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Summary

Forests are amongst the most biologically diverse terrestrial ecosystems on Earth and

play a key role in the global biogeochemical and biophysical cycles. Solar radiation is

the driving force in forest ecosystem functioning and productivity. The distribution of

solar radiation within forest canopies further in�uences the abundance and diversity

of species and therefore also species competition and coexistence. However, the

interaction of light with canopy material and its distribution within forest canopies is

still widely unknown. The structural complexity of forest canopies further complicates

three-dimensional (3D), continuous measurements of the distribution of light. 3D

radiative transfer models are a viable alternative to cumbersome, and often inaccurate

measurements of the distribution of light within the canopy. For the parameterization

of such a 3D radiative transfer model, accurate reconstruction of the forest canopy

is essential. Remote sensing, and laser scanning technologies in particular, allow

for high resolution assessments of the canopy structure. However, a quantitative

assessment of the quality of such laser scanning acquisitions, and therefore also an

assessment of the retrieved canopy structure parameters, is still a challenge.

This thesis introduces a consistent approach to quantify and assess the quality and

coverage of laser scanning acquisitions of forest canopies from different platforms

(airborne (ALS), terrestrial (TLS), and from unmanned aerial vehicle (UAV)). Occlu-

sion in laser scanning acquisitions is a well known issue, causing biases in retrieved

biophysical and structural parameters. With the proposed approach, we were able to

quantify occluded canopy volume and to assess the in�uence of important acquisition

parameters (e.g. pulse density, number of observation angles etc.) on the amount

of occlusion. Based on the acquired laser scanning acquisition we established a 3D

forest structure reconstruction approach at unprecedented levels of detail.

The high resolution canopy reconstruction builds the baseline for modelling

the radiative transfer within the two studied, contrasting forest ecosystems of the

temperate mixed forest on the Laegern mountain, Switzerland, and the tropical

rain forest in the Lambir Hills National Park, Borneo, Malaysia. We parameterized

the 3D radiative transfer model DART using the structural information retrieved

from TLS and UAVLS acquisitions and leaf optical properties derived from �eld

spectroradiometer measurements. We then simulated the 3D distribution of light

within the two forest canopies at very high spatial and temporal resolution. The

resulting 3D light extinction map con�rmed the canopy structure as the main driver

of the distribution of solar radiation within the canopy. Leaf optical properties, as

measured in this thesis, were found to have only a minor in�uence on the overall

distribution of light within the canopy. Quanti�ed large differences to layered big-leaf

models, often employed in Earth system models due to their simplicity, highlight the

necessity of such highly detailed canopy reconstructions and radiative transfer models

for the analysis of light related mechanisms in forest ecosystems. The introduced
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approach could therefore be used to improve or benchmark the radiative transfer

modules in Earth system models in order to reduce known biases caused by inaccurate

modelling of the light regime within the forest canopy.

This thesis further shows and discusses the in�uence of vegetation on its surround-

ing irradiance �eld, based on radiative transfer modelling and in-situ measurements.

Our results show a large impact of the irradiance �eld due to the presence of vege-

tation, both in in-situ measurements as well as in simulated irradiance values. We

highlight the need for accurate irradiance estimates for reliable retrievals of surface

re�ectance and geophysical information from imaging spectroscopy data. Compar-

isons between measured and modelled irradiance values further validated the use of

the DART radiative transfer model in conjunction with the parameterization approach

introduced in this thesis.

This thesis discusses in-depth the importance of 3D canopy structure assessment

and light-matter interaction modelling for the analysis of forest ecosystem func-

tioning and productivity. Potential future research directions include upscaling of

the introduced plot-level 3D light distribution modelling approach to regional- or

even global-scale. With two new space-borne LiDAR instruments currently in orbit

(Global Ecosystem Dynamics Investigation (GEDI) and Ice, Cloud, and land Elevation

Satellite 2 (ICESat-2)) large scale information on 3D forest canopy structure will be

increasingly available, albeit at a lower level of detail compared to the instruments

assessed in this thesis. Radiative transfer model based sensor fusion and machine

learning based emulation of radiative transfer models show further large potential in

�rstly decreasing computational demands of these physically complex models and

secondly, in increasing the scale for analysing the radiative transfer through forest

canopies. Future work on the integration of remotely sensed canopy structure and

modelling of complex 3D light-matter interactions within Earth system models will

further improve our understanding of forest ecosystem functioning and development.
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Zusammenfassung

