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ABSTRACT
The Arctic tundra, covering approx. 5.5 % of the Earth’s land surface, is one of the last
ecosystems remaining closest to its untouched condition. Increased tundra productivity, which
is thought to be mainly a response to climate warming, and anthropogenic impacts on the
physical environment lead to major implications for this ecosystem. Consequently, detailed
information about the status of Arctic tundra ecosystems is needed to effectively monitor
human impacts and to evaluate the influence of climate change as recommended by the Kyoto
Protocol from 1997. Remote sensing is able to provide information at regular time intervals
and large spatial scales on the structure and function of Arctic ecosystems. Specifically,
reflectance data in the optical light spectrum can be related to biophysical plant parameters
which are important input parameters for models. But almost all natural surfaces reveal
individual anisotropic reflectance behaviors, which can be described by the bidirectional
reflectance distribution function (BRDF). This effect can cause significant changes in the
measured surface reflectance depending on solar illumination and sensor viewing geometries.
The aim of this thesis is the hyperspectral and spectro-directional reflectance characterization
of important Arctic tundra vegetation communities at representative Siberian and Alaskan
tundra sites as basis for the extraction of vegetation parameters, and the normalization of
BRDF effects in off-nadir and multi-temporal remote sensing data. Moreover, in preparation
for the upcoming German EnMAP (Environmental Mapping and Analysis Program) satellite
mission, the understanding of BRDF effects in Arctic tundra is essential for the retrieval of
high quality, consistent and therefore comparable datasets. Because hyperspectral or multiangle satellite and aerial data are not operationally available for tundra regions, the research in
this doctoral thesis is based on field spectroscopic and field spectro-goniometric
investigations of representative Siberian and Alaskan measurement grids belonging to the
Greening-of-the-Arctic program.
Performing ground-based spectro-directional measurements with currently available spectrogoniometer instruments is impractical in the Arctic due to the environmental and logistical
challenges. Therefore, the first objective of this thesis was the development of a lightweight,
transportable, and easily managed field spectro-goniometer system which nevertheless
provides reliable spectro-directional data. I developed the Manual Transportable Instrument
platform for ground-based Spectro-directional observations (ManTIS). The ManTIS can be
equipped with various sensor systems and allows spectro-directional measurements with up to
30° viewing zenith angle by full 360° viewing azimuth angles, in unison with a high angular
accuracy and fast execution of the measurements. The developed data processing chain in
connection with the self-programmed software for the semi-automatic control provides a
reliable method to reduce temporal effects during the measurements. Another outcome of the
thesis is that the innovative design and operation mode of the ManTIS was nationally and
internationally registered for patent (patent publication number: DE 10 2011 117 713.A1).
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The second objective of this thesis is the hyperspectral characterization of Arctic tundra. The
outcome of the field spectro-radiometrical measurements at the Low Arctic study sites along
important environmental gradients (regional climate, soil pH, toposequence, and soil
moisture) show that the different plant communities can be distinguished by their nadir-view
reflectance spectra. For this purpose, spectral metrics, including the averaged reflectance and
absorption-related metrics, were investigated with respect to “greenness”, biomass, vegetation
height, and soil moisture regimes. The results especially reveal separation possibilities
between the different tundra vegetation communities in the visible (VIS) blue and red
wavelength regions. Additionally, the near-infrared (NIR) shoulder and NIR reflectance
plateau, despite their relatively low values due to the low structure of tundra vegetation, are
still valuable information sources and can separate communities according to their biomass
and vegetation structure. The main spectro-radiometrically-based differences among these
communities are: (i) southern sites along the climate gradient have taller shrubs and greater
overall vegetation biomass, which leads to higher reflectance in the NIR; (ii) vegetation
height and surface wetness have opposing effects that balance each other out with respect to
the NIR reflectance along the toposequence and soil moisture gradients; (iii) moist acidic
tundra (MAT) sites have “greener” species, more leaf biomass, and green-colored moss
species that lead to higher absorption by photosynthetic pigments compared to moist nonacidic tundra (MNT) sites. The regression analyses with biomass indicate the possibility of
separating out MAT and MNT vegetation via hyperspectral vegetation indices (VI), such as
the narrowband Normalized Difference Vegetation Indices (NDVI); these communities have
not been previously separable in such a good way using broadband data. Nevertheless, the
field spectroscopy also exhibits some universal reflectance characteristics for tundra
vegetation. In general, all different tundra plant communities show: (i) low maximum NIR
reflectance; (ii) a weakly or nonexistent visible green reflectance peak in the VIS spectrum;
(iii) a narrow “red-edge” region between the red and NIR wavelength regions; and (iv) no
distinct NIR reflectance plateau.
These common nadir-view reflectance characteristics are essential for the understanding of
the variability of BRDF effects in Arctic tundra. For the third objective – the investigation of
the spectro-directional reflectance characteristics of tundra vegetation communities – the
spectro-goniometry was performed at solar noon in order to gain comparable datasets. None
of the analyzed tundra communities showed an even closely isotropic reflectance behavior. In
general, tundra vegetation communities: (i) usually show the highest BRDF effects in the
solar principal plane; (ii) usually show the reflectance maximum in the backward viewing
directions, and the reflectance minimum in the nadir to forward viewing directions; (iii)
usually have a higher degree of reflectance anisotropy in the VIS wavelength region than in
the NIR wavelength region; and (iv) show a more bowl-shaped reflectance distribution in
longer wavelength bands (>700 nm). The explanation for these findings is that tundra
communities form an overall more erectophile canopy, and that the dense moss and lichen
mats in the understory exclude soil BRDF effects. The fourth objective of this thesis is the
analysis of the influence of high sun zenith angles on the reflectance anisotropy. Therefore,
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spectro-goniometry was carried out at varying sun zenith angles ranging from 46° to 68°. The
results show that with increasing sun zenith angles, the reflectance anisotropy changes to
azimuthally symmetrical, bowl-shaped reflectance distributions with the lowest reflectance
values in the nadir view position.
The fifth objective of this thesis is the investigation of the variability in remote sensing
products for Low Arctic tundra environments that is attributable to changes in the
illumination-target-sensor geometry. The spectro-directional analyses show that remote
sensing products such as the NDVI or relative absorption depth products are strongly
influenced by BRDF effects, and that the anisotropic characteristics of the remote sensing
products can significantly differ from the observed BRDF effects in the original reflectance
data. The results show that in relative absorption depth products the off-nadir values can
deviate with increasing sensor view zenith angle up to 25 % from the nadir value. But the
results further show that the NDVI can minimize view angle effects relative to the contrary
spectro-directional effects in the red and NIR bands. For the researched tundra plant
communities, the overall difference of the off-nadir NDVI values compared to the nadir value
increases with increasing sensor viewing angles, but on average never exceeds 10 %.
In conclusion, this study shows that changes in the illumination-target-viewing geometry
directly lead to an altering of the reflectance spectra of Arctic tundra communities according
to their object-specific BRDFs. Since the different tundra communities show only small, but
nonetheless significant differences in the surface reflectance, it is important to include
spectro-directional reflectance characteristics in the algorithm development for remote
sensing products. In preparation of the upcoming EnMAP satellite mission, (i) the availability
of ground-based multi-angular and hyperspectral data, (ii) the possibility of measuring with a
field-adapted, resistant and light-weight spectro-goniometer such as the developed ManTIS,
and (iii) the understanding of the BRDF effects in low-growing tundra biomes are crucial for
the normalization of off-nadir remote sensing data as well as the potential derivation of
vegetation structure parameters for tundra and permafrost landscapes.
Keywords: Arctic tundra; spectro-directional remote sensing; field spectroscopy; field
spectro-goniometry; BRDF characteristics; hyperspectral analyses; EnMAP
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Kurzfassung

KURZFASSUNG
Die arktische Tundra ist mit circa 5,5 % der Landoberfläche eines der letzten großen verbliebenen fast unberührten Ökosysteme unserer Erde. Der nachgewiesene Anstieg der Biomasseproduktivität ist eine vermutete Folge der globalen Erwärmung und führt zusammen mit anderen menschlichen Einflüssen in der Arktis zu großen negativen Aus-wirkungen auf dieses
Ökosystem. Zur Beurteilung des Einflusses des Klimawandels auf die Tundra sowie dessen
Monitoring werden detaillierte Informationen über den Zustand des arktischen Ökosystems
benötigt. Diese Zustandsdaten sind auch für die Evaluierung der Maßnahmen im Rahmen des
Kyoto-Protokolls von 1997 notwendig. Nur die Fernerkundung ist in der Lage, die benötigten
Informationen über Struktur und Zustand des Ökosystems großräumig und in regelmäßigen
Zeitabständen zur Verfügung zu stellen. Reflektanzdaten im optischen Spektrum des Lichts
können in Beziehung zu biophysikalischen Pflanzenparametern gesetzt werden. Diese
Parameter dienen als wichtige Eingangsparameter für Modelle. Aber fast alle natürlichen
Oberflächen zeigen individuelle anisotrope Reflexionsverhaltensweisen, welche durch die
bidirektionale Reflektanzverteilungsfunktion (englisch: BRDF) beschrieben werden können.
Dieser Effekt kann zu erheblichen Veränderungen im gemessenen Reflexionsgrad der Oberfläche in Abhängigkeit von den solaren Beleuchtung- und Blickrichtungsgeometrien führen.
Zielstellung dieser Arbeit ist die hyperspektrale und spektro-direktionale Charakterisierung
der Oberflächenreflexion wichtiger und repräsentativer arktischer Pflanzengesellschaften der
Tundra in Sibirien und Alaska, als Grundlage für die Extraktion von Vegetationsparametern
und die Normalisierung von BRDF-Effekten in Off-Nadir und multi-temporalen
Fernerkundungsdaten. In Vorbereitung auf die bevorstehende nationale EnMAP
(Environmental Mapping and Analysis Program) Satellitenmission ist ein Grundverständnis
der BRDF-Effekte in der arktischen Tundra von wesentlicher Bedeutung für die Erstellung
von hochqualitativen, konsistenten und damit vergleichbaren Datensätzen. Da für die
Polarregionen keine operativen Luft- und Satellitendaten im hyperspektralen Bereich bzw. mit
Mehrfachblickwinkel verfügbar sind, beruhen die in dieser Arbeit genutzten Daten auf
geländespektroskopische und geländespektro-goniometrische Untersuchungen von
repräsentativen Messflächen des Greening-of-the-Arctic Programmes in Sibirien und Alaska.
Die Durchführung von bodengestützten spektro-direktionalen Messungen mit bisher eingesetzten Instrumenten (auch als Spektro-Goniometer bezeichnet) ist durch die ökologischen
und logistischen Herausforderungen in der Arktis nur eingeschränkt möglich. Die Entwicklung eines leichten, transportablen und einfach anzuwendenden Geländespektro-Goniometers,
welches dennoch zuverlässig spektro-direktionale Daten liefert, war daher die erste zu lösende
Aufgabe dieser Dissertation. Das von mir entwickelte Geländespektro-Goniometer mit der
Bezeichnung ManTIS („Manual Transportable Instrument platform for ground-based Spectrodirectional observations“) stellt eine Plattform dar, die ausgestattet mit verschiedenen Sensoren, spektro-direktionale Messungen mit Betrachtungszenitwinkel bis zu 30° und voller 360°
Azimutabdeckung in Verbindung mit einer hohen Winkelmessgenauigkeit sowie einer
schnellen Messdurchführung ermöglicht. Die entwickelte Datenverarbeitungskette bietet in
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Verbindung mit der selbst programmierten Software für die semi-automatische Steuerung des
ManTIS eine zuverlässige Methode zur Reduzierung von solaren Änderungseinflüssen
während der Messdurchführung. Das innovative Design des ManTIS wurde national und
international zum Patent angemeldet (Patentoffenlegungsschrift: DE 10 2011 117 713.A1).
Die hyperspektrale Reflektanz-Charakterisierung der arktischen Tundra ist die zweite
Aufgabenstellung dieser Arbeit. Die Ergebnisse der geländespektro-radiometrischen
Messungen der Untersuchungsflächen entlang wichtiger ökologischer Gradienten (regionales
Klima, pH-Wert des Bodens, Bodenfeuchte, Toposequenz) zeigen, dass die
Pflanzengesellschaften sich anhand ihrer Nadir-Reflektanzen unterscheiden lassen. Zu diesem
Zweck wurden spektrale Messgrößen in Beziehung zur Biomasse, der Wuchshöhe und der
Bodenfeuchte untersucht. Die Ergebnisse zeigen insbesondere die Möglichkeit der
Differenzierung der verschiedenen Pflanzengesellschaften der Tundra im sichtbaren (VIS)
blauen und roten Wellenlängenbereich. Die Nah-Infrarot (NIR) Schulter und das NIRReflektanzplateau sind trotz ihrer niedrigeren Reflektanzwerte, resultierend aus der niedrigen
Vegetationsstruktur, eine wertvolle Informationsquelle, die genutzt werden kann um die
Pflanzengesellschaften entsprechend ihrer Biomasse und der Vegetationsstruktur voneinander
zu unterscheiden. Die wichtigsten spektro-radiometrischen Unterschiede sind: (i) höhere
Sträucher und eine insgesamt höhere Vegetationsbiomasse in den südlich gelegenen
Untersuchungsgebieten entlang des Klimagradienten führen zu einer höherer Reflektanz im
NIR-Spektrum (ii) Vegetationshöhe und Oberflächenfeuchte sind Antagonisten in Bezug auf
die Oberflächenreflektanz im NIR-Spektrum und heben sich entlang der Toposequenz- und
Bodenfeuchte-Gradienten gegenseitig auf; (iii) Tundravegetation im feucht-sauren Milieu
(englisch: moist acidic tundra = MAT) hat „grünere“ Pflanzenarten, höhere Blattbiomasse und
„grüne“ Moosarten, welches zu einer höheren Pigmentabsorption im Vergleich zur
Tundravegetation im feucht-basischen Milieu (englisch: moist non-acidic tundra = MNT)
führt. Die Regressionsanalysen mit Biomasse kennzeichnen die Möglichkeit der Separation
von MAT und MNT Vegetation mittels hyperspektraler Vegetationsindizes (VI) wie den
Normalized Difference Vegetation Indices (NDVI). Diese Differenzierung war mit BreitbandFernerkundungsdaten bisher in dieser Qualität nicht möglich. Die Geländespektroskopie deckt
aber auch gemeinsame Reflektanzeigenschaften für die Tundravegetation auf. Die
verschiedenen Pflanzengesellschaften der Tundra zeigen: (i) niedrige maximale NIRReflektanz; (ii) ein schwaches oder nicht sichtbares lokales Reflektanzmaximum im grünen
VIS-Spektrum; (iii) einen schmalen „red-edge“ Bereich zwischen dem roten und NIRWellenlängenbereich und (iv) kein deutliches NIR-Reflektanzplateau.
Diese gemeinsamen Nadir-Reflektanzeigenschaften sind entscheidend für das Verständnis der
Variabilität der BRDF-Effekte in der arktischen Tundra. Für die dritte Aufgabe der Arbeit, die
Untersuchung der spektro-direktionalen Reflektanzeigenschaften von Pflanzengesellschaften
der Tundra, wurde zur Gewinnung vergleichbarer Datensätze die GeländespektroGoniometrie zum Sonnenhöchststand durchgeführt. Keine der untersuchten Pflanzengesellschaften wies hierbei isotrope Reflektanzeigenschaften auf. Im Allgemeinen zeigt
Tundravegetation: (i) die höchsten BRDF-Effekte in der solaren Hauptebene; (ii) die
maximalen Reflexionsgrade in den rückwärts gerichteten Blickrichtungen und die minimalen
Reflexionsgrade in den Nadir bis vorwärts gerichteten Blickrichtungen; (iii) höhere Grade an
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Anisotropie im VIS-Spektrum als im NIR-Spektrum und (iv) schüsselförmige Reflexionsgradverteilungen in den längeren Wellenlängenbereichen (>700 nm). Erklären lassen sich
diese Ergebnisse damit, dass Pflanzengesellschaften der Tundra mit ihren dichten Moos- und
Flechtenmatten im Unterwuchs eine insgesamt eher erectophile Vegetationsstruktur ohne den
Einfluss von Boden BRDF-Effekten bilden. Die Analyse des Einflusses von hohen
Sonnenzenitwinkeln auf die Anisotropie der Rückstrahlung ist die vierte Teilaufgabe dieser
Dissertation. Hierfür wurden spektro-goniometrische Untersuchungen bei variierenden
Sonnenzenitwinkeln im Bereich von 46° bis 68° durchgeführt. Die Messergebnisse belegen,
dass sich mit zunehmenden Sonnenzenitwinkeln die Anisotropie-Eigenschaften in azimutalsymmetrische schüsselförmige Reflexionsgradverteilungen mit den niedrigsten
Reflexionsgraden in der Nadir-Position ändern.
Die Untersuchung der Variabilität in Fernerkundungsprodukten für arktische
Tundravegetation aufgrund von Änderungen in der Sonnen-Objekt-Sensor-Geometrie ist die
fünfte und abschließende Aufgabe dieser Arbeit. Die spektro-direktionalen Analysen ergeben,
dass Fernerkundungsprodukte wie der NDVI oder die relative Absorptionstiefe stark von
BRDF-Effekten beeinflusst werden. Sie zeigen auch, dass sich die anisotropen Eigenschaften
der Fernerkundungsprodukte erheblich von den beobachteten BRDF-Effekten in den
ursprünglichen Reflektanzdaten unterscheiden können. Die Ergebnisse dokumentieren, dass
mit zunehmendem Betrachtungszenitwinkel für die relative Absorptionstiefe die Werte in den
Off-Nadir Blickrichtungen bis zu 25 % vom Nadir-Wert abweichen können. Auch lässt sich
aus den Ergebnissen ableiten, dass der NDVI relativ gesehen zu den gegensätzlichen spektrodirektionalen Reflektanzeigenschaften in den roten und NIR-Bändern die
blickrichtungsabhängigen BRDF-Effekte minimieren kann. Für die untersuchten
Pflanzengesellschaften der Tundra steigen die Off-Nadir NDVI-Werte im Vergleich zu den
Nadir-Werten mit zunehmendem Betrachtungszenitwinkel an, im Durchschnitt beträgt die
Abweichung aber nicht mehr als 10 %.
Im Resümee dieser Studie wird nachgewiesen, dass Änderungen in der Sonnen-ObjektSensor-Geometrie direkt zu Reflektanzveränderungen in den Fernerkundungsdaten von
arktischen Pflanzengesellschaften der Tundra entsprechend ihrer objekt-spezifischen BRDFCharakteristiken führen. Da die verschiedenen Arten der Tundravegetation nur kleine, aber
signifikante Unterschiede in der Oberflächenreflektanz zeigen, ist es wichtig die spektrodirektionalen Reflexionseigenschaften bei der Entwicklung von Algorithmen für Fernerkundungsprodukte zu berücksichtigen. In Vorbereitung auf die bevorstehende EnMAP Satellitenmission ist (i) die Verfügbarkeit von bodenbasierten Hyperspektraldaten mit Mehrfachblickwinkeln, (ii) die Möglichkeit der Messung mit einem leichten, robusten und geländeangepassten Spektro-Goniometer wie das entwickelte ManTIS und (iii) das Grundverständnis
der BRDF-Effekte in niedrig wachsenden Tundrabiomen von entscheidender Bedeutung für
die Normalisierung von Off-Nadir Fernerkundungsdaten sowie der potentiellen Ableitung von
Vegetationsstrukturparametern für die Tundralandschaften der Permafrostregionen.
Schlagwörter: arktische Tundra; spektro-direktionale Fernerkundung; Geländespektroskopie;
Geländespektro-Goniometrie; BRDF Eigenschaften; hyperspektrale Analysen; EnMAP
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1 Introduction

1

INTRODUCTION
1.1 Background and Scientific Setting

The Arctic tundra is one of Earth’s few remaining wilderness areas that resembles its original,
untouched ecological condition [Moore and Garratt, 2006]. Geographically, the Arctic tundra
biome is found in the northern High Latitudes (generally > 60° N) bordered by the Arctic
Ocean to the north and by the northern limit of tree growth (10°C July mean isotherm) to the
south [Moore and Garratt, 2006]. Therefore, it shows a circumpolar distribution and is
underlain by continuous permafrost. Overall, the Arctic tundra covers ~75,000 km²,
representing 5.5 % of the Earth’s land surface, and can be divided into three zones: North
America, Eurasia, and Greenland & Iceland [Moore and Garratt, 2006].
Time series of optical satellite data from 1982 to 2011 have shown an increase in the
productivity, or “greenness” of Arctic tundra [Bhatt et al., 2010; Bhatt et al., 2013; Eastman
et al., 2013; Myneni et al., 1997; Zhou et al., 2001]. This greening trend is thought to be
mainly a response to climate warming [Callaghan et al., 2011b; Epstein et al., 2012;
Lawrence et al., 2008; Walker, 2006]. This warming trend in the Arctic is also confirmed by
other studies [Hinzman et al., 2005; Kaufman et al., 2009]. Moreover, the Arctic is warming
at nearly double the general planetary rate [Blunden et al., 2011; Winton, 2006] leading to
major implications for tundra ecosystems, including changes in active layer depth, permafrost
and thermokarst distribution, carbon cycling, hydrology, and wildlife [IPCC, 2007; Walker et
al., 2012a]. In addition to the already occurring and pronounced impacts due to climate
warming, rapid social-ecological changes due to rapid oil and gas development, intensive
subsistence use by the local people, and increased ecotourism endanger sensitive permafrost
environments, especially in the North Slope of Alaska, USA and the Yamal Peninsula, Russia
[Chapin III et al., 2006; Forbes et al., 2009; Walker et al., 2009b].
Consequently, detailed and sustained environmental monitoring is needed to develop new
management approaches to help local leaders, land managers and policy makers. Intensive
ground-based observations along transects that traverse the complete Arctic bioclimate
gradient in northern Alaska and the Yamal region have been carried out (e.g., [Walker et al.,
2012b; Walker et al., 2009b; Walker et al., 2011b]), and have been coupled to extensive
social-ecological research (e.g., [Chapin et al., 2006; Forbes et al., 2009; Kumpula et al.,
2012; National Research Council (NRC), 2003]). Due to the remoteness and large area of the
tundra biome, these in-situ studies are mainly limited to accessible, “hotspot” regions [Lubin
and Massom, 2006]. For the generalization and upscaling of small-scale in-situ results,
continuous monitoring of larger geographic areas is needed. Therefore, spaceborne remote
sensing (RS) provides the best available tool for land-cover mapping and change detection in
the Arctic [Callaghan et al., 2011a; Lubin and Massom, 2006]. In particular, the optical part
of the electromagnetic spectrum (between 400 nm to 2,500 nm) is the most important for RS
of surface features such as vegetation, soils, and rocks [Kaufmann et al., 2012].
1

1.1 Background and Scientific Setting

Although optical RS, thus the gathering of reflectance data of the Earth’s surface from a
considerable distance, is cost-effective and has already been applied for decades, most optical
spaceborne missions are primarily designed for image acquisition in the tropical and middle
latitudes [Lubin and Massom, 2006]. Further, the short growing season for tundra vegetation,
the accelerated phenology, frequent cloud cover, high standing water and surface water
coverage, and extreme illumination conditions (sun zenith angles in Arctic latitudes always
larger than 43°) challenge optical airborne and spaceborne RS of high latitude vegetation
[Kääb, 2008; Stow et al., 2004; Vierling et al., 1997].
The era of RS of polar regions started in the 1960’s with the launch of the first civilian
satellite called TIROS-1 (Television and Infrared Observation Satellite-1) [Lubin and
Massom, 2006]. But the first detailed multi-spectral map of the Earth’s surface and the
opportunity to detect and monitor environmental changes in the Arctic emerged only in the
early 1970’s with the launch of the Landsat-1 satellite [Lubin and Massom, 2006]. Since then,
several sensors mounted on spaceborne platforms have been launched which provide RS data
for Arctic tundra at various spectral, spatial and temporal resolutions. These data have been
used as inputs for regional and global climate models, to detect land use and land cover
changes, and to extract biophysical plant parameters [Callaghan et al., 2011a]. The next boost
in the usage of RS data in environmental and social-ecological studies in the Arctic began
with the International Polar Year (IPY) 2007-8, a large scientific campaign focusing on the
polar regions which encompassed hundreds of projects in over 60 nations [International
Council for Science, 2004]. A good overview of past and recent studies using RS data for
vegetation analysis and modeling in Arctic tundra can be found in Stow et al. [2004] and
Callaghan et al. [2011a], while Kääb [2008] provides an overview about RS techniques for
the detection and monitoring of permafrost-related problems and hazards.
Several studies have shown the capability of multi-spectral satellite and aerial RS data to
extract biophysical parameters as well as to detect land use and land cover changes in the
Arctic tundra. These studies mainly used vegetation indices, a mathematical compression of
the received reflectance data in the sensed wavelength regions to one value, such as the
Normalized Difference Vegetation Index (NDVI) [Epstein et al., 2012; Hope et al., 1993;
Huemmrich et al., 2010; Laidler et al., 2008; Olthof and Latifovic, 2007; Riedel et al., 2005;
Stow et al., 2004; Vierling et al., 1997; Walker et al., 2003]. The NDVI is also an important
input parameter for regional and global climate models, vegetation models, and landatmosphere energy flux models. NDVI observations from spaceborne sensors such as the
Advanced Very High Resolution Radiometer (AVHRR), which acquires a daily, global
dataset at coarse spatial resolution (> 1 x 1 km pixel), indicate that circumpolar Arctic tundra
vegetation “greenness” has increased during the 32 year satellite record [Bhatt et al., 2013;
Jia et al., 2003; Stow et al., 2004; Verbyla, 2008]. Additionally, land-cover classifications
based on the AVHRR NDVI were used to create a circumpolar Arctic vegetation map
(CAVM) [Walker et al., 2005]. By integrating in-situ biomass sampling studies along Arctic
transects [Epstein et al., 2008; Walker et al., 2012b] with co-incident AVHRR NDVI
observations, it was possible to estimate the total biomass as well as temporal changes in
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biomass of Arctic tundra biomes [Raynolds et al., 2012; Walker et al., 2003]. AVHRR NDVI
data records and the plant functional types defined by the CAVM were recently used in a
dynamic vegetation model, which predicts an increased tundra shrubification and a tree-line
shift to higher latitudes due to climate warming [Zhang et al., 2013]. Increases in shrub cover
in the tundra biome, as well as northward and upslope expansion of trees into tundradominated areas, has been confirmed for the Siberian Low Arctic by comparing RS data from
the 1960’s and recent years [Frost and Epstein, 2013]. This may lead to an overall weakening
of the global important Arctic tundra carbon sink [Zhang et al., 2013].
In contrast to multi-spectral RS, which covers several, discrete wavelength regions, spectral
sampling by imaging spectroscopy, also called hyperspectral RS, provides continuous
information across the electromagnetic spectrum, thus enabling the development of new
algorithms for more detailed vegetation analysis, species identification, and monitoring.
Hyperspectral RS of Arctic landscapes to date is mainly limited to airborne platforms, and
therefore studies using the advantages of imaging spectroscopy are limited to several smallscale research sites. To date, detailed knowledge about the reflectance characteristics of
tundra vegetation over the whole optical wavelength region is mainly acquired by groundbased spectro-radiometric measurements, called field spectroscopy. For example, Ulrich et al.
[2009] used field spectroscopy to characterize radiometric properties of tundra vegetation on
different periglacial surfaces and geomorphological units in the Arctic Lena Delta, Russia.
This may led to a better classification of land-cover units in satellite RS data, and therefore a
better monitoring of land-cover changes.
Vegetated surfaces show significant absorption and reflection features in the visible and nearinfrared wavelength region. However, satellite data from platforms with pointing capabilities
or with wide imaging swaths are influenced by the bidirectional reflectance distribution
function (BRDF). This effect can cause significant changes in the measured spectral surface
reflectance depending on the solar illumination and sensor viewing geometry. Therefore,
spectro-directional RS, analyzing not only the spectral reflectance characteristics but also the
anisotropic reflectance behavior, has become more and more important in recent years for the
calibration of off-nadir satellite images, the normalization of multi-temporal images with
varying sun zenith angles, and the extraction of canopy parameters [Martonchik et al., 2000;
Schaepman, 2007]. Up to now, RS systems delivering spectro-directional data from Arctic
tundra landscapes are few. One of the existing systems is the Multiangle Imaging
Spectroradiometer (MISR) [Diner et al., 2007]. An Arctic study of Selkowitz [2010] showed
that the implementation of the directional domain can significantly increase the accuracy of
fractional shrub canopy mapping, and therefore improve monitoring of shrub expansions.
Large knowledge gaps remain, however, because the few existing studies about the spectrodirectional reflectance characteristics of tundra vegetation communities are based on groundbased measurements at a few selected test sites [Vierling et al., 1997], or alternatively, the
BRDF properties are derived from ground-based measurements in comparable biomes
[Peltoniemi et al., 2005; Peltoniemi et al., 2008; Solheim et al., 2000].
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1.2 Motivation and Research Questions
Condensed, detailed information about the status of Arctic tundra ecosystems is critically
important for monitoring human impacts in the Arctic and to forecast the Earth’s climate in
the framework of the Kyoto Protocol [United Nations Framework Convention on Climate
Change (UNFCCC), 1998], as well as for carbon cycle research [Global Carbon Project,
2003]. Remote sensing provides the best prospective tools for global-scale monitoring of
permafrost and tundra landscapes. Specifically, hyperspectral RS data can be related to
vegetation indices (VI), leaf area index (LAI) and the fraction of photosynthetically active
radiation (fPAR). These biophysical parameters are important input parameters for regional
and global models. However, airborne and spaceborne RS of vegetated surfaces in the visible
and near-infrared wavelength region is influenced greatly by viewing geometry and solar
illumination angle changes. In preparation for the upcoming German hyperspectral and multiangle capable EnMAP (Environmental Mapping and Analysis Program) satellite mission, the
understanding of BRDF effects in tundra biomes is essential for the retrieval of high quality,
consistent and therefore comparable and reproducible hyperspectral Arctic datasets. Further,
the knowledge of the spectral and directional reflectance characteristics is critical for the
calibration of off-nadir as well as multi-temporal RS data of past and current sensors.
Therefore, field spectroscopy and field spectro-goniometry are valuable tools for the
acquisition of ground-based hyperspectral and spectro-directional reflectance data of tundra
vegetation communities.
The aim of this thesis is the ground-based hyperspectral and spectro-directional reflectance
characterization of important Arctic tundra vegetation communities using field spectroscopy
and field spectro-goniometry of representative Siberian and Alaskan tundra sites in
preparation of the EnMAP satellite mission. In order to achieve this aim, five specific
objectives and research questions have been defined:
•

BRDF effects are strongly influenced by the underlying spectral nadir reflectance
variability of the measured vegetation surface. Therefore, the first objective is the
hyperspectral nadir-view reflectance characterization of Low Arctic tundra along
important environmental gradients in order to understand the geoecological
characteristics which affect the spectral reflectance characteristics.

•

The second objective of the thesis is the development of a lightweight, transportable,
cheap, and easy managed field spectro-goniometer system which nevertheless
provides reliable spectro-directional data. The main motivation for this is that existing
spectro-goniometers are impractical to use in the Arctic due to the environmental and
logistical challenges.

•

The third objective is the ground-based spectro-directional reflectance characterization
of representative vegetation communities in order to get an overview of the variability
of BRDF effects in Arctic tundra. To maximize the comparability of the acquired data,
the spectro-goniometry for this objective has been performed at solar noon. Further,
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all results are presented in the spectral resolution of the EnMAP sensor by using its
spectral response curves for the spectral resampling.
•

Since BRDF effects as well as the nadir reflectance spectra of vegetated surfaces are
sensitive to illumination zenith angle changes, the fourth objective is the investigation
of the influence of high sun zenith angles on the reflectance anisotropy.

•

The fifth objective is the investigation of the variability in RS products for Low Arctic
tundra environments due to changes in the illumination-target-sensor geometry.

1.3 Structure of Thesis
Based on the above research objectives, this thesis is structured as follows. The introduction
including the scientific setting and problem description is given in Chapter 1. Chapter 2 deals
with the fundamentals of RS primarily with respect to the hyperspectral and spectrodirectional RS of vegetation. This chapter also includes a short description of the German
EnMAP satellite mission, as well as the current state-of-knowledge of spectro-goniometer
systems for the ground-based measurement of BRDF effects.
Chapter 3 gives a brief overview of the tundra permafrost study locations and their
environment, while the first part of the observations and methodology chapter (Chapter 4)
explains the geoecological characteristics of the study sites in more detail. The second part of
Chapter 4 describes the methodology used for the field work and data analysis. For the sake of
readability, the technical description of the developed spectro-goniometer and the sensor
systems, the error assessment for field spectro-goniometer measurements, the sampling
strategy, the data processing chain, and the data visualization are presented in a separate,
extended methodology chapter (Chapter 5).
The examination of the hyperspectral nadir-view reflectance characteristics of tundra
vegetation communities along environmental gradients is combined in a stand-alone chapter
(Chapter 6), and followed by the presentation of the results of the spectro-goniometer
measurements (Chapter 7). The spectro-goniometry results are structured into three parts
giving an overview of the spectro-directional reflectance characteristics of Low Arctic tundra
vegetation, showing the influence of high sun zenith angles on the reflectance anisotropy, and
analyzing the variability of multi-angular RS products. A detailed discussion of the spectrodirectional characteristics in combination with the specific canopy properties and received
hyperspectral nadir-view reflectance characteristics of Arctic tundra vegetation as well as the
occurring high sun zenith angles is given in Chapter 8. Further, the applicability of multiangle RS products in context of the EnMAP satellite system is discussed in this chapter.
Finally, the conclusions drawn from this thesis with respect to the posed research objectives,
as well as a brief outlook with suggestions for further research close the dissertation and can
be found in Chapter 9. Supplementary data, consisting of a list of existing field and laboratory
spectro-goniometer systems, a print of the patent application for the developed AWI ManTIS
spectro-goniometer system, and the detailed data reports of the spectro-goniometry results can
be found in the Appendix.
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2

FUNDAMENTALS OF HYPERSPECTRAL AND SPECTRODIRECTIONAL REMOTE SENSING
2.1 Hyperspectral Remote Sensing of Vegetation

Remote sensing is defined as “the science of acquiring, processing, and interpreting images,
and related data, obtained from … [devices] that record the interaction between matter and
electromagnetic radiation” [Sabins, 2007]. Electromagnetic energy (EME) propagates in the
form of sine waves with specific distances between the waves [Sabins, 2007]. The distances
are defined as wavelengths measured in nm to m. The total range of these wavelengths is
called the electromagnetic spectrum (EMS). Remote sensing operates in several regions of the
EMS, but the optical part, especially between 400 nm to 2,500 nm, is the most important for
RS of surface materials such as vegetation, soils, and rocks [Kaufmann et al., 2012]. The
amount of EME detected by a RS sensor is altered by several interactions of the
electromagnetic radiation (EMR) with the atmosphere and the Earth’s surface which cause the
EMR to be either reflected, absorbed, transmitted or scattered (Figure 2-1A). As a result of
absorption by atmospheric gases and aerosols, only certain wavelength regions in the EMS,
called atmospheric transmission windows, are usable for spaceborne optical RS (Figure 2-1B)
[Sabins, 2007].

Figure 2-1: (A) The concept of passive remote sensing (RS) ([Malgorzata, 2010], modified).
(B) The atmospheric transmission windows for optical RS (NASA, public domain, modified).

Different materials such as vegetation, soil, water, or buildings reflect the EME in different
ways. Therefore, the physical and chemical properties of an object determine the spectral
reflectance, a function of reflection coefficient over wavelength, of the object [Jakomulska et
al., 2003]. The best way to record the reflectance spectrum, often termed the spectral
reflectance signature, of an object is the acquisition of simultaneous nadir-viewing images in
many narrow wavelength bands (i.e., “narrowbands” with band widths <= 10 nm; band widths
> 10 nm are termed “broadband”), so that a reflectance spectrum can be derived for each pixel
in the image [Schaepman, 2007] (Figure 2-2A). The term “hyperspectral” refers to RS
systems which simultaneously record the EME within more than 15 wavelength bands over
the EMS, while RS systems with less than 15 bands are called “multi-spectral” (Figure 2-2B).
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Since the most significant absorption and reflection features occur in the 400 – 2,500 nm
wavelength region [Kaufmann et al., 2012], passive RS using the sun as an illumination
source can be used for the monitoring and characterization of ecosystems. Several studies
have shown the capability of multi-spectral and broadband aerial and satellite RS to identify
the biophysical attributes of vegetation. Multi-spectral, broadband RS data may not, however,
be adequate to extract sharp reflectance changes in narrow spectral regions [Horler et al.,
1983] (Figure 2-2B). Recent technical developments in airborne and spaceborne sensors open
the door for new methods that can use the entire spectral feature space of imaging
spectroscopy [Asner, 1998; Schaepman et al., 2009]. Therefore, imaging spectroscopy
(Figure 2-2A), also called hyperspectral RS, of vegetation can be used as a tool to detect and
identify ecological succession processes, plant health, phenological status, and invasive
species to provide information about ecosystem conditions and composition [Asner et al.,
2008; Schmidtlein and Sassin, 2004; Ustin et al., 2004].

Figure 2-2: (A) The imaging spectroscopy concept ([VITO], modified). (B) Multi-spectral (blue
colored bands) versus hyperspectral (red dots) RS, and exemplary reflectance signatures of
vegetation (green) and soil (brown) (signatures retrieved from [Baldridge et al., 2009]).

