dropout modeling

A laser shot dropout is a laser shot with no
recorded echo. It can occur due to, (i) a specular
reflection which is not in the direction of the ALS
receiver, (ii) a strong absorption at the reflector or
(iii) a lot of reflections on very small areas (foliage
in the canopy) in a volume scatterer like a tree with
a lot of inside scattering [21]. By using information
of the recorded timestamps of the laser shots, the
PRF, the IMU and GPS data, the location of each
dropout can be calculated (fig. 4).

Fig. 4: Dropout modeling schema [14]

To model laser shot dropouts, the time gaps
between neighboring points (P1 to P2), which are
larger than �t (equation 1) have to be found in the
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recorded timestamps (tP1
to tP2

). After finding the
time gaps, the number of missing reflections n are
calculated (equation 2). At each location where a
reflection is missing the X,Y,Z coordinates are
calculated (Mi) by using a linear interpolation
(equation 3). The amplitude value is set to zero.
Uncertainty in elevation leads to rather low vertical
accuracy of the interpolated point. Therefore, the
height value is not used for calculations but only
for visualization.

�t½s� ¼ 1
PRF ½Hz� (1)

n ¼ tP2
� tP1

�t � 1 where

n 2 N; tP2
> tP1

(2)

Mi
�! ¼ P1

�!þ P1P2
��! � i

nþ 1 ; i ¼ 1; . . . ; n (3)

4.3 Data exploration

To interpret the ALS data and its covered surface,
the ALS point cloud is compared to the terrestrial
orthophoto mosaic. Differential GPS (dGPS)
measurements were acquired at the same time
as the ALS campaign. These dGPS measure-
ments are used for the terrestrial orthophoto
production and for checking the position of the
water-land boundary. The dGPS measured lines
are also used for evaluation. The terrestrial
orthophoto (fig. 5) is only used for visual
inspection.

For checking the amplitude values and the
point density on water surfaces (sec. 4.3.1) an
independent test site in Innsbruck, which is not
listed in table 1, was used. This test site has the
advantage that the whole range of scan angles is
present within one connected water area (river
Inn). The test site at the Venter Ache (Z07) was
used to analyze the geometric properties and the
local roughness of the point cloud (sec. 4.3.2).

4.3.1 Amplitude values and dropouts

Figure 6 demonstrates the relation between the
incidence angle and the signal amplitude on
water. The selected points are from two ALS
campaigns at the Inn in Innsbruck [15]. The red
points are from a summer flight with a lot of
suspended load and the blue ones are from fall
with clear water conditions. This can also be seen
in the different number and strength of the
amplitudes in the plot [29]. The summer flight with
higher suspended load has a higher backscatte-
ring potential than the other, but not a Lambertian
[15]. Those data were selected because the Inn is
wide enough to guarantee that only water

reflections are within the selection. The visual
inspection of the amplitudes at the Venter Ache
(Z07, fig. 5) shows the same results as figure 6.
Most of the water reflections have very low
amplitudes.

Fig. 5: Terrestrial orthophoto superimposed by the dGPS
measured water-land boundary (red line); upper image:
corrected amplitudes of the last echoes (October 2007,
Z07; color according to corrected amplitudes); lower
image: modeled dropouts (colored by the amplitude
value of zero)

A decrease of amplitude values is evident from
nadir to the end of the scan line (incidence angle
with 20�). The point density decreases and
therefore the dropouts increase in the direction
to the scan edges in a non linear regression [5]
[15]. Almost 85% of the points in figure 6 are lower
than an amplitude of 50 and 95 % of all reflections
on water are within an incidence angle range
between 0� to 10�. Therefore water is charac-
terized by low amplitude values, approximate 10 –
20% of the whole range of the signal amplitudes
(excluding outliers) and a high number of
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dropouts [15]. That can also be seen in figure 5. If
no reference data set is available, 10 to 20%of the
amplitude range of thewhole data set can be used
as estimate for the upper threshold in equation 5.

