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Abstract
The objective of this paper is to present and evaluate a new geometrically unambiguously
defined approach to calculate forest canopy cover, also known as crown coverage (CC) from
airborne laser scanning (ALS) data based on national forest inventory (NFI) data. The CC is
defined as the proportion of the forest floor covered by the vertical projection of the tree
crowns. Most forest definitions lack in precise geometrical definitions for the calculation of CC
and therefore, the results of common calculation methods differ and tend to be incomparable. To
demonstrate the effect of such an unclear defined, common CC calculation method, CC maps,
generated from moving window algorithms using different kernel shapes and sizes, are
calculated and analyzed for three study areas in Tyrol, Austria. The new unambiguously
approach, the tree triples method, is based on defining CC as a relation between the sum of the
crown areas of three neighbouring trees at a time and the area of their convex hull. The
approach is applied for the same study areas and is compared with forest masks that are
generated from moving window algorithms using different kernel shapes and sizes.
Keywords: forest definition, canopy cover, forest border delineation, vegetation mapping, LiDAR

1. Introduction
The delineation as well as the classification of forests has a long tradition in remote sensing.
Considering different forest definitions (e.g. Austrian forest law, FAO) forested land can for
example be composed of tree crowns, forest gaps, forest streets or harvested areas. It is often
difficult to derive this complex land use class “forest” from remotely sensed data in a reliable
and comprehensible way. In different forest definitions the criterion of crown coverage (CC) is a
fundamental and obligatory parameter for classifying forested areas. For example the
international forest definition of the United Nations Food and Agricultural Organization (FAO)
defines a forest as land of at least 0.5 ha with a potential tree height of at least five meters and a
CC greater than 10% (FAO/FRA, 2000). CC, also known as canopy coverage or forest canopy
cover, is defined as the proportion of the forest floor covered by the vertical projection of the
tree crowns (Jennings et al., 1999). In (Korhonen et al., 2011) vertically measured crown cover
is referred as vertical canopy cover (VCC). The current paper considers VCC. An unclear
defined detail is the treatment of gaps within the projected tree crowns itself. The traditional
definition of canopy cover includes an “outer edge” or “envelope” of a crown, inside of which
the cover is thought to be continuous, but in practice the “outer edge” is sometimes very
difficult to observe (Korhonen et al., 2006). For the current paper those crown gaps are not
considered.
To evaluate the amount of CC for an area, in-situ measurements or remote sensing techniques
can be used. In-situ measurements are time consuming and are mainly operated for sample plots
while remote sensing techniques overcome the limitation of plot-wise sampling and provide the
possibility to analyze large areas. As terrestrial measurements deliver the ground truth for most
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of the remote sensing techniques, in-situ samples are a fundamental input for cross validations.
A comparison of common terrestrial measuring techniques can be found in (Korhonen et al.,
2006). An often applied method for assessing an area’s CC is the manual interpretation of
orthophotos. This technique is however costly, limited by shadowing effects and the quality of
the results are dependent on the interpreter. It is therefore difficult to obtain objective
quantitative measurements that are suitable for comparisons with remotely based CC measures
(Holmgren et al., 2008). A different approach is to define the amount of CC as a relation
between two trees. Depending on the threshold of CC, the tree species and the tree crowns size a
maximum distance between two trees can be determined (Hauk and Schadauer, 2009). This
method, which is originally based on the work of Hasenauer (Hasenauer, 1997), is currently
used for the manual delineation of forested areas at the Department of Forest Inventory at the
Federal Research and Training Center for Forests, Natural Hazards and Landscape (BFW) in
Austria.
As an alternative to the manual photo interpretation the technique of airborne laser scanning
(ALS) was established for assessing an area’s CC (Holmgren et al., 2008; Korhonen et al.,
2010). ALS, as an active remote sensing technique, is not influenced by shadowing effects or
different sun illumination conditions, is able to deliver reliable information even for small forest
gaps and is well suited for estimating CC. The normalized digital surface model (nDSM),
calculated by subtracting the digital terrain model (DTM) from the digital surface model (DSM)
provides an excellent data source for calculating the CC. Using the nDSM, a height threshold
can be applied to decide whether a pixel is covered by tree crowns or not. In a next step the CC
can be calculated by dividing the reference area by the tree crown covered area. As reference
area forest stands or moving windows with user defined circular or squared kernel shapes are
commonly in use. Unfortunately, due to the lack of precise geometric descriptions of the CC
(i.e. reference size and -shape) the derived results are often not comparable and make the CC to
a doubtful criterion. Therefore, this study aims at defining a novel, geometrically clear defined
method for an automatic calculation of CC based on ALS and NFI data. In this approach CC is
defined as a relation between the sum of the crown areas of three neighbouring trees at a time
and the area of their convex hull. The new method is applied for three study areas in Tyrol,
Austria considering the forest definition of the Austrian national Forest inventory (NFI). This
study is part of the research project “LASER-WOOD” funded by the Klima- und Energiefonds
in the framework of the program "NEUE ENERGIEN 2020". As LASER-WOOD is an ongoing
project this paper describes first results of the ongoing investigations.
The remaining parts of this paper are organized as follows: Section 2 describes the selected
study areas and the used data. In Section 3 the methodology and implementation is explained.
Section 4 shows results and their discussions whereas in Section 5 concluding remarks are
given.

