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»  Direct reconstruction of leaf and wood polygons from terrestrial laser scanning data by open
source software.

*  Validation of reconstruction based on in-situ PAR measurements and direct comparison to a
turbid voxel approach.

*  High correlations between in situ PAR measurements and RTM simulation (» = 0.92).

Abstract

In this paper, we present a new methodology that directly extracts the geometry of woody fea-
tures (wood and bark) and foliage from 3D data originating from terrestrial laser scans. Our goal
was to enhance the precision of radiative transfer models for modelling tree shading by using
highly resolved 3D tree models. The approach was tested on a single apple tree (Malus domestica
(Suckow) Borkh.) in a peri-urban setting and was validated by utilising an open-source radiative
transfer model and comparing the simulation output with in-situ measurements of photosyntheti-
cally active radiation (PAR) as well as simulations utilizing turbid voxels of 0.2 m and 1 m edge
length. The in-situ measurements of 60 PAR sensors showed a correlation coefficient () of 0.92
with the simulated light intensities for the reconstructed polygons which was higher than for
the voxel-based approaches (0.2 m: » = 0.85, 1 m: » = 0.73). We were able to demonstrate that
our approach effectively simulates light extinction through the canopy. This innovative method
has the potential to easily provide detailed insights into high resolution radiation patterns within
forests, which are connected to multiple ecosystem functions like species and habitat diversity.
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1 Introduction

Solar radiation is an essential driver of tree growth and controls tree development (Leuchner
et al. 2012). For a deeper understanding of how solar radiation interacts with both the Earth’s
atmosphere and biosphere, radiative transfer modelling (RTM) has been proven to be an important
tool (Chen et al. 2008; Ni-Meister and Gao 2011; Widlowski et al. 2014; Magney et al. 2016;
Li et al. 2018; Porcar-Castell et al. 2021). RTMs can offer valuable insights into a wide range
of environmental phenomena by simulating the absorption, scattering, and reflection of light by
various materials and surfaces. Particularly in the field of forest ecology, these models help to
understand how solar radiation interacts with the forest canopy, ultimately impacting the energy
balance of the ecosystem (Brunner 1998; Meister and Gao 2011; Ligot et al. 2014; Ni-Meister and
Gao 2021; Regaieg et al. 2021; Burchard-Levine et al. 2022). By providing information on the
amount and distribution of energy within forests, we can study forest productivity, carbon cycling,
biodiversity, and the impact of deforestation and forest fragmentation on regional climate patterns
(Huston and Marland 2003; Malhi et al. 2004; Latimer and Zuckerberg 2017; Pacheco-Labrador
et al. 2022; Wang and Frankenberg 2022).

Light extinction modelling, therefore, is a requirement for ecological habitat characterisa-
tion as well as for a plausible simulation of forest growth with eco-physiological process models
(Van der Zande et al. 2011; Bittner et al. 2012; Leuchner et al. 2012; Lintunen et al. 2013; For-
rester et al. 2019; Pacheco-Labrador et al. 2022). Since the assessment of the forest structure
itself is difficult, former studies have concentrated on modelling these processes with strongly
simplified representations of trees often based on conical or oval crown shapes or sandwich
structures (Wang and Jarvis 1990; Rotzer et al. 2012; Vezy et al. 2018). During the last decade,
light models based on terrestrial laser scanning (TLS) voxel shapes have been established and
tested, but first studies either lack ground truth data or were completely based on simulated
forest stands (Van der Zande et al. 2010, 2011). Cifuentes et al. (2017) presented an elaborate
voxel-based model and applied it to real forest stands scanned with a phase shift TLS device.
The model results showed relatively poor correlations with measured photosynthetically active
radiation (PAR) values. The authors discuss that this might be caused by occlusion effects from
the phase shift TLS system and improvable classifications of leaves and branches (Cifuentes et
al. 2017).