Fig. 6: Relation between angle of incidence (=scan
angle) and corrected amplitude values on water (water
body at the Inn in Innsbruck in summer 2005, red; in fall
2005, blue) according to [15]

The amplitude density ratio (equation 5) is
calculated bymodifying the intensity density of [6]
(equation 4) by adding the dropout information.
The amplitude density ratio ampDensRatio is the
relation between the number of echoes with an
amplitude value within a defined interval (0 to 50,
derived from fig. 6 and fig. 5)
echoesAmpV alue < valuemax AND echoesAmpV alue >
valuemin plus the number of dropouts (with an
amplitude of zero) divided by the number of
echoesþ dropouts at a fixed distance of a point
(2m). If there are no dropouts within the search
radius, the results of equation 4 and equation 5 are
the same. The attribute ampDensRatio can be
calculated for both, reflections and dropouts. The
ampDensRatio is high if the points, which are
surrounding the search point, have low amplitude
values and/or most of them are dropouts. If only a
few amplitude values are high and most of the
points in the search radius are dropouts the
ampDensRatio is also high. Both cases are evident
on vegetation and on water (fig.7). If no reflection
is found within the search radius, the ampDensRatio
is 100%. When all amplitude values are higher
than valuemax and no dropout is found within the
search radius, the value is 0%.

ampdens ¼ echoesAmpV alue
echoes � 100 (4)

ampDensRatio ¼¼ dropouts þ echoesAmpV alue
dropouts þ echoes � 100 (5)

The information of the ampDensRatio is used for
calculating the point density and the relation of low
amplitudes plus dropouts to all potential reflec-
tions at the same time. The ampDensRatio attribute
can be used to distinguish water and vegetation

(with a lot of dropouts) from bare Earth charac-
terized by a very few dropouts (fig. 7).

Fig. 7: Calculated amplitude density ratio at the Venter
Ache: upper image: echoes; lower image: dropouts;
colored by ampDensRatio in %

4.3.2 Geometry values

To remove the vegetation points, which have a
high ampDensRatio because of the low reflection
properties and a lot of dropouts, the standard
deviation of height values �ðzÞ is used.

The profile (fig. 8) shows the elevation variation
and the roughness of a river with a sand or gravel
bar, river banks and vegetation. By visual
inspection, the low roughness of the water surface
can be seen.

By using a fixed distance search radius for
each point (2 m) the standard deviation of height
values �ðzÞ is calculated for each reflection and
each dropout.
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Fig. 8: Profile through a watercourse, showing the
elevation values of the ALS point cloud

Fig. 9: Standard deviation of height values �ðzÞ at the
Venter Ache: upper image: echoes; lower image:
dropouts; colored by �ðzÞ in m

The roughness parameters of water surfaces
are very different from the surrounding areas of
rivers, especially if riverine vegetation is present.
In areas with vegetation the local roughness is
higher than on bare Earth (e.g. fields) and much
higher than on water (fig. 9). The information of the

local roughness can be used for deleting all
vegetation points in the classification process.
Therefore, the threshold can be figured out with
< 0.3m on rivers with smooth surface and< 0.5 m
on rivers, which are rough and steep. The
calculation of �ðzÞ is done for both, reflections
and dropouts. Sometimes there are no reflections
within the search radius around a dropout
(especially on water). In this case the �ðzÞ is
zero. Only the values of the reflections are used for
calculating �ðzÞ. The very uncertain height values
of dropouts are not used for any calculations only
for visualization.

4.4 Threshold based classification

The classification routine uses two different
attributes to classify the points into water or non-
water. The input attributes are the local roughness
�ðzÞ and the amplitude density ratio (ampDensRatio,
equation 5), which are described in section 4.3.
The attribute �ðzÞ is used for classifying horizontal
areas (e.g. fields, roads, water) and the
ampDensRatio is used to filter out the points with a
high dropout rate (water and vegetation). By
combining both, water can be localized.

Fig. 10: Pre-classification at the Venter Ache: a) �ðzÞ; b)
ampDensRatio; bright: high value; dark: low value

The thresholds of the attributes are extracted
by using a part of the echoes, which represent
water in the terrestrial orthophoto mosaic at the
Venter Ache. The thresholds of the classification
are �ðzÞ < 0.3m and ampDensRatio > 50% for the
class water. The value �ðzÞ depends on the
roughness of the water surface. If the surface is
smooth the threshold can be set very low, in
contrast to a torrent with a rough water surface.
The ampDensRatio is set to 50%. If half of the
reflections are on land (higher than the upper
threshold) and half are on water (lower or
dropouts) the 50% are fulfilled and the point
can be a water point. First, the �ðzÞ attributes (fig.
10a) and then the ampDensRatio values are
classified (fig. 10b). If �ðzÞ is lower and the
attribute of ampDensRatio is higher than the specific

M. Vetter, B. Höfle, M. Rutzinger: Water classification using 3D airborne laser ... 235



threshold, the point belongs to water, otherwise to
land.