Reflectance spectra from vegetated surfaces are highly differentiated by wavelength. The
visible (VIS) EMS (400 – 700 nm) is strongly influenced by the pigment absorption of the
plants [Gitelson et al., 2003; Jakomulska et al., 2003] (Figure 2-2B). The main pigment
groups are chlorophylls, carotenoids, and anthocyanins. Photosynthetic light absorption is
mainly done by chlorophyll, with absorption maxima in the blue (~440 nm for chlorophyll-a;
~470 nm for chlorophyll-b) and red (~663 nm for chlorophyll-a; ~657 nm for chlorophyll-b)
wavelength regions. Carotenoids have their absorption maxima in the blue and green
wavelength regions, and the group of anthocyanins in the green wavelength region [Gitelson
et al., 2003]. The main function of carotenoids is to protect chlorophyll and cell tissue against
damage by ultraviolet radiation [Armstrong and Hearst, 1996]. Many arctic and alpine plants
that are exposed to high solar radiation maintain high concentrations of carotenoids [Ziska et
al., 1992]. Since the blue region of the EMS is more strongly scattered in the atmosphere than
longer wavelengths, the red wavelength region is considered to be a better indicator for
chlorophyll content in spaceborne RS [Maas and Dunlap, 1989]. The reflectance in the nearinfrared (NIR) wavelength region (700 – 1,400 nm) is mainly influenced by plant cell
structure and vegetation biomass (Figure 2-2B). Multiple scattering of radiation between air
8
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spaces and cell walls in leaf tissue leads to high reflectance values in the NIR wavelength
region, a phenomenon often referred to as the NIR reflectance plateau [Gausman, 1974].
Absorption by liquid water in plant tissue can create clearly visible absorption features at
980 nm and 1,200 nm in the NIR reflectance plateau. The short-wavelength infrared (SWIR)
region (1,400 to 3,000 nm) is mainly influenced by the water content of leaf tissue
[Jakomulska et al., 2003] (Figure 2-2B). A unique feature of green vegetation is the so called
‘red-edge’ at around 700 nm (680 – 740 nm) (Figure 2-2B), a spectral transition zone between
low reflectance in the red wavelength region and high reflectance in the NIR wavelength
region [Horler et al., 1983]. The ‘red edge’ can be directly used as a metric of the chlorophyll
content [Gates et al., 1965], with changes in the chlorophyll content resulting in a ‘red edge’
shift [Horler et al., 1983]. Further, this reflectance difference is commonly used in RS for
calculating VIs [Richardson and Wiegand, 1977].
Although aerial and satellite RS data can be applied to some extent without other information,
the best results are obtained by linking RS measurements with ground-based spectroradiometric measurements and biophysical parameters of the vegetation. Therefore, field
spectroscopy is a valuable tool that facilitates more robust interpretation and contextualization
of satellite-based observations.

2.2 Spectro-Directional Remote Sensing of Vegetation
Spectro-directional RS, also called multi-angular RS, is defined as “the simultaneous
acquisition of spatially coregistered images, in many, spectrally contiguous bands, at various
observation and illumination angles, in an internationally recognized system of units from a
remotely operated platform“ [Schaepman, 2007]. Therefore, spectro-directional RS adds the
analysis of the directional reflectance characteristics (angular domain) to the spectral
reflectance analysis of surfaces which is normally performed from nadir-viewing instruments
(Figure 2-3A). Spectro-directional RS data can be acquired by using either several sensors
viewing a target area from different angles, or by using a sensor platform with pointing
capabilities. If we broaden the definition, then multi-angle datasets can also be created by
successive passes of instruments either with nadir pointing, or with wide imaging swaths.

Figure 2-3: (A) The spectro-directional RS concept ([CRISP, 2001], modified). (B) Radiance
scattering through interactions of incoming radiation with the surface. (C) Concept of observing
anisotropic reflectance distributions in an azimuthal plane ([Müller, 2008], modified. (D) Concept
of the bidirectional reflectance-distribution function (BRDF) ([Küster, 2011], modified).
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Spectro-directional RS takes advantage of the fact that most of the natural and man-made
surfaces do not show Lambertian reflectance behavior [Deering et al., 1999; Peltoniemi et al.,
2005; Pinter, JR. et al., 1990; Sandmeier et al., 1998a; Sandmeier et al., 1999; Solheim et al.,
2000; Vierling et al., 1997]. This is because surfaces interact differently with incoming EMR
depending on their physical properties. Therefore, they display anisotropic reflectance
distributions, e.g. surfaces can show a preferred forward or backward reflectance scattering
pattern (Figure 2-3B) when observed in a defined azimuthal plane (Figure 2-3C). Reflectance
anisotropy is more strongly pronounced in the principal plane - an azimuthal plane where the
illumination source, the target and the sensor are in one plane [Sandmeier and Itten, 1999;
Sandmeier, 2000] - and decreases towards the orthogonal plane. Thus, these illuminationtarget-viewing geometries are preferred for the analysis of the angular reflectance signature, a
function of reflectance over wavelength and viewing angle in a given azimuthal plane, of an
object. To quantify and characterize the reflectance anisotropy of a surface, the theoretical
concept of the BRDF, a mathematical function “relating the irradiance incident from one
given direction to its contribution to the reflected radiance in another direction” [Nicodemus et
al., 1977] is used (Figure 2-3D). Direct BRDF measurements are not possible, but the BRDF
can be approximately determined by measuring the hemispherical conical reflectance factor
(HCRF) of an object.
The BRDF characteristics of vegetated surfaces are mainly controlled by the vegetation
canopy geometry and multiple scattering effects within the vegetation canopy. The canopy
geometry influences the distribution and proportion of shadowed and illuminated surfaces
within the plant canopy which change under varying viewing-illumination geometries [Hapke
et al., 1996; Sandmeier et al., 1998a]. Multiple scattering effects in the vegetation canopy
regulate the intensity (“darkness”) of the shadows [Sandmeier et al., 1998a]. That is, because
the relatively low amount of radiation in the vegetation canopy in wavelength regions with
high absorption (visible blue and red chlorophyll absorption bands) reduces the multiple
scattering effects, the contrast between shadowed and illuminated surfaces increases and
therefore enhances the reflectance anisotropy [Sandmeier and Itten, 1999]. By the same token,
higher multiple scattering effects in wavelength regions with higher reflection (visible green
and near-infrared bands) reduce the contrast in the canopy. Therefore, the spectral reflectance
characteristics of the surface create the spectral dependence of BRDF effects. Moreover, the
calculation of VIs from spectro-directional data create new functions (called vegetation index
distribution functions) [Küster, 2011]. Thus, the spectral variability of the reflectance
anisotropy has impacts on VIs which may confound comparisons of different images acquired
over time.
In conclusion, the anisotropic reflectance behavior of surfaces affects hyperspectral RS of
vegetation in several ways. Changes in the illumination-target-viewing geometry directly lead
to an altering of the spectral reflectance signature of the sensed objects according to their
object-specific BRDFs. Therefore, the spectro-directional information source can be used to
facilitate the production of high quality, consistent and therefore comparable and reproducible
datasets, by minimizing the impact of reflectance anisotropy in RS data acquired by
10

2 Fundamentals of Hyperspectral and Spectro-Directional Remote Sensing

instruments with pointing capabilities or wide swaths [Schaepman, 2007]. Moreover,
numerous studies have shown that canopy architecture properties can be derived from
spectro-directional RS data [Coburn et al., 2010; Deering et al., 1999; Gianelle and
Guastella, 2007; Sandmeier and Deering, 1999; Selkowitz, 2010; Walter-Shea et al., 1997],
and that a combination of spectral and angular information sources can improve the accuracy
of image classification approaches [Barnsley et al., 1997; Buchhorn and Schneider, 2010].

2.3 The EnMAP Satellite System
Currently, spaceborne imaging spectroscopy in the optical part of the EMS is limited to the
CHRIS/Proba (Compact High Resolution Imaging Spectrometer / Project for On-Board
Autonomy) [Barnsley et al., 2004], EO-1/Hyperion (Earth Observing 1 / Hyperion
instrument) [Pearlman et al., 2003], HICO (Hyperspectral Imager for the Coastal Ocean)
[Lucke et al., 2011] and HIS/HJ-1A (Hyperspectral Imager on board the HJ-1a satellite)
[Wang et al., 2010] sensors (Figure 2-4A). The Environmental Mapping and Analysis
Program (EnMAP), a German hyperspectral satellite mission launching in 2017, is the next
step in this line and will provide observations with a high spectral and spatial resolution.

Figure 2-4: (A) Placing of the spectral and spatial resolution of the EnMAP sensor in the context
of important airborne and spaceborne hyperspectral and multi-spectral sensors ([Kaufmann et al.,
2012], modified). (B) Specifications of the Environmental Mapping and Analysis Program
(EnMAP) satellite mission ([German Aerospace Center (DLR), 2013], modified).

The ENMAP hyperspectral imager is a push broom sensor with two separate spectral
detectors: one for VNIR (visible-near-infrared) ranging from 420 to 1,000 nm and one for the
SWIR ranging from 900 to 2,450 nm [Stuffler et al., 2007]. Therefore, the EnMAP sensors
record the EMR in a wavelength range from 420 to 2,450 nm in 242 continuous and 10 –
40 nm wide bands sampled at 5 – 20 nm intervals [Kaufmann et al., 2012]. The planned orbit
height of about 643 km will result in a spatial ground sampling distance (GSD) of 30 x 30 m
and a nominal swath width of 30 km at nadir [Stuffler et al., 2007]. The satellite operates in a
sun-synchronous orbit which enables EnMAP to overfly any point on the Earth’s surface at
the same local solar time. Moreover, the sun-synchronous orbit allows a global coverage
within a 27 day repeating cycle when operating in near-nadir mode (±5°) [Kaufmann et al.,
2012]. A specific feature of EnMAP is the across-track pointing capability of ±30°. Therefore,
the accessible target range increase to ±390 km, and the ±30° off-nadir pointing feature allows
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that each point on earth can be investigated and revisited every 3 – 4 days [Stuffler et al.,
2009]. Overall, the daily areal coverage is at least 150,000 km² in near-nadir looking
operation mode, corresponding to a total strip length of ~5,000 km per day [Stuffler et al.,
2009]. Figure 2-4B summarizes the main characteristics of the EnMAP satellite mission,
while Figure 2-5A shows a drawing of the satellite in orbit.

Figure 2-5: (A) Visualization of the EnMAP satellite [German Aerospace Center (DLR), 2013].
(B) Simulated overflight paths of the EnMAP satellite for the 27 day repeating cycle at Vaskiny
Dachi, Russia (oral communication: [Ute Heiden, 2011]; Google Earth, 2011).

In conclusion, the EnMAP space mission will serve the increasing demand “… to derive
relevant surface parameters on a global scale with an accuracy not achievable by currently
available spaceborne sensors, to assimilate those parameters in physically based ecosystem
models, and ultimately to provide information products reflecting the status of various
terrestrial ecosystems” [Stuffler et al., 2007]. Since the EnMAP sensor has pointing
capabilities, both spectral and directional reflection characteristics can be measured with high
spatial, spectral, and temporal resolution. Moreover, the EnMAP mission is well-suited to
acquire spectro-directional RS data in the Arctic, and therefore for the monitoring and
characterization of tundra landscapes: due to EnMAPs sun-synchronous orbit and the acrosstrack pointing capability, Arctic target surfaces can be observed on a near-daily basis. For
example, the simulation of EnMAP orbits for the 27 day repeating cycle at the Vaskiny Dachi
study location on the Yamal Peninsula, Russia shows 24 acquisition opportunities
(Figure 2-5B, Table 2-1). In comparison, only 6 to 7 acquisitions are possible in the same
time span in the mid-latitudes.
Table 2-1: Off-nadir viewing angles of the simulated EnMAP satellite overflight paths for the 27
day repeating cycle at Vaskiny Dachi, Russia. (oral communication: [Ute Heiden, 2011]).
Nr
1
2
3
4
5
6
7
8
9
10
11
12

Date
2011/08/01
2011/08/02
2011/08/04
2011/08/06
2011/08/07
2011/08/08
2011/08/09
2011/08/10
2011/08/11
2011/08/12
2011/08/13
2011/08/14

Time
08:38:51
07:27:38
08:18:40
07:32:55
07:58:28
08:23:57
07:12:38
07:38:13
08:03:44
08:29:13
07:17:56
07:43:30

Off-nadir [°]
29.0
18.4
17.8
14.8
4.0
21.1
28.0
10.9
7.8
24.1
24.7
7.0

Nr
13
14
15
16
17
18
19
20
21
22
23
24
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Date
2011/08/15
2011/08/16
2011/08/17
2011/08/18
2011/08/19
2011/08/20
2011/08/21
2011/08/22
2011/08/23
2011/08/25
2011/08/26
2011/08/27

Time
08:09:01
08:34:29
07:23:14
07:48:47
08:14:17
08:39:44
07:28:31
07:54:04
08:19:34
07:33:49
07:59:21
08:24:50

Off-nadir [°]
11.6
27.0
21.3
3.1
15.2
29.5
17.7
0.9
18.5
13.9
4.8
21.7
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Despite the advanced capabilities of EnMAP, robust processing and calibration techniques
will be needed to produce comparable and reproducible datasets, and to extract canopy
properties from spectro-directional RS data of tundra landscapes acquired by EnMAP. The
development of such techniques, in turn, requires detailed knowledge of the hyperspectral and
spectro-directional reflectance characteristics of tundra vegetation communities.

2.4 Spectro-Goniometer Systems for the Ground-Based Measurement
of BRDF Effects
Since direct BRDF measurements of natural and man-made surfaces are not possible, BRDF
characteristics are approximately determined by measuring the HCRF of the surface at
various illumination-viewing geometries. Various ground-based instruments, termed spectrogoniometers, have been developed in the recent years to measure HCRF in both laboratory
and in-situ field conditions. Laboratory spectro-goniometers have the advantage that all of the
potential influences on measurement can be controlled, while field spectro-goniometers
measure the target reflectance under natural illumination conditions. An overview of existing
spectro-goniometer systems is assembled in Appendix A.
Ground-based spectro-directional data are used for (i) the investigation of the physical
mechanisms of BRDF effects; (ii) the development and validation of BRDF models; (iii) the
investigation of relationships between BRDF effects and biophysical parameters; and (iv) the
validation of airborne and spaceborne BRDF data [Sandmeier, 2000]. In principle, spectrogoniometers are mechanical devices for the spectro-radiometric measurement of surface
reflectance under varying geometric attributes of sensor viewing azimuth (ϕr), sensor viewing
zenith (θr), and illumination direction (ϕi, θi). This principle follows the BRDF definition
(Figure 2-3D). Figure 2-6 illustrates the concept for the reproducibility of spectro-directional
remote sensing data through ground-based measurements. It shows that the viewing direction
of the spectro-goniometer (Figure 2-6A) can be directly correlated to the viewing direction of
an airborne or spaceborne imaging spectrometers with pointing capabilities or wide swaths
(Figure 2-6B).

Figure 2-6: Concept for the reproducibility of spectro-directional remote sensing data through
ground-based spectro-directional measurements. (A) Definition of the sensor azimuth and zenith
viewing position (ϕr, θr) for measurements with spectro-goniometer devices. (B) Equivalent sensor
azimuth and zenith viewing position for airborne and spaceborne imaging spectrometers with
pointing capabilities or wide swaths. Source: [Feingersh et al., 2010], modified.
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The main components of spectro-goniometer devices consist of a platform and a spectroradiometer. The platform is used for the positioning and orientation of the sensor. The angular
accuracy of the platform and the specifications of the spectro-radiometer are essential for the
quality as well as the spectral and spatial resolution of the received spectro-directional
reflectance data. Two general spectro-goniometer design principles can be distinguished, one
with a constant observation center (Figure 2-7A), and the other with a constant sensor
position (Figure 2-7B).

Figure 2-7: Basic concepts for the construction of spectro-goniometers. (A) Spectro-goniometer
with a constant observation center. (B) Spectro-goniometer with a constant sensor position.
Source: [Schopfer, 2008], modified.

Spectro-goniometer systems with a constant observation center are commonly designed using
some type of azimuth goniometer-arc, and a zenith goniometer-arc with a mounted sled
holding the spectro-radiometer [Bourgeois et al., 2006b; Painter et al., 2003; Sandmeier and
Itten, 1999]. The main advantage of this design is that the observation distance remains the
same for all viewing directions, because the target is kept at the center of the device while the
sled is positioned in the spanned observation hemisphere (Figure 2-7A). Since the target area
can be small in this construction principle, the reflectance anisotropy of small-scale
homogeneous surfaces can be characterized [Schopfer, 2008]. Disadvantages of this design,
however, are that measurements of targets are only possible up to a certain height, and that the
obtained spectro-directional reflectance characteristics are not necessarily representative of
larger areas [Schopfer, 2008].
For measurements with spectro-goniometer systems with a constant sensor position, the
sensor rotates around its lateral axis in order to point in the desired viewing direction
[Schopfer, 2008]. Therefore, for such systems, the spectro-radiometer is commonly mounted
on some kind of boom or crane (Figure 2-7B) [Bruegge et al., 2000; Schneider et al., 2004].
The primary advantage of this design is that spectro-directional reflectance characterization is
possible for tall vegetation communities such as forests. Disadvantages are that the entire
sensor viewing area must be assumed to be homogeneous, and that the distances between the
sensor and the observed part of the sensor viewing area change with positioning of the sensor.
This can lead to scaling effects in the measured target reflectance and therefore in the derived
BRDF characteristics [Schopfer, 2008].
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3

THE TUNDRA PERMAFROST STUDY LOCATIONS AND
THEIR ENVIRONMENT

The CAVM divides the Arctic into five bioclimate subzones (A-E) [Walker et al., 2005]
(Figure 3-1A). In the framework of the IPY Greening of the Arctic project, two Arctic
transects traversing all five bioclimate subzones have been established. The transect locations
were chosen to research the consequences of climate change in a continental climate setting
compared to a relatively maritime setting. The continental transect covers the bioclimatic
gradient from northern Canada to Alaska, USA and is known as the North American Arctic
Transect (NAAT) [Walker et al., 2008b], while the maritime transect also known as the
Eurasia Arctic Transect (EAT) covers the bioclimatic gradient from Franz Josef Land to
Yamal Peninsula, Russia [Walker et al., 2009b]. The research within the scope of this
dissertation was carried out in study locations within the Low Arctic part (subzone D and E)
of these two transects. In detail, four study locations (Deadhorse, Franklin Bluffs, Sagwon
Hills, Happy Valley) are situated in the Low Arctic part of the NAAT, and two study
locations (Vaskiny Dachi, Laborovaya) are situated in the Low Arctic part of the EAT. All
study locations contain one to three homogeneous study sites and were visited during the ECIGOA-Yamal 2011 [Heim et al., 2012] and EyeSight-NAAT-ALASKA 2012 expeditions
[Buchhorn and Schwieder, 2012].

Figure 3-1: (A) The Arctic bioclimate subzones of the CAVM [Walker et al., 2005]. The blue
rectangle marks the NAAT and the red rectangle marks the EAT. (B) The Low Arctic part of the
EAT with the study locations Laborovaya and Vaskiny Dachi. (C) The Low Arctic part of the
NAAT with the study locations Happy Valley, Sagwon Hills, Franklin Bluffs, and Deadhorse.
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3.1 The Eurasia Arctic Transect (EAT)
A detailed description of all study locations along the EAT can be found in data reports
published by the Alaska Geobotany Center [Walker et al., 2011a; Walker et al., 2009a;
Walker et al., 2008a; Walker et al., 2009c]. For the Low Arctic study locations a brief
description will be presented in the next two sections.
3.1.1

Geological and Climatic Setting

The EAT was established in 2007 – 2010 and the Low Arctic part of this transect is located on
the Yamal Peninsula, Russia (Figure 3-1B). The EAT has a more maritime climate which is
strongly influenced by the North Atlantic [Walker et al., 2012b]. Moreover, compared to the
NAAT the EAT has nearly double the precipitation. The Yamal Peninsula is a relatively
homogeneous plain which is thought to have been unglaciated during the Last Glacial
Maximum [Walker et al., 2012b]. The soils in the Low Arctic part are mainly acidic silt loam
and clay loam [Walker et al., 2009a].
The Laborovaya study location (subzone E) is situated in the foothills at the northern end of
the Polar Urals in the continuous permafrost zone. The study sites are located on a flat plain
with thaw lakes to the east and north. In the west and south the plain is bordered by sandstone
bedrock [Walker et al., 2009a]. The Vaskiny Dachi study location (subzone D) is situated
southeast of the main Bovanenkova gas field in the central part of the Yamal Peninsula. The
study sites are located in the watersheds of the Se-Yakha and Mordy-Ykha rivers on different
alluvial-lacustrine-marine plains and terraces [Walker et al., 2009a]. The surfaces are
influenced by windblown basic sands.
3.1.2

Vegetation

The central part of the Yamal Peninsula shows extensive landslide events mainly caused by
tabular ground ice [Walker et al., 2012b]. The successional vegetation sequence following
landslides that are mainly willow communities and the heavy grazing pressure due to reindeer
tended by indigenous people have a big influence on the vegetation.
The dominant vegetation at Laborovaya is sedge, dwarf shrub, moss tundra (Carex bigelowiiBetula nana-Aulaconium palustre) [Walker et al., 2009a]. Where one study site (LV1) shows
a more moist sedge, dwarf shrub, moss tundra on moist clayey soils, the second study site
(LV2) shows a relatively dry sedge, dwarf shrub, moss-lichen tundra on sandy soils.
The vegetation at Vaskiny Dachi is strongly influenced by grazing. Moreover, willow patches
covering hill slopes and valley bottoms are widely distributed. The study site VD1 shows a
heavily grazed sedge, dwarf shrub, moss tundra (Carex bigelowii-Vaccinium vitis idaeaHylocomium splendens) on moist clayey soils [Walker et al., 2009a]. The soils at VD2 are a
mix of sand and clay, and show a dominant vegetation of dwarf shrub, graminoid, moss
tundra (Betula nana-Calamagrostis holmii-Aulacomnium turgidum) [Walker et al., 2009a].
The study site VD3 has a dwarf shrub, lichen tundra vegetation (Carex bigelowii-Vaccinium
vitis idaea-Sphaerophorus globosus) on dry sandy soils [Walker et al., 2009a].
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3.2 The North American Arctic Transect (NAAT)
A detailed description of all study locations along the NAAT can be found in several
publications of the Alaska Geobotany Center [Kade et al., 2005; Raynolds et al., 2008;
Vonlanthen et al., 2008; Walker et al., 2008b; Walker et al., 2011c]. For the Low Arctic study
locations a brief description will be presented in the next two sections.
3.2.1

Geological and Climatic Setting

The NAAT has a more continental climate due to the presence of perennial sea ice in the
Beaufort Sea [Walker et al., 2012b]. The Low Arctic part of the NAAT, established in 2001–
2006, follows the road network of the Dalton Highway (Figure 3-1C). The Happy Valley
study location is situated in the foothills of Alaska’s North Slope in the bioclimate subzone E.
The foothills are old upland surfaces not glaciated during the Last Glacial Maximum and have
acidic silt loam to silty clay loam soils [Barreda et al., 2006]. The Arctic Foothills are
bordered by the Brooks Range in the south and in the north by the Arctic Coastal Plain.
The Franklin Bluffs and Deadhorse study locations are situated in the coastal plain of
Alaska’s North Slope in the bioclimate subzone D. The coastal plain was glaciated during the
Last Glacial Maximum and has circumneutral to basic soils in association with silty loess that
is blown from the major rivers in the eastern part of the Arctic Coastal Plain [Barreda et al.,
2006]. An important soil pH boundary occurs at the Sagwon Hills study location [Walker et
al., 1998]. This boundary separates the predominantly moist acidic tundra (MAT) south of the
boundary from the predominantly moist non-acidic tundra (MNT) to the north. The boundary
is close to but not coincident with a physiographic boundary separating the Arctic Foothills to
the south from the Arctic Coastal Plain to the north [Zhang et al., 1996].
3.2.2

Vegetation

The dominant vegetation of bioclimate subzone E in Alaska (Happy Valley, Sagwon-MAT) is
moist acidic tussock-sedge, dwarf shrub, moss tundra (Sphagno-Eriophoretum vaginati)
[Walker et al., 2005]. This plant community is also called MAT and corresponds to the zonal
plant community in this subzone. The zonal study site at Happy Valley was complemented
with two additional study sites following a toposequence from a hill crest to a footslope.
The zonal plant community of bioclimate subzone D in northern Alaska (Sagwon-MNT,
Franklin Bluffs, Deadhorse) is moist non-acidic non-tussock sedge, dwarf shrub, moss tundra
(Dryado integrifoliae-Caricetum bigelowii), also called MNT [Walker et al., 2005]. An
important component of the MNT is the abundant nonsorted circles (frost boils), which are
small patterned ground features caused by soil frost heave and cover large parts of most MNT
surfaces [Walker et al., 2008b; Washburn, 1980]. In order to study the influence of soil
moisture changes on MNT vegetation, two additional study sites were established at the
Franklin Bluffs study location.
Please note that a more detailed vegetation description of the nine NAAT study sites can be
found in Chapter 6.2.2 as well as for all NAAT and EAT study sites in Appendix C.
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4

OBSERVATIONS AND METHODOLOGY
4.1 Observations Used for this Study
4.1.1

The ECI-GOA-Yamal 2011 Expedition

The ECI-GOA-Yamal 2011 expedition of the teams of the Earth Cryosphere Institute (ECI),
Siberian Branch of the Russian Academy of Science, RU; the University of Virginia, US; the
University of Alaska Fairbanks, US; and the Alfred Wegener Institute for Polar and Marine
Research (AWI), DE, took place as part of the NASA Yamal Land Cover/Land Use Change
(NASA Yamal-LCLUC) and the Greening of the Arctic (GOA) program during the period
from July 11th to September 9th, 2011. The AWI expedition team, Birgit Heim and Marcel
Buchhorn, carried out field work from August 1st to September 1st, 2011 on the Yamal
Peninsula. A detailed schedule and description of the expedition as well as the field work that
was carried out is published as a data report within the NASA Yamal-LCLUC report
published by the Alaska Geobotany Center [Heim et al., 2012].
The established measurements grids of the NASA Yamal-LCLUC project [Walker et al.,
2009a; Walker et al., 2008a] have been re-visited and spectro-radiometric properties were
measured at Laborovaya, with the study sites LA1 and LA2, and at Vaskiny Dachi, with the
study sites VD1, VD2, and VD3. Each study site has five 50 m transects and five 5 m x 5m
study plots in order to examine how the terrain and anthropogenic factors of reindeer herding
and resource development combined with the climate variations on the Yamal Peninsula
affect the spatial and temporal patterns of vegetation.
4.1.2

The EyeSight-NAAT-Alaska 2012 Expedition

The EyeSight-NAAT-Alaska 2012 expedition took place as part of the AWI hy-ARC-VEG
(hyperspectral method development for arctic vegetation biomes) and the GOA programs.
The field work was carried out along the Low Arctic part of the NAAT from June 25th to
July 17th, 2012. The core expedition team consisted of Marcel Buchhorn (AWI) and Marcel
Schwieder (Humboldt-Universität zu Berlin). Geobotanical scientific support was provided by
the Alaska Geobotany Center of the University of Alaska Fairbanks, US. A detailed schedule
and description of the expedition as well as the field work that was carried out is published in
the AWI “Reports on Polar and Marine Research” [Buchhorn and Schwieder, 2012].
Overall nine study sites containing homogeneous 10 x 10 m (100 m²) grids representing the
typical vegetation along environmental gradients (soil moisture, pH-value, toposequence,
regional climate) were visited. These grids are long-term research sites established by the
Alaska Geobotany Center [Barreda et al., 2006]. Therefore, detailed vegetation descriptions
of the study sites are available. Moreover, various publications confirm that the study sites
represent the typical vegetation along environments gradients in Alaska [Epstein et al., 2012;
Epstein et al., 2008; Kade et al., 2005; Raynolds et al., 2008; Walker et al., 2003].
19

4.1 Observations Used for this Study

4.1.3

Data Used for Hyperspectral Characterization of Arctic Tundra

Due to the extreme severe weather conditions in August 2011 (continuous storms and rain),
only limited field spectroscopy data from the Siberian tundra communities is available.
Therefore, the hyperspectral characterization of EAT tundra communities is limited to the
study plots used for the spectro-goniometer measurements. Consequently, for the detailed
ground-based hyperspectral characterization of Low Arctic tundra along environmental
gradients (soil moisture, pH-value, toposequence, regional climate) only the field
spectroscopy data from the Alaskan study sites were used. Table 4-1 shows the field
spectroscopy measurements used in the dissertation.
Table 4-1: The field spectroscopy measurements used for the nadir-view hyperspectral
characterization of Arctic tundra vegetation along environmental gradients. Note: SZA = sun
zenith angle; MAT = moist acidic tundra; MNT = moist non-acidic tundra; dd = decimal degree.
Code
HV_hc
HV_ms/z
HV_fs
SW_MAT
SW_MNT
FB_w
FB_m/z
FB_d
DH_z

Study site
Happy Valley –
hill crest site
Happy Valley –
midslope site (zonal site
of subzone E)
Happy Valley –
footslope site
Sagwon Hills – zonal
site of subzone E
Sagwon Hills – zonal
site of subzone D
Franklin Bluffs –
wet site
Franklin Bluffs – mesic
site (zonal site of
subzone D)
Franklin Bluffs –
dry site
Deadhorse – zonal site
of transition C/D

Coordinates
(dd, WGS 84)
N 69.1468
W 148.8521
N 69.1468
W 148.8482
N 69.1470
W 148.8469
N 69.4255
W 148.6959
N 69.4335
W 148.6717
N 69.6741
W 148.7171
N 69.6745
W 148.7212
N 69.6747
W 148.7209
N 70.1614
W 148.4668

Date

SZA

Samples

2012-06-29

47°

100

2012-06-29

47°

100

2012-06-29

47°

100

2012-07-04

48°

100

2012-07-04

48°

100

2012-07-10

47°

100

2012-07-09

47°

100

2012-07-09

47°

100

2012-07-11

49°

100

The vegetation change along a toposequence is represented by the three measurement grids at
the Happy Valley study location. The dominant vegetation is acidic tussock, graminoid, erect
dwarf shrub, moss tundra (Figure 4-1). Due to the water movement downslope, the hill crest
study site (HV_hc) shows a drier and the footslope study site (HV_fs) shows a wetter
environment compared to the moist midslope study site (HV_ms/z). The midslope study site
also represents the zonal plant community in the Alaskan bioclimate subzone E which is
MAT. The soil moisture gradient is represented by the three measurement grids at the
Franklin Bluffs study location. The study site with the highest soil moisture values (FB_w)
shows a non-acidic graminoid, moss and sedge dominated tundra vegetation (Figure 4-1). The
dry Franklin Bluffs study site (FB_d) shows a non-acidic prostrate dwarf shrub, lichen and
sedge dominated tundra vegetation, while the mesic study site (FB_m/z) shows a non-acidic
graminoid, sedge, prostrate dwarf shrub tundra vegetation (Figure 4-1). Again, the mesic
study site also represents the zonal plant community in Alaskan bioclimate subzone D which
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is MNT. The two study sites at Sagwon Hills form the transition from the acidic (SW_MAT)
to the non-acidic (SW_MNT) tundra. The vegetation in these two study sites correspond to
the dominant vegetation in bioclimate subzone E (MAT) and bioclimate subzone D (MNT)
(Figure 4-1). Finally, the five zonal study sites of all study locations (HV_ms/z, SW_MAT,
SW_MNT, FB_m/z, DH_z) show the temperature changes from south to north, which
describes the regional climate gradient. Therefore, the Deadhorse study site (DH_z) shows a
moist/wet non-acidic graminoid, sedge, prostrate dwarf shrub tundra vegetation (Figure 4-1).

Figure 4-1: The nine study sites used for the ground-based hyperspectral characterization of
Arctic tundra vegetation along environmental gradients. Note: HV = Happy Valley; SW = Sagwon
Hills; FB = Franklin Bluffs; DH = Deadhorse; hc = hill crest; ms = midslope; fs = footslope; z =
zonal; MAT = moist acidic tundra; MNT = moist non-acidic tundra; w = wet; m = mesic; d = dry.

A more detailed vegetation description of the study sites and their relation to the
environmental gradients and zones concept can be found in Chapter 6.2.2.
4.1.4

Data Used for Spectro-Directional Characterization of Arctic Tundra

Ground-based spectro-directional reflectance measurements can only be carried out during
optimal sky conditions. Due to the severe weather limitations in August 2011, only two study
plots near the VD1 study site at the Vaskiny Dachi study location could be measured using
the developed AWI field spectro-goniometer. However, these plots could be measured under
several sun zenith angles. In contrast, six study plots at the Happy Valley and Franklin Bluffs
study locations were measured with the spectro-goniometer under varying sun zenith angles
during the Alaska 2012 expedition. Overall 24 full hemispheres of eight representative Low
Arctic tundra vegetation communities under sun zenith angles ranging from 46° to 68° could
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be acquired. Nevertheless, Table 4-2 shows the field spectro-goniometer measurements which
have been selected for the spectro-directional reflectance analyses in the dissertation.
Table 4-2: The field spectro-goniometer measurements used for the spectro-directional
characterization of Arctic tundra vegetation. Note: SZA = sun zenith angle; dd = decimal degree.
Code
VDG1_02
VDG2_03
HVG1_01
HVG1_02
HVG1_03
HVG2_03
FBG1_03
FBG1_04
FBG1_05
FBG1_06
FBG2_03
FBG3_01
FBG4_01

Location
Vaskiny
Dachi
Vaskiny
Dachi
Happy
Valley
Happy
Valley
Happy
Valley
Happy
Valley
Franklin
Bluffs
Franklin
Bluffs
Franklin
Bluffs
Franklin
Bluffs
Franklin
Bluffs
Franklin
Bluffs
Franklin
Bluffs

Coordinates
(dd, WGS 84)
N 70.2758
E 68.8913
N 70.2757
E 68.8908
N 69.1469
W 148.8518
N 69.1469
W 148.8518
N 69.1469
W 148.8518
N 69.1469
W 148.8520
N 69.6744
W 148.7210
N 69.6744
W 148.7210
N 69.6744
W 148.7210
N 69.6744
W 148.7210
N 69.6744
W 148.7207
N 69.6745
W 148.7209
N 69.6744
W 148.7202

Date

Local time

SZA

Sky

2011-08-12

13:20

55°

cirrostratus

2011-08-29

12:31

61°

cirrostratus

2012-06-30

10:17

56°

cirrostratus

2012-06-30

11:35

50°

clear

2012-06-30

13:47

46°

clear

2012-07-02

13:52

46°

cirrostratus

2012-07-07

13:56

47°

cirrostratus

2012-07-07

15:49

50°

clear

2012-07-07

18:02

59°

cirrostratus

2012-07-07

19:52

68°

cirrostratus

2012-07-09

13:48

47°

cirrostratus

2012-07-13

13:56

48°

cirrostratus

2012-07-15

14:03

48°

clear

The dominant vegetation of the two Siberian study plots at the Vaskiny Dachi study location
differ only in one anthropogenic factor - the grazing pressure through reindeer herding by
indigenous people. The VDG1 study plot shows a sedge, dwarf shrub, moss tundra
vegetation, while the VDG2 study plot shows a heavily grazed sedge, dwarf shrub, moss
tundra vegetation (Figure 4-2). The dominant vegetation of the HVG1 study plot at Happy
Valley is moist acidic tussock sedge, erect dwarf shrub, moss tundra, and therefore
corresponds to the zonal plant community in Alaskan bioclimate subzone E which is MAT.
At the second study plot (HVG2), an erect dwarf shrub plant community with moss and lichen
mats in the understory, representing the typical dwarf shrub community in bioclimate subzone
E, was measured. The dominant vegetation of the FBG1 study plot at the Franklin Bluffs
study location is moist non-acidic non-tussock sedge, prostrate dwarf shrub, moss tundra
(Figure 4-2). Again this study plot corresponds to the zonal plant community in Alaskan
bioclimate subzone D which is MNT. The FBG2 study plot is the counterpart to the HVG2
study plot. It shows a prostrate dwarf shrub plant community with moss and lichen mats in the
understory representing the typical dwarf shrub community in bioclimate subzone D. In
MNT, the abundant nonsorted circles are an important component. Therefore, the FBG3 study
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plot shows a frost boil community (moss-lichen-liverwort mix) as dominant vegetation
(Figure 4-2). The spectro-goniometer measurements at the FBG4 study plot (Franklin Bluffs)
were performed over a horsetail community. Horsetail communities are not dominant
vegetation in the Low Arctic, but were frequently seen in the Alaskan and Siberian study
locations. A more detailed vegetation description of the study plots can be found in
Appendix C.

Figure 4-2: The eight study plots used for the ground-based spectro-directional characterization of
Arctic tundra vegetation. Note: VD = Vaskiny Dachi; HV = Happy Valley; FB = Franklin Bluffs;
G1 to G4 = number of the goniometer study plots within the study location.