Kiikenbrink et al. (2019) modelled the irradiance field of a single tree (7ilia cordata Mill.)
on a flat meadow and conducted field spectroradiometer measurements along transects pointing in
an angular grid away from the trunk. They simulated the scene using the DART model (discrete
anisotropic radiative transfer model, Gastellu-Etchegorry et al. 2012; Gastellu-Etchegorry et al.
2017; Malenovsky et al. 2021) with the crown space represented as small voxels (0.25 m) of a
turbid medium with associated leaf spectrum, plant area density (PAD) and a leaf angle distribu-
tion to each voxel. Their modelling approach was able to simulate and predict the interactions
of radiation with the canopy in high spectral and spatial resolution.

Calders et al. (2018) presented a workflow that used highly detailed leaf-off TLS data to
generate a virtual forest. Their approach modelled the structure of single trees from automatic
segmentation and added leaf polygons afterwards (Calders et al. 2018; Xie et al. 2018; Liu et al.
2022). Leaf optical properties were added to the leaves based on field measurements of leaf spec-
tra on the site for the respective tree species. They achieved good agreement between digital and
simulated hemispherical photographs. Nevertheless, this approach requires leaf off conditions for
scanning, introducing large time lags between the scan and the leaf-on conditions, which makes a
comparison difficult due to possible changes in the ecosystem. Additionally, the structural model-
ling of trees from laser-scan-based point clouds is prone to errors (Morhart et al. 2024), and the
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addition of simulated leaves depends on various parameters that are species-specific and need to
be optimised (Rosskopf et al. 2017).

A similar approach was followed by Janoutova et al. (2019) who generated detailed 3D rep-
resentations of Norway spruce (Picea abies (L.) H. Karst.) trees from an automatically generated
wood skeleton and attached 3D representations of shots. These realistic tree models were used
in the DART model to evaluate the effects of canopy structural complexity on forest reflectance.
Four scenarios with increasing structural detail were simulated, ranging from simple geometric
shapes filled with turbid media to detailed models incorporating individual needle shoots. The
results showed that while all scenarios approximated observed reflectance, models with detailed
structures better matched airborne and Sentinel-2 remote sensing data. This model was later adapted
to broadleaved trees (Janoutova et al. 2021).

Kiikenbrink et al. (2021) also used TLS to model radiative transfer in two forest plots.
Contrasting to Calders et al. (2018), they scanned the forests during leaf-on conditions. After leaf-
wood separation, they simulated the optical properties of the foliage as turbid voxels based on
the plant area density at each voxel. They were able to mimic a realistic light extinction through
the canopy. The trade-off of this approach is that the voxels add a layer of spatial uncertainty, and
the calculation of the PAD and the radiative transfer through the turbid voxels is computationally
demanding and errors from the PAD estimation propagate through the radiative transfer model.
Nevertheless, Janoutova et al. (2019) found slightly better representation of the canopy reflec-
tance for a turbid voxel approach for needles with a mesh representation of the woody materials,
compared to a mesh representation of the needles in a spruce stand. It is currently not clear which
modelling approach, explicitly geometric or voxel-based, leads to the best representation of the
simulated light for broadleaved trees according to the spatial, temporal and spectral dimension,
since a better spatial representation does not necessarily lead to a better spectral representation of
the radiative transfer (e.g. Schneider et al. 2014).

In this paper, we introduce a new approach to derive wood and leaf geometry directly from
TLS data. We evaluate our approach using an open-source radiative transfer model and in-situ
measurements of PAR to compare our reconstruction with a voxel-based reconstruction.

2 Methods
2.1 Research site

Our research site was based within the city of Freiburg in southwest Germany. We conducted the
following methodology on a single apple tree (Malus domestica (Suckow) Borkh.) within a peri-
urban environment (48°00'N, 07°48 E) on a flat meadow in August 2023. The tree had a diameter
at breast height (DBH) of 0.19 m, a height of 6.6 m, a crown base height of 2.1 m and a crown
projection area of 44.8 m2. The weather on the acquisition day was warm, calm and sunny (mean
global radiation 240 J cm~2 h™!, mean temperature 28 °C, mean wind speed 2.0 m s~!) without
visible clouds. The site is about 230 m a.s.1., and no larger buildings or vegetation were nearby to
influence the research tree by shadows or reflections.