Wälder gehören zu den biologisch vielf̈altigsten terrestrischen Ökosystemen der Erde

und spielen eine Schl̈usselrolle in den globalen biogeochemischen und biophysikalis-

chen Kreisl̈aufen. Die Sonneneinstrahlung ist die treibende Kraft f̈ur die Funk-

tionsfähigkeit und Produktivit ät des Wald̈okosystems. Die Verteilung der Sonnene-

instrahlung innerhalb des Waldes beein�usst weiterhin den Artenreichtum und die

Artenvielfalt und damit auch die Konkurenz und das Zusammenleben zwischen den

Arten. Wie das Licht jedoch mit der Vegetation interagiert und wie es sich innerhalb

des Waldes verteilt, ist noch weitgehend unbekannt. Die strukturelle Komplexiẗat

der Wälder erschwert die dreidimensionale (3D), kontinuierliche Messungen der

Lichtverteilung. 3D-Strahlungstransfermodelle sind eine nützliche Alternative zu

komplizierten und oft ungenauen Messungen der Lichtverteilung im Wald. Für

die Parametrisierung eines solchen 3D-Strahlungstransfermodells ist eine genaue

Rekonstruktion der Waldstruktur unerl ässlich. Die Fernerkundung, insbesondere die

Laserscanning-Technologie, erm̈oglichen hochau� ösende Abscḧatzungen der Wald-

struktur. Eine quantitative Beurteilung der Qualit ät solcher Laserscans und damit

auch eine Validierung der abgeleiteten Waldstrukturparameter ist jedoch nach wie

vor eine Herausforderung.

Diese Dissertation stellt einen konsistenten Ansatz zur Quanti�zierung und Bew-

ertung der Qualit ät und Abdeckung von Laserscans̈uber Wälder vor, basierend auf

Messungen von verschiedenen Plattformen (luftgesẗutzt (ALS), terrestrisch (TLS),

und von unbemannten Luftfahrzeugen (UAV)). Abschattungen in Laserscans sind

ein bekanntes Problem, welches zu Fehlern in Abscḧatzungen von biophysikalischen

Parameter f̈uhrt. Mit dem vorgeschlagenen Ansatz konnten wir das abgeschattete

Volumen quanti�zieren und den Ein�uss wichtiger Laseraufnahmeparameter (z.B.

Pulsdichte, Anzahl der Beobachtungswinkel etc.) auf den Grad der Abschattung

beurteilen. Basierend auf multiple Laserscans haben wir einen 3D-Ansatz zur Rekon-

struktion von Waldstrukturen mit beispiellosem Detaillierungsgrad entwickelt.

Die hochau� ösende Waldstrukturrekonstruktion bildet die Grundlage f ür die Mod-

ellierung des Strahlungstransfers innerhalb der beiden untersuchten, kontrastieren-

den Waldkosysteme des gemigten Mischwaldes auf der L̈agern in der Schweiz und

des tropischen Regenwaldes im Lambir Hills Nationalpark, Borneo, Malaysia. Wir

parametrierten das 3D-Strahlungstransfermodell DART unter Verwendung der Struk-

turinformationen aus TLS- und UAVLS-Aufnahmen und der optischen Blatteigen-

schaften aus Feldspektroradiometermessungen. Anschliessend simulierten wir die

3D-Lichtverteilung innerhalb der beiden Wälder mit sehr hoher räumlicher und

zeitlicher Au� ösung. Die daraus resultierende 3D-Lichtlverteilungskarte besẗatigte

die Waldstruktur als Haupttreiber f ür die Verteilung der Sonneneinstrahlung inner-

halb des Waldes. Die optischen Eigenschaften der Blätter, wie sie in dieser Arbeit

gemessen wurden, haben nur einen geringen Ein�uss auf die Gesamtverteilung des
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Lichts innerhalb der Waldes. Quanti�zierte grosse Unterschiede zu mehrschichtigen

Big-Leaf Modellen, die aufgrund ihrer Einfachheit oft in Erdsystemmodellen verwen-

det werden, unterstreichen die Notwendigkeit solcher hochdetaillierter Waldstruk-

turrekonstruktionen und Strahlungstransfermodelle f ür die Analyse lichtbedingter

Mechanismen in Wald̈okosystemen. Der vorgestellte Ansatz k̈onnte daher genutzt

werden, um die Strahlungstransfermodule in Erdsystemmodellen zu verbessern oder

zu benchmarken, um bekannte Fehlerquellen zu reduzieren, die durch ungenaue

Modellierung des Lichtregimes innerhalb des Waldes verursacht werden.