4.2 Methodology Used for Field Work and Data Analysis
4.2.1

Field Spectroscopy and Hyperspectral Data Analysis

Since the ground-based hyperspectral characterization of Low Arctic tundra vegetation along
environmental gradients as one objective of the dissertation was published as an research
article and is inserted as stand-alone chapter (Chapter 6), more detailed methodology for the
fieldwork, data processing and data analysis can be found in Chapter 6.2.3 and 6.2.4.
In summary: for the spectro-radiometric characterization of the study sites, each
homogeneous vegetation grid of 100 m² was subdivided into one hundred 1 x 1 m quadrats. In
each quadrat the spectral signature of the vegetation was measured with a nadir viewing GER1500 field spectro-radiometer (350 – 1,050 nm) following the recommendations of Milton
[1987] and Milton et al. [2009]. The averaged reflectance spectra of all 100 quadrats represent
the spectral reflectance of the whole grid at the 10 x 10 m scale. These averaged signatures
are used for all further calculations and comparisons. In order to describe the vegetation
characteristics, the scalar cover estimates of the Braun-Blanquet approach used in the original
description [Dierschke, 1994] were used. The average soil-moisture content was calculated
from point measurements with a TDR (Time Domain Reflectrometry) soil moisture meter.
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Since the vegetation of the study sites represent the main environmental gradients in Alaska’s
Low Arctic, a descriptive and quantitative analysis was carried out for comparing the average
reflectance spectra of the study sites. Therefore spectral metrics were extracted, including the
averaged reflectance in various important plant-related wavelength regions and absorptionrelated metrics such as relative absorption depths and area of continuum removal in the blue
and red wavelength regions. The spectral metrics were investigated with respect to
“greenness”, biomass, vegetation height, and soil moisture regimes.

Figure 4-3: (A) Spectral response curves of the broadband NOAA-17 AVHRR visible red and
NIR channel. (B) Spectral response curves of the 20 narrowband channels from the EnMAP
satellite sensor which cover the visible red wavelength region. Note: For a better overview, only
the visible red wavelength is shown. The EnMAP sensor covers with overall 242 continuous
bands, showing band widths of 6.5 to 11 nm, the wavelength region from 420 – 2,450 nm.

Furthermore, in preparation of the EnMAP space mission, the average reflectance spectra
were spectrally resampled to EnMAP bands. From these bands, three narrowband NDVIs
were calculated in order to compare the performance of hyperspectral to broadband vegetation
indices via regression analysis of the above-ground biomass versus NDVIs. The broadband
NDVI was calculated from simulated AVHRR sensor bands using the spectral response
curves of the satellite sensor (Figure 4-3A). Figure 4-3B shows the visible red wavelength
section of the spectral response curves for the hyperspectral EnMAP sensor bands #32 – #51.
4.2.2

Considerations for the Field Spectro-Goniometer Measurements and the
Spectro-Directional Data Analysis

Arctic environments make high demands on instruments for the ground-based spectrodirectional characterization of Low Arctic tundra vegetation. To date, no suitable field
spectro-goniometer system was available. Therefore, within the hy-ARC-VEG project a new
light-weight and transportable field spectro-goniometer was designed and built. This
instrument consists of a sensor platform called ManTIS (Manual Transportable Instrument
Platform for Ground-Based Spectro-Directional Observations) and an attachable hyperspectral
sensor system. For the sake of readability, the technical description of the ManTIS and the
sensor systems, the error assessment for field spectro-goniometer measurements with the
ManTIS spectro-goniometer, the sampling strategy, the data processing chain, and the data
visualization were transferred into a separate, extended methodology chapter (Chapter 5).
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For the analysis, all acquired spectro-directional data of the eight study plots (Figure 4-2)
were stored in a database together with the metadata of the surfaces. This metadata includes
the vegetation description and spectral metrics, illumination and viewing geometries, external
influence factors, and timestamps of all spectro-goniometer measurements. The eight solar
noon measurements of the study sites (Table 4-2) are used to spectro-directionally
characterize Low Arctic tundra surfaces at the peak of the vegetation period, while the
spectro-goniometer measurements of MAT (HVG1 plot) and MNT (FBG1 plot) performed
under increasing sun zenith angles are used to analyze the influence of high sun zenith angles
on the reflectance anisotropy. Therefore, the data was processed following the Equations 5.3
to 5.5 described in Chapter 5.5.1. Detailed data reports can be found in Appendix C. In
preparation of the EnMAP space mission, the HCRF data were spectrally resampled to
EnMAP bands continuously covering the 400 to 1,050 nm wavelength region using the
spectral response curves of the sensor (Figure 4-3B). A convenient side effect is that the
spectral resampling reduces noise in the continuous reflectance data by an indirect smoothing.
To get a first expression of the reflectance anisotropy of tundra vegetation within the ManTIS
hemisphere (up to 30° viewing zenith angle and 360° viewing azimuth angle), the HCRF data
for four important wavelengths in the visible blue (EnMAP band #12, center wavelength
479 nm), green (EnMAP band #26, center wavelength 549 nm), red (EnMAP band #47,
center wavelength 672 nm) as well as near-infrared spectrum (EnMAP band #73, center
wavelength 864 nm) are visualized as 2D polar plots. While EnMAP band #12 and #47 show
the maximum chlorophyll absorption in the blue and red wavelength region, EnMAP band
#26 shows the maximum green reflectance peak. The EnMAP band #73 corresponds to the
reflectance in the central NIR reflectance plateau.
With help of the anisotropy factor (ANIF = HCRF data normalized by the nadir reflectance)
the spectral-directional characteristics along an azimuth plane as well as the distribution of the
reflectance values over the hemisphere can be compared between different target surfaces or
at changing illumination geometry. Reflectance anisotropy is more strongly pronounced in the
solar principal plane [Sandmeier and Itten, 1999]. Furthermore, the red and NIR wavelength
region normally show the strongest difference in the degree of reflectance anisotropy
[Sandmeier et al., 1998a]. Therefore, the ANIF data along the solar principal and orthogonal
plane as well as of the full ManTIS hemisphere in the EnMAP bands #47 and #73 are
analyzed and compared between the study plots and under varying sun zenith angles. For
quantifying the spectral variability of the reflectance anisotropy, the anisotropy index (ANIX)
[Sandmeier and Itten, 1999] development along the solar principal plane is analyzed.
The spectral variability of the reflectance anisotropy also has impacts on RS products [Küster,
2011]. The hyperspectral characterization of the Low Arctic tundra vegetation along
environmental gradients (Chapter 6) showed that the relative absorption depth in the visible
blue and red wavelength regions as well as narrowband NDVIs can be used to separate the
vegetation communities. Therefore, the influence of BRDF effects on these RS products
calculated for the EnMAP sensor is analyzed by comparing the nadir normalized products
between the eight study plots and under varying sun zenith angles.
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DEVELOPMENT AND PRECOMMISSIONING
INSPECTION OF THE MANTIS FIELD
SPECTRO-GONIOMETER

This extended methodology chapter has been published as original research article in the
journal “Sensors” under the title: “A Manual Transportable Instrument Platform for GroundBased Spectro-Directional Observations (ManTIS) and the Resultant Hyperspectral Field
Goniometer System” by MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).
The full citation is: Buchhorn, M.; Petereit, R; Heim, B. (2013), A Manual Transportable
Instrument Platform for Ground-Based Spectro-Directional Observations (ManTIS) and the
Resultant Hyperspectral Field Goniometer System. Sensors, 13(12), 16105-16128; DOI:
10.3390/s131216105.
As first author, I reviewed the relevant literature for the design, construction and patent
registration of the ManTIS field spectro-goniometer. I was responsible for the concept and
design, the 3D modeling, the purchase of technical equipment for the goniometer construction
and sensor system, the modification of the sensor system, and the calibration of the ManTIS
field spectro-goniometer. Moreover, I developed and coded the computer software for the
semi-automatic control, developed the measurement scheme and processing chain for the data
analysis and visualization, and was responsible for the documentation of all work steps as
well as for the patent registration. The ManTIS was nationally registered for patent on
25 October 2011, and internationally registered for patent on 27 June 2012. The patent
publication number is DE 10 2011 117 713 and has been published on 31 January 2013. The
national patent has been granted on 27 February 2014.
For the manuscript itself, I reviewed the relevant literature, organized and contributed to the
field work, analyzed and interpreted the data, and initiated, wrote, and coordinated the
manuscripts. The co-authors participated in design and construction of the spectro-goniometer
device, contributed data, and/or critically reviewed and discussed manuscript drafts.
Please note: A copy of the patent can be found in Appendix B.
Table 5-1: Affiliation and contributed work of the co-authors of the manuscript.

Co-Author

Affiliation

Petereit, Reinhold

AWI

Heim, Birgit

AWI

Work
reviewed the design; construction of the
field spectro-goniometer system;
assembly drawings; contributed data
contributed data; critically reviewed and
discussed manuscript drafts
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5.1 Introduction
Spectro-directional remote sensing (RS) has become more and more important in recent years
[Martonchik et al., 2000; Schaepman, 2007]. The angular information source can be used to
minimize the impact of reflectance anisotropy in RS data of sensor systems with pointing
capabilities or wide swaths achieving high quality, consistent and therefore comparable and
reproducible datasets [Schaepman, 2007]. Moreover, various studies have shown that canopy
architecture properties can be derived from spectro-directional RS data [Coburn et al., 2010;
Deering et al., 1999; Gianelle and Guastella, 2007; Sandmeier and Deering, 1999; Selkowitz,
2010; Walter-Shea et al., 1997]. The directional reflectance properties of a surface are
mathematically specified by the bidirectional reflectance distribution function (BRDF)
[Nicodemus et al., 1977]. Direct BRDF measurements are not possible, but the anisotropic
reflectance behavior of a surface can be approximately determined by measuring the
hemispherical conical reflectance factor (HCRF) in the field. Therefore, various ground-based
measurement instrumentation called field spectro-goniometers have been developed in the
recent years [Anderson et al., 2012; Bourgeois et al., 2006b; Bruegge et al., 2000; Coburn
and Peddle, 2006; Landis and Aber, 2007; Manakos et al., 2004; Painter et al., 2003; Pegrum
et al., 2006; Sandmeier and Itten, 1999; Schopfer et al., 2008; Suomalainen et al., 2009;
Timmermans et al., 2009].
Field spectro-goniometers are used as a tool to provide spectro-directional characteristics of
various surfaces for (i) the investigation of the physical mechanism of BRDF effects, (ii) the
development and validation of BRDF models, (iii) the investigation of the relationship
between BRDF effects and biophysical parameters, as well as (iv) the validation of satellite
and aircraft based BRDF data [Sandmeier, 2000]. Up to now, most of the developed field
spectro-goniometer systems due to their design are not applicable in geographical and
logistical challenging regions such as the Arctic or on permafrost surfaces. Performing
spectro-goniometer measurements in these challenging regions demands specific technical
requirements such as (i) a lightweight construction, (ii) a low-cost production, (iii) standard
parts for easy replacement, (iv) a disassembly and storage in boxes for transport by small
helicopters with a helicopter sling or on sleds, and (v) a secure footing on small building
areas. But at the same time the design and sensor configuration has to be robust enough to
allow observations with (i) a high angular accuracy, (ii) a minimum distance of 2 m between
the vegetated surface and the sensor, (iii) a constant observation center, (iv) a fast scanning in
all directions reducing the impact of temporal illumination changes, and (v) a high spectral
resolution [Sandmeier, 2000; Schneider et al., 2007]. Moreover, a high level of automation of
the measurement process used by field spectro-goniometers such as the dual-view FIGOS
[Schopfer et al., 2008], the IAC ETH goniospectrometer [Bourgeois et al., 2006b], the
PARABOLA III [Bruegge et al., 2000], the ASG [Painter et al., 2003], or the FIGIFIGO
[Suomalainen et al., 2009] is expensive in the development of the sensor and controlling
system, and also may be susceptible to damage in geographical regions with fast changing
weather conditions.
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Following these requirements, a spectro-goniometer system was developed at the Alfred
Wegener Institute (AWI) for the spectro-directional characterization of low-growing
vegetation communities in the Arctic. This system consists of a low-cost, lightweight
instrument platform for the angular positioning of the sensor within 30° view zenith and 360°
view azimuth angle, and a hyperspectral sensor system including two spectro-radiometers for
the radiance and irradiance measurements. The sensor system itself can be customized to the
research needs. The reason for the smaller defined view zenith pointing capability is that
many present and upcoming satellite sensors such as RapidEye [Tyc et al., 2005],
Environmental Mapping and Analysis Program (EnMAP) [Stuffler et al., 2007], and
PRecursore IperSpettrale of the application mission (PRISMA) [Galeazzi et al., 2008] have a
maximal off-nadir tilting of ±30° (RapidEye ±25°, EnMAP ±30°, PRISMA ±15°). Moreover,
this pointing capability is adequate for BRDF analysis in multi-angle datasets created by
successive passes of satellite sensor systems with nadir pointing, or for the BRDF
normalization in RS data acquired by satellite sensors with wide swaths.
The emphasis of this article is the presentation and technical description of the MANual
Transportable Instrument platform for ground-based Spectro-directional observations (called
ManTIS) as well as the description of the sensor system used for the resultant hyperspectral
field spectro-goniometer system. Moreover, we present the measurements strategy for HCRF
acquisitions in the field in connection with an error assessment as well as the processing and
visualization of the HCRF data. Finally, the HCRF measurements of an example surface are
processed, presented and discussed.

5.2 Theoretical Background
Most of the natural surfaces do not show Lambertian reflectance behavior [Deering et al.,
1999; Peltoniemi et al., 2005; Pinter, JR. et al., 1990; Sandmeier et al., 1998a; Sandmeier et
al., 1999; Solheim et al., 2000; Vierling et al., 1997]. Instead of that, they display anisotropic
reflectance distributions which affect all remotely sensed radiation data. This reflectance
anisotropy is based on the properties of the observed surface and can be physically described
by a set of functions (ƒr[sr-1]) characterizing the reflected radiation as a function of the
incident beam [Schaepman-Strub et al., 2006]. In detail, according to Nicodemus et al. [1977]
this so called BRDF is defined as the ratio of the radiance dLr [W · m-2 ·nm-1· sr-1] reflected
from the surface in one direction (θr, ϕr) to the incident irradiance dEi [W · m-2 ·nm-1]
illuminating the surface outgoing from direction (θi, ϕi). Since diffuse reflection causes the
incident radiance dLi to be reflected in all directions over the hemisphere, the BRDF uses the
incident irradiance dEi and is not dimensionless, and therefore measured in sr-1. This
relationship is visualized in Figure 5-1A and mathematically expressed in Equation 5.1.

BRDFλ = f r (λ ; θ i , φi ; θ r , φr ) =
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dLr (λ ; θ i , φi ; θ r , φr ) −1
sr
dEi (λ ; θ i , φi )

[ ]

(5.1)

5.2 Theoretical Background

Furthermore, the BRDF is not only dependent on the illumination and viewing directions each
identified by two angles, the illumination (resp. viewing) zenith angle θi (resp θr) and the
illumination (resp. viewing) azimuth angle ϕi (resp. ϕr), but also depends on the wavelength
(λ) of the electromagnetic radiation.

Figure 5-1: (A) Concept of the bidirectional reflectance distribution function (BRDF) [Nicodemus
et al., 1977]. (B) Reflectance nomenclature as a function of geometrical aspects used in this study
[Schaepman-Strub et al., 2006].

For practical reasons the bidirectional reflectance factor (BRF) is used to describe the
reflectance anisotropy of a surface. The BRF can be estimated by the ratio of the radiance Lr
reflected from the surface in a specific direction to the radiance Lref reflected from a lossless
reference panel with Lambertian reflectance behavior, both measured under identical
illumination geometry [Nicodemus et al., 1977]. Since white reference panels like
Spectralon® panels do not show ideal Lambertian reflectance characteristics, the radiance Lref
has to be corrected by a panel calibration coefficient Rref. BRF measurements like those
shown in Equation 5.2 are dimensionless and interrelated to the BRDF. Under the assumption
that the irradiance is isotropic and that the BRDF is constant within the illumination-sensorgeometry, the BRF divided by π approximately reproduces the BRDF of the surface
[Schaepman-Strub et al., 2006].

BRF (λ ;θ i , φi ;θ r , φr ) =

Lr (λ ;θ i , φi ;θ r , φr )
⋅ Rref (λ ;θ i , φi ;θ r , φr )
Lref (λ ;θ i , φi ;θ r , φr )

(5.2)

For BRF measurements under field conditions, Equation 5.2 is still not applicable. Since the
illumination is hemispherical under natural illumination conditions, the best estimation for the
BRF would be the measurement of the hemispherical directional reflectance factor (HDRF)
[Nicodemus et al., 1977; Schaepman-Strub et al., 2006]. Exact HDRF measurements would
require a sensor optic with infinitesimally small instantaneous field of view (IFOV) which is
impossible to obtain. The best estimation of reflectance anisotropy in the field is therefore the
measurement of the HCRF [Nicodemus et al., 1977; Schaepman-Strub et al., 2006].
Figure 5-1B shows the relation of incoming and reflected radiance terminology used to
describe the three (BRF, HDRF, and HCRF) reflectance quantities [Schaepman-Strub et al.,
2006].
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Since the spectro-radiometers considered for the ManTIS field spectro-goniometer uses
foreoptics with an IFOV smaller than 10°, the observation geometry of the sensor is conical
[Manakos et al., 2004]. Under the assumption that the HCRF is constant over the IFOV of the
sensor, we could equate our HCRF measurements with the HDRF [Martonchik et al., 2000].
Different publications have shown that this is done for sensor IFOVs smaller than 3°
[Bourgeois et al., 2006b; Sandmeier and Itten, 1999; Schopfer et al., 2008], but in our case it
has still to be proofed. Therefore, to avoid misunderstandings, we want to clarify that the
spectro-directional measurements with the ManTIS field spectro-goniometer in its current
sensor configuration are HCRF measurements.

5.3 Description of the Field Spectro-Goniometer System
5.3.1

Construction Schedule

The preliminary considerations for a field spectro-goniometer platform started in October
2010 and were followed by a two month design-related period. The main focus during this
design phase was on the transportability and lightweight construction of the prototype which
was built from January to February 2011 by the scientific workshop of the AWI in
Bremerhaven, Germany. Afterwards, the prototype ran through the first field experiments.
These initial tests showed promising results, but also exposed room for improvements. In
March 2011, we started with the revision of the structural design of the platform. Therefore, a
computer-based 3D model was created and optimized with the help of a ray tracing
simulation. The construction phase of the revised version of the prototype ran from May to
June 2011. Afterwards the ManTIS was equipped with a customized sensor system, calibrated
and tested at the AWI facility in Potsdam, Germany. In July 2011, the AWI ManTIS field
spectro-goniometer became fully operational and was packed for its first Arctic mission on
the Yamal 2011 expedition (25 July to 9 September 2011) to the Yamal Peninsula, WestSiberia, Russia [Heim et al., 2012].
During the Yamal expedition, the field spectro-goniometer was extensively tested under
Arctic conditions and showed excellence results. Nevertheless, the selected design showed
also some challenges in the assembling of the system prior the measurements. The Arctic
conditions demand an easy assembly without tools for screws and nuts as well as require
adjustment wheels on setting screws which can be handled with gloves. Therefore, we
decided to revise the design of the ManTIS prototype once more and additionally bring the
prototype to maturity phase. All parts were built now by computerized numerical control
(CNC) machines. This improvement allows a fast reproducibility of missing parts or the
whole instrument platform (mass production). Moreover, plug-and-socket connections with
self-locking screws and nuts allow now a faster assembly in the field and an improved
stability under load on permafrost surfaces. The design phase of the improved ManTIS ran
from October to December 2011, where the main construction phase ran from January to
April 2012. Again, all parts were built and pre-assembled by the scientific workshop of the
AWI in Bremerhaven, Germany. In May 2012, the field spectro-goniometer system was
calibrated and tested for the next field season at the AWI facility in Potsdam, Germany. By
31

5.3 Description of the Field Spectro-Goniometer System

the end of May 2012 the improved ManTIS field spectro-goniometer reached its final stage of
extension and became fully operational. Once more, it was packed for detailed field tests on
the Alaska 2012 expedition (21 June to 22 July 2012) to the North Slope, Alaska, USA
[Strauss et al., 2012].
Overall, the design, construction and setup of the ManTIS field spectro-goniometer has
required about 18 months with approx. 1,500 working hours and additional 135 machine
hours.
5.3.2

Description of the Field Spectro-Goniometer Platform (ManTIS)

The field spectro-goniometer platform consists of five major parts: a tripod with a stabilized
center post; a cantilever connected to the center post and stabilized by bracings; a rotatable
and fixable suspension including the azimuth angle adjustment module (AAM) connected to
the cantilever; a zenith arc with one end connected to the suspension; and a sensor sled which
slides on the zenith arc (Figure 5-2A). All components are made of black anodized aluminum,
reducing the overall weight to only 27 kg (without sensor system). The complete ManTIS can
be disassembled and stored in a box with the dimensions of 146 x 47 x 29 cm increasing the
overall weight then to 42 kg. This weight and box size permits the transport in station wagons
and as normal luggage in passenger planes and trains, and therefore allows for fast and
convenient access to logistically demanding study sites.
The tripod design was chosen because it keeps the center post in its vertical position and
provides the best weight-to-stability ratio against downward and horizontal forces. Moreover,
it can be setup and leveled in all kinds of Arctic environments. The feet of the tripod are
formed as floor plates. Depending on the substrate, special shoes can be attached on the floor
plates to improve stability e.g. for permafrost surfaces the shoes have a drift pin. The
cantilever consists of two slightly bent tubes which can be folded up, and is fixed on the upper
end of the center post. Moreover, the cantilever is laterally braced to the center post. Through
adjustments of the bracings of the cantilever, the overall distance between the surface and the
zenith arc can be set. The suspension is connected via a ball-and-socket join to the other end
of the cantilever. This connection allows the exact leveling of the suspension in the vertical
center line of the target (correspond to the nadir view position), and therefore also permits
spectro-goniometer measurements in rough terrain. The other end of the suspension contains
the AAM which has a fixed square joint to the end of the zenith arc (Figure 5-2C). To
stabilize this connection, the other end of the zenith arc is connected to the middle part of the
suspension via a bracing, which further helps to guide electrical and optical cables to the
sensor sled. Important to mention is that the center post, the cantilever and the suspension are
matched to each other so that the zenith arc is positioned at the distance of the arc radius
(2.05 m) above the ground. All mounting and adjustment screws are made of steel but with
large adjustment wheels made of cold-resistant plastic.
Since the zenith arc can be fully rotated about the center line of the AAM and the sensor sled
can be positioned on the zenith arc in any off-view angle up to 30°, the spectro-radiometer
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Figure 5-2: (A) Design and dimensions of the ManTIS (front view). (B) Design and dimensions of
the ManTIS (top view). (C) The suspension including the azimuth angle adjustment module
(AAM) with connected GER-1500 spectro-radiometer. (D) ManTIS field spectro-goniometer
(lateral view). (E) Overview of ManTIS field spectro-goniometer assembled for a field campaign
in the Alaskan Low Arctic showing both GER-1500 spectro-radiometers (front view).

connected to the sensor sled of the ManTIS can measure the target with view zenith angles
from -30° to +30° and at all desired view azimuth angles. Moreover, this setting allows
measurements with a constant observation center. The angular positioning of the sled is
carried out manually; consequently the zenith arc has engraved labels with a resolution of 1°.
To decrease the time for repositioning the view azimuth angle, the AAM has an internal
quick-action locking system. In detail, preferred view azimuth angles (up to two different
measurement schemes) can be engraved on a cylinder in the inner core of the AAM. Through
a locking screw, the zenith arc can be fixed in an azimuth plane, preferably the solar principal
plane. Outgoing from this azimuth plane, the zenith arc can then only be rotated in the
azimuthally angular distances provided by the engraved measurement scheme. The
measurement scheme itself can be chosen by two additional set screws. A 360° scale
engraved on an additional outer ring of the AAM also allows the view azimuth angles to be
freely set with respect to the solar principal plane. Also important to mention is that in order
to measure in the solar principal plane, the zenith arc has been mounted eccentrically on the
AAM and only the sensor sled itself moves directly in the solar principal plane. In order to
help to set the zenith arc into the solar principal plane, the AAM has an additional second
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outer ring with a 360° engraved scale which can be orientated to geographic north by a
compass. This second outer ring is independent and does not rotate when the zenith arc is
moved.
5.3.3

Sensor Configuration of the AWI ManTIS Field Spectro-Goniometer

The ManTIS was designed as a platform which can be equipped with various kinds of
spectro-radiometers and other hardware in order to form field spectro-goniometer systems
customized to the specific research needs. In its current configuration the platform was
modified for EnMAP purposes and is equipped with two PC-controlled GER-1500 portable
spectro-radiometers (Spectra Vista Corporation, Poughkeepsie, NY, USA), a Navilock
NL-402U global positioning system (GPS) receiver (Tragant GmbH, Berlin, Germany), a
NC-Eye camera system designed for Arctic environments (AnKoTec Anton Kothe,
Postbauer-Heng, Germany), and a Spectralon® white panel (Labsphere, Inc., North Sutton,
NH, USA).
The GER1500 spectro-radiometers measure radiance across the wavelength range of 350 –
1,050 nm with sampling intervals of 1.5 nm [Spectra Vista Corporation, 2009], and are
connected via serial cables (nine-pin RS-232) to a field computer. One GER-1500 is mounted
to the suspension of the ManTIS and measures the radiance reflected from the target surface
(Figure 5-2C-E). The foreoptic of this spectro-radiometer is mounted to the sensor sled and
connected via a 1.6 m long fiber optic cable. In its current configuration, the foreoptic has an
IFOV of 8.5°. In order to measure the radiance reflected from a Spectralon® reference panel,
a sub-arm with a mounting clip can be attached to the sensor sled allowing precise alignment
of the reference panel to the vertical center line of the target surface in the nadir measurement
position.
Additionally, a video camera connected via universal serial bus (USB) cable to the field
computer is mounted on the sensor sled next to the foreoptic of the spectro-radiometer. The
center of projection of the camera lens can be made to coincide with the center of the ground
instantaneous field of view (GIFOV) of the foreoptic via adjustable mounting clamps. The
USB GPS receiver is mounted on top of the cantilever in line with the center line of the
suspension, providing the exact geographical position of the target surface. The second
GER-1500 spectro-radiometer is equipped with a cosine diffusor foreoptic and mounted at a
height of 1.80 m on a tripod for measuring the down-welling total irradiance (Figure 5-2D-E).
This extra tripod is placed near the center post of the ManTIS.
All required sensor cables are combined in a cable loom which is guided from the suspension
of the ManTIS over the cantilever to the center post. This reduces the risk of cable jams and
facilitates quick setup during the assembling stage. Overall, the sensor system including the
cable loom has a weight of approx. 7 kg and it stored in a box with the dimensions of
53 x 44 x 22 cm. Therefore, the weight of the AWI ManTIS field spectro-goniometer in its
current field configuration (platform + sensor system) is approx. 34 kg. Together with the two
transport boxes, the total shipping weight is approx. 54 kg.
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The overall dimensions of the field spectro-goniometer can be seen in Figure 5-2A-B. The
maximum height is 2.5 m, where the zenith arc is positioned at a height of 2.05 m and the
sensor of the mounted spectro-radiometer is positioned at a constant distance of approx. 2 m
from the target. Since the zenith arc rotates around the vertical center line of the target, a
sphere of 1.35 m in radius around the target is created. Additional space around the center
post (approx. 1 m in radius) is required for the assembly of the tripod. About 45 min are
needed to build up the ManTIS and setup the sensor system with a team of two people. In
locations with influence of wind, an additional wind brace made of distortion-free rope can be
used to further stabilize the field spectro-goniometer (Figure 5-2D-E).
5.3.4

Measurement Strategy

Due to the relatively small IFOV and the short distance between the foreoptic and the target,
the sampling area of the ManTIS field spectro-goniometer is small. In order to acquire
representative measurements, targets should be homogeneous surfaces. On the other hand,
this small sampling size has the advantage that already homogeneous plots with a size of
1 m x 1 m can be investigated.
In preparation of the spectro-goniometer measurements, the selected sampling plot is marked
with small flags in the corners. Next, the center post is positioned at a distance of 1.40 m to
the north of the center of the sampling plot and vertically fixed. This prevents a shadowing of
the plot by the ManTIS itself. After mounting the cantilever to the center post, the suspension
is connected to the cantilever and the zenith arc is locked to the AAM of the suspension. Then
the sensor sled is clipped on the zenith arc, and all sensors are mounted. Afterwards, the cable
loom is installed and the sensor system is connected to the field computer. Since the center
post can be rotated, the assembling can be done outside the sampling plot and the cantilever is
then turned towards the target and fixed. This avoids disturbance of the plot during the
assembling phase. In order to bring the center line of the AAM in conformity with the vertical
center line of the target (nadir view position), final adjustments have to be done at the balland-socket join of the suspension with the cantilever. In conclusion, the center of the foreoptic
of the spectro-radiometer is now exactly vertical positioned above the center of the sampling
plot. By rotating the zenith arc and displacing the sensor sled along the zenith arc, it is
possible to position the foreoptic at any point on the spanned spherical shell.
The design of the measurement scheme as well as the documentation of the sampling plot and
measurements follow the recommendation of Sandmeier [2000]. In its current configuration,
the ManTIS field spectro-goniometer uses a measurement scheme with 61 viewing positions
on the spanned spherical shell (Figure 5-3). Since reflectance anisotropy is more strongly
pronounced in the solar principal plane [Sandmeier and Itten, 1999; Sandmeier, 2000], the
measurement scheme has a higher measuring density around the solar principal plane
[Manakos et al., 2004]. In the beginning of each measurement scheme, the zenith arc is
aligned with the solar principal plane with the help of the AAM. The first target measurement
is taken in the nadir view position. Then the sensor sled is positioned at the 5° view zenith
angle position on the zenith arc and target measurements with increasing view azimuth angles
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are carried out by rotating the zenith arc around the AAM. Afterwards, the sensor sled is
positioned to the next view zenith angle position on the zenith arc and the procedure to take
target measurements is repeated. Where the target measurements with a 5° view zenith angle
are taken at 12 view azimuth angle positions, target measurements with a 10°, 20°, and 30°
view zenith angle are taken at 16 view azimuth angle positions (Figure 5-3).
At the beginning and end of each measurement scheme, the radiance reflected from the
Spectralon® reference panel is measured in the nadir view position. Moreover,
simultaneously to all target measurements, the irradiance profiles are recorded by the second
spectro-radiometer with the attached cosine diffusor foreoptic. A video showing the whole
measuring process is available on the internet at http://tinyurl.com/ManTISmovie (DOI:
10.1594/PANGAEA.819494). The total acquisition time for this measurements scheme (61
target, two reference panel, and 63 irradiance measurements) is approx. 18 minutes.

Figure 5-3: Default measurement scheme of the ManTIS field spectro-goniometer with overall 61
target measurements positions on the spanned spherical shell. The measurement scheme shows a
higher measuring density around the solar principal plane (PP).

5.3.5

Software for Semi-Automatic Control

A software application for the semi-automatic control of the ManTIS field spectro-goniometer
was written and coded in visual basic (VB). The graphical user interface (GUI) helps to enter
and set the required advance information prior the measurements. Moreover, the software
application calculates from the received GPS information the solar zenith and azimuth
position prior to each target measurement as well as calculates the magnetic declination in
order to determine the geographic north by the compass. Then the GUI visualizes all
configurations for the AAM in order to setup the view zenith and azimuth angles for the target
measurements in the selected measurement scheme (Figure 5-4).
Furthermore, the software communicates with the spectro-radiometers and secures that the
radiance and irradiance measurements are taken simultaneously as well as that the received
data is correctly named and stored. Additionally, the software controls the video camera
system to take a photo of the sampling plot simultaneously along with each target
measurement and stores it together with all other data in the database. The generated log file
includes all realized software operations with a time stamp.
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Figure 5-4: Graphical user interface (GUI) of the software application for the semi-automatic
control of the ManTIS field spectro-goniometer.

5.4 Error Assessment
The errors in HCRF acquisitions with the ManTIS field spectro-goniometer can be divided
into two broad categories: internal and external error sources. Internal error sources are here
defined as measuring inaccuracies through problems with the platform or spectro-radiometer
including radiometrical accuracy, white reference calibration, angular accuracy from both
positioning and opening angle of the optics, and sensor shadowing. External errors include the
variation of incident light through the measurement scheme, environmental influences,
representativeness of the sample, and diurnal changes of vegetated surfaces.
5.4.1

Radiometrical Accuracy

The radiometrical accuracy of the spectro-goniometer measurements follows the same
principles as any spectro-radiometer measurements, and depends on a good calibration of the
devices. In its current configuration, we use two GER-1500 spectro-radiometers which have
an average radiance accuracy of 1.2 x 10-10W · cm-2 ·nm-1· sr-1 [Spectra Vista Corporation,
2009] (last calibrated in May 2011). By transferring the wavelength dependent radiance
accuracy stated in the calibration certificate to the spectro-goniometer measurements in the
Arctic, the GER-1500 shows in its wavelength range from 350 – 1,050 nm a reflectance
uncertainty of 0.59 % at 400 nm, of 0.20 % at 700 nm, and of 1.59 % at 900 nm. In order to
increase the signal-to-noise ratio, 32 individual measurements are averaged per one target
scan.
Since all HCRF values are calculated as a ratio between the radiance reflected of the surface
and a Spectralon® white reference panel, errors due to the condition of the panel or a tilt of
the reference panel can cause a systematical error [Jackson et al., 1992]. Therefore, regular
calibration of the Spectralon® panel at the factory is recommended. In order to decrease tilt
errors, we use bubble levels to balance the reference panel. Moreover, Sandmeier et al.
[1998b] showed that calibrated Spectralon® panels can even in the nadir view position have
changes in the measured radiance depending on the illumination zenith angle. Under the
assumption that the reflectance anisotropy is nearly invariant between different Spectralon®
panels [Bruegge et al., 2001], we use the correction algorithm developed by Sandmeier et al.
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[1998b] in order to reduce systematical errors. This approach is already tested and used with
other spectro-goniometers [Bourgeois et al., 2006b; Sandmeier and Itten, 1999].
5.4.2

Pointing Accuracy

The angular accuracy of the spectro-goniometer measurements is defined by the roundness of
the zenith arc, the precision in the positioning of the sensor sled on the zenith arc, and the
correctness in setting the view zenith angle in the AAM. In case of the ManTIS field spectrogoniometer, an additional factor has to be considered. Since the zenith arc is freely suspended
in the center of the sampling plot, care has to be taken that the center line of the AAM (on
which the zenith arc is orthogonally mounted) is in conformity with the vertical center line of
the target and also that the zenith arc is positioned at the distance of the arc radius above the
ground. Therefore, the suspension is equipped with bubble levels for all axes, and the
cantilever can be adjusted in height.
In order to investigate the pointing accuracy of the ManTIS field spectro-goniometer, the
sensor sled was equipped with a laser pointer replacing the foreoptic of the spectroradiometer. Afterwards, a full measurement scheme was carried out and the path left by the
laser beam on the surface was recorded. The deviation of the laser beam representing the
center of the sensor GIFOV shows values within ±6 cm (Figure 5-5A). The deviation
increases with increasing view zenith angles, indicating that the zenith arc in not perfectly
round or that the weight of the sensor sled slightly bends down the freely suspended zenith arc
in higher view zenith angle positions.
5.4.3

Ground Instantaneous Field of View and Sensor Self-Shadowing

In its current configuration, the foreoptic of the spectro-radiometer for the target
measurements has an IFOV of 8.5°. The distance of the foreoptic to the ground can be slightly
adjusted between 1.98 and 2.03 m, and is set currently to 2.02 m. The GIFOV changes with
increasing view zenith angle. In the current ManTIS field spectro-goniometer configuration,
the maximum view zenith angle is 30°. Therefore, at nadir an almost circular footprint with
30.0 cm occurs that becomes slightly elliptical towards higher view zenith angles reaching a
major half axis of 34.8 cm in the 30° view zenith angle position. Figure 5-5B visualizes the
change in footprint area for the main view zenith angle positions of the default measurement
scheme. Thus, the spectro-radiometer is always measuring approximately the same surface
area in the center of the hemisphere. However, when also including the pointing accuracy of
±6 cm, a homogeneous sampling area of approximately 25 cm in radius around the center of
the target plot is needed to acquire representative spectro-goniometer measurements.
Another big issue in spectro-goniometer measurements is abnormalities in the HCRF
measurements through sensor self-shadowing which mainly occurs when the foreoptic of the
spectro-radiometer is aligned with the sun [Sandmeier and Itten, 1999]. This position is also
known as the hot spot position. Spectro-directional measurements in this region have to be
replaced by simulated data. Hot spots cannot appear in ManTIS spectro-goniometer
measurements in the Arctic, since the ManTIS has a maximum view zenith angle of 30° and
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the illumination zenith angles are always larger than 43° in these geographical positions
[Kääb, 2008]. Shadowing of the sampling plot by ManTIS parts (zenith arc, suspension) itself
is unavoidable, but only minimal through the eccentric position of the zenith arc and the small
profile of the obstruct aluminum tubes. Again, the high illumination zenith angles in the
Arctic reduce the shadowing of the sampling plot, because the freely suspended zenith arc is
highly mounted over the ground.

Figure 5-5: (A) Pointing accuracy of the ManTIS. The coordinate system center is aligned to the
center of the target. (B) Ground instantaneous fields of view (GIFOV) for the range of view zenith
angles of the ManTIS. The dotted lines show three view azimuth angles for a constant view zenith
angle of 30°. The arrows indicate viewing direction of the foreoptic.