2.2 TLS campaign and preprocessing
The target tree was scanned from eight positions at about 10 m distance to the stem using a RIEGL

VZ-400i (RIEGL Laser Measurement Systems GmbH, Horn, Austria) with an angular resolution
of 0.04° and a pulse rate of 1200 kHz. This setting was chosen as a compromise of resolution
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and coverage, since closer scans increase the occlusion of the upper crown. Scan positions were
recorded using an integrated GNSS system with a live correction from a base station in direct
proximity. Scans were automatically co-registered on the device using a proprietary algorithm by
the manufacturer, based on the point cloud, GNSS, and onboard measurements from an inertial
measurement system. The successful coregistration was later on validated visually (no blur or
duplication of smaller branches and a smooth stem surface). Scans were filtered for noise based
on points with a very low reflectance (< —15 dB) and high pulse deviation (= 15). The filtered
point clouds were combined using a 1 cm voxel grid where the centre of gravity of every voxel
was calculated to exclude duplicated points from further analyses and to homogenise the point
density. All preprocessing was conducted in RiSCAN software (v2.18.1, RIEGL Laser Measure-
ment Systems GmbH, Horn, Austria).

2.3 Light measurements

To measure the PAR, we distributed 60 sensors (SQ-110, Apogee Instruments, Logan, Utah, USA)
around the north side of the tree (Fig. 1). Sets of 12 sensors were grouped on 2 m x 3 m rectangu-
lar wooden structures and connected to data loggers (Adafruit Feather 32u4 Adalogger, Adafruit
Industries, New York City, New York, USA). Each sensor recorded PAR at 1-minute intervals from
12:10 to 17:15 CEST. We moved one of the structures from a purely sunny position in the north-
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Fig. 1. Overview of the experimental setup. The green rectangles represent the wooden frames with the mounted sen-
sors for photosynthetically active radiation (blue circles). The green numbers indicate the logger IDs, and the black
numbers indicate the sensor IDs. Logger 3 was relocated and reappeared as logger 6. The dark grey area indicates the
simulated shade at 2 pm. The green area shows the crown projection area of the tree.
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west of the tree to the east side to capture the shade dynamics in the afternoon. The measurements
from the time period when people were moving in the measurement field to move the sensors were
excluded from the data. Geographic positions of the sensors were manually obtained within the
TLS data to guarantee the most accurate match between TLS and sensor data.

Data of global and diffuse radiation were obtained at 5S-minute intervals from a station from
the German Weather Service located 3 km from the research site.

2.4 Leaf and wood polygon and voxel reconstruction

For the polygon reconstruction, the target tree was manually delineated from the point cloud using
the CloudCompare software (v2.11.3, https://www.cloudcompare.org). All further processing was
done in R statistical software (v4.2, R Core Team 2024). The point cloud of the tree was classified
into leaf and wood points based on a reflectance threshold of —5.4 dB (Kiikenbrink et al. 2021).
Afterwards, all points were assigned to a voxel grid of 5 cm edge length. The 5 cm voxel resolution
was chosen to ensure a sufficient amount of points in most voxels while still being smaller than a
full leaf and avoiding cluster of leaves within one voxel. For each voxel, a class (leaf/wood) was
assigned based on the class of the majority of the contained points. Fig. 2 illustrates the workflow
to assign geometries to the voxel points. To generate polygon surfaces, all points in a voxel were
projected at an optimal fitting plane, and a convex hull was spanned around this planar set of points
to form a polygon. This convex hull was buffered by half of the theoretical distance between points
based on the point cloud downsampling resolution (approx. 0.7 cm) to avoid gaps between the
voxel cells. If there was only one or two points contained within a voxel, a six-sided polygon with
a diameter of a third voxel size with the centre at the average point location and a random rotation
was generated. This approach aims to resemble the original leaf area, distribution and angles as
closely as possible.