5. Results

The advantage of a 3D point cloud based
classification is that the points are notmanipulated
in their 3D position. By using corrected and
radiometrically adjusted amplitude values, the
classification parameters have to be calculated
only once and can be used for all data sets. The
use of the modeled dropouts provides information
on objects with no reflections, which is necessary
for classifying water surfaces. The result of the
Bregenzer Ache (fig. 11a) shows the advantage of
using the modeled dropouts to classify water. The
center of the test site contains a lake with no ALS
returns. The lake can not be classified without the
location information of dropouts. In this case, only
the modeled dropouts are used to compute the
water surface. Each reflection on the lake, which
are only a few, are classified as water because of a
�ðzÞ of zero and a ampDensRatio of 100%. The
results of the classification at the Venter Ache are
shown in figure 11b.

The results at the Hintereisfernerbach show the
possibility to apply the method for multi-temporal
analysis of the watercourse of a braided river (fig.
12). In multi-temporal analysis the spatial change
of the flow paths during the years (fig. 12f) can be
computed.

The reference area Venter Ache is used to
assess the accuracy of the method by comparing
the result with the measured GPS lines. The
classification accuracy of the presented method
was evaluated by a manual selection of all water
reflections at the reference area. All echoes, which
are corresponding to the water surface of the
measured water-land boundary are selected and
compared with the number of classified water
points. A comparison of the selected reflections
with the calculated water points shows 95% of
correct classifiedwater points. Zero percent of the
classified water points are outside the water land
boundary (GPS line), which shows that the
classification underestimates the water surface
area at the present thresholds. Visually the
horizontal distance (i.e. underestimation) between
GPS line and the outer classified water points lies
between 0.5 m and 1 m, indicating that the
horizontal accuracy is in the range of the given
average point distance.

Fig. 11: Classification results: a) Bregenzer Ache, D03;
b) Venter Ache, Z07

Fig. 12: Classification results at the Hintereisfernerbach:
a) August 12, 2003, H03; b) October 5, 2004, H04; c)
October 12, 2005, H05; d) October 8, 2006, H06; e)
October 11, 2007, H07; f) combination of all classifica-
tion results

6. Discussion

With the presented dropout modeling method,
only dropouts which have two neighbors along the
scan line can be modeled. That means that
dropouts which are located at the end of a scan
line are not detected. In special cases, the end of
the scan line is located in awater area and then the
used modeling method will be stopped at the last
reflection in the scan line.

In the future, the modeling of dropouts has to
be improved by a pre-calculation of the scan line
locations and an extrapolation method for
dropouts to the swath edge. Another method for
detecting dropouts is to use the information of the
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raw data from the providers. This is possible when
providers can record and deliver the whole raw
information of the scans, including the timestamps
of the non-recorded reflections.

The availability of corrected and radiometric
adjusted amplitude values is very important for
deriving the water points of multi-temporal data
sets because of the comparability of the different
data sets.

To improve the comparability of multi-temporal
data sets, exactly one flight pattern and one
scanner type should be used for all flights in the
same area. The radiometric adjustment method
can be improved by using radiometric calibration
targets (e.g. natural targets measured with a
reflectometer). The same targets can be used at
each campaign. The known reflectivity of that area
can be used for radiometric calibration and
adjustment after amplitude correction [2] [19].

The computation time (including point selec-
tion, dropout modeling and classification) de-
pends on the selected area and the point density.
The use of a raster based flow accumulation for
calculating the potential location of rivers and
water areas can be implemented as a pre-
selection routine to reduce the computation time.

7. Conclusion

The paper presents a method to classify ALS
reflections that belong to water by using the
attributes of ampDensRatio and �ðzÞ. The attributes
are calculated within the 3D ALS point cloud. The
main novelty of this method is the use of modeled
laser shot dropouts, which mainly occur on water
and vegetation. The relation between low
amplitudes and dropouts combined with the
standard deviation of height values within a
search radius of a point provides significant
information to distinguish water and land. For the
multi-temporal analysis of different ALS cam-
paigns of the same area the amplitude correction
and radiometric adjustment are required. The
same classification thresholds can be applied to
data sets with corrected and radiometric adjusted
amplitudes, improving the transferability and
comparability to other data sets. A terrestrial
orthophotomosaic is used to check the thresholds
for the calculated attributes by visual inspection. A
classification accuracy of 95% correctly derived
water reflections was reached.
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