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ABSTRACT
The mapping of variability in vegetation from space contributes valuable information for ecosystem
research such as the timing and spacing of the phenological cycle. The objective of this study is to
map the phenology of the European larch (Larix decidua), i.e. its leaf's growing characteristics from
leaf unfolding to leaf fall off. The study is set up at an Austrian Alpine site (Pinnistal, Tyrol)
analysing SPOT-5 (Satellite Pour l'Observation de la Terre) scenes. In order to retrieve the Larix
decidua signal from remote sensed imagery, it is crucial to understand its contribution to the entire
forest-canopy-understorey signal composition, which ultimately results in a single pixel value of the
image. Decomposition of the mixed signal is deduced by reconstructing architectural vector models
of a Larix decidua forest from terrestrial laser scanning (TLS) under leaf-off conditions combined
with a leaf growing algorithm simulating different stages of leaf growth. The derived tree
architectural data is used as input for radiative transfer modelling to retrace the multispectral
scattering that takes place when sun radiation propagates through the atmosphere, the vegetation
canopy, and back to the satellite sensor. The Discrete Anisotropic Radiative Transfer (DART)
model is employed simulating SPOT-5 images at different phenological phases. For the radiative
transfer modelling branch architectures are used as mesh geometries whereas the foliation is
considered as "turbid voxel cells" in order to reach an optimal trade-off between accuracy and
computation time. Subsequently, sensitivity analysis are conducted by testing the effect of changes
between vegetation optical properties and vegetation related indices such as the normalized
difference vegetation index (NDVI) and the leaf-area-index (LAI) under different parameter
settings. Ultimately, time series of these indices are deduced from the SPOT-5 scenes and
compared to the simulated ones.
1. INTRODUCTION
In respect to phenological ecosystem investigations by means of remote sensed data, spectral
bands indices can be deduced serving as an useful indicator to monitor vegetation growth
dynamics. The NDVI is probably the most prominent representative of this kind. It is a sensitive
indicator for the state of foliation. This relationship is valuable for phenological analyses as
conclusions about the spatial and seasonal variability of the LAI can be drawn. The LAI has
become a standard product derived from space- and airborne optical sensors as it correlates to
specific spectral band combinations. However the quality of satellite derived LAI is reduced
especially in mountain areas, due to topography and structural differentiation of forest stands.
More over mixed pixel effects resulting from the combination of spectral properties of different
ground objects such as the understorey and shadowing effects of the topography and ambientocclusion among others limit the feasibility to obtain meaningful LAI values.
The increasing availability of spatial and temporal high resolution satellite images open new
possibilities for the detection and characterisation of forest structures and compositions, raising the
hope to overcome these limits.
This study is part of the phenoSAT-alpha project (Area-wide mapping of phenology using optical
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high resolution satellite imagery) - as a feasibility study - aiming at the linkage of spectral and
textural signatures to discrete forest geometries and spatial distributions of LAI in order to develop
a more differentiated LAI-estimation.
Relationships between textural and spectral signatures and forest structure will be derived,
calibrated and validated using the discrete anisotropic radiative transfer model (DART) for a
selected set of ground plot reconstructions. Tree architectures will be reconstructed using
terrestrial laser scanning point clouds allowing a dynamic modelling of foliage for various time
steps and densities.
2. METHODS
2.1. Study area
For the study an pure larch forest stand was chosen located in the Stubai valley, Tirol, Austrial near
the town of Neustift. The stands reveals a rather light density as it is typical cultivated alpine larch
forests because of their usage as pasture land. The larch trees are distributed over a south facing
slope with an area of about 11 hectares and and altitude range from about 1300 m to 1500 m asl.
2.2. Tree structure retrieval
2.2.1. Stem extraction
For selected sample plots within our test area we capture TLS point cloud data, which consists of
multiple single scans. The scans are conducted under leaf-off conditions. The co-registered and
merged scan data sets of a single plot show point numbers between 42 Mio and 56 Mio points (fig.