2. Study area and dataset
2.1 Study area
In this contribution three different study areas in Austria are investigated. The study areas are
located in the “Zillertal” which is located in the eastern part of the federal state of Tyrol. Each
study area covers an area of 2.5 x 2.5 km and shows different structures and amounts of forested
land (Figure 1). Study area 1 consists of a loose stocked forest at the upper timberline (Figure
1a) with elevations from 1800 to 2000 m above sea level (a.s.l.). Study area 2 consists of a
fragmented forest with patch-wise forest stands on the hillside (Figure 1b) with elevations from
600 to 1600 m a.s.l. Study area 3 consists of a mainly dense forest with different age classes
(Figure 1c). The elevations for study area 3 reach from 700 to 1500 m a.s.l. The dominant tree
species in all three study areas are coniferous trees. Beside the forested areas buildings and
power lines can be found in the study areas.
2
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Figure 1: Orthophotos of the study areas. (a) Study area 1 shows a loose stocked forest at high elevations.
(b) Study area 2 shows a patched, fragmented forest. (c) Study area 3 shows a relatively dense forest with
different age classes.

2.2 ALS data
The used ALS data was acquired using an Optech Inc. ALTM 3100 laser scanner during
multiple flight campaigns in 2008 under leaf-off and leaf-on canopy conditions. The mean point
density is about 4 echoes / m² for study area 1, 5 echoes / m² for study area 2 and 9 echoes / m²
for study area 3. Further details can be found in (Eysn et al., 2010a).
2.3 Derived base products
The ALS data has been processed and filtered using the hierarchic robust filtering approach
(Kraus and Pfeifer, 1998) to obtain DTM’s. For the processing of the DSM a land cover
dependent derivation approach (Hollaus et al., 2010) was chosen. By subtracting the DSM from
the DTM a normalized digital surface model (nDSM) was created as a fundamental base
product for calculating the CC and delineating forested areas. Additionally a slope adaptive echo
ratio (sER) map (Höfle et al., 2009), as a measure for local transparency and roughness of the
top-most surface, was derived. To eliminate buildings and other artificial objects, the sER map
was corrected with morphological operations and thresholding to a so called “vegetation mask”.
Further information on this correction can be found in (Eysn et al., 2010b). The spatial
resolution of the derived products is 1 x 1 m².