To represent the foliage as turbid voxels, we utilized the AMAPvox R package (Vincent et
al. 2017) developed by ’botAnique Modélisation de I’ Architecture des Plantes et desvégétations”.
We processed the point cloud data separated to leaf and wood points and generate two voxel
datasets with Plant Area Density (PAD, m? m~3) estimation per voxel for voxels with 0.2 and 1 m
edge length (Kiikenbrink et al. 2019). We limited the PAD values to a maximum of 5 m?> m>3 m
to avoid unlikely high values especially for the smaller voxels, since this is a known limitation
of the AMAPvox approach (Weiser et al. 2021). Voxels with a PAD of zero were excluded from
further analyses.

original points plane fit point projection convex hull buffer

Leeee

Fig. 2. Illustration of the leaf polygon geometry reconstruction workflow from light detection and ranging (LiDAR)
point clouds for a single voxel. A plane is fit to the points and points are projected to the plane. The final polygon is
constructed as the convex hull of the points plus a small buffer to avoid edge effects.
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2.5 Radiative transfer modelling using LESS

We used LESS radiative transfer model (LargE-Scale remote sensing data and image simulation
framework over heterogeneous 3D scenes, Qi et al. 2019, http://lessrt.org) to simulate the interac-
tion of the canopy with the incoming radiation over the PAR domain (400—-700 nm in 5 nm steps).
Transmission and reflectance spectra for Malus domestica leaves were generated using the PROS-
PECT 4 model (Feret et al. 2008) within the implementation of the Rprospect R-package (Serbin
2013) using gap filled average leaf trait data from the TRY database (Kattge et al. 2020; Mederer
et al. 2025). For all woody components a default spectrum for “bark deciduous” were exported
from the DART database (Gastellu-Etchegorry et al. 2012), and for the meadow below the tree we
used a meadow canopy reflectance spectra (Van Cleemput et al. 2019) from the EcoSIS database
(https://ecosis.org). We generated a perfect Lambertian reflectance spectrum for the targets. We
calculated suns’ azimuth and elevation angles in one-minute intervals using the R package oce
(Kelley and Richards 2022). Sun spectra were calculated by LESS based on the sun angles at the
time of observation and the fraction of the diffuse radiation on the global radiation based on data
from the closest weather service station. Since the temporal resolution of the PAR-measurements
was higher (1 min) than the weather service data (10 min), we interpolated the latter based on a
spline function.

Leaf and wood polygons were exported as obj-files from R either as voxel geometries or
as polygons. We created three LESS simulations where we imported either the leaf-polygons, or
one of the voxel geometries. We added the polygon reconstruction of the woody components to
all simulations. For each of the voxels we set the PAD as it was computed by AMAPvox and the
leaf angle distribution as “spherical” (Green et al. 2003). We added round white flat surfaces with
3 cm diameter below the tree at the sensor positions as targets to measure the incoming radiation.
PAR-sensors were simulated as perspective cameras with a 10° opening angle 0.1 m above the
targets (footprint = 2.5 cm?) pointing downwards and emitting 12 800 rays per sensor. LESS offers
a batch processing engine to iterate over simulation parameters. Since LESS can simulate only one
sensor at a time we iterated over the sun positions (n=306) and the sensor positions (n=72) for
every of the 3 reconstruction approaches resulting in more than 66 000 model runs. The measured
radiation per band was converted to photon flux and summed to obtain a PAR value (Malenovsky
etal. 2021).

2.6 Quality assessment

We assessed the quality of the three reconstruction scenarios (vector geometry, 0.2 m and 1 m
voxels) based on their overall Pearson-correlation coefficients to the PAR measurements, as well
as on a single sensor basis. Scene reconstruction time and RTM runtime for the different simula-
tions were compared.

3 Results

For the polygon reconstruction about 160000 leaf voxels and 10000 wood voxels were classi-
fied. A single polygon was reconstructed for every voxel. Visually, a good agreement between
the scanned points and the reconstructed polygons was perceived (Fig. 3 a,b,c,d). The polygons
covered a similar space as the 3D points, while the leaf angles partly differed (Fig. 3 a,b,c,d). The
0.2 m voxel reconstruction generated 6960 voxels (Fig. 3 €) with an average PAD of 2.58 m? m3
(SD+1.83 m? m3), while the 0.2 m (Fig. 3 f) reconstruction created 108 voxels with a higher aver-
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Fig. 3. Terrestrial light detection and ranging (LiDAR) Point cloud of a single Malus domestica tree classified as leaf
(a) and wood (b) points and reconstructed polygons with simulated shade for wood (c) and leave points (d). Figures e
and f illustrate the voxels for the turbid media approach in 0.2 (¢) and 1 m (f) voxel resolution. Figures were generated
in Blender ray tracing software for visualization purposes.