Diese Dissertation zeigt und diskutiert zus̈atzlich den Ein�uss der Vegetation auf

das umgebende Einstrahlungsfeld, basierend auf Strahlungstransfersmodellierung

und in-situ Messungen. Unsere Ergebnisse zeigen einen grossen Ein�uss der Vegeta-

tion auf das Einstrahlungsfeld, sowohl bei in-situ Messungen als auch bei simulierten

Einstrahlungswerten. Wir betonen die Notwendigkeit genauer Einstrahlungssẗarke-

Scḧatzungen für zuverlässige Abscḧatzungen von Ober� ächenre�exion und geo-

physikalischen Informationen aus bildgebenden Spektroskopiedaten. Vergleiche

zwischen gemessenen und modellierten Einstrahlungswerten validieren weiter die

Verwendung des DART Strahlungstransfermodells in Verbindung mit dem in dieser

Dissertation vorgestellten Parametrisierungsansatz.

Diese Dissertation bescḧaftigt sich eingehend mit der Bedeutung der 3D Beschrei-

bung der Waldstruktur sowie der Modellierung der Wechselwirkung zwischen Licht

und Materie für die Analyse der Funktionsweise und Produktiviẗat von Waldökosys-

temen. Zu den möglichen zukünftigen Forschungsrichtungen geḧort die Hochskalie-

rung des eingef̈uhrten Modellierungsansatzes der 3D-Lichtverteilung von der Plot-

Ebene auf regionaler oder sogar globaler Ebene. Mit zwei neuen weltraumgesẗutzten

LiDAR-Instrumenten (Global Ecosystem Dynamics Investigation (GEDI) und Ice,

Cloud, and Land Elevation Satellite 2 (ICESat-2)), werden gross�̈achige Informatio-

nen über die Struktur des Waldes zunehmend verf̈ugbar sein, wenn auch auf einem

niedrigeren Detaillierungsgrad. Die Strahlungstransfermodell basierte Sensorfu-

sion sowie die Machine Learning basierte Emulation von Strahlungstransfermodellen

zeigen grosses Potenzial bei der Verringerung der rechnerischen Anforderungen dieser

physikalisch komplexen Modelle und bei der Vergr̈osserung der Skala f̈ur die Analyse

des Strahlungstransfers durch WaldÖkosysteme. Zuk̈unftige Arbeiten zur Integration

komplexer Waldstrukturinformationen und h öchst detaillierte Strahlungstransfer-

modelle in Erdsystemmodellen werden unser Versẗandnis der Funktionsweise und

Entwicklung des Waldökosystems weiter verbessern.
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The three-dimensional distribution of canopy material and their variation in

morphological and physiological traits within the canopy are important parameters to

analyse and assess forest ecosystem functioning, diversity and productivity. Especially

the radiative transfer through forest ecosystems is of special interest to broaden our

understanding on forest ecosystem functioning, productivity, species competition

and coexistence as well as the microclimate within the forests. Recent advances

in laser scanning technologies deliver the tools to acquire and analyse the three

dimensional structure of forest ecosystems in unprecedented levels of detail, allowing

us to reconstruct and model complex forest ecosystems and their functioning. Section

1.1 provides an overview on a multitude of applications, possibilities and challenges

of close-range laser scanning for three-dimensional reconstruction of forest canopies,

but without going into detail on the radiative transfer through forest ecosystems and

its ecological relevance. Therefore more details on challenges, opportunities and the

ecological relevance on three-dimensional forest reconstruction and the radiative

transfer within the canopy are discussed in Section 1.2. Finally, the thesis aims

with the research questions and hypotheses as well as the structure of the thesis are

introduced in Section 1.3.
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1.1 Close-range laser scanning in forests: towards physi-

cally based semantics across scales

Morsdorf, F., Kükenbrink, D. , Schneider, F. D., Abegg, M., Schaepman, M.E.

This section is based on the peer-reviewed article:

Close-range laser scanning in forests: towards physically based semantics across scales

Interface Focus, 2018 (8), 1-10

DOI:10.1098/rsfs.2017.0046

and is reprinted as the �nal submitted manuscript.