3. Methodology and Implementation
3.1 Moving window approach
As described in the Introduction the automatic inspection of the criteria CC is crucial and
unfortunately not clearly defined. Especially for larger scale applications like the automatic
delineation of forested areas based on ALS data the moving window approach leads to varying
results. To demonstrate the effect of different parameters for kernel shapes and -sizes on the
resulting CC maps, multiple variations of these two parameters have been analyzed. To be able
to compare the results, the sum of areas fulfilling different CC thresholds are compared with
each other.
As a basis for these calculations a combination of a height tresholded nDSM and the vegetation
mask is chosen. Pixels with a nDSM value greater than 2.0 m and an sER value less than 85%
are assumed to be crown covered and are set to one. Pixels not fulfilling these criterions are set
to zero. The height threshold is set to consider the minimum height criterion of the Austrian
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NFI. Based on the derived binary, “preliminary vegetation map” the CC values are calculated
with a circle- and square-shaped kernel with different kernel sizes using the software OPALS
(OPALS, 2011). The used kernel sizes are defined as a radius (in pixels) from 1 to 40 Pixels. For
example a kernel radius of 3 the square shaped kernel is a 7x7 matrix. The centre pixel of the
kernel is calculated by the mean of all pixels covered by the kernel and represents the CC for
this Pixel. To be able to check the results of these calculations against different forest
definitions, several CC thresholds are applied to the calculated CC maps. For this study CC
thresholds from 10 % to 100 % with steps of 10 % were chosen. The results of this processing
step are binary maps which represent so called potential forest masks. Finally, the potential
forest mask’s size within the study area is determined. For visualisation purposes those areas are
plotted against the kernel sizes corresponding to the selected CC thresholds (see Figure 3).
3.2 Tree triples approach
The developed method for the calculation of CC aims at defining the criteria of CC with a clear
geometrical definition which is based on ALS data and NFI data. The basic idea is to express
CC as a relation between the sum of the crown areas of three neighbouring trees at a time and
the area of their convex hull (see Figure 2).

Figure 2: tree triples approach: three trees at a time are connected. The amount of CC is the relation
between the area covered by crowns and the area of the convex hull.

As described in (Eysn et al., 2010b) the tree positions are detected with a local maxima filter
based on the nDSM and the vegetation mask. To consider the minimum height criterion of the
Austrian NFI a height threshold of 2.0 m is applied to the maxima search. The crown diameters
are assessed using empirical functions, which act as a relationship between tree height and
crown radius. These functions are calibrated based on measurements of crown radii from the
Austrian NFI, whereas for this study the function was assimilated for trees near the timberline.
Further details can be found in (Eysn et al., 2010b). To find the tree triples for calculating the
CC, a Delaunay triangulation is applied to the detected local maxima. The Delaunay
triangulation is calculated using libraries of the Open Source software CGAL (CGAL, 2011). In
a next step the sum of the crown areas Acr of three neighbouring trees at a time and the area of
their convex hull Ahull is calculated for each tree triple. For this purpose a tool was implemented
in Python (PYTHON, 2011) which imports a triangulation, calculates the parameters Acr and
Ahull and returns a CC value for each tree triple. For overlapping tree crowns within a tree triple
the intersected crown area is used for Acr. Tree triples respectively their triangles are removed if
the selected CC threshold is not fulfilled. The result of these calculations is a potential forest
mask which considers the minimum height criterion as well as the minimum CC criterion. As
the exported result is a triangulation with triangles fulfilling the CC criterion and not the convex
hulls of the tree triples, the borderlines of the derived potential forest mask represent the tree
stem axes. For this reason the resulting map is buffered by the half of the maximum available
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crown diameter found in the study area. In order to prevent an overestimation of the derived
potential forest mask the buffered area is intersected with the vegetation mask.
3.3 Comparison of the two approaches
To be able to compare the results of the two different approaches, a final forest mask, based on
the potential forest mask, is derived for both methods. This is necessary because the moving
window approach delivers raster based information, the tree triples approach delivers triangle
based information which makes a direct comparison difficult.
For both methods the final forest mask is calculated considering the geometrical aspects of the
forest definition of the Austrian NFI. For the moving window approach different final forest
masks are calculated because of the different kernel sizes and –shapes. The minimum height (set
to 2.0 m) and the minimum CC (set to 30 %) is already handled in the potential forest mask. The
minimum area criterion is applied by vectorizing the potential forest mask and by deleting
single polygons or filling forest gaps with an area less than 500 m². In a next step the minimum
width criterion (set to 10 m) is applied by morphological operations. As areas might have
changed due to deletion aCCording to the minimum width criterion, the minimum area criterion
is checked a second time after this step.