age PAD of 0.62 m?> m~ (SD=+0.73 m? m3). The volume covered by the 0.2 m voxels (56 m?) is
therefore only about the half of the 1.0 m voxel reconstruction (108 m?), but the total plant area was,
even though we limited the maximum PAD per voxel, significantly higher for the 0.2 m voxel dataset
(148 m?), than for the 1.0 m voxel dataset (101 m?). The total leaf polygon area for the polygon data-
set was even higher with 187 m?2. Surprisingly, the mean simulated PAR over all sensors shows the
opposite pattern with the highest average PAR for the polygon reconstruction (1101 umol m—2s1)
followed by the 0.2 m voxels (973 umol m2 s!) and the 1m voxels (900 umol m2 s~!). The
ground truth data had an average PAR of 1113 umol m~2 s~! and was therefore higher than any of
the simulations. The general patterns of light and shade were reproduced by all simulations, but the
detail was higher for the smaller voxels and even higher for the polygon reconstruction (Fig. 4).
The correlation coefficient between the polygon simulation and the PAR sensor measurements was
0.92 over all sensors and time points (n=17496). The correlations differed substantially between
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Fig. 4. Results from the radiative transfer model (LESS) for two photosynthetically active radiation (PAR) sensors
next to the Malus domestica tree. Measured PAR values are depicted in black lines and simulated PAR values from
the Polygon based simulation as blue dots, the 0.2 m voxel based simulation as light green dots and 1 m voxel based

reconstruction as dark green dots.

the sensors (mean=0.87, sd=0.13), with the highest correlations (0.9997) for sensors which were
never shaded by the tree, down to a low outlier with 0.26 for a sensor, which was nearly all time
in the shade of the tree besides single peaks of sunlight due to small gaps in the tree crown. The
great majority of simulated PAR values followed the pattern of the respective sensor and about
the half (31 of 60) of the simulated time series exceeded correlation coefficients of 0.9 with the
ground truth data and only two reached correlations lower than 0.5. The correlations for the voxel
simulations were generally lower (0.2 m: 0.85; 1.0 m: 0.73). For the 1.0 m voxel simulation only
5 sensors reached correlations of 0.9 (0.2 m, n=16) and 19 sensors were below the correlation of
0.5 (0.2 m, n=9). Fig. 5 shows boxplots of the correlations between single sensors measured PAR
values and simulated ones by LESS for the three reconstruction approaches.

To generate the geometry our polygon-based algorithm was fastest needing 4 min 41 s. To
generate voxels and to calculate the PAD, AMAPvox needed 25 min 27s for 0.2 m resolution and
19 min 51 s for 1.0 m resolution. Depending on the number of model iterations these differences
in generation times might be neglectable, since this has to run only once, while for every time step
or sensor placement an iteration is necessary. A single model iteration took 216.7 s for the 0.2 m
voxel resolution, 7.76 s for the 1.0 m voxels, but only 5.5 s for the polygon reconstruction. All
computations were performed at a workstation with an AMD Ryzen Threadripper 3960X 24-Core
Processor, 256 GB RAM and a Nvidia RTX 3090 GPU with 24 GB of memory.
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Fig. 5. Boxplots of the correlations per sensor between measured and
simulated photosynthetically active radiation under and next to a tree
for the three single radiative transfer simulations based on light detec-
tion and ranging (LiDAR) data reconstructed as discrete polygons,
0.2 m turbid voxels and 1 m turbid voxels.