5.4.4

Temporal Illumination Changes and Environmental Influences

Field measurements have a disadvantage compared to laboratory measurements, since in the
laboratory the influencing factors on the reflectance anisotropy of a surface can be controlled
and narrowed to the canopy geometry, multiple scattering effects and sensor-illumination
geometry. In the field, additional environmental factors can affect the measurements which
cannot be measured or validated in detail at all times. The main factors are upcoming wind
during the measurements, changes in the moisture and temperature regime during the day,
plant stress, heliotropic leaf movements, and presence of dew on the canopy in the morning
[Jackson et al., 1990; Pinter, JR. et al., 1990; Sandmeier, 2000]. Here, only carefulness in the
choice of the sampling plot can reduce these measurement errors.
The 61 target measurements of the default measurement scheme should be ideally performed
simultaneously, but this is not possible. To reduce short-term temporal changes in irradiation
and illumination zenith angle changes between the beginning and end of a measurement
scheme, we developed a cos-conical dual-beam approach where two spectro-radiometers
simultaneously measure the radiance reflected from the target and the total sky irradiance.
Instead of using the recorded irradiance directly, we used the irradiance spectra with the aim
to interpolate the radiance measurement of the reference panel to the time of the target
measurement. This can be only done under the assumption that changes in the irradiance over
the time period affect the radiance measurements of the reference panel to a similar degree in
the certain wavelength region [Schopfer et al., 2008]. This approach has already been used by
various groups, but mostly with a sunphotometer with limited spectral bands for irradiance
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recording [Schopfer et al., 2008; Suomalainen et al., 2009]. A more detailed consideration of
this approach is given in section 5.5.1. Moreover, we developed an outlier indicator system
showing in which sensor positions higher illumination changes occurred, and therefore
stronger interpolation of the reference panel measurement was needed. This shows at which
sensor positions more caution is needed in the interpretation of the spectro-directional results.
Another technical challenge is the sun azimuth angle change over time during the beginning
and end of the measurements. The measurement scheme is optimized towards the solar
principal plane, and a change in the sun azimuth angle leads to a shift in the results.
Therefore, the developed software application calculates for each azimuth circle (overall five)
within the measurement scheme a correction factor which can be set in the AAM at the
chosen view zenith angle position (0°, 5°, 10°, 20°, 30°) before the zenith arc is rotated. This
regular manual correction of the solar principal plane during the measurements decreases the
divergence between the projected and real principal plane to 0.5°. However, since the
geographic north is determined by a compass and manually set in the AAM, the uncertainty
between the projected and real principal plane increases to 1.5° to 2°.

5.5 Data Analysis
5.5.1

Data Processing

First, all acquired measurements are transferred into a database and pre-processed. Since the
GER-1500 spectro-radiometers produce DN (digital number) values as output, the first preprocessing step is their conversion to radiance and irradiance values with the help of the
sensor calibration files provided by the manufacturer, as well as the storage in a standard
ASCII (American Standard Code for Information Interchange) format. Then automatic quality
tests for detecting outliers in the measurement scheme and sensor noise are realized.
In order to derive the HCRF for each viewing positions, Equation 5.2 has to be adapted. Due
to practical reasons, Spectralon® reference panel measurements are performed only from the
nadir view direction. Moreover, the used reference panel has an 8° hemispherical spectral
reflectance calibration, and therefore a correction factor Rref which ideally corresponds to the
BRF of the reference panel. Since it is known that the BRF of the reference panel also
depends on the sun zenith angle (θi), a correction factor cref is replacing Rref. This correction
factor cref uses the correction algorithm developed by Sandmeier et al. [1998b] under the
assumption that the reflectance anisotropy is nearly invariant between different Spectralon®
panels [Bruegge et al., 2001]. Equation 5.3 shows the modified HCRF formula:

HCRF (λ ;θ i , φi ;θ r , φr ) =

Lr (λ ;θ i , φi ;θ r , φr )
⋅ cref (λ ,θ i )
Lref (λ ;θ i , φi )

(5.3)

As mention in Section 5.4.4, the spectro-goniometer measurements at various sensor positions
cannot be performed at the same time. Therefore, short-term temporal changes in irradiation
as well as illumination zenith angle changes between the beginning and end of a
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measurements scheme occur. We try to account for these effects by interpolating the reference
panel measurement Lref taken at time t0 towards the timestamp tx of the actual target
measurement Lr with help of a weight factor cdiff. The weight factor cdiff is obtained using the
diffuse total irradiance measurements Ediff of the second spectro-radiometer at the timestamp
t0 and tx (Equation 5.4). Therefore, we assume that changes in the irradiance over the time
period affect the radiance measurements of the reference panel to a similar degree in the
certain wavelength region [Schopfer et al., 2008].

cdiff (λ ;θ i , φi ; t x ) =

Ediff (λ ;θ i , φi ; t x )
Ediff (λ ;θ i , φi ; t0 )

(5.4)

In order to evaluate the quality of this approach, we introduced an outlier indicator which uses
the continuous irradiance readings and the Lref measurements at the beginning and end of a
measurement scheme. The visualization of this outlier indicator helps to interpret the HCRF
measurements of the full hemisphere. Thus, the HCRF calculation from ManTIS field
measurements results in the following formula introducing the relative time span between the
Lref measurement in the nadir view position and the Lr measurement in the actual viewing
position of the measurement scheme:

HCRF (λ ;θ i , φi ;θ r , φr ) =

Lr (λ ;θ i , φi ;θ r , φr ; t x )
⋅ cref (λ ,θ i , t0 ) (5.5)
Lref (λ ;θ i , φi ; t0 ) ⋅ cdiff (λ ;θ i , φi ; t x )

Only under the assumption that the HCRF is constant over the IFOV of the sensor and that the
measurements are taken under clear sky with predominantly direct radiation, the measured
HCRF values approximate the BRF. In order to separate the BRDF effects from the
underlying surface reflectance characteristics, the HCRF data of one hemisphere has to be
normalized by the nadir viewing reflectance signature of the target surface [Sandmeier et al.,
1998a; Sandmeier and Itten, 1999]. This normalization creates the anisotropy factor (ANIF)
(Equation 5.6) [Sandmeier and Itten, 1999]:

ANIF (λ ;θ i , φi ;θ r , φr ) =

HCRF (λ ;θ i , φi ;θ r , φr )
HCRFnadir (λ ;θ i , φi ;θ r = 0, φr = 0)

(5.6)

With help of the ANIF the spectral-directional characteristics can be compared between
different target surfaces or at changing illumination geometry. For an overall estimation of the
reflectance anisotropy in a certain wavelength and in order to further analyze the spectral
variability of the reflectance anisotropy, Sandmeier et al. [1999] developed the anisotropy
index (ANIX) (Equation 5.7):

ANIX (λ ,θ i ) =

HCRFmax (λ ,θ i )
HCRFmin (λ ,θ i )

(5.7)

The ANIX is the ratio of the maximum HCRF and minimum HCRF of a measured
hemisphere, and is calculated for a certain wavelength region as well as a defined azimuth
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plane [Sandmeier and Itten, 1999]. Since reflectance anisotropy is more strongly pronounced
in the solar principal plane [Sandmeier and Itten, 1999; Sandmeier, 2000] and for easier
comparability, the ANIX is usually presented with respect to the solar principal plane.
5.5.2

Data Visualization

The processed HCRF data together with metadata of the surface measured at a certain
illumination geometry are stored in a database following the recommendations of Sandmeier
[2000]. For a better interpretation and comparison of the spectro-directional data, the
visualization as surface models in 2D and 3D plots is commonly used. Therefore, we aligned
a visualization model of Küster [2011], coded in the programming language Python, to our
measurement scheme. To avoid misinterpretation of the visualization, Figure 5-6A-B shows
the polar coordinate system used for presenting the results.

Figure 5-6: (A) Polar coordinate system used for presenting BRDF data in 2D plots. (B) Polar
coordinate system used for presenting BRDF data in 3D plots.

5.6 Performance of ManTIS Field Spectro-Goniometer in the Field
5.6.1

Test Site and Experiment Setup

The ManTIS field spectro-goniometer was already field-tested on two Arctic expeditions
[Heim et al., 2012; Strauss et al., 2012]. In order to show the quality of field HCRF retrieval
and the BRDF analyzing approach, we present a spectro-directional characterization of a low
growing vegetation community in a challenging geographic location for field spectrogoniometer measurements. The HCRF datasets of the sample plot at the Franklin Bluffs study
location, Alaska, USA (69°40′28″N, 148°43′15″W, 122 m ASL) were measured in the
summer season of 2012 (Figure 5-7A-B).
The sample plot FBG2 is located in the bioclimate subzone D of the circumpolar arctic
vegetation map (CAVM) [Walker et al., 2005] and is part of the North American Arctic
transect (NAAT) established by Walker et al. [2008b]. The dominant vegetation can be
described as moist non-acidic tundra (MNT) [Raynolds et al., 2008]. The sample plot shows a
homogenous coverage with a prostrate dwarf deciduous shrub (Salix arctica) community as
well as sedges and forbs (Figure 5-7C). Important to mention is that there are dense and thick
moss and lichen mats in the understory, therefore no open soil is exposed. The average
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vegetation height of the shrub layer is 35 cm, of the sedge and forb layer 15 cm, and of the
moss and lichen layer 2 cm. At the day of the measurements (2012-07-09), the vegetation was
nearly at the peak of the phenological stadium. Since the sample plot FBG2 is located next to
the well-established and researched Franklin Bluffs moist / zonal study site (FB_m/z), a more
detailed vegetation description of the study location can be found in Kade et al. [2005].
Moreover, Buchhorn et al. [2013] presents a detailed hyperspectral characterization of the
Franklin Bluffs study location and MNT vegetation (Chapter 6).

Figure 5-7: (A) The study location in respect to the bioclimate subzones of the circumpolar arctic
vegetation map (CAVM) [Walker et al., 2005]. (B) Location of the sample plot FBG2 in the
Alaskan Low Arctic. Image Source: Google Earth, 2013. (C) Photo of the prostrate dwarf
deciduous shrub community measured at solar noon (sun zenith angle of 47°).

For the presented case study, a complete hemispherical cycle was measured on a clear-sky
day at solar noon (measurements started at 13:48 local time) and under gentle wind
conditions. Therefore, the illumination direction had a sun zenith angle of 47° and a sun
azimuth angle of 180°. The time needed to complete the measurement scheme with 61 sensor
positions was 25 minutes and therefore not optimal. The sun zenith angle changes between the
beginning and the end of the measurement scheme amount to 0.4° and the sun azimuth
changes amount to 8°. The HCRF values were calculated following Equation 5.5.

Figure 5-8: (A) Nadir reflectance spectrum and irradiance profiles of the prostrate dwarf shrubnontussock sedge-moss tundra sample plot FBG2 at the beginning and end of the measurement
scheme. (B) Polar plot of the outlier indicator showing short-term illumination changes during the
measurement scheme.
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Figure 5-8A shows the reflectance spectrum as well as the irradiance spectra of the nadir
viewing position to the beginning and end of the measurement scheme, where Figure 5-8B
presents the quality assessment of the interpolation approach used to reduce temporal errors.
It is notable that in the third measurement circle (10° viewing zenith angle position) of the
measurement scheme stronger atmospheric changes occurred which had to be corrected. This
region of the ManTIS hemisphere needs more caution in the interpretation of the spectrodirectional characteristics of the surface.
5.6.2

Results and Discussion

The spectral HCRF and ANIF data of the prostrate dwarf shrub community for the main view
zenith directions in the solar principal plane are presented in Figure 5-9. Where in the HCRF
data (Figure 5-9A) changes in the reflectance anisotropy are barely visible, the ANIF data
(Figure 5-9B) exempted from the underlying surface reflectance characteristics show the
strong spectral variability in the reflectance anisotropy. The ANIF data show that equal to
higher reflectance values compared to the nadir value appear in the backward viewing
directions of the solar principal plane, and that the reflectance values in the forward viewing
directions are lower. This is especially well observable in Figure 5-10, where the HCRF and
ANIF data for specific wavelengths are presented over the view zenith angles in the solar
principal plane. The ANIF values in the solar principal plane range from 1.0 to 1.45 in the
visible and 0.9 – 1.1 in the near-infrared wavelength region of the backward viewing
directions, whereas in the forward viewing directions the ANIF values range from 0.7 to 0.95
in the visible to near-infrared wavelength region (Figure 5-9B). Therefore, a higher degree in
reflectance anisotropy occurs in the visible (400 – 700 nm) than in the near-infrared (700 –
1,400 nm) wavelength region.
These findings have been also found in other spectro-directional studies of planophile and
erectophile vegetation [Peltoniemi et al., 2005; Sandmeier et al., 1998a; Sandmeier et al.,
1999]. The reason for the specific reflectance shape along the view zenith direction is the
canopy geometry, influencing the distribution and proportion of shadowed and illuminated
surfaces within the plant canopy which change under varying viewing-illumination
geometries [Hapke et al., 1996; Sandmeier et al., 1998a]. Multiple scattering effects in the
vegetation canopy regulate the intensity (“darkness”) of the shadows [Sandmeier et al.,
1998a], and create therefore the spectral dependence of the BRDF effects.
Since in wavelength regions with high absorption (visible blue and red chlorophyll absorption
bands) the relatively low amount of radiation in the vegetation canopy reduces the multiple
scattering effects, the contrast between shadowed and illuminated surfaces increases and
therefore enhances the reflectance anisotropy [Sandmeier and Itten, 1999]. Vice versa, higher
multiple scattering effects in wavelength regions with higher reflection (visible green and
near-infrared bands) reduce the contrast in the canopy.
Figure 5-11A-D shows the visualization of the HCRF data in 2D polar plots for four
important wavelengths in the visible blue, green, and red as well as near-infrared spectrum.
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Figure 5-9: (A) HCRF values of the prostrate dwarf shrub community for various view zenith
angles in the solar principal plane. (B) Anisotropy factors (ANIF) of the prostrate dwarf shrub
community for various view zenith angles in the solar principal plane.

Figure 5-10: (A) HCRF values versus view zenith angles in the solar principal plane. (B)
Anisotropy factors (ANIF) versus view zenith angles in the solar principal plane.

Figure 5-11: (A–D) Polar plots of the HCRF data for all view angles at wavelengths of
(A) 479 nm, (B) 549 nm, (C) 672 nm, and (D) 864 nm. (E–F) 3D visualization of the ANIF data
for all view angles at wavelengths of (E) 672 nm and (F) 864 nm.
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It is viewable that the BRDF effects in the prostrate dwarf shrub community are strongest in
the solar plane and decrease towards the solar orthogonal plane. Moreover, the distribution of
the HCRF values over the hemisphere shows in some viewing positions outliers, especially in
the near-infrared wavelength region (Figure 5-11D). An explanation could be that the
vegetation cover of the sampling plot is not perfectly homogeneous due to the chosen
prostrate dwarf shrub community or that the periodic presence of wind has influenced the
vegetation canopy and thus the HCRF measurements.
Figure 5-11E-F shows the visualization of the ANIF data in 3D of the visible red and nearinfrared wavelength spectrum. The differences in the degree of reflectance anisotropy
between the visible and near-infrared wavelength region are well notable. A more quantitative
analysis of the spectral variability of the BRDF effects of the prostrate dwarf shrub
community allows the plotting of the ANIX over the spectral range for the solar principal and
orthogonal plane (Figure 5-12A). It shows that BRDF effects are pronounced in the solar
principal plane and low in the solar orthogonal plane. It also shows an unexpected fact;
normally the ANIX graph in the solar principal plane has to show a strong dip in the visible
green (500 – 550 nm) because of the increase in multiple scattering though more available
radiation in the vegetation canopy, and therefore reduced reflectance anisotropy. However in
this case this was not observed. A reason could be that since MNT vegetation do not have a
distinct green reflectance peak [Buchhorn et al., 2013], less multiple scattering appears in this
wavelength region. Figure 5-12B shows the expected linkage of the degree of reflectance
anisotropy and degree of reflectance by plotting ANIX against the nadir reflectances of the
prostrate dwarf shrub community.

Figure 5-12: (A) Anisotropy index (ANIX) versus wavelength in the solar principal and
orthogonal plane. (B) ANIX versus nadir reflectance showing strong linkage (higher degree of
reflectance in nadir view position = lower degree of reflectance anisotropy).

The calculation of vegetation indices (VI) from spectro-directional data create new functions
(called vegetation index distribution functions) [Küster, 2011]. Therefore, the spectral
variability of the reflectance anisotropy has impacts on VIs such as the normalized difference
vegetation index (NDVI). Especially the NDVI, calculated from two wavelength regions
(visible red and near-infrared) with completely different BRDF characteristics, is affected.
Several studies have already researched the influence of BRDF effects on the NDVI in the
broadband and hyperspectral domain [Jackson et al., 1990; Küster, 2011; Verrelst et al.,
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2008; Vierling et al., 1997]. In the analyzed prostrate dwarf shrub community, the NDVI
values observed under viewing zenith angle up to ±30° increase towards the forward viewing
directions and decrease towards the backward viewing directions in the solar principal plane
(Figure 5-13A). The highest difference is notable in the +30° backward viewing direction of
the solar principal plane where the off-view NDVI is 12% lower than in the nadir viewing
position. Figure 5-13B shows the NDVI values of all possible viewing positions within the
ManTIS hemisphere normalized to the nadir NDVI.

Figure 5-13: (A) NDVI for various view zenith angles in the solar principal plane. (B) Polar plot
of the nadir normalized NDVI data for all view angles of the dwarf shrub community.

5.7 Conclusions and Outlook
The availability of ground-based multi-angular RS data is important for the calibration of offnadir reflection data as well as the potential derivation of canopy structure parameters from
remote sensing data. The ManTIS field spectro-goniometer was developed for this purpose,
and represents a tool for ground-based multi-angular observations of low-growing vegetated
surfaces (up to 1 m vegetation height) which can be used in geographical challenging
environments such as the Arctic were heavy or fully automated field goniometers reach their
limits.
In this paper, the development of a manual transportable instrument platform for groundbased spectro-directional observations (called ManTIS) and the resultant hyperspectral field
spectro-goniometer system has been described. The ManTIS can be equipped with various
sensor systems and represent a lightweight, stable, and low-cost platform for spectrodirectional observations with up to 30° viewing zenith angle and 360° viewing azimuth angle.
The innovative mounting of the zenith arc enables instrument setup on small assembly space.
But nevertheless it offers a 2 m distance between the surface target and the sensor in unison
with a high angular accuracy and fast execution of the measurements. The platform is
equipped in its current configuration as AWI ManTIS field spectro-goniometer with two
GER-1500 spectro-radiometers, a GPS receiver, and a video camera system.
This article has presented the sensor configuration, measurement strategy as well as the
developed software application for the semi-automatic control of the ManTIS field spectrogoniometer. The current measurement scheme with 61 viewing points was optimized with
respect to the solar principal plane and allows the hemispherical conical reflectance factor
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(HCRF) recording of a ManTIS hemisphere within 18 minutes under optimal conditions. The
pointing accuracy of the system is within ±6 cm and the current instantaneous field of view
(IFOV) of the sensor is 8.5°. Therefore, a homogeneous sampling area of approx. 25 cm in
radius around the center of the target plot is needed to acquire representative spectrogoniometer measurements. The developed data processing chain in connection with the used
software for the semi-automatic control provides a reliable method to reduce temporal effects
during the measurements.
The AWI ManTIS field spectro-goniometer was intensely field tested on two Arctic
expeditions and proved its value to characterize the spectro-directional effects of vegetation
surfaces. Moreover, this article presented the results of a spectro-goniometer measured Arctic
vegetation surface in order to show the high quality and the visualization approaches of the
received data. The results of the two expeditions form the start of the systematic spectrodirectional characterization of Arctic vegetation communities in order to create a spectral
BRDF library, which will be made available to the scientific community. For future
measurements it is planned that the field spectro-goniometer system will be improved by a 3D
camera system delivering geometric properties of the observed vegetation.
The ManTIS was nationally registered for patent on 25 October 2011, and internationally
registered for patent on 27 June 2012. The patent publication number is
DE 10 2011 117 713.A1 (international publication number: WO2013013652.A1) and has
been published on 31 January 2013 [Buchhorn and Petereit, 2011, 2013]. The patent is still
pending to the time of the publication of this article. More information is available under
http://patentscope.wipo.int/search/en/WO2013013652. Moreover, the ManTIS instrument
platform will be produced under license and sold by W. Ludolph GmbH & Co. KG in
Bremerhaven, Germany (http://www.ludolph.de/) for the international market.
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6.1 Introduction

6.1 Introduction
Time series of satellite data from the Advanced Very High Resolution Radiometer (AVHRR)
from 1982 to 2010 have shown an increase in the Normalized Difference Vegetation Index
(NDVI), an index of vegetation biomass and greenness, of about 8 % for the northern
hemisphere tundra [Bhatt et al., 2010]. This greening trend is caused by increased tundra
productivity which is thought to be mainly a response to climate warming [Callaghan et al.,
2011b; Epstein et al., 2012; Lawrence et al., 2008; Walker, 2006]. The Arctic is warming at
nearly double the general planetary rate [Winton, 2006]. Extrapolation of the NDVI trend
assigning biomass data from two Arctic transects indicates an average 19.8 % increase in
above-ground tundra biomass during the AVHRR NDVI record (1982-2010) [Epstein et al.,
2012]. This has major implications for tundra ecosystems, including changes in active layer
depth, permafrost and thermokarst distribution, carbon cycling, hydrology, and wildlife
[Walker et al., 2012a].
Monitoring of Arctic landscapes is therefore important. Due to the remoteness and large area
of the tundra biome, satellite and aerial remote sensing provide the best prospective tools for
land-cover mapping and change detection [Olthof and Fraser, 2007; Raynolds et al., 2012;
Stow et al., 2004; Ulrich et al., 2009]. However, the short vegetation growing period and
therefore accelerated phenology, frequent cloud cover, high standing water and surface water
coverage, and extreme illumination conditions (sun zenith angles in arctic latitudes always
larger than 43°) challenges optical remote sensing of vegetation in the Arctic [Kääb, 2008;
Stow et al., 2004; Vierling et al., 1997].
Several studies have shown the capability of multi-spectral satellite and aerial remote sensing
data to extract biophysical plant parameters. The studies for the North American tundra biome
mainly used broadband NDVI indices [Epstein et al., 2012; Hope et al., 1993; Huemmrich et
al., 2010; Laidler et al., 2008; Olthof and Latifovic, 2007; Riedel et al., 2005; Stow et al.,
2004; Vierling et al., 1997; Walker et al., 2003]. Horler et al. [1983] noticed that broadband
based remote sensing may not be adequate to extract sharp reflectance changes in narrow
spectral regions, such as the ‘red-edge,’ between the red and near-infrared. The technical
development in airborne and satellite imaging spectroscopy sensors like AVIRIS (Airborne
Visible and Infrared Imaging Spectrometer) [Elvidge, 1988], CHRIS/Proba (Compact High
Resolution Imaging Spectrometer / Project for On-Board Autonomy) [Barnsley et al., 2004],
EO-1/Hyperion (Earth Observing 1 / Hyperion instrument) [Pearlman et al., 2003], and the
upcoming German EnMAP (Environmental Mapping and Analysis Program) satellite mission
[Stuffler et al., 2007] opens the door for new methods that can use the entire spectral feature
space of imaging spectroscopy [Asner, 1998; Schaepman et al., 2009].
Reflectance from vegetated surfaces is highly differentiated by wavelength. The visible (VIS)
wavelengths (400 - 700 nm) are strongly influenced by the pigment absorption of the plants in
different wavelength regions [Gitelson et al., 2003; Jakomulska et al., 2003]. The main
pigment groups are chlorophylls and carotenoids. The light absorption for photosynthesis is
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mainly done by chlorophylls with absorption maxima in the blue and red wavelength regions.
Carotenoids have their absorption maxima in the blue and green wavelength regions and the
group of anthocyanins in the green wavelength region [Gitelson et al., 2003]. The reflectance
in the near-infrared (NIR) wavelength region (700 – 1,400 nm) is mainly influenced by plant
cell structure and vegetation biomass. Multiple scattering of radiation between air and cell
wall in leaf tissue leads to high reflectance values in this region referred to as the NIR
reflectance plateau [Gausman, 1974]. This sharp reflectance contrast between VIS and NIR is
commonly used in remote sensing for calculating vegetation indices using combinations of
red and NIR wavelength regions [Richardson and Wiegand, 1977; Roberts et al., 2011;
Thenkabail et al., 2000].
The use of hyperspectral data can improve the prediction of biophysical variables [Elvidge
and Chen, 1995; Thenkabail et al., 2011], but there are limited imaging spectroscopy data of
North American tundra landscapes available. This is a common shortcoming all over the
Arctic [Kääb, 2008]. Field spectroscopy is a valuable tool to gain ground-based hyperspectral
data.
The objective of this paper is to characterize and distinguish Low Arctic Alaskan tundra
vegetation communities along important environmental gradients via field spectroscopy. To
provide an overview on the spectral characteristics assists the classification and analyses of
tundra vegetation using satellite hyperspectral imagery. The North American Arctic Transect
(NAAT) sites provide representative measurement grids covering gradients of zonal climate,
soil moisture, and soil pH. The gradients along the Low-Arctic part of the NAAT show
therefore changes in vegetation biomass, height of vegetation, leaf mass and surface moisture.
We investigated if spectral characteristics are linked to geoecological characteristics of the
Low Arctic tundra vegetation and their change along the gradients.

6.2 Material & Methods
6.2.1

Study Area

The circumpolar Arctic vegetation map (CAVM) divides the Arctic tundra into five
bioclimate subzones (A-E) based on a combination of summer temperatures and vegetation
[Walker et al., 2005] (Figure 6-1A). Subzones D and E compose the Low Arctic. The North
American Arctic Transect (NAAT), established in 2002–2006, follows the Dalton Highway,
crossing Alaska’s North Slope, and extends into the western Canadian High Arctic islands
[Walker et al., 2008b]. It includes study locations in all five bioclimate subzones. Along the
250 km Low Arctic part of this transect four NAAT study locations were established Deadhorse (transition subzone C/D), Franklin Bluffs (subzone D), Sagwon Hills (transition
subzone D/E), and Happy Valley (subzone E) (Figure 6-1B). All study locations contain at
least one 100 m² mapped grid with homogeneous vegetation including a good representation
of the zonal vegetation in subzones D and E and transition types. Nine study sites were
investigated in summer 2012, during the EyeSight-NAAT-ALASKA expedition [Buchhorn
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and Schwieder, 2012]. We carried out field spectroscopy measurements in addition to
updating the vegetation descriptions and soil moisture measurements at each site.
A detailed description of plant communities and geology of the Low Arctic portion of the
NAAT can be found in Kade et al. [2005], and Vonlanthen et al. [2008] provide this analysis
for the High Arctic part of the NAAT. A synthesis of NAAT publications is in Walker et al.
[2008c; 2011c], and considerable other information is available in on-line data reports [Alaska
Geobotany Center, 2013].

Figure 6-1: (A) The Arctic bioclimate subzones of the Circumpolar Arctic Vegetation Map
[Walker et al., 2005]. Note: The blue rectangle marks Alaska. (B) Low Arctic part of the NAAT
with the study locations Happy Valley, Sagwon, Franklin Bluffs, and Deadhorse. The map is based
on the Kuparuk River Basin Vegetation map [Alaska Geobotany Center, 2010] which is derived
from a Landsat mosaic.

6.2.2

Environmental Gradients/Zones and Vegetation Description

The nine study sites represent arctic tundra vegetation communities along four arctic
environmental gradients and zones: summer temperature, soil pH, soil moisture, and
topography. The latitudinal climate gradient (bioclimate subzones) influences vegetation
along the whole Low Arctic transect, the soil pH zoning reflects a substrate division between
acidic and non-acidic soils (Figure 6-1B). The toposequence (hillslope) gradient is most
relevant at landscape scales influencing lateral water fluxes, and the soil moisture gradient is
influential at the site scale as well as being apparent at all scales [Walker, 2000]. These
gradients are, however, not orthogonal. There is the general temperature gradient and pH
zonation from north to south with further variations related to moisture and topography. In
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order to assign a study site to a conceptual gradient, the main influencing factor was used.
Figure 6-2 shows the nine study sites in relationship to the four conceptual environmental
gradients and zones. Figure 6-3 outlines the main geoecological characteristics of the nine test
sites.

Figure 6-2: The nine study sites in relation to environmental gradients and zones concept (zonal
climate, soil pH, soil moisture, and toposequence/hillslope) along the Low Arctic part of the
NAAT. Note: Border color and texture are specific for each study site and will be used in all
figures in order to distinguish between the sites.

The regional climate gradient with differences in the summer warmth index (SWI) is well
represented by the five zonal sites of this study (Deadhorse, Franklin Bluffs-mesic, SagwonMNT, Sagwon-MAT, and Happy Valley-midslope) (Figure 6-2, Figure 6-3). The SWI is the
sum of mean monthly temperatures greater than 0 °C [Walker et al., 2003]. The term ‘zonal’
refers to vegetation under the influence of the regional climate, without the influences of
extremes of snow, soil properties, moisture or disturbances [Razzhivin, 1999]. Walker et al.
[2005] describe the zonal vegetation in bioclimate subzones D and E for the circumpolar
Arctic in detail. The main influence of the regional climate is the increase in phytomass
towards the south.
An important soil pH boundary occurs at Sagwon [Walker et al., 1998]. Two test sites
(Sagwon-MNT and Sagwon-MAT) were established at the Sagwon Hills study location to
capture this variation in the patterning between Subzones D and E (Figure 6-2, Figure 6-3).
This boundary separates the predominantly moist acidic tundra (MAT) south of the boundary
from the predominantly moist non-acidic tundra (MNT) to the north. The boundary is close to
but not coincident with a physiographic boundary separating the Arctic Foothills to the south
from the Arctic Coastal Plain to the north [Zhang et al., 1996]. The MAT plant community is
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Sphagno-Eriophoretum vaginati [Walker et al., 1994] (also called ‘acidic tussock tundra’ or
‘tussock-sedge, dwarf shrub, moss tundra’ [Walker et al., 2005]) and corresponds to the zonal
plant community of bioclimate subzone E in northern Alaska. It occurs widely across the
foothills of northern Alaska on old upland surfaces not glaciated during the Last Glacial
Maximum. The vegetation is composed of a mixture of tussock sedges, deciduous dwarf
shrubs, evergreen dwarf shrubs, a few forbs, mosses and lichens. The MNT plant community
is Dryado integrifoliae-Caricetum bigelowii [Walker et al., 2005] (also called ‘nontussock
sedge, dwarf shrub, moss tundra’ [Walker et al., 2005]) and corresponds to the zonal plant
community of bioclimate subzone D in northern Alaska. It occurs on circumneutral to basic
soils in association with silty loess that is blown from the major rivers in the eastern part of
the Arctic Coastal Plain. The dominant plants in MNT are sedges, prostrate and hemiprostrate evergreen dwarf shrubs, prostrate dwarf deciduous shrubs, scattered erect dwarf
deciduous shrubs, several forbs, mosses, and lichens. An important component of the MNT is
the abundant nonsorted circles (frost boils), which are small patterned ground features caused
by soil frost heave and covering large parts of most MNT surfaces [Walker et al., 2008b;
Washburn, 1980].

Figure 6-3: Study sites along the NAAT and the main site characteristics [Raynolds et al., 2008;
Walker et al., 2012b]. Legend: LL: geographic coordinate (Latitude/ Longitude); C: code for test
site; SZ: bioclimatic subzone; TG: topography; VT: vegetation type; LFD: life form description.
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In order to analyze the vegetation changes along a toposequence, the zonal test site in Happy
Valley (Happy Valley-midslope) was extended by two additional sites in this study area
(Happy Valley-hill crest and Happy Valley-footslope) (Figure 6-2, Figure 6-3). Analysis of
variation along short hillslope gradients is a primary tool for describing how water movement
downslope over long periods of time affects soil development and ecological properties
[Billings, 1973; Molenaar, 1987]. Such ‘toposequences’ are part of the underlying conceptual
framework for describing Arctic vegetation at the landscape scale for the circumpolar Arctic
[Walker et al., 2005]. The vegetation, soils, patterned ground features and biomass of the
small east-facing hill slope were previously characterized and mapped during several studies
at this location [Epstein et al., 2008; Kade et al., 2005; Raynolds et al., 2008; Walker et al.,
1997]. The grids are positioned on the hill crest at 325 m, the midslope at 310 m (representing
also the zonal Happy Valley site) and the footslope at 300 m. The main difference between
the hillcrest and the zonal midslope community is that the hill crest is somewhat drier with
more nonsorted circles that have the plant community Cladino-Vaccinietum vitis-idaeae
[Kade et al., 2005], which has similar species composition to Sphagno-Eriophoretum
vaginati, but with no Sphagnum and higher cover of grass, nontussock sedges, prostrate
evergreen dwarf shrubs, the moss Racomitrium lanuginosum and lichens. The footslope has a
greater abundance of (and taller) erect dwarf shrubs.
The fourth environmental gradient is the change in soil moisture and was investigated at the
Franklin Bluffs study area (Figure 6-2, Figure 6-3). This area in the northern part of the
Alaska portion of the NAAT transect is on the central Arctic Coastal Plain, a land of thawlakes, ice-wedge polygons, and braided river systems. Micro-topographic variations of a few
centimeters to a few meters control the vegetation patterns associated with patterned-ground
features, thaw lake margins and ancient river terraces. The three Franklin Bluffs study sites
can be characterized as wet, mesic (zonal) and dry. They were used in previous studies to
characterize the vegetation, soils, and patterned ground associated with differences in soil
moisture [Kade et al., 2005; Raynolds et al., 2008]. The wet site is on an old floodplain of the
Sagavanirktok River that is situated about 1 m below a small river terrace. It has a marshy
Scorpidium scorpioides-Carex aquatilis plant community [Kade et al., 2005] with large moreor-less barren nonsorted circles. The dominant plants of the wet site are sedges, a few forbs
including horsetails, and mosses and considerable cover of water during most summers. The
mesic site is composed of a mix of the zonal Dryado integrifoliae-Caricetum bigelowii
community [Kade et al., 2005] and a frost-boil subassociation, Junco biglumis-Dryadetum
integrifoliae pedicularetosum [Kade et al., 2005], which is drier with more bare soil, lichens
and forbs. The dry site is on better drained soils near the edge of the terrace, where the main
plant community is dominated by prostrate dwarf shrubs, cushion and mat forbs, and a large
component of bare soils and lichens.
6.2.3

Data Acquisition and Pre-Processing

Field data were collected at all nine study sites from 23 June to 22 July 2012 [Buchhorn and
Schwieder, 2012]. Since we revisited already existing, marked, and well described plots with
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a size of 10 x 10 m, the sampling design for the vegetation and surface properties update was
predetermined [Raynolds et al., 2008]. We estimated the percentage cover of the individual
dominant plant species and grouped the species into height strata in order to calculate mean
percentage cover of the strata. We used the scalar cover estimates of the Braun-Blanquet
approach used in the original description [Dierschke, 1994]. The vertical structure was
analyzed by measuring the average height of the strata. The vegetation at all sites can be
divided into three strata: the photosynthetic part of the moss layer (L1) with a height up to
2 cm; the mainly vascular herbaceous plant and dwarf shrub layer (L2) with a height up to 15
to 30 cm; and the top layer (L3) composed of taller shrubs with up to 50 cm height. We
needed to define a new type of cover measurement for the three vegetation strata (L1, L2, and
L3) that simulates the percentage cover of what the nadir-measuring field spectrometer would
‘see.’ This simulated percentage nadir-cover is calculated from the true areal cover by leaving
the full percentage cover of the highest plant canopy layer (L3) which is the first layer that a
nadir-viewing sensor measures. Then, we estimated the percentage cover of the second
highest plant canopy layer (L2). Finally, subtracting the top two strata (L3, L2) from the
overall percentage cover of vegetated (non-lichen) leaves the remaining percentage nadircover for the lowest vegetation layer (L1). This conversion does not change the percentage
cover contributions of L2 and L3 as measured in the field. However, the moss layer (L1) has a
much lower percentage nadir-cover value than the common 90 to 100 % true cover, but
represents the contribution of this layer that is measured by field spectroscopy. For pixelrelated remote sensing applications, the fractional vegetation cover summing up to 100% is
the useful parameter for many environmental and climate-related applications. In order to
describe the vegetation color, we used Munsell Plant Tissue Color Charts. The Munsell color
notation system ranks colors based on three color dimensions: hue, value (lightness), and
chroma (purity) [Kuehni, 2002]. The average soil moisture content was calculated from 30
randomly distributed point measurements throughout the grid using a TDR (Time Domain
Reflectrometry) soil moisture meter (Campbell) with 15 cm rod length.
For the field spectroscopy each 100 m² study grid was divided into quadrats of 1 x 1 m. The
averaged reflectance of all quadrats represents the spectral reflectance at the scale of the
whole grid at the 10 x 10 m scale. For the surface radiometric measurements two GER1500
portable field spectroradiometers (Spectra Vista Corporation, Poughkeepsie, NY, USA) were
used. The GER1500 measures radiance across the wavelength range of 350 – 1,050 nm, with
sampling intervals of 1.5 nm and a radiance accuracy of 1.2 x 10-10W · cm-2 nm-1· sr-1
(calibrated in May 2011) [Spectra Vista Corporation, 2009]. In order to increase the signal-tonoise ratio, 32 individual measurements were averaged per one target scan. To minimize
variations in the target reflectance due to sun zenith angle changes, all measurements within
one study location have been performed under the same sun zenith angle (Happy Valley =
47°, Sagwon = 48°, Franklin Bluffs = 47°, Deadhorse = 49°) and during clear-sky conditions.
To ensure that all measurements are comparable, the sun zenith angle change between the
four study locations was 2°. All measurements were taken between 29 June and 11 July 2012,
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ensuring that the vegetation at all sites was in the same phenological state near peak growing
season [Stow et al., 2004].
A Spectralon® white panel (Labsphere, Inc.) was used for white reference normalization
using the recommendation of Milton [1987]. Target reflectance measurements were taken by
measuring the radiance of the target and the white reference panel within a short timespan
(less than 10 minutes under clear-sky conditions). To reduce the short-term temporal changes
in irradiation (sky- and atmospheric effects) we developed a cos-conical dual-beam approach,
where two GER-1500 spectroradiometers simultaneously measured the radiance of the target
and the sky irradiance. One spectrometer with a cosine diffusor foreoptic mounted at a height
of 1.80 m was placed near the site pointing vertically upwards to measure the downwelling
total sky irradiance. Care was taken to ensure that the sensor was not masked or shadowed.
The second spectrometer was used to measure the target radiance. This spectrometer used a 4˚
field of view (FOV) foreoptic at a distance of 1.40 m to the middle of each 1 x 1 m quadrat,
resulting in a measurement area with approximately 10 cm diameter. To operate two
spectrometers in a dual-beam modus requires careful intercalibration of the instruments
[Milton, 1987; Milton et al., 2009]. Instead of using the recorded irradiance directly, we used
the irradiance spectra with the aim to interpolate the radiance measurement of the reference
panel to the time of the target measurement. It is assumed that changes in the irradiance over
the time period affect the radiance measurements of the reference panel to a similar degree
[Schopfer et al., 2008]. This approach has already been used by various groups but mostly
with a sunphotometer with limited spectral bands for irradiance recording [Schopfer et al.,
2008; Suomalainen et al., 2009].
6.2.4