4. Results and Discussion
4.1 general considerations
The definition of CC claims a strictly vertical projection of the tree crowns. In ALS the laser
beam vectors are inclinated in most instances (except at nadir) and the criteria of a vertical
projection is not strictly maintained. However, in typical ALS surveys the off-nadir angles are at
maximum 20°, so this effect should remain relatively small. In addition, however, the
penetration ability of an ALS pulse may be limited through small canopy gaps, and vary
somewhat with the technical acquisition settings (Korhonen et al., 2010). The crowns in the
derived base products of ALS tend to be overestimated because the base products are widely
raster based and the exact size of the modelled crowns depend on the spatial resolution of the
models.
In the following sections the results of the previous calculations are presented and discussed:
4.2 Moving window approach
The results of the moving window method for the three study areas are presented in Figure 3.
For each study area the results are separated by the used kernel shape and the different CC
thresholds (colored curves). The vertical axis represents the sizes of the resulting areas or
potential forest masks in relation to the whole extent of the study area while the horizontal axis
represents the different kernel sizes. The values on the vertical axis are normalized between 0 %
and 100 %. For example, a kernel size of 0 (which means just one pixel) results in a potential
forest mask similar to the vegetation mask. If the window size is not correlated with the
resulting areas of fulfilled CC thresholds, all curves of the different CC threshold should be
strictly horizontal. If the study area would be covered by a forest by 100%, all curves should be
strictly horizontal lines which overlap at 100%.
The CC threshold curves for study area 1 are wide spread compared to the results of the other
study areas which seems to be a cause of the loose stocked forest pattern. For study area 2 and
study area 3 the curves are narrower. This findings show, that a decrease of the forest density
leads to an increased effect of different CC thresholds on the found area.
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The result of study area 1 shows a strong variation of the resulting areas between kernel size 1
and kernel size 8 for most of the selected CC thresholds. For kernel sizes from 9 to 40, the
resulting forest masks seem to be more independent on the kernel size. In study area 2 (patched
forest) a strong variation of the resulting areas is given for a larger range of kernel sizes
compared to study area 1. It can be deduced, that the gradient and the curvature of the different
curves reflect the kernel size dependency of the resulting potential forest masks for different
selected CC thresholds.

Figure 3: Resulting sizes of the potential forest masks of three different study areas using the moving
window approach with varying kernel sizes. In the left column the results for a circle shaped kernel with
different CC thresholds is shown for all three study areas. In the right column the results for a circle
shaped kernel with different kernel sizes and different CC thresholds are shown.
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4.3 Tree triples approach
A manual inspection of the automatically detected potential tree positions based on the nDSM
and the vegetation mask shows suitable results (Figure 4b). Due to the limitation of the maxima
search using the vegetation mask mainly maxima in vegetated areas are found. Because of the
small kernel size of 5 x 5 pixels multiple local maxima are sometimes found within the area of
single tree crowns. Especially within dense forested areas the detected local maxima do not
represent the exact tree stem positions and the tree detection rate can be low. Single and clear
separable trees in loose stocked areas are correctly detected in most instances. It can be assumed
that the amount of detected local maxima is highly correlated with the chosen kernel size. In
relation to the inspection of CC, not exact or non detected tree positions within a dense forest
play a minor role since the criterion of CC is most critical for sparse, loose stocked forest areas
where primary single, clearly separable trees are present.

Figure 4: Intermediate results of the tree triple approach; a) orthophoto of a subset of study area 1 b)
detected local maxima c) detected tree triples plus estimated crowns d) final forest mask fulfilling the
criteria of the Austrian NFI.