4 Discussion

Our approach is straightforward to implement in different RTM environments such as PBRT
(physically based rendering in theory and praxis, Pharr and Humphreys 2004; Biliouris et al. 2013),
DART or, in this case, LESS. The direct reconstruction of the leaf and wood geometry might be a
simple way to model the light interception without additional leaf-off scans (Calders et al. 2018) or
additional species-specific information about leaf shape, size and distribution, but further research
is need to validate it on various leaf types and species. We achieved a detailed reconstruction of
the space occupied by plant material without an additional uncertainty introduced by the extend of
voxel (Bittner et al. 2012; Kiikenbrink et al. 2021). Contrary to these advantages, our model might
suffer from occlusion in larger and denser crowns and under insufficient scanning resolution for
taller canopies (Cifuentes et al. 2017; Abegg et al. 2021). This might lead to underestimations of
the leaf area and sparse regions within and on top of the crowns. Limited coverage and resolution
for tree parts that are at a large distance from the scanning device is inherent to all remote sensing
technologies, and consequently also for the reconstruction of tree structure and optical properties
(Morhart et al. 2024). This could lead to an overestimation of the solar radiation beneath big and
dense crowns especially in dense mature forests. Underestimations of the transmitted radiation
due to spatial limitations of the remote sensing technique are rather unrealistic since the existing
shade from the lower crown part is realistically modelled. These biases are closely connected to
the possible scanning devices. Phase shift scanners might especially suffer from higher occlusion
due to the lack of multiple return capabilities towards the inside and the upper crown (Calders et
al. 2020). Additionally, the voxel grid used to generate the shapes introduces an additional struc-
ture to the data which might also lead to artefacts, especially due to unrealistic polygon angles at
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voxels which include multiple tree elements and unrealistic shapes at voxels which only contain
1 or 2 points.

There is a vast body of research tackling different reconstruction approaches for the recon-
struction of the woody material (Bournez et al. 2017), which might be superior to our approach and
has a relevant impact on the radiative transfer (Janoutova et al. 2019). Further research is needed
to identify the optimal strategy for the wood reconstruction for leaf off and leaf on conditions and
different species.

The lower correlations of the voxel-based simulations compared to the polygon reconstruc-
tion might be explained due to the lower geometrical accuracy, but also due to the uncertainties
in PAD estimates from AMAPvox (Weiser et al. 2021), as the large differences in total plant area
between the datasets suggest. The surprising pattern, that the total plant area was negatively related
to the mean simulated PAR indicates that the clumping of the leaves and small canopy gaps con-
tribute significantly to the overall light reaching the ground and its variability. This questions the
turbid-media assumption in voxels for high resolution simulations of plant canopies.

Our approach was about 40 times faster for a single model iteration than the 0.2 m turbid
voxel approach and still saves about one third of computing time compared to 1.0 m turbid voxels.
This is in line with Liu et al. (2022) who found significantly higher computational demands for
small scale voxels than for explicit geometry reconstructions (simulated leaves) in RTM using
DART. In contrast, Janoutova et al. (2021) found that a turbid voxel approach offers advantages
in computation time and memory consumption compared to explicit leaf geometries.

There is a wide range of inter-specific as well as intra-specific diversity in leaf appearance,
and several studies included single species-specific leaf geometry and orientation to TLS-based
leaf shape and shade modelling (Falster and Westoby 2003; Bohn Reckziegel et al. 2021). Since
we tested our approach only for a single species, further research is needed to prove the overall
applicability of the leaf reconstruction approach for more leaf types like needles and occlusion
settings. There are no obvious obstacles why our approach should be limited to specific leaf types.
Therefore, we see great potential that this approach could be used across a wide range of forest types.

We cannot exclude all uncertainties from the measurement campaign. There might be
slight time offsets between the PAR-logger and the scanner clock, and we measured in a natural
environment, with birds and insects, which might have cast shadows on the sensors. Even if there
was nearly no wind on the measurement day, we could not ensure that there was no branch or leaf
movement (Puttonen et al. 2016).

This study highlights the computational and geometrical advantages of a discrete polygon
reconstruction over a voxel-based approach for radiative transfer modelling. Nevertheless, we
cannot guarantee that this approach is also beneficial in respect to the radiometric accuracy of the
model, since our ground truth data is not able to represent this.

Supplementary files

Metadata of research data.pdf, available at https://doi.org/10.14214/s£.24027.

Data availability

All data relevant to the study and the full R code for the reconstruction of the leaves and woody
compartments can be found at our GitHub repository under open source license (Frey and Kroner
2024).
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