It has been modi�ed to �t into the layout of this thesis.

All authors designed research and wrote the paper, with main contributions of F.M.

D.K. contributed results concerning occlusion mapping from different platforms and tree structure

modelling using QSM.
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Abstract

Laser scanning with its unique measurement concept holds the potential to revo-

lutionize the way we assess and quantify 3d vegetation structure. Modern laser

systems used at close-range, be it on terrestrial, mobile or unmanned aerial platforms,

provide dense and accurate 3D data whose informationjust waits to be harvested.

However, the transformation of such data to information is not as straightforward

as for airborne and space-borne approaches, where typically empirical models are

built using ground-truth of target variables. Simpler variables, such as diameter at

breast height, can be readily derived and validated. More complex variables, e.g. leaf

area index (LAI), need a thorough understanding and consideration of the physical

particularities of the measurement process and semantic labeling of the point cloud.

Quanti�ed structural models provide a framework for such labelling by deriving stem

and branch architecture, a basis for many of the more complex structural variables.

The physical information of the laser scanning process is still under-used and we

show how it could play a vital role in conjunction with 3D radiative transfer models

to shape the information retrieval methods of the future. Using such a combined

forward and physically-based approach will make methods robust and transferable.

In addition, it avoids replacing observer bias from �eld inventories with instrument

bias from different laser instruments. Still, an intensive dialogue with the users of

the derived information is mandatory to potentially re-design structural concepts

and variables so that they pro�t most of the rich data that close-range laser scanning

provides.



6 C H A P T E R 1

1.1.1 Introduction

Within forests, the horizontal and vertical arrangement of plants has a large impact

on ecological processes, such as competition, carbon balance and nutrient and water

cycling. This large role of forest structure for ecosystem functioning establishes a link

between structure and diversity (MacArthur & Horn, 1969; McElhinny et al., 2005),

making forests of special relevance for biodiversity (Barlowet al., 2007). For instance,

light scattering within the forest is strongly in�uenced by vegetation structure and

can itself feedback to structure, as light availability is an important aspect of plant

establishment and survival. Thus, forest ecologists have long sought to describe the

structure of forests, e.g. by measuring foliage pro�les (MacArthur & Horn, 1969) or

by establishing semantics and topology of tree architecture, such as Hallé (1986).

Looking back, the used tools may appear to be simple, MacArthur & Horn (1969)

used adapted photographic cameras to estimate height and abundance of leaves in

the canopy, while Hallé (1986) used observations and drawings to derive modular

structural concepts of tropical trees.

However, the variables of interest are still very relevant today. MacArthur & Horn

(1969) provided a method to derive a biophysical parameter (the foliage pro�le)

devoid of architectural semantics or topology. Hallé (1986)'s aim was to represent

the complex tree architecture in forms of smaller, repeating patterns, effectively

capturing the tree structure and semantically labeling the constituent objects (e.g.

shoots, leaves and branches).

Nowadays, laser scanning is a unique and established technology, offering a

convenient way to assess 3d vegetation structure. Laser scanning can be applied on

different scales, from airborne systems to very high resolution ground based sensors.

Such systems provide extremely dense and illustrative data sets, named ”point-

clouds”. Opposed to traditional airborne laser scanners, close-range laser systems

provide point clouds where stem, branches and even single leaves are resolved and

easily identi�ed by the human observer (see Figure 1.1). The point-cloud itself

is, however, devoid of any semantic information or topology. As the datasets are

typically very large and unorganized, the meaningful derivation of information is a

major challenge and remains an obstacle in the way of widespread application of this

technology in ecology.

Traditionally (i.e. for airborne laser scanning, ALS), many forest variables were

derived in an empirical fashion by correlating �eld inventoried parameters (biomass,

stem volume, basal area) with a set of ALS derived predictor variables (Næsset,

1997, 2002). Such approaches are infeasible with close-range laser scanning, as it

is very time consuming and in most cases impossible to provide ground truth at the

relevant scales (branches, leaves). Hence, for close-range laser scanning, a different,

forward approach is needed to convert data to information, without the need for
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prior information. This manifests the particular relevance of semantic labeling and

physically-based approaches for close-range laser scanning.