1a). For these plots, non-ground points are extracted using the progressive triangulated irregular
network (TIN)-Densification Method [1]. Using range-corrected reflection intensity values of the
laser points, points corresponding to the main branches and trunks of the single trees are extracted
(fig.1d). This allows separating small targets such as young twigs from larger targets such as tree
stems and the main branches. In order to automatically find the root positions of the single trees in
the filtered dataset, we choose all non-ground points showing heights above ground lower than 4
m. This height slice corresponds to the lowest parts of the tree trunks showing a minimum number
of small branches, which would confuse the stem extraction. On the selected height slice of nonground points we use a Principle Component Analysis (PCA) as suggested by Bremer et al [2] in
order to separate tree trunks from other objects. For the PCA we use a 1m radius moving sphere
analysing each data point of the selected height slice. Within the radius around each point we
analyse the geometrical distribution of the defined point neighbourhood. Doing so, vertical
elongated structures are detected as tree stems. Performing a connected component analysis on
the derived elongated structures, we assign all points sharing a single tree trunk to a point group.
2.2.2. Dijkstra Growing
The lowest points of each tree stem group are used as root points for an iterative Dijkstra Region
Growing (DRG) [3,4], which is the basic strategy to find branch connections. Starting with the root
point, the DRG works like a region growing procedure on an imaginary graph defined by the
geometrical distribution of an analysed point cloud, which includes all non-ground points. The
graph is defined by a certain threshold edge length. In this graph, all k neighbours within a
threshold distance are connected by an edge. Starting a cost path analysis at the given root points
and analysing possible connections on the graph, associates all edge-connected points to the root
position with the lowest path cost. If a point shows possible paths to multiple roots, it will be
processed multiple times, which leads to a competition of the given graph-path-distances between
the roots [2]. This induces an allocation of all graph-connected points to one of the roots of the
given forest plot.
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The issues of input data quality and the nature of canopy are addressed by modifying and
enhancing the DRG with an iterative growing-and-bridging approach [5]. After one completed DRG
cycle on a small edge length graph, the result gets locked. In a follow-up DRG cycle the
intermediate result of the segmented points is used as a set of seeds again. The point attributes of
these seeds keep locked, while edges with an elongated length between processed and unprocessed points are considered. This allows to bridge over gaps in the point cloud and to consider
additional points for another growing cycle on the small edge length graph. This strategy ensures a
minimum loss of detail, while the bridging allows a complete segmentation of the given geometries.
To refine the DRG result for complex forest plots, we use an additional hierarchical constraint for
the processing: Within a dense canopy of trees, tree trunks might show data gaps, being masked
by smaller twigs around it. Thus, if a gap on the trunk occurs, a wrong connection might be
constructed, connecting the separated trunk parts by an indirection through the surrounding
foliage. Doing so, this would distort the topological representation of the reconstructed tree. In
order to prevent this effect, in the first set of iterations, only points corresponding to tree trunks are
integrated to the graph connections. This is controlled using the difference between the Euclidian
distance and the shortest path distance between a data point and its associated tree root (fig.
1b,c). Allowing only small differences restricts the growing procedure to the monopodium of the
tree trunk (fig. 1e). In a second set of iterations only data points with high reflection intensities are
used (fig. 1f), ensuring that only the main branches are used. In the last set of iterations all
unconnected data points are introduced (fig. 1g).

Figure 1: a) point cloud with non-ground points coloured by height. b) points coloured by distance
difference between euclidian and shortest path distance to the root point of a tree. c) points filtered
by distance difference (only tree trunks). d) point cloud filtered by reflectance (only main
branches). e) tree skeleton reconstruction of the first hierarchical level. f) tree skeleton
reconstruction of the second hierarchical level. g) tree skeleton reconstruction of the third
hierarchical level.
2.2.3. Vectorization
After the DRG all connected non-ground points show associated shortest path distances to their
associated roots and are allocated to their parent and child point on the graph and their root point.
This information is used to convert the grouped and categorized data points into 3D line-drawings
and polygonal pipe models.
As all points associated to a single root point get the unique identifier of the root attached, this
attribute represents the final single tree segmentation result. Using the derived shortest path
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distance attributes, the approach splits each single tree segment into distance bins. Within each
distance bin a connected component analysis is performed: If the two points show a larger
distance to each other than the average point distance within the point cloud data set, both points
are associated to separated components. For each connected component of a distance bin,
skeleton nodes from the centroids of each component. Analysing the parent and child relationships
of the connected component of a node, the node is connected to each of its child nodes.