For the detected local maxima the corresponding tree crowns were calculated based on the
calibrated formulas determined from NFI data. To validate the estimated crowns, the derived
crown areas are compared to the source map. The source map for the calculations is the height
tresholded (nDSM > 2 m) combined with the vegetation map. In the source map, all pixels
fulfilling the selected thresholds are assumed to represent a crown pixel. For each study area the
sum of these pixels represent the amount of land covered by tree crowns. The areas of the
estimated crowns are also summed up. The comparison of these resulting sums (see Table 1)
shows a good estimation of the tree crowns (see Figure 5b) for a loose stocked forest
(delta = 3,9 %) while the estimation is worse (see Figure 5d) for a relatively dense forest
(delta = 21,8 %). It can be assumed, that the overall smaller estimated sum of crown areas for
the relatively dense forest can be explained by limitations of the local maxima search or because
the calibration of the relation tree height versus tree crown was performed for mainly trees at the
upper timberline.
Table 1: Validation of the estimated tree crowns in comparison to the source map

study area 1 (loose stocked forest)
study area 2 (patched forest)
study area 3 (rel. dense forest)

∑ crowns source map [%] ∑ estimated crowns [%]
28,5
24,6
36,5
24,3
64,9
43,1
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delta [%]
3,9
12,2
21,8
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Figure 5: comparison of estimated crowns with the source map; a) orthophoto of a subset of study area 1
b) estimated tree crowns in a loose stocked forest c) orthophoto of a subset of study area 3 d) estimated
tree crowns in a relatively dense forest

The Delaunay triangulation of the potential tree positions shows conclusive results for the
connection of tree triples (see Figure 4c). The derived tree triples are reliable filtered and
eliminated depending on the selected CC threshold and provide, especially at loose stocked
areas at the forests timberline, suitable results for the potential forest mask. This mask is a
fundamental input for the delineation of forested areas based on a forest definition and
therefore, the less detail of this “CC map” at relatively dense forested areas plays a minor role
since the focus is on loose stocked areas.
The final forest masks for the comparison of the different approaches are calculated based on
the forest definition of the Austrian NFI. Due to the applied minimum area criterion small forest
patches with an area less than 500 m² are removed and forest clearings with an area less than
500 m² are assigned to the forest area. Narrow forest areas are eliminated by applying the
minimum width criterion. The results of the calculated final forest masks are plotted in Figure 6.
The results of study area 1 show almost similar curves for the circle- and square-shaped kernel
while the study area 3 shows differing curves with increasing kernel size. It can be assumed that
an increasing density of a forested area combined with an increasing kernel size leads to more
different results in the resulting final forest mask. Compared to the tree triples approach, the
results for the patched and relatively dense forest show almost similar results if a kernel size of
9 to 12 m is chosen, while the results differ for the loose stocked forest. The results show big
differences with de- and increasing errors at increasing kernel sizes. Those big differences
reflect the limitations of the moving window approach since the results are high correlated with
the kernel size.

a

c

b

Figure 6: comparison of the resulting forest masks for the moving window approach and the tree triples
approach; a) loose stocked forest b) patched forest c) relatively dense forest
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5. Conclusion
This study shows the high potential of ALS data for assessing CC and consequently for deriving
a forest mask for large areas. A clear geometrical definition for the calculation of CC is
necessary since CC is a fundamental criterion in most forest definitions and the results of the
moving window method are differing due to its high dependency on the kernel size. It could be
shown, that a decrease of the forest density leads to an increased effect of different CC
thresholds on the found forest area. Especially at the upper timberline, different kernel sizes and
CC thresholds lead to different results. The tree triples method can overcome the limitations of
the moving window approach especially at loose stocked forests. The local maxima detection
works reliable for such forest areas. The local maxima detection could be improved, especially
for dense forests, by applying a more complex detection method. The estimation of tree crowns
based on the tree height shows consistent results at the, related to CC, critical area at the upper
timberline. The estimation of crowns could be improved by a local calibrated transfer function.
In future studies, the method will be firstly investigated for mixed and deciduous forests and
secondly a validation with forest inventory will be performed. However, acquiring reference
measurements from field data for large areas as well as the manual orthophoto interpretation is
still challenging and therefore a reliable method for calculation CC from ALS data is a big
effort.
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