Data Analysis

The reflectance spectra of the field spectroscopy were stored in a database. One averaged
reflectance spectrum with standard deviations was calculated for each site using the footprint
measurements of the one hundred quadrats. The results for the nine tundra study sites are nine
averaged reflectances (n = 9) representing the sites at a 10 x 10 m scale. We used the
following analysis techniques to extract spectral metrics from the average reflectance spectra
for comparison between the study sites: i) we calculated the averaged reflectance values for
two broad wavelength bands, VIS band (400 – 700 nm) and NIR band (700 – 1,050 nm), in
order to compare the variations along the environmental gradients. ii) we analyzed the NIR
plateau with the maximum reflectance at 750 nm and 1,020 nm as well as the difference
between the two (delta). For the analysis of the VIS part of the reflectance spectra we used iii)
the ‘relative absorption depth’ approach [Crowley et al., 1989] in the blue and red wavelength
regions and iv) the continuum removal normalization technique [Clark and Roush, 1984]
using a common baseline for the blue and red wavelength absorption regions in order to
compare the differences in pigment absorption. The continuum removal technique was
developed for geological applications, but can also be used for estimating biochemical
concentrations [Kokaly and Clark, 1999; Mutanga et al., 2004] or vegetation differentiation
[Schmidt and Skidmore, 2003]. A detailed description of this technique can be found in
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Kokaly and Clark [1999]. From the continuum removed spectra we calculated the maximum
band depth and the area of the absorption feature in the blue (400 – 550 nm) and red (550 –
750 nm) wavelength regions. All calculated spectral features were then investigated in
comparison to the biophysical vegetation parameters. The vegetation parameters are average
vegetation height, average top height, overall above-ground biomass, and Munsell color. The
term ‘average top height’ is the average height of the top layer in the canopy, which is mostly
formed by shrubs. We investigated if the hue and value codes of the Munsell color
information of a plant community are linked to its dominant color [Romney and Fulton,
2006].
Another method to link biophysical vegetation parameters to the reflectance spectra is the
usage of vegetation indices (VI). Vegetation indices can be conceptually simple but effective
(e.g. band ratios) or complex, using methods such as support vector machines [Braun et al.,
2010], which incorporate more data from the spectral feature space. Most of the VIs for the
analysis of structural vegetation properties have been developed for broadband sensor systems
but have hyperspectral equivalents [Roberts et al., 2011]. Hyperspectral vegetation indices
(HVIs) use narrowband features which can only be captured by hyperspectral instruments
[Roberts et al., 2011]. Research by Thenkabail et al. [2013; 2011] has shown that, due to data
redundancy in the hyperspectral signal, a small number of specific hyperspectral narrowbands
(HNBs) have enough information to determine structural vegetation characteristics.
Therefore, hyperspectral two-band vegetation indices (HTBVI) based on normalized
difference between the bands are used as a data mining tool in this study.
In preparation for the EnMAP hyperspectral space mission we resampled the field
spectroscopy data to EnMAP sensor bands using the spectral response curves of the sensor. In
order to assess all possible EnMAP band combinations, we calculated the HTBVI according
to Equation 6.1 [Buddenbaum et al., 2012; Thenkabail et al., 2000; Thenkabail et al., 2011]
HTBVI i , j =

( Rband j − Rband i )
( Rband j + Rband i )

(6.1)

where R is the reflectance of the EnMAP bands, and correlated the HTBVI values with
biomass. This approach is already well known and used by various research groups
[Buddenbaum et al., 2012; Schlerf et al., 2005; Thenkabail et al., 2000]. We used the tool
SpInMine (Spectral Index Data Mining Tool) [Buddenbaum and Püschel, 2012] which is
implemented in the EnMAP-Box software [Held et al., 2012]. Biomass (kg / 100 m²) for all
nine study sites was obtained from Raynolds et al. [2008].
The results of the 4,560 unique HTBVIs from the 96 EnMAP bands (424 – 1,074 nm) are
shown in Figure 6-4. Hotspots of correlation between the HTBVIs and biomass are located
with one band in the VIS region and one band in the NIR region. Band combinations with one
band in the blue region and one band in the green to red region also show high correlations.
Due to the small sample size of n = 9, the optimal HNBs cannot be further constrained.
Additionally, other methods to reduce the data redundancy, such as partial least squares (PLS)
or principal component analysis (PCA), are not possible with such a small sample size.
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Figure 6-4: Map of R2 values of hyperspectral two-band vegetation indices (HTBVI) of all
possible simulated EnMAP band combinations correlated with biomass. Note: The graphs below
and left of the 2D-correlogram contain the mean reflectance of all nine NAAT sites.

Therefore, we decided to try an alternative approach. One of the most robust and commonly
used VI is the NIR and red wavelength based NDVI, which is also a normalized difference
index [Roberts et al., 2011; Rouse et al., 1973; Thenkabail et al., 2000; Tucker, 1979] and is
calculated according to Equation 6.2.

NDVI =

(R NiR - R red )
(R NiR + R red )

(6.2)

The NDVI based on broadband wavelengths bands has successfully been used in numerous
studies along the NAAT in order to show vegetation changes and as a surrogate for various
biophysical properties of vegetation, such as biomass, leaf-area index (LAI) and intercepted
photosynthetically active radiation (IPAR) [Epstein et al., 2012; Hope et al., 1993; Stow et al.,
1993; Vierling et al., 1997; Walker et al., 2003]. To be comparable to the studies, which used
mostly broadband NDVI based on AVHRR, we resampled the field spectroscopy data to
AVHRR sensor bands using the response curves of the sensor (Table 6-2). Then we compared
this broadband NDVI with three narrowband NDVIs compiled from simulated EnMAP data
(Table 6-2). To analyze the performance of the HVIs we linked the NDVI values to the
above-ground biomass via regression analysis. Also the probability distributions of the
broadband and narrowband NDVIs for each site were investigated in order to assess
differences between MAT and MNT. The HNBs in the red and NIR wavelength regions for
the three narrowband NDVIs have been chosen by assessment of the spectral metrics, based
on research in optimal HNBs for vegetation analysis by Thenkabail et al. [2013; 2011].
Where the central wavelength of the EnMAP red band (EnMAP band #47, center wavelength
672 nm) shows the maximum chlorophyll absorption, the NIR HNBs use the EnMAP NIR
bands of the beginning of the NIR reflectance plateau (EnMAP band #59, center wavelength
756 nm), the central NIR reflectance plateau (EnMAP band #73, center wavelength 864 nm)
and the maximum NIR reflectance (EnMAP band #101, center wavelength 1,020 nm).
EnMAP band #59 at the beginning of the NIR reflectance plateau may be specifically
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sensitive to vegetation structure. The center wavelength of EnMAP band #73 equals the
center wavelength of the AVHRR NIR band (865 nm). EnMAP band #101 is around the
maximal NIR reflectance at the second NIR reflectance peak that is located behind the first
NIR reflectance peak around 900 to 920 nm [Thenkabail et al., 2002] and the water
absorption band.
Table 6-2: Center wavelengths and band width of the broadband and narrowband NDVIs used in
this study, based on the spectral response curves of the AVHRR and EnMAP sensors.

NDVI
NDVIAVHRR
[broadband]
NDVI47_59
[narrowband]
NDVI47_73
[narrowband]
NDVI47_101
[narrowband]

Sensor
AVHRR/3
EnMAP
EnMAP
EnMAP

Sensor band
red: band 1
NIR: band 2
red: band 47
NIR: band 59
red: band 47
NIR: band 73
red: band 47
NIR: band 101

Center wavelength
(nm)
630
865
672
756
672
864
672
1,018

band width
(nm)
100
275
6.5
6.5
6.5
8
6.5
11
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The results were compiled following the environmental gradients concept (Figure 6-2).
Figure 6-5 displays the averaged reflectance spectra of each site showing the general spectral
characteristics of Alaskan Low Arctic tundra communities along the NAAT. The
geoecological characteristics are shown in Table 6-3, while Table 6-4 show the metrics of the
spectral data analysis. Figure 6-6 displays the range of reflectance spectra of each site.

Figure 6-5: Diagnostic mean reflectance spectra of all nine study sites showing the general
spectral characteristics of Alaskan Low Arctic tundra communities along the NAAT. Note:
Naming and coloring of the reflectance spectra follow the concept shown in Figure 6-2.
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Table 6-3: Geoecological characteristics of the nine study sites. All parameters were collected
during the EyeSight-NAAT-Alaska expedition 2012, except the values for SWI, soil pH and
biomass which were obtained from Raynolds et al. [2008]. Note: The percentage cover of the
vegetation height strata (L1, L2, and L3) are calculated as nadir-cover. Therefore, for example, the
percentage cover of L1 does not equal the true coverage of the moss layer.
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Table 6-4: Metrics of the spectral data analysis. Note: Naming of the study sites follow the
concept shown in Figure 6-2.
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Figure 6-6: Hyperspectral reflectance spectra of the study sites (grey lines: reflectance spectra of
each quadrat; red line: averaged reflectance spectra representing the arctic tundra vegetation
community of the study site; blue area: standard deviation of spectral signature). Note: The x-axis
of the diagrams shows the wavelength in nm, and the y-axis shows the reflectance.

6.3.1

The Zonal Climate Gradient

The zonal climate gradient is defined by the SWI, which decreases from 29.5 °C at Happy
Valley, 26.5 °C at Sagwon, 24.2 °C at Franklin Bluffs to 17.3 °C at Deadhorse (Table 6-3).
This temperature (climate) gradient follows the latitude of the study locations from south to
north. The mean vegetation heights of the zonal sites range from 14 cm at Happy Valley
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(HV_ms/z), 8 to 12 cm at Sagwon (SW_MNT, SW_MAT), 15 cm at Franklin Bluffs
(FB_m/z), and 23 cm at Deadhorse (DH_z). The average top height follows a different height
trend, the heights increase towards the south. The top height at HV_ms/z, Sagwon (both sites)
and FB_m/z are composed of shrubs, whereas the top height at DH_z is composed by fast
growing sedges. This also explains the higher mean value for vegetation height for DH_z, the
most northern site, compared to the southern sites. However, the biomass including the moss
layer considerably decreases towards the north, from 75.10 to 33.17 kg/100 m² (Table 6-3).
The overall vegetation coverage (non-lichen) decreases from 98 % in the south to 90 % in the
north. The non-vegetated areas in all test sites are never barren soil but are covered by soil
crusts (lichen and bryophytes) which generally appear in the center of nonsorted circles.
The reflectance spectra of all five zonal sites are, in general, similar in shape but with an
offset of up to one percentage point in the VIS. The offset in the VIS in reflectance increases
towards the north. Therefore, the sites clearly differ by their VIS spectra. Both subzone E sites
have the green reflectance peak as the local reflectance maxima, whereas the more northern
sites have the reflectance maxima in the red wavelength region and a hardly noticeable green
reflectance peak (Figure 6-7A).
The reflectance values of the 300 nm wide VIS band (Table 6-4) increase from 4.7 % at
HV_ms/z, 5.1 % at SW_MAT, 5.6 % at SW_MNT, 5.8 % at FB_m/z to 5.9 % at DH_z. The
relative absorption depths of the zonal site inversely follow this latitudinal trend. The further
south the site, the greater the absorption depth of the blue (400 – 550 nm) and red (550 –
750 nm) absorption features. The blue relative absorption depth increases from 0.40 at DH_z
to 0.58 at HV_ms/z, and the absorption depth of the red feature increases from 0.68 at DH_z
to 1.43 at HV_ms/z.

Figure 6-7: Spectral characteristics along the zonal climate gradient of the NAAT. Comparison of
(A) the averaged reflectance spectra in the visible (400 – 700 nm), and (B) the continuum-removed
absorption features in the blue (400 nm – 550 nm) and red (550 nm – 750 nm) wavelength regions.
Note: Naming and coloring of the reflectance spectra follow the concept shown in Figure 6-2.

The spectral metrics derived from the continuum removal analysis also exhibit the same trend
of increasing absorption in the blue and red wavelength regions along the climate gradient
towards the south (Figure 6-7B). The area of the blue absorption feature increases from 8.7 at
DH_z to 23.0 at HV_ms/z, and the maximum band depth at around 500 nm increases from
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0.11 at DH_z to 0.27 at HV_ms/z. For the red absorption feature the area increases from 48.4
at DH_z to 77.5 at HV_ms/z, and the maximum band depth at around 680 nm increases from
0.43 at DH_z to 0.66 at HV_ms/z.

Figure 6-8: Spectral metrics of the study sites as a function of biomass. (A) Relative blue
absorption depth vs. biomass; (B) Relative red absorption depth vs. biomass; (C) Continuum
removed maximum blue band depth vs. biomass; (D) Continuum removed maximum red band
depth vs. biomass. Correlation between (E) broadband NDVI with biomass compared with three
(F-H) narrowband NDVIs with biomass.
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Each reflectance spectrum along the temperature gradient shows a similar shape with a steady
NIR increase, and the further south the geographic location of the site, the higher is the NIR
reflectance (Figure 6-5). None of the reflectance spectra has a well-developed NIR reflectance
plateau. This trend is also noticeable in the 350 nm wide NIR band reflectance and the
maximum reflectance at 750 nm and 1,020 nm (Table 6-4). The reflectance of the 350 nm
wide NIR band increase from 21.4 % at DH_z to 25.8 % at HV_ms/z, and the maximum
reflectance at 1,020 nm increases from 25.2 % at DH_z to 29.5 % at HV_ms/z.
Broadband and narrowband NDVI values also show the latitudinal trend (Table 6-4). The
broadband NDVIAVHRR values increase from 0.48 at DH_z in the north to 0.64 at HV_ms/z in
the south. Likewise, the three narrowband NDVI values increase from north to south, but with
different intervals between the minima at DH_z and the maxima at HV_ms/z. The best
separation of the sites occurs with NDVI47_101, which uses the narrowband at 1018 nm in the
NIR (the NIR maximum) (Table 6-4). NDVI47_59, using the narrowband at 756 nm in the NIR,
shows the largest span between minimum and maximum (0.39 at DH_z and 0.60 at
HV_ms/z). NDVI47_73 captures the separation between the sites similarly to the broadband
NDVI.
The regression analyses of the spectral metrics as well as NDVI values and biomass show
strong correlations with high coefficients of determination (R2) in all cases (Figure 6-8). The
correlation of the relative absorption depths in the blue and red wavelength regions with
biomass (Figure 6-8A-B) illustrates the good separation of the five zonal sites in the blue
(R² = 0.80) and red (R² = 0.74) reflectances according to their geographical location. These
high R² values occur also in the regression analyses of the continuum removed maximum
band depths with biomass (Figure 6-8C-D). The comparison of broadband and narrowband
NDVIs (Figure 6-8E-H) indicates that the narrowband NDVIs have similar to slightly higher
correlations with biomass (NDVI47_59 = 0.81; NDVI47_73 = 0.83; NDVI47_101 = 0.80) compared
to the broadband NDVIAVHRR (R² = 0.80).
6.3.2

Acidic Versus Non-Acidic Tundra (Soil pH Zones)

Whereas all four acidic sites have soil pH values between 5.1 and 5.4, the five non-acidic sites
have soil pH values between 7.7 and 8.1 (Table 6-3). The vegetation composition is mainly
MAT at the acidic sites and MNT at the non-acidic sites. All non-acidic sites have overall
vegetation coverage from 90 to 97 %, whereas the range at the acidic sites is 90 to 98 %.
All sites with acidic tundra (three sites at Happy Valley and Sagwon-MAT) have the green
reflectance peak at 550 nm as the local reflectance maximum and a distinctive chlorophyll
absorption dip at 680 nm in the VIS wavelength region. In contrast, the non-acidic sites
(Sagwon-MNT, all sites at Franklin Bluffs, and Deadhorse) have the local reflectance
maximum in the red wavelength region and have a hardly notable green reflectance peak
(Figure 6-9A).
In the VIS wavelength range, the reflectance spectra of the non-acidic sites are clearly
distinguishable from the acidic sites. This differentiation can also be seen directly at the soil
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pH boundary at Sagwon. The average reflectance value of the 300 nm wide VIS band of all
acidic sites is 4.8 % and of all non-acidic sites 5.8 %. Directly at the soil pH boundary, the
acidic Sagwon-MAT (SW_MAT) site has a reflectance of 5.1 % versus 5.6 % at the nonacidic Sagwon-MNT (SW_MNT) site. Acidic tundra has an average relative absorption depth
in the blue wavelength region of 0.56 (0.53 at SW_MAT), and non-acidic tundra has a depth
of 0.41 (0.44 at SW_MNT). This difference increases for the relative absorption depth of the
red wavelength region. On average the acidic sites have a relative absorption depth of 1.34
(1.17 at SW_MAT), and the non-acidic sites have depths of 0.86 (0.92 at SW_MNT).

Figure 6-9: Spectral characteristics of the plant communities on acidic and non-acidic soils (soil
pH zones). Comparison of (A) the averaged reflectance spectra in the visible (400 – 700 nm), and
(B) the continuum-removed absorption features in the blue (400 nm – 550 nm) and red (550 nm –
750 nm) wavelength regions. Note: All spectra of the sites belonging to acidic or non-acidic soils
have been averaged and are shown with ± 1 standard derivation.

The continuum removal analysis also shows a clear separation of the study sites on acidic and
non-acidic soils within the chlorophyll absorption maximum around 680 nm and
chlorophyll/carotenoid absorption at 500 nm (Figure 6-9B). In both absorption features the
acidic sites have deeper absorption than the non-acidic sites (Table 6-4). The area of the blue
absorption feature of the acidic tundra is 20.6 (17.6 at SW_MAT) and of the non-acidic 10.8
(14.2 at SW_MNT), and the maximum band depth at around 500 nm of the acidic sites is 0.24
(0.21 at SW_MAT) and 0.14 (0.17 at SW_MNT) for the non-acidic sites. Additionally, the
areas of the continuum removed red absorption features decrease from 74.2 for acidic tundra
(68.9 for SW_MAT) to 57.8 for non-acidic (58.3 for SW_MNT). The maximum band depth
in the continuum removal is 0.64 for acidic sites (0.60 for SW_MAT) and 0.50 for non-acidic
(0.52 for SW_MNT).
Such a clear separation does not occur in the NIR reflectance. Here the reflectance spectra of
the acidic and non-acidic sites show some overlap (Figure 6-5), especially of the sites close to
the soil pH boundary at Sagwon. The reflectance values of the 350 nm wide NIR band are on
average 25.0 % for acidic soil sites (24.4 % at SW_MAT) and 23.2 % for non-acidic (24.4 %
at SW_MNT).
The results of the broadband and narrowband NDVI analysis (Table 6-4) show a clear
separation of acidic and non-acidic tundra. Where acidic tundra has an average broadband
NDVIAVHRR of 0.62, non-acidic tundra has an average of 0.53. This partition is also detectable
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right at the soil pH boundary at Sagwon. The acidic SW_MAT site has a broadband
NDVIAVHRR of 0.59 and the non-acidic SW_MNT site a broadband NDVIAVHRR of 0.55. All
three narrowband NDVIs also show this separation between acidic and non-acidic tundra
(Table 6-4). A broadband and narrowband NDVI histogram analysis indicates in all cases that
the distributions of acidic and non-acidic sites are distinct, with acidic sites strongly skewed
to the higher NDVI values (Figure 6-10A). In a direct comparison, NDVI47_59 shows the
clearest separation between MAT and MNT in the probability distribution relative to the
broadband NDVIAVHRR. The average broadband NDVIAVHRR of the acidic sites ranges from
0.59 to 0.67, whereas the broadband NDVIAVHRR of the non-acidic sites ranges from 0.48 to
0.56 (Figure 6-10B). The separation value between acidic and non-acidic tundra in the
broadband NDVIAVHRR is 0.58. The narrowband NDVI47_59 has a separation value of 0.54,
where the average NDVI47_59 values of MAT range from 0.55 to 0.64 and of MNT from 0.40
to 0.52.

Figure 6-10: (A) Histogram of the probability distribution of the broadband NDVIAVHRR (left) and
narrowband NDVI47_59 (right) values of each quadrat, and (B) polynomial trends of the broadband
NDVIAVHRR (left) and narrowband NDVI47_59 (right) distributions with a separation value (black
dotted line) for acidic and non-acidic tundra. Note: Naming and coloring of the data follow the
concept shown in Figure 6-2.

6.3.3

The Toposequence at Happy Valley (Subzone E)

At the Happy Valley study location all three sites forming the toposequence have an identical
soil pH of 5.1 and nearly the same biomass values in the range of 72 – 74 kg/100 m². The
mean volumetric soil moisture increases from 27 Vol% at the hill crest site (HV_hc), over
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38 Vol% at the midslope (HV_ms/z), to 45 Vol% on the footslope (HV_fs) (Table 6-3). The
species composition is similar for all three sites (MAT), but the average vegetation height and
average top height increase from 12 cm (40 cm respectively) at the hill crest, 14 cm (45 cm) at
the midslope, to 25 cm (55 cm) on the footslope. This height increase is mainly due to an
increase in the percentage nadir-cover (from 2 % at the hill crest to 20 % on the footslope)
and the height (from 45 cm at the hill crest to 60 cm on the footslope) of the third stratum of
the vertical vegetation structure, which is formed by shrubs. In contrast, the percentage nadircover and height of the second stratum formed by tussock sedge and shrubs in all three sites
are nearly identical (45 – 50 % percentage cover with a height of 20 – 25 cm), and the
percentage nadir-cover of the moss stratum decreases from 43 % at the hill crest to 28 % on
the footslope.
The three toposequence sites show a weak separation in the reflectance spectra for the VIS
wavelength region. All reflectance spectra show a similar green reflectance maximum at
550 nm and a decrease to the chlorophyll absorption maximum at 680 nm (Figure 6-11A). In
the 300 nm wide VIS band the reflectance values are nearly identical, with 4.7 % for HV_hc
and HV_ms/z and 4.5 % for HV_fs. A better separation can be seen in the relative absorption
depth in the blue and red wavelength regions. The blue and red relative absorption depths
increase from 0.52 for the blue at the hill crest (1.21 in the red), 0.58 at the midslope (1.43 in
the red), to 0.62 on the footslope (1.60 in the red).

Figure 6-11: Spectral characteristics of the toposequence gradient at the Happy Valley study
location. Comparison of (A) the averaged reflectance spectra in the visible (400 – 700 nm), and
(B) the continuum-removed absorption features in the blue (400 nm – 550 nm) and red (550 nm –
750 nm) wavelength regions. Note: Naming and coloring of the reflectance spectra follow the
concept shown in Figure 6-2.

This trend can be only partly seen in the continuum removal analysis (Figure 6-11B). The
further downslope the location of the site, the greater the area and height of maximum band
depth of the absorption features in the red wavelength region (Table 6-4). The area of the red
absorption feature increases from 68.7 at HV_hc, 77.5 at HV_ms/z, to 81.8 at HV_fs, and the
maximum band depth increases from 0.61 at the hill crest to 0.69 on the footslope. But the
downslope trend does not appear in the blue wavelength region. Here the midslope and
footslope sites have nearly identical values for the area (22.5 and 23.0) and identical values
for the maximum continuum removed band depth (0.27).
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The most distinct separation of the three sites is in the NIR wavelength region (Figure 6-5),
where the hill crest site has the lowest reflectance values (maximum 26.4 % at 1,020 nm), and
the footslope sites the highest (maximum 30.5 % at 1,020 nm). The maximum reflectance of
the midslope site is in-between (29.5 %). This downslope trend occurs also in the 350 nm
wide NIR band. There the reflectance increases from 23.0 % for the hill crest reflectance
spectra, 25.8 % for the midslope, to 26.9 % for the footslope.
6.3.4

The Soil Moisture Gradient at Franklin Bluffs (Subzone D)

The three Franklin Bluffs study sites are separated into dry (36 Vol% soil moisture), mesic
(zonal) (48 Vol%) and wet (74 Vol%) moisture regimes. This local soil moisture gradient is
also noticeable in the averaged vegetation heights (Table 6-3). Whereas the dry site (FB_d)
has a mean vegetation height of 14 cm, this increases to 15 cm at the mesic site (FB_m/z) and
to 30 cm at the wet site (FB_w). The overall percentage cover of vegetation (non-lichen)
ranges from 90 to 95 % across the sites due to the effect of nonsorted circles, which have
centers that are mainly covered by soil crusts. There is also a change in the vegetation
composition and structure. At the wet site, sedges forming the second height stratum become
more dominant and cover 80 % of the whole area with a maximum height of 40 cm. The
mesic site has a percentage cover of the second stratum of 82 %, and the dry site of 40 %. At
both sites sedges and shrubs are the main species in this stratum. Shrubs form the third
vertical stratum at the mesic site with 5 % cover and a maximum height of 40 cm, whereas at
the dry site the cover increases to 20 %, but the height decreases to 35 cm. An increase of
standing dead material can be seen from the dry to the wet site.
In the VIS wavelength region, the dry site has a green reflectance peak and a distinctive
reflectance minimum in the red around 680 nm (Figure 6-12A). The reflectance spectrum of
the mesic site has a distinctive green reflectance peak, but the local reflectance maximum is in
the red wavelength region of chlorophyll absorption. The spectrum of the wet site has a steady
reflectance increase up to 680 nm with even lower chlorophyll absorption and has a hardly
noticeable green reflectance peak.
All three sites have nearly the same reflectance values in the 300 nm wide VIS band (5.7 to
5.8 %) (Table 6-4). The results of the relative absorption depth analysis show a minor
separation of the sites along the soil moisture gradient in the blue region and a more distinct
separation in the red region. The relative absorption depth in the blue spectrum increases from
0.37 at FB_d, 0.41 at FB_m/z, to 0.44 at FB_w. In the red wavelength region this trend is
reversed, so the absorption depth decreases from 1.07 at FB_d, 0.98 at FB_m/z, to 0.72 at
FB_w. Also the continuum removal technique shows no clear site separation along the
gradient in the blue (400 – 550 nm) region (Figure 6-12B). The area of the blue continuum
removed absorption feature is 9.9 at FB_d, 11.9 at FB_m/z and 9.2 at FB_w, and the
maximum band depth at 500 nm is 0.14 for the dry, 0.15 for the mesic and 0.12 for the wet
site. A better separation along the gradient appears for the red absorption feature from 550 –
750 nm. The area of the absorption feature increases from 49.4 at FB_w, 64.5 at FB_m/z to
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68.2 at FB_d. Likewise, the maximum continuum removed band depths at 680 nm increase
from 0.43 for the wet site, 0.55 for the mesic, to 0.59 for the dry site.

Figure 6-12: Spectral characteristics of the soil moisture gradient at the Franklin Bluffs study
location. Comparison of (A) the averaged reflectance spectra in the visible (400 – 700 nm), and
(B) the continuum-removed absorption features in the blue (400 nm – 550 nm) and red (550 nm –
750 nm) wavelength regions. Note: Naming and coloring of the reflectance spectra follow the
concept shown in Figure 6-2.

In the NIR wavelength region the wet site has reduced reflectance values compared with the
zonal and dry sites (Figure 6-5). In the 350 nm wide NIR band comparison, the wet site has an
average reflectance of 21.9 %, the dry site of 23.7 %, and the mesic site of 24.6 %. This
sequence also appears in the comparison of the maximum reflectance at 1,020 nm. The wet
site has a maximum reflectance of 25.7 %, which increases to 26.9 % for the dry site and to
28.9 % for the mesic site.

6.4 Discussion
6.4.1

Overview of Field Characterization and Spectral Properties along the
Gradients

The average reflectance spectra of the nine Low Arctic sites as a group are distinctly different
from spectra of dominant vegetation in other higher and denser growing biomes. All the
tundra spectra have generally low reflectance values, probably due to a combination of low
plant canopy heights (vegetation height 8 – 30 cm, maximum shrub heights up to 55 cm) and
low cover of vascular plants, relatively high cover of moss and lichen species, high surface
moisture conditions, high sun zenith angles causing extreme shadowing by the plants
themselves, and the large amounts of standing dead plant material. The averaged NIR
reflectance for the tundra sites never exceeded 31 %. It is well known that the presence of
water reduces the overall reflectance, where the vegetation cover is more open [Weidong et
al., 2002]. Therefore, at Deadhorse (DH_z with 70 Vol% moisture) and the Franklin Bluffs
wet site (FB_w with 74 Vol% moisture), despite the relative high averaged height of the
vegetation structure, the high surface moisture absorbs in the NIR, and the NIR reflectance is
thereby reduced. The high sun zenith angles (always larger than 43°) in the tundra cause
extreme shadowing even with low vegetation stature and micro-topography heights [McGuffie
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and Henderson-Sellers, 1986]. Shadows decrease the reflectance in the red and NIR
wavelength regions [Ranson and T. Daughtry, 1987]. This effect can be especially important
in tussock tundra (subzone E). High percentage nadir-cover of moss and lichen in the
understory (8 – 64 % in this study) reduces the reflectance in the NIR wavelength region
(Figure 6-13). Lichens also reduce the reflectance in the green wavelength region
(Figure 6-13). Standing dead material, commonly dead sedge leaves in tundra, leads to an
increase in the reflectance in the red wavelength region due to reduced chlorophyll absorption
[Asner, 1998; Tucker, 1977].

Figure 6-13: Reflectance spectra of the main plant functional types forming the plant communities
of the Low Arctic portion of the NAAT. Note: For comparative purposes the mean reflectance
spectra (plant community representation) of the zonal sites at Happy Valley, Franklin Bluffs and
Deadhorse have been included. The reflectance spectrum of the ‘moss/lichen/liverwort mix’ is
retrieved from Clark et al. [2007].

Figure 6-13 shows reflectance targets of tundra vegetation communities and of endmember
targets (plant functional types) related to Arctic vegetation of subzones D and E. Two
reflectance spectra have been measured over biological soil crusts: a reflectance spectrum of
‘moss/lichen/liverwort mix’ from Clark et al. [2007] and from nonsorted circles. Both
reflectance spectra show considerable absorption in orange to red wavelengths with the
development of a red-edge in contrast to reflectance spectra of barren soil surfaces without the
development of a red-edge structure. Reflectance spectra of shrubs show high NIR backscatter
with a planar NIR reflectance plateau with only minor or no slope between the beginning and
end of the NIR reflectance plateau. This can be seen in the reflectance spectra of erect dwarf
shrubs of 25 cm height and prostrate dwarf shrubs of 17 cm height (Figure 6-13). Both
reflectance targets are characterized by dense and planophil leave structures. In contrast,
reflectance spectra from sedges (30 cm) and tussock (20 cm) show NIR reflectance plateaus
with stronger slopes between the beginning and end of the NIR reflectance plateau that also
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characterizes all the reflectance spectra of the tundra sites (Table 6-4, delta value between
1,020 nm and 750 nm). Reflectance targets with sedges and tussock show erectophile
vegetation structure as well as dead plant material. They are therefore producing less multiple
backscattering in the NIR. The structural dependence on planophil and erectophil vegetation
structures on the NIR reflectance has been described by Thenkabail et al. [2002] for crops.
The climate, soils, geomorphology, and hydrology of a site influence the vegetation
characteristics, resulting in differences in leaf area and pigment composition, vegetation
biomass and height, cover of plant functional types and total vegetation cover. These
influence the VIS and NIR wavelength regions of the reflectance spectra. Thus, although the
reflectance spectra of the main plant functional types (e.g. erect dwarf shrub, prostrate dwarf
shrub, sedge) show certain diagnostic reflectance and absorption features, in combination as a
plant community representing an area at larger scale (average reflectance of the site) it is
challenging to distinguish the sites by their spectral signatures (Figure 6-13). The spectra of
the nine tundra vegetation communities examined are superficially similar in many respects,
when examined in detail, they show distinct diagnostic features mainly in the pigment
absorbing wavelength bands and the height of the NIR reflectance.
The main changes in the VIS and NIR region of the spectra along the zonal climate gradient
are likely due to differences in biomass, average and maximum vegetation height, and species
composition. Since all contributors are physically overlapping, more research would be
needed to partition the contributors causally. However, vegetation height, shrub-cover, and
biomass increase toward the south [Raynolds et al., 2008; Walker et al., 2011c], causing
higher pigment absorption in the blue and red bands and higher reflectance in the NIR bands.
Site locations further north have greater cover of sedges, and are characterized by less leaf
mass and fewer chlorophyll-rich shrubs. Together with higher cover of standing dead material
(mostly sedges), this leads to an increase in the reflectance in the red and blue wavelength
regions with no development of a green reflectance peak due to reduced leaf pigment
absorption. The 5 % difference in the NIR reflectance between the northernmost (Deadhorse)
and southernmost (Happy Valley) zonal study site (Table 6-4) is most likely related to canopy
structure changes along the climate gradient (taller more dense vegetation in the warmer
summer climates to the south). This leads to greater multiple scattering and to higher
reflectance values in the NIR. The very low NIR reflectance at Deadhorse is also due to the
high surface moisture conditions (up to 70 Vol% soil moisture).
Mesic acidic and non-acidic tundra are at first sight physiognomically similar in that sedges
and dwarf shrubs dominate both types, but the species composition and the relative ratios of
the different plant functional types are quite distinct. The very different species composition
of the acidic and non-acidic tundra is likely responsible for important spectral differences. For
example, MAT has a much larger component of chlorophyll-rich deciduous shrubs and
generally taller and more horizontally continuous cover of green vegetation; whereas MNT is
generally less green, with more standing dead sedge leaves, much less cover of erect
deciduous shrubs, and greater cover of soil crust and lichen-covered soil associated with
abundant nonsorted circles. The prostrate evergreen dwarf shrub Dryas integrifolia, an
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abundant MNT plant, often has a large non-green component composed of dead leaves and
stems. In addition, the most common mosses in MAT are acidic Sphagnum mosses, while the
non-acidic moss Tomentypnum nitens is most common in MNT. Effects of changes in the
dominant moss species on reflectance spectra have not yet been evaluated. However, the moss
layer (L1) of MNT sites are characterized by non-greenish hues (5Y) of pure chroma (=10) in
contrast to greenish hues (2.5GY) of pure chroma (=10) at MAT sites.
The results of the field spectroscopy support the separation of acidic and non-acidic tundra in
the VIS reflectance spectrum. MAT sites have deeper chlorophyll absorption in the blue and
red wavelength regions than the non-acidic sites. Moreover, the MNT sites have a greater
percentage of nonsorted circles and lichen vegetated areas the further north they are [Hope et
al., 1993], resulting in decreases in the absorption of blue and red radiation. A separation of
MAT vs. MNT in the NIR wavelength region is possible, but the averaged reflectance spectra
overlap at some study sites. In this study, the hill crest site at Happy Valley shows a relatively
low NIR reflectance in comparison to the other two acidic Happy Valley sites. This somewhat
drier site has a higher vegetation nadir-coverage of moss and lichen and a lower nadircoverage of taller vegetation, which can reduce the reflectance in the NIR region and produce
an NIR reflectance similar to the signature of a dry non-acidic site. However, the erect
deciduous dwarf shrubs, which are taller and denser than the prostrate evergreen dwarf shrubs
at the non-acidic sites, have a greater multiple scattering effect, and this leads to higher
reflectance values in the NIR of MAT.
Differences in the lateral water fluxes and moisture regimes along the sites also have spectral
impacts. The differences in the reflectance spectra along the toposequence gradient at Happy
Valley can be mainly explained by the changes in cover and height of the dwarf shrub layer,
which is linked to lateral water flux from the hill crest to the footslope. There is also an
increase in the cover of tussock sedges down the topographic gradient, matching findings
from Stow et al. [1993] and Walker and Lederer [1987] along a toposequence at Imnavait
Creek. The shrub cover in the third vertical stratum (L3) increases by 18 % from the hill crest
to the footslope, and the average vegetation height increases by 13 cm. This leads to a
downslope increase of green leaf area and biomass, and therefore to higher NIR reflectance
values. A clear separation in the NIR region of the three reflectance spectra is therefore
possible. In the VIS region the reflectance spectra of all three sites overlap. Only in the
spectral metrics of absorption depth and continuum removal analysis of the red wavelength
region is a separation of all three sites possible. At 680 nm, the footslope site shows the
deepest chlorophyll absorption, and the hill crest site shows the least absorption. The
difference can be best seen in the area of the red absorption feature from 550 – 750 nm. The
hill crest site is exposed to greater stress. Due to drier soil conditions, the percentage nadircover of moss and lichen vegetated areas is greater, and the nadir-coverage by green leaf area
is less than the other sites, which can explain the reduced chlorophyll absorption in the VIS
spectra.
The three sites along the soil moisture gradient at Franklin Bluffs show an even higher
contrast of the spectral contribution by water (dry site 36 Vol% soil moisture and wet site
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74 Vol%). The main difference along this gradient is the percentage cover of sedge and
standing dead vegetation as well as changes in surface moisture. The high percentage cover of
standing dead material at the wet site increases the reflectance in the red wavelengths bands,
whereas the moist and dry sites are greener and show deeper chlorophyll absorption. This can
be best seen in the spectral metrics of the continuum removal analysis of the red wavelength
region, as there are only minor differences in the blue absorption band depths between the
sites. The spectral behavior in the NIR region is mainly influenced by the soil moisture and
mean vegetation height. The reduced NIR reflectance at the wet site results from the increased
surface moisture content. The mesic and dry sites have nearly similar reflectance spectra at
the shorter wavelengths of the NIR, but at the dry site there is a higher nadir-coverage of moss
and lichen and lower contribution from taller vegetation layers, which reduces the NIR
reflectance above 900 nm. For remote sensing applications the contribution from ponds and
lakes will have an influence on the reflectance of tundra landscapes and on the NDVI [Muster
et al., 2013].
6.4.2

Performance of Spectral Metrics and Vegetation Indices

Since the continuum removal technique normalizes the absolute differences of local
reflectance peaks in the green and NIR regions, it enhances the differences in absorption
strength in the blue and red wavelength regions. The absorption-related metrics confirm the
reduction in pigment absorption within the red and the blue wavelength regions along the
climate gradient from south to north and from MAT to MNT. This can also be well seen in
the regression analyses of the relative absorption depth and continuum removed maximum
band depth in the blue and red wavelength regions with biomass (Figure 6-8).
Visually, MAT is much greener in mid-summer than MNT. Both have a dull brown
appearance in early June, but by July the erect dwarf shrubs and tussock sedges of MAT are
fully leafed-out and mask the dead sedge leaves from the previous winter. The green-up in the
MNT is less striking, because there are fewer deciduous shrubs, and the new sedge leaves do
not fully mask the standing dead leaves. Furthermore, there is much greater cover of soil crust
and lichens on nonsorted circles, which are usually abundant in non-acidic tundra. The very
distinct assignment of the dominant non-greenish hue (5Y) of pure chroma (=10) of the MNT
sites in contrast to the dominant greenish hue (2.5GY) of pure chroma (=10) of the moss layer
(L1) further supports the characterization that MAT sites are ‘greener.’
The partitioning of MAT and MNT using broadband and narrowband NDVIs in this study
shows promising results. A broadband NDVIAVHRR value of 0.58 and a narrowband NDVI47_59
value of 0.54 are the thresholds for separating these tundra systems in our study. The lower
average NDVI values of MNT compared to MAT are mainly due to the lower quantities of
shrub phytomass in MNT [Riedel et al., 2005]. In non-acidic systems the phytomass is mainly
composed of moss, which has a reduced NIR reflectance as well as less leaf mass with
therefore reduced pigment absorption. The separation of acidic and non-acidic tundra via VIs
and metrics of pigment absorption is important for remote sensing of Alaskan tundra, as this
MAT/MNT threshold value can be extracted from the satellite image statistics.
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That narrowband NDVIs may perform better than their broadband equivalent by setting one
or both HNBs in the red and NIR to specific positions is already well known [Elvidge and
Chen, 1995; Roberts et al., 2011; Thenkabail et al., 2002; Thenkabail et al., 2011]. The main
challenge is to find the right HNBs for an application within the large number of redundant
bands provided by hyperspectral instruments [Thenkabail et al., 2013]. Up to now,
hyperspectral satellite and airborne data for arctic regions were limited. Therefore, groundbased hyperspectral measurements are a good alternative to determine HNBs for tundra
applications. The three tested narrowband NDVIs showed similar good results in the
regression analyses with biomass compared to the broadband NDVI. We assume that the
performance of the broadband and narrowband NDVIs might not be fully linked to vegetation
structure (i.e. NIR reflectance) due to low canopy height. The photosynthetic capacities of the
tundra plant communities therefore seem to control the NDVI performance. This is illustrated
by the regression relationships of biomass vs. NDVIs and biomass vs. absorption depths,
respectively (Figure 6-8). The analyses indicate that the tundra sites characterized by sedges
show less intense chlorophyll absorption due to more non-photosynthetically active biomass.
The correlation of carotenoid absorption in the blue wavelengths with biomass
(Figure 6-8A,C) therefore shows a better performance than the correlation of chlorophyll
absorption with biomass (Figure 6-8B,D). This differential and its influence on the NDVI
facilitate the separation of MAT and MNT. Narrowband NDVIs, specifically the NDVI47_59
with the EnMAP NIR band #59 at 756 nm close to the red-edge, yield better separations of
the two tundra vegetation types than the broadband NDVI. Imaging spectroscopy by new
satellite systems such as EnMAP can be used to apply hyperspectral algorithms based on the
narrow wavelength regions that show high separation potential between tundra communities.
Narrowband methods using the spectral bands of pigment absorption around 500 nm for
carotenoids and around 680 nm for chlorophyll show high potential.