In this paper, we will highlight the physical basics of laser scanning, provide some

relevant technical information on current implementations in instruments (Section

1.1.2) and introduce a selection of methods that convert data to information (Section

1.1.3), devided into physical approaches and semantic labeling. In addition, we will

discuss and illustrate the problematic validation of close-range laserscanning derived

variables and a possible solution by radiative transfer modeling of the measurement

process (Section 1.1.4). Furthermore, we will show that different types of instruments

provide valuable information across scales (Section 1.1.5). Concluding, we discuss

what will be needed to make the most of this recent technology for forest structure

assessments.

1.1.2 Laser scanning - principles and implementations

Although the terms LiDAR and laser scanning are often used synonymously, strictly

speaking, a LiDAR (Light Detection and Ranging) is only one part of an laser scan-

ning system. With LiDARs, a laser pulse is used to measure distances between the

instrument and re�ecting objects (e.g. leaves, branches or stems). The distance can

either be computed using the time-of-�ight of a laser pulse or the phase difference

of an amplitude-modulated signal. Using the instrument's location and orientation,

this distance measurement can then be converted to a 3d coordinate. In terrestrial

laser scanning systems, high precision measurements of the instruments rotational

angles (azimuth and elevation) provide data in a local, polar coordinate system, i.e.

the scanning is performed by rotating the instrument in two dimensions, while the

instrument itself is stationary.

On the other hand, differential GPS and inertial navigation systems are used along

side a physical scanning mechanism to transform a LiDAR into a laser scanner in

airborne systems. In these systems, only one dimension is covered by the scanner,

generally with a narrow �eld of view, while the second dimension to get 2d coverage

is covered by the platform movement itself. These distinct scanning approaches lead

to large within point-cloud differences in point spacing, footprint size and occlusion,

which need to be considered when deriving physically-based information such as

plant area index (PAI).

Since the scanning frequencies of modern systems have moved beyond the mega-

Hertz mark (i.e. more than 100.000 distance measurements per second), very dense

point clouds of the 3d coordinate triplets can be obtained. Most modern laser

scanning systems are inherently full-waveform (FW), recording the backscattered

energy over time (and range) and using processing such a Gaussian decomposition

to detect the range distances of re�ecting objects. FW systems provide as well

the backscattered energy (opposed to just amplitude) (Wagner, 2010) and allow

for the derivation of higher order moments potentially useful for discrimination of
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Fig. 1.1: Laser scanning point cloud as obtained by multi-view terrestrial laser scanning in a
mature temperate beech forest in leaf-off conditions. Each dot has an exact 3d coordinate
and the brightness of the points is depicting the strength of the backscattered signal.

vegetation traits (Bruggisser et al., 2017). Using the intensity as an additional source

of information, detailed and to the human eye informative visualizations of the point

clouds can be made. These have ever since led to high expectations as to what

information could be derived from such datasets (Figure 1.1).

Opposed to passive optical imaging, laser intensity is not ridden by the problem

of shadows, since the mono-static LiDAR setup always measures in the ”hot-spot”,

i.e. the angle of maximum re�ectance (Maignan et al., 2004). Thus, LiDAR intensity

should be very well suited to capture the re�ectance of objects at the particular laser

wavelength and with a properly chosen wavelength, e.g. 1064 nm, it should be

possible to differ between ”green” and ”brown” biomass. However, one problem of

laser intensity in forests (which is valid for all scales, from space-borne to ground-

based) are effects of partially hit leaves leading to mixed pixels. As the laser footprint,

i.e. the area that is illuminated by the laser, has a certain extent, some laser shots may

only partially hit leaves or branches. Consequently, the measured intensity is not only

a function of leaf re�ectance at the laser wavelength (and leaf inclination angle in case

of non-Lambertian behaving leaves), but as well of the illuminated area, which can

be more or less randomly distributed. For time-of-�ight systems, only the intensity is

affected by this, but for phase measurements even the range measurement is impaired,

leading to ghost points in-between two partially illuminated re�ecting objects, often

termed mixed-pixels in literature. If it was not for this setback, phase-based terrestrial

laser scanners (TLS) were actually better suited for forest applications, since they

are scanning much faster than time-of-�ight system and are often implemented as

panorama scanners, being able to cover the whole hemisphere with one scan.

Time-of-�ight systems are often camera or hybrid scanners, where a second scan

using a tilt mount is needed to capture the canopy directly above the scanner. Typical

examples for hybrid, time-of-�ight scanners is the Riegl VZ-XXXX range, while FARO
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