Recursively, these child-nodes become nodes themselves, being connected to their child nodes
again. This is done until all nodes are connected and the skeleton graph of the object is complete.
2.2.4. Pipe model reconstruction
For the radiative transfer modelling, the branching architecture of a tree is used as a set of
parallelograms, representing surface facets of connected pipe-like structures. To generate this data
structure, branch diameters have to be derived and applied to a pipe-model. We project the data
point group associated to an individual node into a plane, which is perpendicular to the orientation
of the edge connecting to the related parent node. Into the projected point distribution a minimum
circumscribed circle is fitted in order to derive a branch diameter for each node. Evaluating the
edge orientations of the skeleton graph and the diameters associated to the nodes, orientated
polygons are centred at each node. The corresponding vertices of the polygon structures centred
at associated parent and child nodes are connected, leading to the construction of polygonal prism
facets for each edge of a skeleton. The created branch models exported in DART-conform as an
enumeration of triangles (fig. 2).
2.2.5. Leaf and needle modelling
The needles of the trees are modelled by the approach of cote et al [6]. Thereby, the derived
skeleton graphs of the trees are analysed. For small twigs of the data sets (< 0.005m) diameter,
needle clumps consisting of 30 needles per clump are generated with a varying stepping along the
twig. The orientation of a clump on the twig is controlled by a random function. The length and
opening angle of a needle clump can also be defined. In order to generate tree models of different
phenological phases, we adjust the needle modelling parameters to field observations at the time
stamps of interest. By overview and detail photographs, the current foliage density and needle
state is assessed in order to model an adequate foliage for the given branch models.
For single trees needle clumps are generated as a set of triangles, leading to up to 15 Mio.
triangles per tree. As this is inefficient for the radiative transfer simulation of larger areas, needle
clumps are generated as simple points with an associated leaf area attribute. These points are
converted into a turbid medium representation in DART-conform format of flexible cell size (fig. 2).
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Figure 2: Reconstructed DART-Scene for a sample plot of 32 trees. In the given example ground
and branches are represented as triangles. Needles are represented as turbid cells of 0.1m
resolution.
2.2. DART radiative transfer modelling
The radiative transfer model DART is able to simulate remote sensing images and the spectral
radiation budget of natural and urban landscapes such as trees, grass and houses from the visible
to the thermal infrared domains [7]. The model computes ray propagation and interaction for any
experimental and instrumental configuration. It allows the simulation of heterogeneous landscapes,
by discretisising the spatial variable into voxels that contain turbid medium and/or by the
representing of each individual landscape element with triangular facets [8]. To each type of
element phase functions can be assigned governing their optical behaviour. So the DART model
accounts for the landscape complexity allowing to retrace the radiative contributions of different
objects on the ground that ultimately result in a single image value.
The radiative transfer modelling with DART is based on the derived data as described in the
previous section. However, at this point there are constraints due to high computation times that
come along with finer levels of detail, the missing of spectral reference data of the different needle
colourings, the branches and the understorey as well as missing reference values for the
parametrization of the atmosphere.
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Figure 3: Simulated false color images for the green, red and near infrared band of the SPOT-5
sensor for the selected dates.
To meet the first difficulty test scenes of different of coarse resolutions are implemented for the
whole slope and more detailed data are provided for a selected subplots as shown (fig. 3). Due to
the lack of informations on spectral properties the only reference source is the satellite itself. In fact
the differentiation of different objects is limited to those features that can be clearly distinguished in
the satellite scene. That makes it impossible to derive separate phase functions for the needles
and branches. Hence a single phase function was assigned to the entire tree. A separation
between the forest and understorey signal is achieved by dividing the entire scene in different
landcover types. That are one type of forested area and three different types of no forested or light
forested areas. This separation is chosen by the fact, that the latter three areas reveal different
reflection patterns, which may result from the usage of pasture. With an ad hoc classification of the
satellite image the entire slope is divided in these four ground cover types Consequentially four
different phase functions could be derived - one for the trees and three for the three different
understorey types. For the whole slope the tree position were derived from the laser scan point
cloud and subsequently for each position synthetic trees were constructed using the DART intern
tree creation method. Thereby a truncated crown shape was chosen using an upper and lower
crown radius of 10 m for the 10 m resolution plot. For the 5 m resolution plot the radii were reduced
to 7 m. This rough scene configuration was used for a simple calibration procedure to obtain an
approximation of the reflection parameters.