6.5 Conclusions
This paper provides a ground-based hyperspectral characterization of the most important plant
communities in the Alaskan Low Arctic tundra (subzones D and E) along important
environmental gradients. As a group, the averaged reflectance spectra of all nine sites exhibit
similar characteristic profiles that are typical for Low Arctic tundra (Figure 6-5). They show:
(i) low maximum near-infrared (NIR) reflectance (maximum of 31 % at 1,020 nm); (ii)
weakly visible green reflectance peak or no local reflectance maximum in the visible
spectrum; (iii) narrow ‘red-edge’ region between the red and NIR wavelength regions
(maximum 18 % difference between red absorption minimum and NIR reflectance plateau);
and (iv) no distinct NIR reflectance plateau (i.e. the ‘red-edge’ bend does not finish in a
plateau, instead the reflectance values steadily increase up to the maximum reflectance at
around 1,020 nm). The explanation for these findings is that a generally low reflectance in the
NIR as well as the green wavelength range and a low chlorophyll absorption in the red
wavelength range occur due to a low vegetation height structure and low green leaf area of the
vegetation. Moreover, nadir-coverage of standing dead sedges and woody plant material
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(dwarf shrubs) is generally high. These typical patterns make the reflectance spectra of lowgrowing tundra specific and distinguishable from other biomes, for example wetlands or local
areas occupied by taller and denser growing shrubs.
This research also shows that spectral metrics follow the geoecological gradients. The
reflectances of the NIR shoulder and NIR reflectance plateau are valuable information sources
that separate the communities according to their biomass and vegetation structure. The
spectral metrics of absorption depths and continuum removal technique reveal separation
possibilities in the blue and red wavelength regions. The main spectro-radiometric findings
are: (i) for the zonal gradient - there is more vegetation biomass, denser shrub cover and taller
shrubs with denser leaf cover the further south along the North American Arctic Transect
(NAAT). This leads to higher reflectance in the NIR wavelength region. (ii) Lower positions
along toposequences and wetter sites along the soil moisture gradient show greater vegetation
biomass due to higher moisture availability. But this does not always lead to higher
reflectance values in the NIR wavelength region. Vegetation height and surface wetness are
two antagonists that may balance each other out with respect to the NIR reflectance. (iii)
Moist acidic tundra (MAT) sites, when compared to moist non-acidic tundra (MNT) sites,
have ‘greener’ species (chlorophyll-rich deciduous shrubs and green-colored mosses), more
continuous cover of green vegetation, and more leaf mass, which cause higher pigment
absorption in the blue and red wavelength regions. (iv) MNT sites show relatively high
reflectance in the red wavelength region, low absorption in the blue and red wavelength
regions, and no distinct ‘green’ reflectance. The contributing factors to low greenness are the
abundance of standing dead sedge leaves, evergreen shrubs with larger non-green dead
components (mainly Dryas integrifolia), higher percentage cover of soils covered by
biological soil crusts, and abundance of brown-colored mosses (e.g., Tomentypnum nitens).
The hyperspectral field spectrometer analysis indicate the possibility of separating out MAT
and MNT vegetation communities, which have not been previously separable in such a good
way using broadband data. Moreover, hyperspectral data can potentially be used for color
differentiation as well as investigation of differences in the shape and slope of the ‘red-edge’
of MAT and MNT. Our investigation shows that additional types of field data to link to
spectral metrics are needed. Future investigations should include evaluation of the amount of
dead material per site as well as a more detailed assessment of the Munsell color of plant
species and communities. Also time-series hyperspectral studies are needed through the
growing season in combination with simultaneous studies of plant pigment concentrations in
order to analyze the seasonal vegetation and color changes of tundra communities. Field
spectroscopy is a useful method for obtaining hyperspectral ground data. This wellcharacterized spectral database of Low Arctic NAAT vegetation communities covers a wide
range of geoecological parameters and serves as the basis for further investigation of spectral
properties of arctic vegetation communities.
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7

RESULTS OF THE SPECTRO-DIRECTIONAL
REFLECTANCE INVESTIGATIONS

The results obtained from the field spectro-goniometer measurements under varying sun
zenith angles (SZA) at Vaskiny Dachi (bioclimate subzone D – West-Siberia), Happy Valley
(bioclimate subzone E – Alaska), and Franklin Bluffs (bioclimate subzone D – Alaska) are
presented in this chapter. The first section gives an overview of the hyperspectral spectrodirectional reflectance characteristics of different Low Arctic plant communities measured at
solar noon. The second section analyzes the influence of high SZAs on the BRDF
characteristics of the MAT and MNT plant communities. And the last section presents the
influence of BRDF effects on remote sensing products of MAT and MNT plant communities.

7.1 Overview of the Spectro-Directional Reflectance Characteristics
of Low Arctic Tundra Vegetation
7.1.1

Representativeness of the Study Plots Representing Tundra Vegetation

The comparison of the nadir view reflectance (Rnadir) spectra from the two spectro-goniometer
measurements at the Vaskiny Dachi study location (VDG1_02 and VDG2_03) performed at
solar noon with the reflectance spectrum of the zonal plant community of West-Siberian
bioclimate subzone D [Heim et al., 2012] shows that neither of the two analyzed plant
communities correspond to the zonal plant community (Figure 7-1A). The VDG1_02
measurements were carried out over a dwarf shrub-moss tundra plot and the VDG2_03
measurements were carried out over a grazed dwarf shrub-moss tundra plot. Figure 7-1B
shows that the Rnadir spectrum of the spectro-goniometer measurement HVG1_03 (tussock
sedge tundra) at the Happy Valley study location corresponds to the reflectance spectrum of
the zonal plant community for Alaskan bioclimate subzone E which is MAT (Figure 6-5). The
Rnadir spectrum of HVG2_03 (Figure 7-1B) fits the reflectance spectrum of an erect dwarf
shrub community (Figure 6-13). At the Franklin Bluffs study location (Figure 7-1C), the Rnadir
spectrum of spectro-goniometer measurement FBG1_03 (non-tussock sedge) equals the
reflectance spectrum of the zonal plant community for Alaskan bioclimate subzone D which
is MNT (Figure 6-5). The Rnadir spectrum of FBG2_03 (Figure 7-1C) fits the reflectance
spectrum of a prostrate dwarf shrub community (Figure 6-13), while the Rnadir spectrum of the
FBG3_01 measurement corresponds to the reflectance spectrum of the plant community in the
center of nonsorted circles (frost boils) that mainly consist of a moss-lichen-liverwort mix
(Figure 6-13). Spectro-goniometer measurement FBG4_01 at Franklin Bluffs was performed
over a horsetail patch at solar noon and shows an unusual Rnadir spectrum compared to all the
others (Figure 7-1C).
Figure 7-1D shows the irradiance spectra of all eight full ManTIS hemisphere spectrogoniometer measurements performed at solar noon. Although the two study plots at the
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Vaskiny Dachi study location have nearly identical irradiance spectra, the measurements were
performed under different SZA (55° for VDG1_02 and 61° for VDG2_03). The two spectrogoniometer study plots at the Happy Valley study location were performed under the same
SZA (46°) and thereby show nearly identical irradiance spectra (Figure 7-1D). Spectrogoniometer measurements FBG1_03 and FBG2_03 at the Franklin Bluffs study location were
performed under a SZA of 47°, whereas the measurements FBG3_01 and FBG4_01 were
performed under a SZA of 48°. This is also notable in the irradiance spectra (Figure 7-1D).

Figure 7-1: Comparison of the nadir view reflectance spectra of the eight spectro-goniometer
measurements performed at solar noon. (A) Comparison of the two nadir view reflectance spectra
at Vaskiny Dachi with the zonal plant community. (B) Comparison of the two nadir view
reflectance spectra at Happy Valley with the zonal plant community. (C) Comparison of the four
nadir view reflectance spectra at Franklin Bluffs with the zonal plant community. (D) Comparison
of the irradiance profiles of the eight spectro-goniometer measurements performed at solar noon.

Please note that detailed data reports of the spectro-goniometer measurements at all study
locations can be found in Appendix C.
7.1.2

Vaskiny Dachi – Bioclimate Subzone D

The spectro-directional reflectances characteristics of dwarf shrub-moss tundra (VDG1_02)
and grazed dwarf shrub- moss tundra (VDG2_03) measured at the Vaskiny Dachi study
location at solar noon are visualized in Figure 7-3. The HCRF data of the blue EnMAP band
#12 (6.5 nm wide; center 479 nm) and the green EnMAP band #26 (6.5 nm wide; center
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549 nm) are shown in Figure 7-3A. Figure 7-3B shows the HCRF data of the red EnMAP
band #47 (6.5 nm wide; center 672 nm) and the NIR EnMAP band #73 (8.0 nm wide; center
864 nm) of both plant communities. The outlier indicators were used to estimate the quality of
the interpolation approach in order to reduce short time atmospheric and solar changes
(graphic legend, Figure 7-2). The outlier indicator of the spectro-goniometer measurements
for grazed dwarf shrub-moss tundra shows that higher atmospheric and solar changes
occurred during this measurement and thus required correction (Figure 7-3).

Figure 7-2: Legend of the outlier indicator graphics used in the HCRF and ANIF visualizations in
order to estimate the quality of the interpolation approach for reducing short time atmospheric and
solar changes.

ANIF: A more detailed spectro-directional reflectance data analysis reveals the ANIF data of
the red (672 nm) and NIR (864 nm) EnMAP bands in Figure 7-4. The dwarf shrub-moss
tundra plot (VDG1_02) shows the highest reflectance variation in the solar principal plane
(Figure 7-4A, Figure 7-4B). The ANIF values in the solar principal plane range from 0.8 to
1.35 in the VIS and 0.7 to 1.1 in the NIR wavelength regions. Moreover, the spectrogoniometer measurement of the moss tundra plot shows a clear ANIF hotspot in the -5°
to -10° forward viewing directions of the solar principal plane (Figure 7-4A). This hotspot
shows together with the +30° backward viewing direction (Figure 7-4B) ANIF values over
1.0 in the VIS and NIR wavelength regions. All other viewing directions in the solar principal
plane show ANIF values below 1.0. The ANIF values within the solar orthogonal plane show
a bowl shape distribution with the highest ANIF values in the nadir viewing position, and
decreasing ANIF values with increasing forward and backward viewing zenith angles.
The ANIF data of the grazed dwarf shrub-moss tundra plot (VDG2_03) show higher
reflectance values in the backward viewing directions and also equal to higher reflectance
values in the forward viewing directions compared to the nadir viewing position
(Figure 7-4A). The highest reflectance variation is viewable in the EnMAP bands along the
solar principal plane (Figure 7-4B). The ANIF values reach up to 1.5 in the VIS and 1.3 in the
NIR wavelength regions of the backward viewing directions in the solar principal plane,
whereas the ANIF values increase with backward viewing zenith angle. The ANIF values of
all forward viewing directions are clumped and show ANIF values of 0.95 to 1.0 in the VIS
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and ANIF values up to 1.1 in the NIR wavelength regions. The reflectance variation within
the solar orthogonal plane reaches up to 35 %, and the ANIF values in all viewing directions
are higher than 1.0.

Figure 7-3: HCRF visualization of the Vaskiny Dachi spectro-goniometer measurements
performed at solar noon. (A) HCRF visualization of the blue (479 nm) and green (549 nm)
EnMAP bands. (B) HCRF visualization of the red (672 nm) and NIR (864 nm) EnMAP bands.
Note: See Figure 7-2 for legend of the outlier indicator graphics.

ANIX: The comparison of the Rnadir spectrum with the ANIX development in the solar
principal and orthogonal plane is shown in Figure 7-5. For dwarf shrub-moss tundra
(VDG1_02) the ANIX values in the solar principal plane increase from 1.5 to 1.67 in the VIS
wavelength region and stay at 1.65 to 1.7 in the NIR wavelength region. In the solar
orthogonal plane the ANIX values in the VIS wavelength region are 1.32 to 1.37 and jump to
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1.53 – 1.58 in the NIR wavelength region. This shows that dwarf shrub-moss tundra has a
slightly higher degree of reflectance anisotropy in the NIR than in the VIS wavelength region.

Figure 7-4: ANIF visualization of the Vaskiny Dachi spectro-goniometer measurements
performed at solar noon. (A) ANIF visualization of the red (672 nm) and NIR (864 nm) EnMAP
bands. (B) ANIF development in the solar principal and orthogonal plane of the EnMAP bands.
Note: See Figure 7-2 for legend of the outlier indicator graphics.

The ANIX values in the solar principal and orthogonal plane of grazed dwarf shrub-moss
tundra (VDG2_03) behave inversely. In the solar principal plane the ANIX values increase
from 1.37 to 1.52 in the VIS and drop to 1.3 – 1.37 in the NIR wavelength region, where in
the solar orthogonal plane the ANIX values stay at 1.28 to 1.32 in the VIS and drop to 1.20 –
1.23 in the NIR wavelength region. Therefore, grazed dwarf shrub-moss tundra shows a
higher degree of reflectance anisotropy in the VIS than in the NIR wavelength region.
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Figure 7-5: ANIX visualization in the solar principal and orthogonal plane of the Vaskiny Dachi
spectro-goniometer measurements performed at solar noon in comparison to the nadir view
reflectance spectra.

7.1.3

Happy Valley – Bioclimate Subzone E

At the Happy Valley study location, the spectro-directional reflectances characteristics of
tussock sedge tundra (HVG1_03) and an erect dwarf shrub community between tussock
sedges (HVG2_03) measured at solar noon are visualized in Figure 7-6. The HCRF data of
the blue EnMAP band #12 (6.5 nm wide; center 479 nm) and the green EnMAP band #26
(6.5 nm wide; center 549 nm) are shown in Figure 7-6A. Figure 7-6B shows the HCRF data
of the red EnMAP band #47 (6.5 nm wide; center 672 nm) and the NIR EnMAP band #73
(8.0 nm wide; center 864 nm) of both plant communities. The outlier indicator of the spectrogoniometer measurements of tussock sedge tundra show that only small atmospheric and solar
changes occurred during these measurements (Figure 7-6). The outlier indicator of the
HVG2_03 measurements shows that stronger atmospheric and solar changes occurred that
had to be corrected.
ANIF: The ANIF data of tussock sedge tundra (HVG1_03) show in the solar principal and
orthogonal plane an indistinct sequence (Figure 7-7A, Figure 7-7B). The ANIF values in the
solar principal plane reach from 0.50 to 1.40 in the VIS and 0.45 to 1.42 in the NIR
wavelength region. Only the ANIF values in the +20° and +30° backward viewing directions
have ANIF values above 1.0 in the VIS and NIR wavelength regions. All other viewing
directions show ANIF values between 0.45 and 0.9. The highest reflectance variation occurs
in the solar orthogonal plane (Figure 7-7B). While in the VIS wavelength region (mainly in
the blue wavelength region) an ANIF hotspot with ANIF values up to 1.6 in the backward
viewing directions occurs, the NIR wavelength region shows ANIF values below 1.0 in all
viewing directions. Moreover, all ANIF values in the solar orthogonal plane of the forward
viewing directions are lower than in the nadir viewing position.
The ANIF data of the erect dwarf shrub community between tussock sedges (HVG2_03)
show only in the VIS wavelength region higher reflectance values in the backward viewing
directions and lower to equal reflectance values in the forward viewing directions compared
to the nadir viewing position (Figure 7-7A, Figure 7-7B). In the NIR wavelength region all
reflectance values are lower to equal to the reflectance values in the nadir viewing position.
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Therefore, the highest reflectance variation is viewable in the red EnMAP band along the
solar principal plane (Figure 7-7B). The ANIF values in the solar principal plane range from
0.9 to 1.55 in the VIS wavelength region and 0.8 to 1.05 in the NIR wavelength region of the
backward viewing directions, whereas in the forward viewing directions the ANIF values
range from 0.65 to 1.2 in the VIS and 0.7 – 0.85 in the NIR wavelength region. The
reflectance variation within the solar orthogonal plane behave like the reflectance variability
within the solar principal plane but with ANIF values ranging from 0.7 to 1.3 in the VIS and
0.8 – 0.95 in the NIR wavelength region.

Figure 7-6: HCRF visualization of the Happy Valley spectro-goniometer measurements
performed at solar noon. (A) HCRF visualization of the blue (479 nm) and green (549 nm)
EnMAP bands. (B) HCRF visualization of the red (672 nm) and NIR (864 nm) EnMAP bands.
Note: See Figure 7-2 for legend of the outlier indicator graphics.
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Figure 7-7: ANIF visualization of the Happy Valley spectro-goniometer measurements performed
at solar noon. (A) ANIF visualization of the red (672 nm) and NIR (864 nm) EnMAP bands. (B)
ANIF development in the solar principal and orthogonal plane of the EnMAP bands.
Note: See Figure 7-2 for legend of the outlier indicator graphics.

ANIX: The spectral dependence of the ANIX values along the solar principal plane of
tussock sedge tundra (HVG1_03) is unexpected (Figure 7-8). The ANIX values in the blue
(425 – 500 nm) and the red maximum absorption depth (~ 670 nm) range between 2.1 and
2.2, where the ANIX values in the green to orange wavelength region are between 2.3 and
2.7. In the NIR wavelength region the ANIX values start at 3.0 and slowly decrease to 2.5
with higher wavelengths. In the solar orthogonal plane the ANIX values are between 1.45 and
2.05. This shows that tussock sedge tundra has a higher degree of reflectance anisotropy in the
NIR than in the VIS wavelength region.
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For the HVG2_03 measurements (erect dwarf shrub between tussock sedges) the ANIX
values show a higher degree of reflectance anisotropy in the VIS than in the NIR wavelength
region. In the solar principal plane the ANIX values stay between 1.7 and 1.9 in the VIS and
drop to 1.4 – 1.5 in the NIR wavelength region, where in the solar orthogonal plane the ANIX
values range between 1.4 and 1.7 in the VIS and drop to 1.20 in the NIR.

Figure 7-8: ANIX visualization in the solar principal and orthogonal plane of the Happy Valley
spectro-goniometer measurements performed at solar noon in comparison to the nadir view
reflectance spectra.

7.1.4

Franklin Bluffs – Bioclimate Subzone D

The spectro-directional reflectances characteristics of non-tussock sedge tundra (FBG1_03), a
prostrate dwarf shrub community (FBG2_03), a plant community in the center of nonsorted
circles (FBG3_01), and a horsetail community (FBG4_01) measured at Franklin Bluffs at
solar noon are visualized in Figure 7-9. The HCRF data of the blue (#12; 479 nm) and green
(#26; 549 nm) EnMAP bands are shown in Figure 7-9A, where Figure 7-9B shows the HCRF
data of the red (#47; 672 nm) and NIR (#73; 864 nm) EnMAP bands.
The outlier indicator of the spectro-goniometer measurements of non-tussock sedge tundra
shows that higher atmospheric and solar changes occurred during these measurements and
had to be corrected (Figure 7-9). In contrast, the outlier indicators of the spectro-goniometer
measurements of the prostrate dwarf shrub community and the plant community in the center
of nonsorted circles show that only small atmospheric and solar changes occurred during
these measurements. The atmospheric and solar conditions during the spectro-goniometer
measurements of the horsetail community were optimal.
ANIF: The ANIF data of non-tussock sedge tundra (FBG1_03) show in the solar principal
and orthogonal plane a sequence in the reflectance values from the forward to the backward
viewing directions (Figure 7-10A, Figure 7-10B). The ANIF data show higher reflectance
values in the backward viewing directions and lower reflectance values in the forward
viewing directions compared to the nadir viewing position (Figure 7-10A). The highest
reflectance variation is visible in the solar principal plane (Figure 7-10B). The ANIF values in
the solar principal plane range from 1.1 to 1.55 in the VIS and NIR wavelength regions of the
backward viewing directions, whereas in the forward viewing directions the ANIF values
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range from 0.85 to 0.95 in the VIS and NIR wavelength regions. The reflectance variation
within the solar orthogonal plane behaves like the reflectance variability within the solar
principal plane but with ANIF values ranging from 1.05 to 1.2 in the VIS and NIR
wavelength regions of the backward viewing directions, and 0.8 – 0.95 in the VIS and NIR
wavelength regions of the forward viewing directions.
The prostrate dwarf shrub community (FBG3_03) shows ANIF data of equal to higher
reflectance values in the backward viewing directions and lower reflectance values in the
forward viewing directions compared to the nadir viewing position (Figure 7-10A,
Figure 7-10B). The ANIF values in the solar principal plane range from 1.0 to 1.45 in the VIS
and 0.9 – 1.1 in the NIR wavelength regions of the backward viewing directions, whereas in

Figure 7-9: HCRF visualization of the Franklin Bluffs spectro-goniometer measurements
performed at solar noon. (A) HCRF visualization of the blue (479 nm) and green (549 nm)
EnMAP bands. Note: See Figure 7-2 for legend of the outlier indicator graphics.
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Figure 7–9 (cont.): HCRF visualization of the Franklin Bluffs spectro-goniometer measurements
performed at solar noon. (B) HCRF visualization of the red (672 nm) and NIR (864 nm) EnMAP
bands. Note: See Figure 7-2 for legend of the outlier indicator graphics.

the forward viewing directions the ANIF values range from 0.7 to 0.95 in the VIS and NIR
wavelength regions. In the solar orthogonal plane all ANIF values in the VIS and NIR
wavelength regions of the prostrate dwarf shrub community are lower than in the nadir
viewing position, and therefore show a bowl shape distribution.
In the solar principal plane, the ANIF data of the nonsorted circles plant community
(FBG3_01) perform nearly identical to the ANIF data of the prostrate dwarf shrub community
(FBG3_03) (Figure 7-10A, Figure 7-10B). The highest reflectance variation is viewable in the
solar principal plane. The ANIF values in the backward viewing directions of the solar
principal plane range from 1.1 to 1.6 in the VIS and 0.95 – 1.35 in the NIR wavelength
region, whereas the ANIF values range from 0.85 to 1.0 in the VIS and NIR wavelength
89

7.1 Overview of the Spectro-Directional Reflectance Characteristics of Low Arctic Tundra Vegetation

regions of the forward viewing directions. In the solar orthogonal plane the ANIF values are
clumped around an ANIF value of 1.0, and show a reflectance variation from up to 20 % in
the red and NIR wavelength regions.
The ANIF values of the horsetail community (FBG4_01) show higher reflectance values in
the backward viewing directions compared to the nadir viewing position, whereas in the
forward viewing directions the ANIF values are clumped around an ANIF value of 1.0 in the
VIS and NIR wavelength regions (Figure 7-10A, Figure 7-10B). In the backward viewing
directions the ANIF values range from 1.05 to 1.95 in the VIS and 1.0 – 1.3 in the NIR
wavelength region. Like in the FBG3_01 spectro-goniometer measurement, the ANIF values
in the solar orthogonal plane are clumped around an ANIF value of 1.0,

Figure 7-10: ANIF visualization of the Franklin Bluffs spectro-goniometer measurements
performed at solar noon. (A) ANIF visualization of the red (672 nm) and NIR (864 nm) EnMAP
bands. Note: See Figure 7-2 for legend of the outlier indicator graphics.
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Figure 7–10 (cont.): ANIF visualization of the Franklin Bluffs spectro-goniometer measurements
performed at solar noon. (B) ANIF development in the solar principal and orthogonal plane of the
EnMAP bands.

and show a reflectance variability of up to 30 %.
ANIX: In the ANIX development along the solar principal plane of all four Franklin Bluffs
spectro-goniometer measurements is notable in that there is higher degree of reflectance
anisotropy in the VIS wavelength region than in the NIR wavelength region (Figure 7-11). In
contrast, the degree of reflectance anisotropy within the orthogonal plane of all four study
sites equals in the VIS and NIR wavelength regions. The ANIX values in the solar principal
plane of the non-tussock sedge tundra (FBG1_03) are within the range of 1.5 to 1.75 in the
VIS and drop to 1.4 – 1.5 in the NIR wavelength region. For the prostrate dwarf shrub
community (FBG2_03) and the nonsorted circles plant community (FBG3_01) the ANIX
values in the solar principal plane of the VIS wavelength region are around 1.9 and drop to
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1.4 – 1.55 in the NIR. The ANIX values of the horsetail community (FBG4_01) show a
maximum of 2.5 in the blue (425 – 500 nm) and red (around 670 nm) wavelength regions,
where the ANIX values in the NIR wavelength region drop to 1.4.

Figure 7-11: ANIX visualization in the solar principal and orthogonal plane of the Franklin Bluffs
spectro-goniometer measurements performed at solar noon in comparison to the nadir view
reflectance spectra.

7.2 Influence of High Sun Zenith Angles on the Reflectance
Anisotropy
The change in illumination zenith angle is an important influence factor on BRDF effects. In
order to investigate the influence of high SZAs (in arctic latitudes always greater than 43°
[Kääb, 2008]) on the spectro-directional reflectance characteristics of Low Arctic vegetation,
the main zonal plant communities of Alaskan bioclimate subzone D and E were spectrogoniometer measured under varying SZAs. Since the zonal plant community of subzone E is
MAT, the tussock sedge (HVG1) site were measured at SZAs of 46° (HVG1_03), 50°
(HVG1_02), and 56° (HVG1_01). Figure 7-12A shows the Rnadir spectra of the three MAT
spectro-goniometer measurements at the Happy Valley study location. Where the Rnadir
spectrum of the measurement at solar noon (SZA = 46°) fits to the reflectance spectra of MAT
(Figure 6-5), the measurements at the SZAs of 50° and 56° show the same reflectance shape
but with an offset (Figure 7-12A). The visualization of the irradiance spectra (Figure 7-12C)
of the MAT measurements point out that this offset in the reflectance is inversely connected
to the irradiance spectra. Where the irradiance is decreasing with increasing SZAs, the offset
in the reflectance spectra is increasing with increasing SZAs.
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Figure 7-12: Comparison of the nadir view reflectance spectra of the MAT and MNT spectrogoniometer measurements under varying sun zenith angles. (A) Comparison of the three nadir
view reflectance spectra of MAT under varying sun zenith angles with the zonal plant community.
(B) Comparison of the four nadir view reflectance spectra of MNT under varying sun zenith angles
with the zonal plant community. (C) Comparison of the irradiance profiles of the MAT spectrogoniometer measurements under varying sun zenith angles. (D) Comparison of the irradiance
profiles of the MNT spectro-goniometer measurements under varying sun zenith angles.

The influence of changing SZAs on the spectro-directional reflectance of MNT, the zonal
plant community of subzone D, was investigated at the Franklin Bluffs study location. The
non-tussock sedge site (FBG1) was measured at SZAs of 47° (FBG1_03), 50° (FBG1_04),
59° (FBG1_05), and 68° (FBG1_06). The Rnadir spectra of the four MNT spectro-goniometer
measurements are visualized in Figure 7-12B. Where the Rnadir spectra of the measurements at
solar noon (SZA = 47°) and 50° fits to the reflectance spectra of MNT (Figure 6-5), the
measurements at SZAs of 59° and 68° show the same reflectance shape but with an offset
(Figure 7-12B). In contrast to the MAT measurements, this offset in the reflectance is
positively connected to the irradiance spectra of the MNT measurements (Figure 7-12D).
Therefore, when the irradiance is decreasing with increasing SZAs, the offset in the
reflectance spectra is also decreasing with increasing SZAs.
7.2.1

MAT (Happy Valley)

The visualization of the MAT spectro-directional reflectance data (HCRF data) under varying
SZAs of the blue (479 nm), green (549 nm), red (672 nm) and NIR (864 nm) EnMAP bands
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can be found in Appendix C.5. Figure 7-13 shows the visualization of the MAT ANIF data
under varying SZAs of the red (672 nm) and NIR (864 nm) EnMAP bands as 2D polar plots.
The outlier indicator of the spectro-goniometer measurements shows that only small
atmospheric and solar changes occurred during the measurements with SZAs of 46° and 50°.
In contrast, during the HVG1_01 (SZA = 56°) spectro-goniometer measurements stronger
atmospheric and solar changes occurred that had to be corrected (Figure 7-13). The ANIF
development in the solar principal and orthogonal plane of MAT for the three SZAs for all
EnMAP bands is shown in Figure 7-14.
ANIF: The HCRF and ANIF characteristics of the tussock sedge (MAT) plot measured at
solar noon (HVG1_03 with SZA = 46°) have already been described in Chapter 7.1.3.
Therefore in condensed form, the ANIF values in the solar principal plane at a SZA of 46°
range from 0.50 to 1.40 in the VIS and 0.45 to 1.42 in the NIR wavelength region
(Figure 7-14). Only the ANIF values in the +20° and +30° backward viewing directions have
ANIF values above 1.0 in the VIS and NIR wavelength regions. All other viewing directions
show ANIF values between 0.45 and 0.9. In the VIS wavelength region (mainly in the blue
wavelength region) of the solar orthogonal plane the ANIF values in the backward

Figure 7-13: ANIF visualization of the red (672 nm) and NIR (864 nm) EnMAP bands of the
MAT spectro-goniometer measurements under varying sun zenith angles. Note: See Figure 7-2 for
legend of the outlier indicator graphics.
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Figure 7-14: ANIF development in the solar principal and orthogonal plane of the MAT spectrogoniometer measurements under varying sun zenith angles for all EnMAP bands.

viewing directions increase up to 1.6, where in the NIR wavelength region the ANIF values
are below 1.0. Moreover, all ANIF values in the solar orthogonal plane of the forward
viewing directions are lower than in the nadir viewing position.
At a SZA of 50° (HVG1_02) the ANIF values in the solar principal plane in all viewing
directions, expect in the +30° backward viewing direction, range from 0.6 to 1.0 in the VIS
and NIR wavelength regions. The ANIF values of the +30° backward viewing direction are
between 1.2 and 1.4 in the VIS and NIR wavelength regions. In the solar orthogonal plane the
ANIF values in the VIS and NIR wavelength regions at a SZA of 50° vary from 0.95 to 1.3 in
the backward viewing directions, and range from 0.7 to 1.0 in the forward viewing directions.
The ANIF values in the backward viewing directions in the solar principal plane at a SZA of
56° (HVG1_01) range from 0.95 to 1.7 in the VIS and 1.0 – 1.5 in the NIR wavelength
regions, whereas the ANIF values in the forward viewing directions vary from 0.7 to 1.0 in
the VIS and 0.6 – 1.0 in the NIR wavelength regions. In the solar orthogonal plane the ANIF
values are clumped around the nadir viewing position with an ANIF value of 1.0, and show a
reflectance variation of up to 25 %.
ANIX: The spectral dependence of the ANIX values along the solar principal plane of MAT
at a SZA of 46° (Figure 7-15A) is unexpected. The ANIX values in the blue (425 – 500 nm)
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and the red maximum absorption depth (~ 670 nm) range between 2.1 and 2.2, where the
ANIX values in the green to orange wavelength region are between 2.3 and 2.7. In the NIR
wavelength region the ANIX values start at 3.0 and slowly decrease to 2.5 with higher
wavelengths. The ANIX graphs at the SZAs of 50° and 56° follow this trend with an offset to
lower ANIX values. In the solar orthogonal plane (Figure 7-15B) the ANIX values at a SZA
of 46° are between 1.45 and 2.05, where at a SZA of 50° the ANIX values range from 1.3 to
1.8. At a SZA of 56° the ANIX values in the solar orthogonal plane vary between 1.2 to 1.3 in
the VIS and drop to 1.4 – 1.5 in the NIR wavelength regions. In summary, at all three SZAs
of MAT vegetation it is observable that the degree of reflectance anisotropy is higher in the
NIR than in the VIS wavelength region.

Figure 7-15: ANIX visualization in the solar principal (A) and orthogonal (B) plane of the MAT
spectro-goniometer measurements under varying sun zenith angles for all EnMAP bands.