Then a calibration routine is applied for the reflection parameters, whereby the results of a range of
reflection parameters from 0.01 to 0.95 are tested against the satellite image. As shown in fig. (3)
four different reference plots for each phase functions are isolated. For each parameter the mean
values from these reference plots of the simulated images are calculated and a third degree
polynomial curve is fitted to the series of reflection parameters and their corresponding result
images. From these fitted functions a calibrated reflection parameter for each ground cover type
can be obtained inserting the mean of the respective plot of the satellite scene.
Thus three different phase functions are derived for the the ground cover types and one for the
forest area. While the phase functions for unforested areas are set to the respective ground cover
plot, a separation for the forested areas is achieved by setting the phase function derived from the
forest area to the trees and one phase functions of the unforested areas to the ground plot below
the trees. Here the best results are obtained by choosing the phase function derived from the lower
clearance.
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This procedure was performed by assigning different LAI values to the created trees. Best results
were obtained using an LAI value of 2. The transmittance factors for all ground cover types were
set to 0, for the trees a transparency factor of 0.2 was chosen.
3. RESULTS

Figure 4: Simulated false colour images for the green, red and near infrared band of the SPOT-5
sensor for the selected dates (19-05-2014).
The parameter calibration was performed for four different SPOT-5 scenes during the vegetation
period of 2014. Exemplary, for the 19th May 2015 a colour composite and the NDVI of the SPOT-5
scene and the simulation is shown. In general it can be seen that the value distribution of the
simulated images are similar to the ones of the SPOT-5 scene. Also the simulated NDVI values
from the different dates are very close to the observed ones by the SPOT-5 sensor (fig. 4).
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Figure 5: Scatter plot of pixel values of the four multispectral SPOT-5 bands and the simulated
ones stretched to a value range between 0 and 100. Red dots: SPOT-5 pixel values plotted
against each. other. Blue dots: SPOT-5 image pixel values plotted against simulated pixel values.
However, the correlation between the simulated pixel values and the SPOT-5 pixel values is still
quite week especially for the red and near infra red bands as indicated by the (fig. 5). Here, the
simulated values should ideally line up in the same line as the red dots in the plots. A possible
explanation of the loose scattering of the simulated values can be the very coarse differentiation of
ground objects and to some extent the uncertainties regarding the atmosphere. With the
implementation of more detailed set up of the ground cover configuration accompanied with
measured optical properties the scattering should become more constricted.
In fig. (6) a comparison of the simulated and observed NDVI values by the SPOT-5 sensor is given.
Even though a very coarse representation of the ground cover classes was implemented, the
results for the NDVI is already close to the observed values.
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Figure 6: Simulated and observed SPOT-5 NDVI values for different dates.
A preliminary example of a simulation in more detail is given in fig. (7). Here, the derived phase
functions were used for the simulation of the sample for each date. It yields a more distinct picture,
where a differentiation between tree crowns and the understorey as well as shadowing effects by
the trees become obvious.

Figure 7: Simulated false color images for the green, red and near infrared band of the SPOT-5
sensor for the selected dates.
4. CONCLUSIONS
So far, due to the lack of in situ measurements only a differentiation of the trees as a whole and the
understorey beneath them could be achieved by deriving for each an individual phase function.
However, the general patterns of the observerd SPOT-5 scenes could be reproduced leading to
very similar values for spectral indices such as the NDVI. The presented procedure is integrated in
an automated work flow allowing the examination of various parameters. With the collection of
more reference data such as optical properties with a field spectrometer, this work flow can be
9

35th EARSeL Symposium – European Remote Sensing: Progress, Challenges and Opportunities
Stockholm, Sweden, June 15-18, 2015

applied to more detailed subplots derived from terrestrial laser scans. Thus, allowing differentiated
inspection of the brunch structures as well as the effects of varying needle densities and growing
stages and LAI changes. That will be the subject of the future work.
Further error sources arise from inaccurate georeferencing of the satellite images impeding the
concatenation of the modelled ground objects to the corresponding pixels of the satellite image. In
addition there are remaining uncertainties concerning atmospheric effects, which will be subject for
the future work.
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