7.2.2

MNT (Franklin Bluffs)

The HCRF data visualization under varying SZAs of the MNT plant community for the blue
(479 nm), green (549 nm), red (672 nm) and NIR (864 nm) EnMAP bands can be found in
Appendix C.1. The ANIF data visualization of MNT at the four SZAs of the red (672 nm) and
NIR (864 nm) EnMAP bands as 2D plots are shown in Figure 7-16. The outlier indicator of
the spectro-goniometer measurements of MNT vegetation at a SZA of 47° (FBG1_03) and a
SZA of 68° (FBG1_06) show that higher atmospheric and solar changes occurred during
these measurements and had to be corrected. In contrast, during the measurements at a SZA of
50° (FBG1_04) and 59° (FBG1_05) only small atmospheric and solar changes occurred. The
ANIF development in the solar principal and orthogonal plane of MNT for the four SZAs for
all EnMAP bands is shown in Figure 7-17.
ANIF: Again, the HCRF and ANIF characteristics of the non-tussock sedge (MNT) plot
measured at solar noon (FBG1_03 with SZA = 47°) have already been described in Chapter
7.1.4. The main findings in condensed form are that the ANIF data in the solar principal and
orthogonal plane show a sequence in the reflectance values from the forward to the backward
viewing directions (Figure 7-16, Figure 7-17). The ANIF data show higher reflectance values
in the backward viewing directions (1.1 to 1.55 in the VIS and NIR wavelength regions) and
lower reflectance values in the forward viewing directions (0.85 to 0.95 in the VIS and NIR
wavelength regions) compared to the nadir viewing position. The reflectance variation within
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the solar orthogonal plane behaves like the reflectance variability within the solar principal
plane but with ANIF values ranging from 1.05 to 1.2 in the backward viewing directions, and
0.8 – 0.95 in the forward viewing directions.
At a SZA of 50° (FBG1_04) the range of the ANIF values in the solar principal plane in the
VIS and NIR wavelength regions behave like the ANIF values at 47°. The main difference is
that the graphs of the backward viewing directions show clearer separation in the VIS
wavelength region. In the solar orthogonal plane the ANIF values in the VIS and NIR
wavelength regions at a SZA of 50° start to agglomerate. While the ANIF values in the
backward viewing directions vary from 1.0 to 1.3 in the VIS and NIR wavelength regions, the
ANIF values in the forward viewing directions vary from 0.85 to 1.15. The ANIF values

Figure 7-16: ANIF visualization of the red (672 nm) and NIR (864 nm) EnMAP bands of the
MNT spectro-goniometer measurements under varying sun zenith angles. Note: See Figure 7-2 for
legend of the outlier indicator graphics.
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Figure 7-17: ANIF development in the solar principal and orthogonal plane of the MNT spectrogoniometer measurements under varying sun zenith angles for all EnMAP bands.

within the solar orthogonal plane start to display a bowl shape distribution with the lowest
ANIF values in the nadir viewing position, and increasing ANIF values with increasing
forward and backward viewing zenith angles (Figure 7-17).
At a SZA of 59° (FBG1_05) the ANIF values in the solar principal plane also start to develop
a bowl shape distribution with the lowest ANIF values in the nadir viewing position and
increasing ANIF values with increasing forward and backward viewing zenith angles
(Figure 7-17), whereas in the solar orthogonal plane the bowl shape in the ANIF data is fully
developed. In the solar principal plane the ANIF values in the backward viewing directions
range from 1.3 to 2.0 in the VIS and NIR wavelength regions, while the forward viewing
directions show ANIF values between 0.9 and 1.1. In the solar orthogonal plane the ANIF
values are clumped around an ANIF value of 1.2 with a reflectance variation of up to 15 %.
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The ANIF values of MNT vegetation at a SZA of 58° (FBG1_06) show in the solar principal
and orthogonal plane a fully developed bowl shape distribution with increasing ANIF values
with increasing forward and backward viewing zenith angles (Figure 7-17). In the solar
principal plane the ANIF values range from 1.2 to 1.85 in the VIS and NIR wavelength
regions, where in the solar orthogonal plane the ANIF values vary from 1.0 to 1.5 in the VIS
and NIR wavelength regions.

Figure 7-18: ANIX visualization in the solar principal (A) and orthogonal (B) plane of the MNT
spectro-goniometer measurements under varying sun zenith angles for all EnMAP bands.

ANIX: The ANIX development along the solar principal plane of MNT vegetation at all four
SZAs shows that there is a slightly higher degree of reflectance anisotropy in the VIS
wavelength region than in the NIR wavelength region (Figure 7-18A). In contrast, the
reflectance anisotropy within the orthogonal plane (Figure 7-18B) at all four SZAs is similar
in the VIS and NIR wavelength regions and is clumped around an ANIX value of 1.4 with a
variation of up to 10 %. The ANIX values in the solar principal plane at a SZA of 47° are in
the range from 1.5 to 1.75 in the VIS and jump to 1.4 – 1.5 in the NIR wavelength region. The
ANIX graphs at the SZAs of 50°, 59°, and 68° follow this trend with an offset, where
measurements with higher SZA show a higher degree of reflectance anisotropy.

7.3 Variability in Multi-Angular Remote Sensing Products of Low
Arctic Tundra Environments
One of the main questions regarding the application of multi-angle remote sensing in Arctic
environments is the extent of the influence of BRDF effects on vegetation remote sensing
products. Since vegetation remote sensing products, such as the relative pigment absorption
depth and NDVI, are calculated from different wavelength regions which are differently
influenced by BRDF effects, the spectro-directional characteristics of the products can deviate
significantly from the spectro-directional characteristics of the reflectance data of the surface
[Küster, 2011]. The results of the spectro-directional analysis of the relative absorption depths
in the blue (400 – 550 nm) and red (550 – 750 nm) wavelength regions as well as of the
EnMAP NDVI for all eight examined tundra vegetation communities measured at solar noon
are presented in Table 7-1 and Figure 7-19, while the results of the spectro-directional
analysis of MAT and MNT vegetation under varying SZAs are presented in Table 7-2 and
Figure 7-20.
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7.3.1

Spectro-Directional
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Variability
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Arctic
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The spectro-directional analysis of the nadir normalized relative absorption depths in the blue
and red wavelength regions indicates that the BRDF characteristics of the relative absorption
depth products of all study sites behave similarly within their study locations (Table 7-1). At
the Vaskiny Dachi study location, the dwarf shrub-moss and grazed dwarf shrub-moss tundra
vegetation show in the nadir normalized blue relative absorption depth values between 0.73
and 1.14 over all viewing geometries, while the red relative absorption depth values range
from 0.69 and 1.14. The tussock sedge and erect dwarf shrub plots at the Happy Valley study
location have nadir normalized values between 0.59 and 1.28 for the blue relative absorption
depth and between 0.47 and 1.28 for the red relative absorption depth within the ManTIS
hemisphere. The non-tussock sedge, prostrate dwarf shrub and frost boil (nonsorted circles)
vegetation communities at the Franklin Bluffs study location have nadir normalized values
between 0.82 and 1.22 for the blue and values between 0.56 and 1.22 for the red relative
absorption depth. The only exception is the horsetail community at the Franklin Bluffs study
location which shows in the nadir normalized blue relative absorption depth values between
0.82 and 1.68 over all viewing geometries, while the values in the red relative absorption
depth range from 0.65 to 1.68. The BRDF effects on the relative absorption depths in the blue
and red wavelength regions are visualized in Figure 7-19A and in Figure 7-19B.
Table 7-1: Minima and maxima of the nadir normalized remote sensing products (relative blue
absorption depth, relative red absorption depth, EnMAP NDVI) over all viewing geometries for
the main plant communities at the Vaskiny Dachi, Happy Valley, and Franklin Bluffs study sites.
Site
moss tundra
grazed moss
tundra
tussock sedge
erect shrub
btwn tussock
non-tussock
sedge
prostrate
shrub
frost boil
horsetail

SZA

Relative Blue
Absorption Depth
min
max

Relative Red
Absorption Depth
min
max

NDVIEnMAP
min

max

55°

0.79

1.14

0.69

1.14

0.90

1.03

61°

0.73

1.07

0.82

1.07

0.90

1.04

46°

0.59

1.28

0.47

1.28

0.70

1.09

46°

0.66

1.12

0.56

1.12

0.88

1.02

47°

0.87

1.22

0.85

1.22

0.90

1.10

47°

0.87

1.10

0.63

1.10

0.85

1.03

48°

0.82

1.22

0.64

1.22

0.81

1.10

48°

0.82

1.68

0.65

1.68

0.92

1.06

The influence of BRDF effects on narrowband NDVIs calculated from the EnMAP bands #47
(center 672 nm) and #73 (center 864 nm) for all tundra communities (n = 8) is lower over than
on the relative absorption depth products (Table 7-1, Figure 7-19). At the Vaskiny Dachi
study location, the dwarf shrub- moss tundra community show nadir normalized NDVI values
between 0.90 and 1.03 over all viewing geometries, where the grazed dwarf shrub-moss
tundra community has values between 0.90 and 1.04. Therefore, the maximum variation in the
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EnMAP NDVI data is 10 % within the 30° forward and backward viewing directions. The
tussock sedge (MAT) plant community at Happy Valley shows a maximum NDVI variation
of up to 30 % within the ManTIS hemisphere. The nadir normalized NDVI values range from
0.70 to 1.09. The erect dwarf shrub community shows with nadir normalized NDVI values
between 0.88 and 1.02 over all viewing geometries a slightly lower maximum NDVI
variability. The maximum variation in the NDVI data for the four Franklin Bluffs spectrogoniometer measurements ranges from 8 % to 19 % within the ManTIS hemisphere. The nontussock sedge plant community has nadir normalized NDVI values between 0.90 and 1.10
over all viewing geometries; the prostrate shrub community shows values from 0.85 to 1.03,

Figure 7-19: Influence of BRDF effects on remote sensing products. (A) BRDF Effects in the
relative absorption depth of the blue and red wavelength regions, and EnMAP NDVI of the main
plant communities at the Vaskiny Dachi and Happy Valley study sites.
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Figure 7–19 (cont.): Influence of BRDF effects on remote sensing products. (B) BRDF Effects in
the relative absorption depth of the blue and red wavelength regions, and EnMAP NDVI of the
main plant communities at the Franklin Bluffs study sites. Note: All spectro-goniometer
measurements were performed at solar noon.

the frost boil community has values between 0.81 and 1.10, and the nadir normalized NDVI
values of the horsetail community range from 0.92 to 1.06 within the 30° forward and
backward viewing directions.
7.3.2

Spectro-Directional Variability under Varying Sun Zenith Angles

The influence of changing SZAs on the spectro-directional characteristics of the relative
absorption depth in the blue and red wavelength regions of MAT vegetation is slightly higher
than of MNT vegetation (Table 7-2). At a SZA of 46° (solar noon), MAT vegetation shows
nadir normalized values between 0.59 and 1.28 for the blue relative absorption depth and
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between 0.47 and 1.28 for the red relative absorption depth over all viewing geometries. With
increasing SZAs these MAT relative absorption depth values shift to higher minima and
maxima. At a SZA of 50° the nadir normalized relative absorption depth values in the blue
wavelength region range from 0.68 to 1.40 and from 0.62 to 1.40 in the red wavelength region
within the ManTIS hemisphere, where at a SZA of 56° the values range from 0.62 to 1.20 for
the blue and 0.50 to 1.20 for the red relative absorption depths. In contrast, MNT vegetation
shows at all analyzed SZAs a lower variation in the spectro-directional data of the blue and
red relative absorption depths. At solar noon (SZA = 47°), MNT vegetation has nadir
normalized blue relative absorption depth values between 0.87 and 1.22 over all viewing
geometries, where the values in the red relative absorption depth range from 0.65 to 1.68 for
all viewing geometries. MNT vegetation at a SZA of 50° shows nadir normalized values
between 0.89 and 1.29 for the blue relative absorption depth and between 0.80 and 1.29 for
the red relative absorption depth within the ManTIS hemisphere. A further increase in the
illumination zenith angle to a SZA of 59° shifts the range of the nadir normalized relative
absorption depth values in the blue wavelength region to 0.84 – 1.16 and to 0.79 – 1.16 in the
red wavelength region, where at a SZA of 68° the values range from 1.00 to 1.22 for the blue
and 0.79 to 1.22 for the red relative absorption depths over all viewing geometries.
Table 7-2: Minima and maxima for all viewing geometries of the nadir normalized remote sensing
products (relative blue absorption depth, relative red absorption depth, EnMAP NDVI) for MAT
and MNT vegetation under varying sun zenith angles.
Site
MAT
(tussock
sedge)
MNT
(nontussock
sedge)

SZA

Relative Blue
Absorption Depth

Relative Red
Absorption Depth

NDVIEnMAP

HVG1_03

46°

min
0.59

max
1.28

min
0.47

max
1.28

min
0.70

max
1.09

HVG1_02

50°

0.68

1.40

0.62

1.40

0.80

1.15

HVG1_01

56°

0.62

1.20

0.50

1.20

0.77

1.07

FBG1_03

47°

0.87

1.22

0.85

1.22

0.90

1.10

FBG1_04

50°

0.89

1.29

0.80

1.29

0.87

1.14

FBG1_05

59°

0.84

1.16

0.79

1.16

0.87

1.05

FBG1_06

68°

1.00

1.22

0.79

1.22

0.86

1.08

The influence of BRDF effects on narrowband NDVIs of MAT and MNT vegetation under
varying SZAs is relatively stable over all analyzed SZAs (Table 7-2, Figure 7-20). MAT
vegetation shows at a SZA of 46° nadir normalized NDVI values between 0.70 and 1.09, at a
SZA of 50° values between 0.80 and 1.15, and at a SZA of 56° values between 0.77 and 1.07
over all viewing geometries. The variation in the NDVI data of MNT vegetation is smaller; at
a SZA of 47° the nadir normalized NDVI values range from 0.90 to 1.10, where at an
illumination angle increase to a SZA of 50° the values range from 0.87 to 1.14 within the
ManTIS hemisphere. A further increase to a SZA of 59° or 68° does not show strong effects,
since the nadir normalized NDVI values under these SZAs vary from between 0.87 – 1.05 and
0.86 – 1.08 respectively over all viewing geometries.
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Therefore, the maximum variability in the EnMAP NDVI data of MAT vegetation at the three
analyzed SZAs is 30 % within the 30° forward and backward viewing directions, while the
maximum NDVI variability of MNT vegetation at the four analyzed SZAs is only 14 %
within the ManTIS hemisphere. These spectro-directional effects on the simulated
narrowband EnMAP NDVI of MAT and MNT vegetation under varying SZAs are visualized
in Figure 7-20.

Figure 7-20: Influence of BRDF effects on remote sensing products (EnMAP NDVI) of MAT and
MNT under varying sun zenith angles.
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DISCUSSION
8.1 The Hyperspectral Reflectance Characteristics of Tundra
Vegetation in Context of the Spectro-Goniometer Measurements

To understand the BRDF effects of tundra vegetation communities it is important to
comprehend the hyperspectral characteristics of the underlying target reflectance signatures
and the geoecological plant characteristics which affect the spectral characteristics. Spectrodirectional data is strongly influenced by the spectral reflectance variability of the measured
vegetation surface, specifically BRDF effects are related to the reflectance intensity in the
continuous nadir reflectance spectrum [Sandmeier et al., 1998a; Sandmeier and Deering,
1999; Sandmeier et al., 1999]. In Chapter 6, the nadir hyperspectral characteristics of Alaskan
tundra communities have been analyzed and discussed in detail, and it was shown which
geoecological drivers existed for the respective communities.
In brief, although the reflectance spectra of the main plant functional types (e.g. erect dwarf
shrub, prostrate dwarf shrub, sedge, tussock sedge) show certain diagnostic reflectance and
absorption features, in combination as a plant community representing an area at larger scales
it is challenging to distinguish the sites by their spectral signatures. The tundra communities
in the Alaskan Low Arctic generally show low reflectance values compared to vegetation in
other taller and denser growing biomes. Additional typical reflectance characteristics are: (i)
weakly visible green reflectance peak or no local reflectance maximum in the visible
spectrum; (ii) narrow ‘red-edge’ region between the red and NIR wavelength regions; (iii) low
maximum NIR reflectance (maximum of 31 % at 1,020 nm); and (iv) no distinct NIR
reflectance plateau. The explanation for these findings is probably a combination of low plant
canopy heights and low cover of vascular plants (causing low reflectance in the NIR as well
as the green wavelength region); relatively high cover of moss and lichen species (causing
reflectance reduction in the green and NIR wavelength regions); high surface moisture
conditions (causing higher reflectance absorption in the NIR wavelength region [Weidong et
al., 2002]); high SZAs causing extreme shadowing by the plants themselves (decreasing the
reflectance in the red and NIR wavelength regions [Ranson and T. Daughtry, 1987]); and the
large amounts of standing dead plant material (leads to an increase in the reflectance in the
red wavelength region due to reduced chlorophyll absorption [Asner, 1998; Tucker, 1977]).
These general reflectance characteristics are also valid for the dwarf shrub-moss tundra in the
West-Siberian study location (Vaskiny Dachi). Therefore, it is to be assumed that the
reflectance anisotropy in Low Arctic tundra is reduced in the NIR wavelength region as well
as slightly raised in the VIS wavelength region compared to taller growing biomes.
The spectral metrics analysis of absorption depths and continuum removal technique reveal
separation possibilities between the different tundra vegetation communities in the blue and
red wavelength regions. Also the reflectances of the NIR shoulder and NIR reflectance
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plateau are valuable information sources that separate the communities according to their
biomass and vegetation structure. The hyperspectral field spectrometer analysis indicates the
possibility of separating out MAT and MNT vegetation communities, which have not been
previously well distinguished using broadband data. The absorption-related metrics confirm
the reduction in pigment absorption within the red and the blue wavelength regions along the
climate gradient from south to north and from MAT to MNT. The partitioning of MAT and
MNT using broadband and narrowband NDVIs in this study shows promising results.
Therefore, the main important questions are: if MAT and MNT can be clearly separated under
varying view and illumination geometries, as well as how high is the BRDF influence on
narrowband NDVIs calculated from EnMAP sensor data.

8.2 Applicability of the ManTIS Field Spectro-Goniometer System
The development of the ManTIS (Manual Transportable Instrument Platform for GroundBased Spectro-Directional Observations) field spectro-goniometer system has been described
in detail in Chapter 5, as well as the processing chain in order to analyze and visualize
collected spectro-directional data. Spectro-goniometer measurements were carried out on two
arctic expeditions. While on the expedition to Yamal Peninsula the weather conditions
restricted the measurements, on the second expedition to the Alaska’s Low Arctic the ManTIS
system proved its value. The lightweight, transportable instrument provided reliable spectrodirectional data of the main Alaskan and West-Siberian Low Arctic plant communities.
The analysis of the ManTIS measurements showed that the pointing accuracy and off-view
viewing range (±30° view zenith angle change) is lower than that of already established field
spectro-goniometer systems like the FIGOS [Sandmeier and Itten, 1999; Schopfer et al.,
2008] or the FIGIFIGO [Suomalainen et al., 2009]. Nevertheless, the ManTIS field spectrogoniometer still shows good spectro-directional reflectance measurement results with an
average pointing accuracy of 6 cm. Since the homogeneous vegetation plots are measured by
a sensor with a FOV of 8.5° and a distance of 2 m to the target, the measurement errors due to
the pointing error can be neglected. More important is that the lightness of the ManTIS
(approx. 34 kg in field configuration and 54 kg with transport cases), compared for example
with the FIGOS (approx. 230 kg) [Sandmeier et al., 1995] or other spectro-goniometers based
on the construction principle of FIGOS, allows for operation in nearly all geographical
locations. The ManTIS field spectro-goniometer has been already transported as normal
luggage in passenger planes or trains, in small helicopters or in station wagons to logistically
demanding locations. Moreover, the ManTIS off-view capability is adequate for spectrodirectional data comparison with many satellite systems with pointing capabilities (RapidEye
±25°, EnMAP ±30°, PRISMA ±15°, SENTINEL-2 ±21°) or systems with wide swaths.
The developed semi-automatic control for the spectro-goniometer measurements has reduced
the recoding time for a full measurement scheme to 18 minutes, and the automated processing
and visualization scripts allow pre-analysis immediately after the end of the measurements.
Overall, 24 full spectro-goniometer measurements of eight main Alaskan and West-Siberian
tundra communities under varying SZAs could be carried out on the expeditions.
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8.3 The Spectro-Directional Reflectance Characteristics of Tundra
Vegetation
The ground-based spectro-directional reflectance measurements of the Low Arctic tundra
vegetation communities (n = 8) measured at solar noon reveal that there occurs significant
reflectance anisotropy in all measured samples. None of the analyzed vegetation communities
show an even closely isotropic reflectance characteristic.
The spectral-directional reflectance characteristics of the eight vegetation communities differ
from each other, but also show common characteristics when measured at equivalent SZAs
which range from 43° to 50° at solar noon in the short Low Arctic growing season (please
note: SZA changes are not considered in this list). In general:
•

Low Arctic tundra communities usually show the reflectance maximum in the
backward viewing directions, and the reflectance minimum in the nadir to forward
viewing directions.

•

The degree of reflectances anisotropy is usually the highest in the solar principal
plane, and the lowest close to the solar orthogonal plane.

•

The reflectance anisotropy is usually the highest in wavelength regions with high
absorption, and the lowest in wavelength regions with high reflection (spectral
variability in reflectance anisotropy).

•

The overall difference in the degree of reflectance anisotropy between the VIS (on
average 40 %, in particular cases up to 80 %) and NIR (on average 20 %, in particular
cases up to 40 %) wavelength regions is not very distinct.

•

Due to the high SZA in the Arctic, no hot-spot effects can appear in multi-angular data
of sensors with up to ±30° pointing capability.

The main influence factors on the reflectance anisotropy in vegetated surfaces are canopy
architecture and multiple scattering effects inside the canopy [Kimes, 1983; Sandmeier et al.,
1998a]. The canopy geometry factors influence the distribution and proportion of shadowed
and illuminated surfaces within the plant canopy which change under varying viewingillumination geometries [Hapke et al., 1996; Sandmeier et al., 1998a]. Whereas multiple
scattering effects controlled by the canopy optical properties regulate the intensity
(“darkness”) of the shadows [Sandmeier et al., 1998a]. These two mechanisms (canopy
geometry and multiple scattering) have been described in detail by Kimes [1983] for
broadband multispectral data of erectophile and planophile vegetation, and have been applied
and extended by Sandmeier et al. [1998a] for hyperspectral data. The unique vegetation
structure of Low Arctic vegetation communities is responsible for the shared spectraldirectional reflectance characteristics of the eight analyzed surfaces.
In detail, Low Arctic tundra is characterized by low growing vegetation communities which
form a dense surface observed from nadir. The vascular plants have, depending on their
latitudinal location, maximum top heights of 25 – 45 cm and in their understory dense moss
and lichen mats, showing high light absorption, that together exclude the contribution of soil
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surfaces in the reflectance characteristics. The normally planophile dwarf shrubs do not
usually have a dense leaf coverage in the Low Arctic. Together with the erectophile sedges,
the Low Arctic plant communities form an overall more erectophile canopy (Figure 8-1D,
Figure 8-2D). The orientation of the leaves in an erectophile canopy allows the view to lower
canopy levels (called gap effect) [Kimes, 1983]. With increasing viewing zenith angles and
constant SZA the sensor measures only the reflectance of the well-illuminated top layers of
the canopy which leads to higher reflectance values in the forward and backward viewing
directions than in the nadir position [Sandmeier et al., 1998a]. A second effect, the
backshadow effect, influences the reflectance mainly in the forward viewing direction at the
same time. The backshadow effect defined by Kimes [1983] appears because with viewing
azimuth angles pointing towards the illumination direction, the sensor measures more surfaces
with unilluminated, shadowed leaves and canopy components which are not exposed to direct
sunlight. Up to a view zenith angle of 30° the backshadow effect is dominant [Kimes, 1983],
and the reflectance values of the measured surfaces in the forward viewing directions are
lower than in the nadir or backward viewing directions.
Where the distribution of shadowed and illuminated areas within a canopy is given by the
canopy geometry and change with the viewing direction, the second influence factor (multiple
scattering) is wavelength dependent [Sandmeier et al., 1998a]. In more detail, BRDF effects
are inversely related to the reflectance intensity in the continuous nadir reflectance spectrum
[Sandmeier et al., 1998a; Sandmeier and Deering, 1999; Sandmeier et al., 1999]
(Figure 5-12B). Multiple scattering (also called volume scattering) appears when leaves
reflect or transmit radiance and produce a diffuse radiation which is brightening the shadowed
areas. Therefore, the contrast between the shadowed and illuminated surfaces decreases and
the reflectance anisotropy is reduced [Sandmeier et al., 1998a]. In wavelength regions with
low absorption (green and NIR wavelength region), more light is available within the canopy
for scattering and the reflectances in these wavelength regions start to become more isotropic
in all view azimuth angles [Sandmeier et al., 1998a]. In reverse, in wavelength regions with
high absorption (blue and red chlorophyll absorption bands) not enough radiation is reflected
to decrease the contrast between shadowed and illuminated surfaces, thus these bands show a
higher degree of reflectance anisotropy.
Therefore, multiple scattering effects mainly control the degree of reflectance anisotropy and
dominate in wavelength regions with high nadir reflectance values. Together with the
combination of the gap and backshadow effects, these three effects explain (i) why Low
Arctic tundra communities usually show the reflectance maximum in the backward viewing
directions, and the reflectance minimum in the nadir to forward viewing directions; (ii) why
the degree of reflectance anisotropy is higher in the VIS wavelength region; and (iii) why the
reflectance distribution in longer wavelength bands become more bowl-shaped. Moreover,
Solheim et al. [2000] and Peltoniemi et al. [2005] have shown that moss and lichen mats in
the understory show a depression in the reflectance in the forward viewing directions and
higher reflectances in the backward viewing directions. This spectro-directional reflectance
behavior of the understory is present in all measurements.
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Additionally, the extreme illumination conditions in the Low Arctic also influence the gap,
backshadow and multiple scattering effects. Since already low surface features produce long
shadows at high SZAs, the contrast between shadowed and illuminated surfaces is reduced.
This explains the low overall difference in the degree of reflectance anisotropy between the
VIS and NIR wavelength regions.
Another important fact is that due to the high SZAs (larger than 43°) in the Arctic, no hotspot
effects can occur in multi-angular data of sensors with up to ±30° pointing capability. The
hotspot is an area in the backscattering direction where the sensor zenith angle equals the
illumination zenith angle. At this special angle, the shadows are partly visible because the
radiation scatters hide their own shadows [Hapke et al., 1996]. Thus, the reflectance of the
surface becomes maximal over all wavelengths.
Furthermore, it is important to mention that the field spectro-goniometer measurements have
an additional challenge compared to laboratory measurements. In the laboratory the influence
factors on the anisotropy of a surface can be controlled and narrowed to the canopy geometry,
multiple scattering effects and sensor-illumination geometry. In the field additional external
factors can affect the measurements which cannot be measured or validated in detail at all
times. The main factors are upcoming wind during the measurement, short time atmospheric
changes, changes in the moisture and temperature regime during the day, plant stress,
heliotropic leaf movements, presence of dew on the canopy in the morning, as well as short
term problems in the accuracy of the spectro-goniometer during one measurement [Jackson et
al., 1990; Pinter, JR. et al., 1990; Sandmeier, 2000]. Therefore, a direct comparison of the
spectro-directional reflectance measurements is difficult even if the measurements have been
conducted at the same SZA.
In order to compare the spectro-directional reflectance characteristics of the eight analyzed
tundra vegetation communities, it is important to separate the BRDF effects from the
underlying surface reflectance characteristics [Sandmeier et al., 1998a]. Therefore the HCRF
data was normalized by the nadir viewing reflectance signature of the particular spectrogoniometer measurement. Together with the ANIX data, characterizing the spectral variability
in reflectance anisotropy within the solar principal plane at a certain wavelength, the ANIF
data comparison in the solar principal plane reveals the difference between the eight tundra
vegetation communities. Figure 8-1 and Figure 8-2 point out the main characteristics in the
red and NIR wavelength regions which were described in detail in Chapter 7.1.
At the Vaskiny Dachi study location, the dwarf shrub-moss tundra plot has a low average
vegetation height (up to 10 cm) and moss mat coverage dominates [Heim et al., 2012]. The
canopy shows in the VIS wavelength region a strong anisotropy with a slope in the forward
viewing direction and a reflectance maximum in the backward viewing direction caused by a
dominating backshadow effect in this erectophile canopy (Figure 8-1A). The spectrodirectional characteristics are almost symmetrical about the principal plane. But in the NIR
wavelength region the spectro-directional characteristics are odd and show a reversed bowl
shape distribution with the highest reflectance values in the nadir and lower values in the
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Figure 8-1: ANIF development in the solar principal plane of the eight tundra vegetation
communities in the red (672 nm) ENMAP band measured at solar noon. (A) ANIF comparison of
the two Vaskiny Dachi sites. (B) ANIF comparison of the two Happy Valley sites. (C) ANIF
comparison of the four Franklin Bluffs sites. (D) ANIF comparison of all study sites.

Figure 8-2: ANIF development in the solar principal plane of the eight tundra vegetation
communities in the NIR (864 nm) ENMAP band measured at solar noon. (A) ANIF comparison of
the two Vaskiny Dachi sites. (B) ANIF comparison of the two Happy Valley sites. (C) ANIF
comparison of the four Franklin Bluffs sites. (D) ANIF comparison of all study sites.
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higher view zenith angles (Figure 8-2A). Normally, the multiple scattering within the canopy
has to create a more isotropic reflectance behavior. The ANIX data show that the degree of
reflectance anisotropy in the VIS and NIR wavelength regions are nearly identical, and that in
the solar orthogonal plane the NIR wavelength region has an even higher reflectance
anisotropy than in the VIS. Possible reasons could be that the vegetation is situated already at
the end of the phenological stadium or that the moss and lichen mats in the understory more
strongly influence the reflectances in the longer wavelength regions and higher view zenith
angles. To further analyze this, more precise information on the canopy optical and
biophysical properties is needed.
The grazed dwarf shrub-moss tundra plot at the Vaskiny Dachi study location shows in
contrast a typical spectro-directional reflectance behavior of an erectophile canopy. The
backshadow effects dominate the gap effect, therefore the reflectances are reduced in the
forward viewing directions and reach their maxima in the backward viewing directions
(Figure 8-1A, Figure 8-2A). Moreover, the multiple scattering effects reduce the reflectance
anisotropy in the NIR wavelength region. This spectro-directional reflectance behavior is
already well known for grass targets [Sandmeier et al., 1998a; Sandmeier et al., 1999].
At the Happy Valley study location, the plot with the erect dwarf shrub community which is
located between tussock sedges shows also a typical spectro-directional reflectance behavior
of an erectophile canopy. That is surprising since shrubs normally have more planophile leave
structures. The reflectance minima are located in the forward viewing directions and the
maxima in the backward viewing directions, which prove the domination of the backshadow
effect over the gap effect. The vegetation height (up to 45 cm) and cover density of the erect
dwarf shrub community is enough to produce strong multiple scattering which reduces the
reflectance anisotropy and creates a nearly isotropic reflectance behavior in the NIR
wavelength region (Figure 8-2B). This anisotropic behavior is already known from taller tree
communities described by Deering et al. [1999]. The main difference is that in the Low Arctic
the overall reflectance values are lower and that the moss-lichen understory influences the
spectro-directional characteristics. Maybe the moss-lichen understory is responsible for the
erectophile spectro-directional reflectance behavior in this community. Again, further
research is needed to clarify this connection.
The tussock sedge tundra plot at the Happy Valley study location, which also represents the
zonal vegetation community of Alaskan bioclimate subzone E (MAT), shows a unique
spectro-directional reflectance behavior. The reflectance maxima are located in the backward
viewing directions and the reflectance values decrease towards the forward viewing directions
(domination of the backshadow effect), but the nadir position also shows a reflectance
maxima with reflectance values equally to slightly lower than in the +30° backward viewing
direction. Moreover, the ANIX data reveals that the wavelength regions with the lowest
absorption (green and NIR) have the highest reflectance anisotropy. Therefore, the multiple
scattering within the canopy does not reduce the reflectance anisotropy in the green and NIR
wavelength regions. This is viewable in Figure 8-1B and Figure 8-2B, since both bands
(EnMAP red and NIR band) show nearly the same ANIF values in the red and NIR
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wavelength regions at all view zenith angles. Reasons for this unique spectro-directional
reflectance behavior could be the complex vegetation structure of tussock sedges and the fact
that between tussock sedges holes can appear. The structure of tussock sedges promotes the
creation of long shadows and complex canopy geometries depending on the viewingillumination geometry. Therefore, the contrast of illuminated and shadowed areas within the
structure can rapidly change from one viewing zenith angle to the next. To further analyze
these anomalies, more precise information on the canopy optical and biophysical properties of
tussock sedge communities is needed.
At the Franklin Bluffs study location, the non-tussock sedge tundra plot represents the zonal
vegetation community of Alaskan bioclimate subzone D (MNT). This plant community shows
a nearly perfect spectro-directional reflectance behavior of an erectophile canopy with the
sole exception that the reflectance is not perfectly symmetrical about the solar principal plane.
One reason for this could be the influence of wind [Kimes, 1983] which has moved the sedge
stems. Nevertheless, the reflectances are reduced in the forward viewing directions and reach
their maxima in the backward viewing directions which point out that the backshadow effect
is dominating in this canopy (Figure 8-1C, Figure 8-2C). Although the average vegetation
height of the non-tussock sedge is low (up to 15 cm), in the dense canopy strong multiple
scattering appears and reduces the reflectance anisotropy in the NIR wavelength region.
The prostrate dwarf shrub community at the Franklin Bluffs study location shows a nearly
identical anisotropic behavior like the erect dwarf shrub community at the Happy Valley
study location (compare Figure 8-1B and Figure 8-2B with Figure 8-1C and Figure 8-2C).
Although the prostrate dwarf shrub community has a slightly lower vegetation height (up to
35 cm) than the erect dwarf shrub community (up to 45 cm), the ANIX values are nearly
identical. Therefore, it can be assumed that the vegetation height difference (10 cm) between
prostrate and erect dwarf shrubs does not have a high influence on the multiple scattering
effects within the canopy and thus the reflectance anisotropy reduction in the NIR wavelength
region is nearly identical for both communities. Moreover, it can be assumed that in prostrate
dwarf shrub communities the moss-lichen understory has a higher influences on the spectrodirectional characteristics. Further spectro-goniometer measurements of erect and prostrate
dwarf shrub communities are needed in order to clearly identify the relations.
The frost boil community (plant community in the center of nonsorted circles) is mainly
composed of moss and lichen mats. Therefore, multiple scattering effects appear on a limited
scale, therefore the reflectance anisotropy is only slightly reduced in the NIR wavelength
region. Consequently, the ANIF values in the NIR wavelength region are only minimally
lower than in the VIS wavelength region. Overall, the frost boil community shows a
depression in the reflectance in the forward viewing directions and higher reflectances in the
backward viewing directions (Figure 8-1C, Figure 8-2C). This reflectance anisotropy
behavior like mentioned above is well-known from studies of Solheim et al. [2000] and
Peltoniemi et al. [2005] for such vegetation surfaces.
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The horsetail community is again a special case. In the VIS wavelength regions the spectrodirectional characteristics show a depression in the reflectance values of the forward viewing
directions and a reflectance increase towards the backward viewing directions (the
backshadow effect is dominating) (Figure 8-1C). Whereas in the longer wavelength regions a
slightly azimuthally symmetric bowl shape distribution is recognizable with the lowest
reflectance values in the nadir position and increasing reflectance values towards higher view
zenith angles (Figure 8-2C). An explanation could be that since horsetail has a more
horizontal orientation of the leaves, the spectro-directional reflectance characteristics are inbetween an erectophile and planophile canopy. With initiation of the multiple scattering in
wavelengths with higher reflection the canopy of horsetail produces at higher view zenith
angles a stronger scattering in all directions. Again, to further analyze these anomalies, more
precise information on the canopy properties is needed.

8.4 Variability in Reflectance Anisotropy at High Sun Zenith Angles
The previous section dealt with the spectro-directional characteristics of Low Arctic tundra
vegetation communities without the influence of illumination angle changes. It is well-known
that SZA changes have an important influence on the nadir view reflectance of surfaces
[Middleton, 1991] as well on the spectro-directional reflectance characteristics [Bourgeois et
al., 2006a; Jackson et al., 1990; Kimes, 1983; Sandmeier et al., 1998a; Sandmeier et al.,
1999]. In dense erectophile vegetation canopies without the influence of soil, the backshadow
effect which is shifting the minimum reflectance towards the forward viewing directions is
only dominant up to SZA smaller than 55° [Kimes, 1983]. Therefore, at high SZAs the gap
effect which creates azimuthally symmetrical bowl shape reflectances distributions with the
lowest reflectance values in the nadir position suppress more and more the backshadow effect.
The SZAs at solar noon in the Low Arctic (~65° N – ~70° N) during the vegetation period
(June – August) range from 43° to 50° depending on the geographical position. In most
existing spectro-directional studies these SZAs are already described as extreme illumination
conditions which significantly affect the distribution of shadowed and illuminated surfaces
within a canopy and the multiple scattering between the leaves within the canopy. With
further increasing SZA the total irradiance is decreasing up to a point where no optimal
radiometric measurements are possible. Moreover, at high SZAs the direct irradiance
decreases and the diffuse irradiance increases. In this part of the study we discuss the
influence of high SZAs (50° – 68°) on the spectro-directional characteristics of the zonal plant
communities of Alaskan bioclimate subzone E and D (MAT and MNT) and compare the
results to the spectro-goniometer measurements performed at solar noon.
MAT vegetation is mainly composed of tussock sedges which have a unique spectrodirectional reflectacne behavior already at solar noon (SZA = 46°). This behavior is described
in detail in the previous section 8.3. Briefly, tussock sedge tundra shows reflectance maxima
in the backward viewing directions and the reflectance values decrease towards the forward
viewing directions (backshadow effects dominate), but show also a strong depression at the
backward +10° viewing zenith angle. At a SZA of 50° the depression in the backward +10°
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viewing direction decreases and at the same time the ANIF values in the higher forward
viewing directions start to increase. This is notable in the red as well as NIR wavelength
region (Figure 8-3A,C). At a SZA of 56° the depression in the backward +10° viewing
direction nearly vanishes, and the ANIF values in the higher forward and backward viewing
directions significantly increase (Figure 8-3A,C). This proves that the gap effect start to
become more dominant in MAT vegetation at higher SZAs. At higher SZAs and with
increasing viewing zenith angles only the well-illuminated top layers of the tussock sedge
(MAT) canopy are measured by the sensor, which creates a more and more azimuthally
symmetric bowl shape. Nevertheless, the backshadow effect is still viewable at a SZA of 56°.
Surprising is that with increasing SZAs the reflectance values (HCRF) in all wavelength
regions and viewing directions increase. Normally it is to be assumed that with decreasing
SZA and thus deceasing total irradiance the HCRF values decrease. An explanation could be
that with increasing SZA, the diffuse irradiance increase and therefore the overall reflectances
in all wavelengths increase because the contrast between illuminated and shadowed areas is
reduced over all wavelengths. Mainly responsible for this situation is the complex vegetation
structure of tussock sedges. A detailed analysis of the canopy architecture is needed for a
more precise explanation of this spectro-directional reflectance behavior. Moreover, the
analysis of the ANIX data shows that at SZA over 50° the degree of reflectance anisotropy
decrease in the VIS as well as the NIR wavelength region to similar level.

Figure 8-3: ANIF development in the solar principal plane of MAT and MNT under varying sun
zenith angles. (A) ANIF comparison of MAT in the red (672 nm) EnMAP band. (B) ANIF
comparison of MNT in the red (672 nm) EnMAP band. (C) ANIF comparison of MAT in the NIR
(864 nm) EnMAP band. (D) ANIF comparison of MNT in the NIR (864 nm) EnMAP band.

At a SZA of 47° (solar noon measurement) the MNT vegetation show a nearly perfect
spectro-directional reflectance behavior of an erectophile canopy as described by Sandmeier
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et al. [1998a] and Kimes [1983]. Briefly, the reflectances are reduced in the forward viewing
directions and reach their maxima in the backward viewing directions which point out that the
backshadow effect is dominating the gap effect. Moreover, the reflectance anisotropy is
higher in wavelength regions with high absorption due to the multiple scattering effects which
reduce the reflectance anisotropy in wavelength regions with high reflectance. Like in the
MAT vegetation, it is notable that the gap effect starts to become more dominant at higher
SZAs. Where the spectro-directional characteristics at a SZA of 50° are nearly similar to the
characteristics at a SZA of 47°, increases in the ANIF values in the red and NIR wavelength
regions with higher view zenith angles occur at a SZA of 59° (Figure 8-3B,D). At a SZA of
68° the gap effect completely dominates the backshadow effect in this erectophile canopy,
thereby the ANIF values in all viewing azimuth and zenith angles are higher than in the nadir
position and form an azimuthal symmetric bowl shape distribution. Due to the low vegetation
height, the multiple scattering in the wavelength regions with low absorption is unincisive,
thus the reflectance anisotropy is only minimally reduced in the NIR wavelength region.

8.5 Applicability of Multi-Angular Remote Sensing Products for
Arctic Tundra Environments
The calculation of vegetation indices (VI) from spectro-directional data create new functions
(called vegetation index distribution functions) which are mainly characterized by the mode
of calculation of the VI [Küster, 2011]. Since BRDF effects are spectral variable, the more
complex and the more wavelength regions with disparate spectro-directional reflectance
characteristics are included in the formula, the higher is the possibility that the anisotropic
characteristics of the VI differ from that of the original reflectance data source. Therefore, the
knowledge of the anisotropic characteristics of VIs is important for the comparability of
remote sensing products from multi-angular data sources or different sensor systems.
The relative absorption depths in the blue (400 – 550 nm) and red (550 – 750 nm) wavelength
regions and the NDVI calculated from the EnMAP narrowbands #47 (center wavelength
672 nm) and #73 (center wavelength 864 nm) showed promising results for the classification
and differentiation of Low Arctic tundra communities in the hyperspectral analysis of this
study (Chapter 6). The results of the spectro-directional characterization of the relative
absorption depth products of the eight tundra communities show that the relative absorption
depth products behave in their BRDF characteristics like the HCRF data in the same
wavelength region. This is notable for the spectro-goniometer measurements at solar noon and
under varying SZAs. This result is justified because for example the blue relative absorption
depth is calculated from three narrow wavelength bands in the blue region (400 – 550 nm)
which have all nearly the same degree of reflectance anisotropy in the same viewing positions
over the hemisphere.
More complex is the anisotropic behavior of the narrowband NDVI, since the NDVI is
calculated from two wavelength regions (red and NIR) which show different amounts of
reflectance anisotropy. Generally, NDVI values of Low Arctic tundra communities observed
under viewing zenith angles up to ±30° increase towards the forward viewing directions and
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decrease towards the backward viewing directions (Figure 8-4D). Thus, in the nadir position
the NDVI values usually do not show any extreme values (Figure 8-4A-C). The highest
variation in the NDVI data is viewable in the solar principle plane and creates there various
kinds of asymmetric bowl shape distributions. This behavior is already known from other
multi-angular NDVI analysis or modeling for other biomes [Jackson et al., 1990; Küster,
2011; Verrelst et al., 2008; Vierling et al., 1997]. One exception is the anisotropic behavior of
tussock sedge tundra (MAT). Here the NDVI values increase towards the backward viewing
direction and the NDVI values in the forward viewing directions equal the nadir value
(Figure 8-4B). When normalized to the nadir value, the tussock sedge tundra NDVI values
show an S-shape along the viewing directions (Figure 8-4D). Vierling et al. [1997] showed
that the anisotropic NDVI behavior in tussock tundra also depends on the shrub coverage.
Therefore, tussock tundra without shrubs show at comparable SZAs symmetrical bowl shape
distributions with the highest NDVI values in the nadir position, where tussock tundra with
shrubs show the above described general NDVI behavior (higher NDVI values in the forward
and lower NDVI values in the backward viewing directions). Since the tussock sedge plot in
this study had some coverage with Ledum palustre, a certain amount of woody material is
measured during the spectro-goniometer measurements. Whether the influence of Ledum
palustre modifies the shape of the NDVI behavior at changing view zenith angles needs to be
furthered analyzed. Therefore, more precise information on the canopy properties of tussock
sedge tundra is needed.

Figure 8-4: NDVI development in the solar principal plane of the eight tundra vegetation
communities measured at solar noon. (A) NDVI development of the two Vaskiny Dachi sites.
(B) NDVI development of the two Happy Valley sites. (C) NDVI development of the four
Franklin Bluffs sites. (D) NDVI comparison of all study sites – all NDVI values are normalized to
the nadir position.
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If we look on the overall influence of BRDF effects on the NDVI of the EnMAP sensor in the
solar principle plane within its ±30° pointing capability, than the average overall difference
from the nadir value never exceed 10 %. A separation into forward and backward viewing
directions is neglected in this consideration and only the solar noon measurements (SZAs of
43° to 50°) are included. If we only look on the quasi nadir (±5°) EnMAP measurements, than
the deviation from the nadir NDVI is 6 %. This deviation of 6 % can be also seen at view
zenith angles of ±10°, and increase to a difference from the nadir NDVI value of 8 % at view
zenith angles of ±20° as well as of 10 % at view zenith angles of ±30 °.
The variability in the NDVI data of the eight analyzed Low Arctic tundra communities does
not behave all the time in such a linear correlation. The sites can be sorted into 3 groups
(Table 8-1). The first group shows an increase in the deviation from the nadir NDVI value
with increasing view zenith angle (grazed dwarf shrub-moss tundra, non-tussock sedge tundra
or MNT, and the horsetail community). The second group shows also an increase in the
deviation from the nadir NDVI value with increasing view zenith angles, but shows in
addition a dip / rise in the ±20° view zenith angle and the deviation at the ±5° view zenith
angle is already over 6 % (dwarf shrub-moss tundra, erect dwarf shrub community in-between
tussock sedges, prostrate dwarf shrub community, and the frost boil community). Moreover,
the frost boil community shows the highest difference from the nadir NDVI with 10 – 13 % in
all view zenith angles. The third group shows an indifferent correlation of viewing zenith
angle with the NDVI data variability. The tussock sedge tundra belongs in this group with its
S-shape anisotropic behavior.
Table 8-1: Variability in EnMAP simulated NDVI data within the solar principal plane of all eight
analyzed Low Arctic tundra communities measured at solar noon. Note: The communities are
grouped according to their variability behavior with increasing view zenith angles.

Site

SZA

grazed dwarf shrub-moss tundra (VD)
non-tussock sedge tundra – MNT (FB)
horsetail community (FB)
dwarf shrub-moss tundra (VD)
erect dwarf shrub btwn tussock (HV)
prostrate dwarf shrub community(FB)
frost boil community(FB)
tussock sedge tundra - MAT (HV)

61°
47°
48°
55°
46°
47°
48°
46°

View Zenith Angle
± 5°
± 10°
± 20°
2%
1%
6%
2%
4%
4%
5%
4%
5%
7%
8%
2%
7%
6%
12%
9%
9%
8%
10%
11%
13%
6%
1%
12%

± 30°
10%
9%
7%
9%
8%
12%
13%
8%

A change in the illumination zenith angle has an important influence on the dimension of the
NDVI. Middleton [1991] showed that there is a statistically significant dependence of VIs on
SZA in erectophile vegetation already in nadir acquired data. Various other studies confirm
that this SZA influence on the NDVI values appears in all viewing directions of broadband
data [Huete et al., 1992; Jackson et al., 1990; Vierling et al., 1997]. Especially Vierling et al.
[1997] showed this dependence in tussock tundra. Therefore, the broadband NDVI values
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increased in the nadir position with increasing SZA for MAT vegetation. This study can
confirm this trend also for narrowband NDVI values in MAT and MNT vegetation
(Figure 8-5). Middleton [1991] explained this effect as a result of linearly increasing or
constant reflectance in the NIR wavelength region in combination with nonlinear decreasing
or constant reflectance in the red wavelength region.
Looking at the off-view angles, it is notable that with increasing SZAs in MAT vegetation the
changes in the spectro-directional reflectance characteristics to an asymmetric bowl shape
distribution affect the BRDF characteristic of the NDVI. But this time it leads to lower NDVI
values in the forward viewing directions and equal to higher NDVI values in the backward
viewing directions than in the nadir position (Figure 8-5A). Moreover, the anisotropic NDVI
behavior of the tussock sedge tundra plot at a SZA of 56° correspond to the results of Vierling
et al. [1997] for “nonwoody” tussock tundra at a SZA of 60°.
In contrast, MNT vegetation shows a much more typical anisotropic NDVI behavior with
increasing SZAs known from grass targets. The NDVI values in the nadir position increase
with increasing SZA, but also the NDVI values in all other viewing directions increase
(Figure 8-5B). Moreover, MNT vegetation shows at all measured SZAs higher NDVI values
in the forward and lower NDVI values in the backward viewing directions. At higher SZAs,
the slightly asymmetric bowl shape distribution in the NDVI data start to turn into a linear
shape from the forward to the backward viewing directions.

Figure 8-5: NDVI development in the solar principal plane of MAT and MNT under varying sun
zenith angles. (A) NDVI development of MAT. (B) NDVI development of MNT.

Overall, this study confirms for Low Arctic tundra that the NDVI calculated from narrowband
data minimizes view angle effects relative to the spectro-directional effects in the red and NIR
band of the HCRF data. This effect was already validated for broadband sensor data in other
biomes [Holben and Fraser, 1984; Holben et al., 1986; Huete et al., 1992; Verrelst et al.,
2008].
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The main objective of this thesis is to characterize the hyperspectral and spectro-directional
reflectance properties of the main plant communities of West-Siberian and Alaskan Low
Arctic tundra. Since both the bidirectional reflectance distribution function (BRDF) effects
and the nadir reflectance spectra of vegetated surfaces are sensitive to changes in illumination
zenith angle, a further objective of this thesis is the investigation of the influence of high solar
zenith angles on the reflectance anisotropy of tundra vegetation. Due to the lack of satellite
and aerial hyperspectral and spectro-directional data, ground-based investigations via field
spectroscopy and field spectro-goniometry were carried out. Performing ground-based
spectro-directional measurements with existing spectro-goniometers was impractical due to
the environmental and logistical challenges in the Arctic. Therefore, another objective of the
thesis was the development of a lightweight, transportable, cheap, and easily managed field
spectro-goniometer system which nevertheless provides reliable spectro-directional data.
The final product of the field spectro-goniometer development effort is the Manual
Transportable Instrument platform for ground-based Spectro-directional observations
(ManTIS). The ManTIS can be equipped with various sensor systems and represent a
platform for spectro-directional measurements with viewing zenith angles up to 30° and 360°
viewing azimuth angles. The innovative mounting of the zenith arc allows the entire suite of
instruments to be setup on a small assembly space. ManTIS nonetheless offers a 2 m distance
between the target surface and the sensor, along with a high angular accuracy and fast
execution of measurements. The AWI ManTIS field spectro-goniometer is currently equipped
with two GER-1500 spectro-radiometers, a GPS receiver, and a video camera system. The
current measurement scheme, with 61 viewing positions in the spanned hemisphere, is
optimized with respect to the solar principal plane, and allows the hemispherical conical
reflectance factor (HCRF) recording of a ManTIS hemisphere within 18 minutes under
optimal conditions. The pointing accuracy of the system is within ±6 cm and the current
instantaneous field of view (IFOV) of the sensor is 8.5°. Therefore, a homogeneous sampling
area of ~25 cm radius is needed to acquire representative spectro-goniometer measurements.
The custom-developed data processing chain, in conjunction with the self-developed software
for the semi-automatic control of the ManTIS, provides a reliable method to reduce temporal
atmospheric effects during the measurements. Field testing on two Arctic expeditions proved
the value of the ManTIS field spectro-goniometer system. For the first time it was possible to
carry out spectro-goniometry of Arctic vegetation above 70° north latitude. Another outcome
of this thesis is that the ManTIS was nationally registered for patent on 25 October 2011, and
internationally registered for patent on 27 June 2012. The patent publication number is
DE 10 2011 117 713.A1 (international publication number: WO2013013652.A1) and has
been published on 31 January 2013. Further, the ManTIS instrument platform will go into
serial production under license by W. Ludolph GmbH & Co. KG in Bremerhaven, Germany.
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The outcome of the field spectroscopy carried out along important environmental gradients
(regional climate, soil pH, soil moisture, and topography) in the Alaskan Low Arctic tundra
(subzones D and E) shows that the plant communities can be distinguished by their nadirview reflectance spectra. The spectral metric analyses of absorption depths and continuum
removal techniques reveal separation possibilities between the different tundra vegetation
communities in the visible (VIS) blue and red wavelength regions. In addition, the nearinfrared (NIR) shoulder and NIR reflectance plateau, despite their relatively low reflectance
values due to the low structure of tundra vegetation, are still valuable information sources and
can be used to separate the communities according to their biomass and vegetation structure.
The main spectro-radiometric findings are:
(i) Along the north-south climate gradient, there is more vegetation biomass, denser
shrub cover, and taller shrubs with denser leaf cover in warmer, southerly tundra,
leading to higher reflectance in the NIR wavelength region;
(ii) Lower, wetter sites along gradients of topography and soil moisture support higher
vegetation biomass. This is often not evident, however, in the NIR reflectance
values, because increases in vegetation height and surface wetness have opposite
effects on observed NIR reflectance;
(iii) Compared to moist non-acidic tundra (MNT) sites, moist acidic tundra (MAT) sites
have ‘greener’ species (chlorophyll-rich deciduous shrubs and green-colored
mosses), a more continuous cover of green vegetation, and higher aboveground
biomass, which cause higher pigment absorption in the blue and red wavelength
regions;
(iv) MNT sites show relatively high reflectance at red wavelengths, low absorption at
blue and red wavelengths, and no distinct reflectance peak at green wavelengths.
Nevertheless, the field spectroscopy also exhibit universal reflectance characteristics for
tundra vegetation. In general, all different tundra plant communities show:
(i) Low maximum NIR reflectance;
(ii) A weakly detectable green reflectance peak or no local reflectance maximum in the
VIS spectrum;
(iii) A relatively narrow ‘red-edge’ region between the red and NIR wavelength regions;
(iv) No distinct NIR reflectance plateau (i.e., the ‘red-edge’ bend does not finish in a
plateau, instead the reflectance values steadily increase up to the maximum
reflectance at around 1,020 nm).
These common nadir-view reflectance characteristics are essential for understanding the
BRDF effects in Arctic tundra, since BRDF effects are related to the reflectance intensity in
the continuous nadir reflectance spectrum. None of the Low Arctic tundra vegetation
communities investigated in this thesis show an even closely isotropic reflectance behavior
within the analyzed hemisphere of up to 30° viewing zenith angle and 360° viewing azimuth
angle. Examined at solar noon, with sun zenith angles (SZA) ranging from 43° to 50°
depending on the geographical position in the Low Arctic (~65° – 70° N) during the
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vegetation period (June – August), tundra vegetation communities show common spectrodirectional reflectance characteristics. Tundra communities usually show:
(i) The highest BRDF effects in the solar principal plane, decreasing towards the solar
orthogonal plane;
(ii) The reflectance maximum in the backward viewing directions, and the reflectance
minimum in the nadir to forward viewing directions;
(iii) A higher degree of reflectance anisotropy in the VIS wavelength region than in the
NIR wavelength region;
(iv) A more bowl-shaped distribution of the reflectance values over the hemisphere in
longer wavelength bands (> 700 nm).
The explanation for these findings is that Arctic tundra communities have dense lichen and
moss mats in the understory, which show a high light absorption and have a high impact on
the BRDF effects. Moreover, these dense mats nearly cover the whole understory and
therefore exclude the influence of soil BRDF effects. Overall, the erectophile moss and lichen
mats together with erectophile sedges suppress the planophile dwarf shrubs. Therefore, the
Low Arctic plant communities form an overall more erectophile vegetation canopy.
Consequently, up to a sensor view zenith angle of 30°, the backshadow effect dominants the
gap effect, which leads to lower reflectance values in the forward viewing directions
compared to the nadir or backward viewing directions. In wavelength regions with low
absorption (mainly the NIR wavelength region), more light is available within the canopy for
scattering, and the reflectances in these wavelength regions start to become more isotropic in
all sensor view azimuth angles. In addition, there is little overall difference in the degree of
reflectance anisotropy between the VIS and NIR wavelength regions within the observed
hemisphere of 30° view zenith angle. The explanation is that a generally low reflectance in
the NIR and green wavelength region combined with a low chlorophyll absorption in the red
wavelength region occur due to the low vegetation height structure and low green leaf area of
tundra vegetation. These physical properties influence the multiple scattering effects which
mainly control the degree of reflectance anisotropy. Moreover, it can be assumed that the
difference in canopy height between prostrate and erect dwarf shrubs is generally not
sufficient to have much influence on the multiple scattering effects within the canopy, and
thus the reflectance anisotropy reduction in the NIR wavelength region is nearly identical for
both communities. Additionally, the extreme illumination conditions in the Low Arctic also
influence the gap, backshadow and multiple scattering effects. Since even low-growing plant
canopies can produce long shadows at high SZAs, the contrast between shadowed and
illuminated surfaces is reduced. Therefore, the BRDF effects in the VIS wavelength region
are reduced, and the difference in the degree of reflectance anisotropy between the VIS and
NIR wavelength region is low.
With increasing SZA, the reflectance anisotropy changes to an azimuthally symmetrical,
bowl-shaped distribution of reflectances values with the lowest reflectance values in the nadir
position. At a SZA of 55° to 60°, the gap effect starts to become dominant in the overall more
erectophile tundra canopy, and therefore with increasing viewing zenith angles only the well121
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illuminated top layers of the canopy are measured by the sensor. At a SZA beyond 68°, the
gap effect completely dominates the backshadow effect. Further, the analyses show that at
SZA over 50° the degree of reflectance anisotropy diminishes to similar values in the VIS and
NIR wavelength regions.
The knowledge of the spectro-directional reflectance characteristics of tundra vegetation is
essential for the retrieval of high quality, consistent and therefore comparable and
reproducible temporal datasets from airborne and spaceborne sensors, as well as the
derivation of vegetation parameters from these datasets. This need motivated a further
objective of this thesis, the investigation of the variability in remote sensing (RS) products for
Low Arctic tundra environments that can be attributed to viewing geometry and solar
illumination angle changes. The quantitative analyses of the nadir-view reflectance spectra of
tundra vegetation along environmental gradients presented here have shown that spectral
metrics tend to vary predictably along the geoecological gradients (e.g., regional climate, soil
pH, soil moisture, and topography). In particular, the regression analyses with biomass
indicate the possibility of separating MAT and MNT vegetation via hyperspectral vegetation
indices (VI), such as the narrowband Normalized Difference Vegetation Indices (NDVI) or
the relative absorption depths in the blue (400 – 550 nm) and red (550 – 750 nm) wavelength
regions, that have not been previously separable in such a good way using broadband data.
The spectro-directional analyses confirm these separating possibilities, but also show that RS
products are strongly influenced by BRDF effects. However, the anisotropic characteristics of
the RS products can significantly differ from the observed BRDF effects in the original
reflectance data source. This challenges the BRDF normalization of RS products.
The results of the spectro-directional characterization of relative absorption depth products
show that within a given wavelength region, they behave in their BRDF characteristics like
the HCRF data. Therefore, observed under viewing zenith angles up to 30°, the relative
absorption depth products in the blue and red wavelength region can deviate up to 25 % from
the values observed at the nadir viewing position. The deviation increases with increasing
viewing zenith angle and SZA. The analysis of the influence of BRDF effects on the NDVI of
tundra vegetation communities confirms that the NDVI minimizes view angle effects relative
to the contrary spectro-directional effects in the red and NIR bands. The highest variation in
the NDVI data is evident in the solar principle plane and creates there various kinds of
asymmetric bowl shape distributions. Generally, the NDVI values observed under viewing
zenith angles up to 30° increase towards the forward viewing direction and decrease towards
the backward viewing direction. Thus, in the nadir position the NDVI values usually do not
show any maximal values. On average for the researched tundra communities, the overall
difference between NDVI values recorded under off-nadir viewing conditions and the nadir
NDVI value never exceeds 10 %. Quasi-nadir (±5°) measurements can deviate from nadir
NDVI up to 6 %, and increase linearly towards the higher off-nadir view positions. With
increasing SZA, NDVI values increase in all viewing directions, but still show the sequence
with higher NDVI values in the forward viewing directions and lower NDVI values in the
backward viewing directions. Further, the decrease and equalization in the degree of
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reflectance anisotropy in the VIS and NIR wavelength regions with higher SZA lead to a
reduction of BRDF effects in the NDVI data.
In summary, RS provides the best prospective tools for monitoring circumpolar permafrost
and tundra landscapes. Specifically, hyperspectral RS data can be used to derive important
ecosystem parameters through the calculation of VIs, leaf area indices (LAI), or the fraction
of photosynthetically active radiation (fPAR). The NDVI is an especially important input
parameter for regional and global climate models. For RS data and derived RS products,
changes in the illumination-target-viewing geometry directly alter the spectral reflectance
signature of surface objects according to their object-specific BRDFs. The results of this
thesis show in detail the influence of BRDF effects on NDVI by changing illuminationviewing geometries. Since the different types of tundra show only small but significant
differences in the surface reflectance and derived RS products, the results of the thesis
highlight the importance of including spectro-directional reflectance characteristics in the
algorithm development for Arctic RS products. In preparation of the upcoming German
hyperspectral EnMAP satellite mission, (i) the availability of ground-based multi-angular RS
data, (ii) the possibility of measuring with a field-adapted, resitant and light-weight spectrogoniometer such as the ManTIS, and (iii) the understanding of the BRDF effects in lowgrowing tundra biomes are crucial for the calibration of off-nadir RS data as well as the
potential derivation of canopy structure parameters in tundra and permafrost landscapes.
Algorithm development in the Arctic is somewhat simplified by the fact that due to the high
SZA, no hot-spot effects can appear in the EnMAP multi-angular data.
This dissertation established a spectral and directional reflectance database of Low Arctic
vegetation communities in the bioclimatic subzones D and E covering a wide range of
geoecological parameters, which can serve as a basis for further detailed investigation of the
spectro-directional properties of Arctic vegetation communities. Thus, the well-characterized
hyDRaCAT (hyperspectro-Directional Reflectance Characteristics of Arctic Tundra) database
will be made available to the scientific community. For further research, an improved 3D
camera system is planned for the AWI ManTIS field spectro-goniometer system. This will
help to get a better understanding of the geometric properties of the observed vegetation, and
therefore the BRDF effects. A further challenge will be the upscaling of ground-based
spectro-directional reflectance characteristics to airborne and spaceborne measurements.
Although surface homogeneity can increase with lower spatial resolution, the evaluation of
BRDF upscaling techniques is still necessary for tundra landscapes. In addition, incorporation
of the gathered spectro-directional reflectance characteristics of tundra vegetation into BRDF
models is planned.
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APPENDIX
The Appendix includes three separate parts: Appendix A - a list of existing field and
laboratory spectro-goniometer systems; Appendix B - a print of the patent application for the
developed AWI ManTIS spectro-goniometer system; and Appendix C - the detailed data
reports of the spectro-goniometry results.
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Appendix A: Catalog of Well-Known Laboratory and Field Spectro-Goniometer

APPENDIX A: CATALOG OF WELL-KNOWN
LABORATORY AND FIELD SPECTRO-GONIOMETER
The following catalog provides an overview of existing field and laboratory spectrogoniometer systems which are still actively used in spectro-directional research, or are
milestones in the development of spectro-goniometer systems. For each device the main
characteristics and respective reference for further reading is stated. Over the years, numerous
spectro-directional measurements have been performed with non-permanent spectrogoniometer setups. These systems are not stated in the list.
Please note: This catalog is a updated and extended version of those by Schaepman-Strub
[2004] and Schopfer [2008]. Due to the increasing development of new spectro-goniometer
devices, this list is not exhaustive.

[Deering and Leone, 1986]
[Bausch et al., 1989]
[Walter-Shea et al., 1993]
[Gibbs et al., 1993]
[Koechler et al., 1994]
[Stockton et al., 1994]
[Asmail et al., 1994]
[Sandmeier et al., 1995]
[Leroux et al., 1998]
[Mazzinghi et al., 1995]
[Snyder and Wan, 1996]
[Demircan et al., 2000]
[Serrot et al., 1998]
[Turner and Brown, 2000]
[Schneider et al., 2004]
[Li et al., 2004]
[Bruegge et al., 2000]
[Apel et al., 2001]
[Painter et al., 2003]
[Peltoniemi et al., 2005]
[Czapla-Myers et al., 2002]
[Susaki et al., 2004]

[Johnson et al., 2004]
[Peltoniemi et al., 2005]
[Bourgeois et al., 2006]
[Coburn and Peddle, 2006]
[Feingersh et al., 2005]
[Hahlweg et al., 2005]
[Pegrum et al., 2006]
[Suomalainen et al., 2009]
[Schopfer et al., 2008]
[Fiorentin and Scroccaro, 2008]
[Combes et al., 2007]
[Landis and Aber, 2007]
[Baribeau et al., 2008]
[Timmermans et al., 2009]
[Hakala et al., 2010]
[Buchhorn and Petereit, 2011]
[Anderson et al., 2012]
[Roosjen et al., 2012]
[Yan et al., 2012]
[Dangel et al., 2003]
[Biliouris et al., 2003]
[Schneider et al., 2004]
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Appendix B: Published Patent Application No. DE102011117713.A1 (WO/2013/013652)

APPENDIX B: PUBLISHED PATENT APPLICATION
NO. DE102011117713.A1 (WO/2013/013652)
Pub. No.:
Publication
Date:

WO/2013/013652

IPC:

G01J 3/02 (2006.01), G01J 1/02 (2006.01)

Applicants:

STIFTUNG ALFRED-WEGENER-INSTITUT FÜR POLAR- UND
MEERESFORSCHUNG [DE/EC];
BUCHHORN, Marcel [DE/DE]; (DE) (For US Only).
PETEREIT, Reinhold [DE/DE]; (DE) (For US Only)

Inventors:

BUCHHORN, Marcel; (DE). PETEREIT, Reinhold; (DE)

Priority
Data:

10 2011 109 167.3 28.07.2011 DE
10 2011 117 713.6 25.10.2011 DE

Title

(DE) TRANSPORTABLES GONIOSPEKTROMETER MIT
KONSTANTEM OBSERVATIONSZENTRUM
(EN) PORTABLE GONIOSPECTROMETER WITH CONSTANT
OBSERVATION CENTRE

31.01.2013

PCT/DE2012/000681
International App. No.:
DE 10 2011 117 713 A1
National Patent No.:
International Filing Date: 27.06.2012

Abstract:

(EN)Known goniospectrometers for the radiometric measurement of the
reflexion behaviour, more particularly the anisotropic radiance, of a natural
surface under insolation are relatively complicated to transport and adjust.
The goniospectrometer (01) according to the invention comprises on a
cantilever (03) a rotatable and fixable suspension (04), which is connected to
a fixed arc end (054), the other arc end being embodied as a free arc end
(055). The suspension positions the arc (05) at the distance of the arc radius
(BR) thereof above the natural surface (SF). A displaceable and fixable slide
(06) carrying an optical unit (131) is arranged along the arc (05). By rotating
the arc (05) about the suspension (04) and displacing the slide (06) along the
arc (05), it is possible to position the optical unit (131) at any point on the
spherical shell spanned. Measurements can be performed at arbitrary
viewing angles and correlated with the measurements of a satellite (EnMAP)
that can be pivoted in terms of the observation direction thereof. The correct
anisotropic radiance of natural surfaces can thus be determined and used for
the evaluation of ground properties, for example biomass that occurs or
mineral resources that occur.
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APPENDIX C: DATA REPORTS OF THE SPECTRODIRECTIONAL MEASUREMENTS
C.1 Study Site FBG1 (non-tussock sedge, dwarf shrub, moss tundra)
Location

I
Name
FBG1

Location
Franklin Bluffs, Arctic North Slope,
Alaska, United States of America

Latitude

Longitude

Altitude

69.674377°

-148,720972°

125 m

At an average elevation of 90 m, Franklin Bluffs is located in Subzone D about 1 km west of
the Dalton Highway across from the pipeline access road APL/AMS 130 near green mile
marker 375. This access road provides parking at the site. Three 10 x 10 m grids, designated
dry, mesic, and wet, have been established at this location in 2002. The goniometer
measurements have been carried out next to the moist / zonal site (FB_m/z). [Barreda et al.,
2006]

20 km
Figure C.1-1: Location of study site FBG1 in Alaska, USA. Source: Google Earth, 2013

Figure C.1-2: Aerial photo of a 10 x 10 m zonal grid at the Franklin Bluffs study location near the
FBG1 site. Source: [Barreda et al., 2006]
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Appendix C.1: Study Site FBG1 (non-tussock sedge, dwarf shrub, moss tundra)

II

Main Vegetation Description

The vegetation at the mesic Franklin Bluffs study location corresponds to the zonal vegetation
in subzone D. The zonal plant community of bioclimate subzone D in northern Alaska is
Dryado integrifoliae-Caricetum bigelowii [Walker et al., 2005], also called moist non-acidic
tundra (MNT), or ‘nontussock sedge, dwarf-shrub, moss tundra’ [Walker et al., 2005]. It
occurs on circumneutral to basic soils in association with silty loess that is blown from the
major rivers in the eastern part of the Arctic Coastal Plain. The average soil pH of this plant
community at Franklin Bluffs is 7.9; the average volumetric soil moisture of the top mineral
horizon is 45 %, and average depth of thaw by late summer is 40 cm [Kade et al., 2005]. The
dominant plants in MNT are sedges (Carex bigelowii, Eriophorum angustifolium ssp. triste,
C. membranacea, C. scirpoidea, E. vaginatum), prostrate and hemi-prostrate evergreen dwarf
shrubs (Dryas integrifolia, Cassiope tetragona), prostrate dwarf deciduous shrubs (Salix
arctica, S. reticulata, Arctous rubra), scattered erect dwarf deciduous shrubs (Salix lanata, S.
glauca), several forbs (Papaver macounii, Pedicularis lanata, Saussurea angustifolia,
Senecio atropurpureus, Pedicularis capitata, Polygonum viviparum, Cardamine hyperborea,
Astragalus umbellatus), mosses (Tomentypnum nitens, Hylocomium splendens, Aulacomnium
turgidum, Rhytidium rugosum, Hypnum bambergeri, Distichium capillaceum, Ditrichum
flexicaule), and lichens (Thamnolia subuliformis, Cetraria spp.).
An important component of the MNT is the abundant nonsorted circles, also called frost boils,
which are small patterned ground features caused by soil frost heave [Walker et al., 2008;
Washburn, 1980]. These features cover large parts of most MNT surfaces. The 10 x 10 m
zonal grid at Franklin Bluffs has about 30 % cover of nonsorted circles. These features have
drier plant communities than the mesic zonal plant communities between the circles, with
high cover of lichens and bare soil.
EW
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Figure C.1-3: Overview images of MNT tundra at the mesic Franklin Bluffs study location near
the FBG1 site. Source: [Buchhorn and Schwieder, 2012]
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III

Vegetation Description of the FBG1 Site

The focus of the measurements at this goniometer site has been non-tussock sedges – dwarf
shrub – moss tundra. The 1 x 1 m plot is homogeneously covered mainly with grass and
sedges, but with forbs, mosses and lichens in the understory. Moreover, this plot correspond
with the zonal plant community of Alaskan bioclimate subzone D (MNT vegetation).
NS

EW

SN

WE

Figure C.1-4: Overview images of the FBG1 vegetation from cardinal directions.

Figure C.1-5: Nadir image of the FBG1 vegetation (mainly grass and sedges).

IV

Overview of the Spectro-Goniometer Measurements

Table C.1-1: Overview of the spectro-goniometer measurements at the FBG1 study site.

Name

Day

FBG1_01
FBG1_02
FBG1_03
FBG1_04
FBG1_05
FBG1_06

2012-07-07
2012-07-07
2012-07-07
2012-07-07
2012-07-07
2012-07-07

Starting
Time
09:53:01
11:47:17
13:56:55
15:49:41
18:02:23
19:52:40

Duration

SAA

SZA

Sky

25 min
21 min
27 min
19 min
18 min
19 min

112°
143°
180°
217°
252°
278°

59°
50°
47°
50°
59°
68°

cirrostratus
cirrostratus
cirrostratus
clear
cirrostratus
cirrostratus
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Appendix C.1: Study Site FBG1 (non-tussock sedge, dwarf shrub, moss tundra)
Table C.1-2: Spectro-directional data of the FBG1_01 spectro-goniometer measurement.
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Appendix C: Data Reports of the Spectro-Directional Measurements
Table C.1-3: Spectro-directional data of the FBG1_02 spectro-goniometer measurement.
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Appendix C.1: Study Site FBG1 (non-tussock sedge, dwarf shrub, moss tundra)
Table C.1-4: Spectro-directional data of the FBG1_03 spectro-goniometer measurement.
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Appendix C: Data Reports of the Spectro-Directional Measurements
Table C.1-5: Spectro-directional data of the FBG1_04 spectro-goniometer measurement.

C–7

Appendix C.1: Study Site FBG1 (non-tussock sedge, dwarf shrub, moss tundra)
Table C.1-6: Spectro-directional data of the FBG1_05 spectro-goniometer measurement.
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Appendix C: Data Reports of the Spectro-Directional Measurements
Table C.1-7: Spectro-directional data of the FBG1_06 spectro-goniometer measurement.
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Appendix C.1: Study Site FBG1 (non-tussock sedge, dwarf shrub, moss tundra)

V

Main Spectral Characteristics

Figure C.1-6: Nadir reflectances and irradiance profiles of the FBG1 site at different sun zenith
angles. Left: Comparison of the nadir reflectance signatures with the average zonal vegetation
(MNT). Right: Comparison of the total irradiance profiles.

Figure C.1-7: Legend of the outlier indicator graphics shown in Figure C.1-9, C.1-10, and C.1-13
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Appendix C: Data Reports of the Spectro-Directional Measurements

VI

HCRF Visualization

Figure C.1-8: Comparison of the HCRF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the FBG1 site at different sun zenith angles.
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Appendix C.1: Study Site FBG1 (non-tussock sedge, dwarf shrub, moss tundra)

Figure C.1-9: HCRF visualization at 479 nm and 549 nm of the FBG1 site.
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Appendix C: Data Reports of the Spectro-Directional Measurements

Figure C.1-10: HCRF visualization at 672 nm and 864 nm of the FBG1 site.
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Appendix C.1: Study Site FBG1 (non-tussock sedge, dwarf shrub, moss tundra)

Figure C.1-11: HCRF visualization in principal & orthogonal plane of the FBG1 site.
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Appendix C: Data Reports of the Spectro-Directional Measurements

VII

ANIF Visualization

Figure C.1-12: Comparison of the ANIF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the FBG1 site at different sun zenith angles.
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Appendix C.1: Study Site FBG1 (non-tussock sedge, dwarf shrub, moss tundra)

Figure C.1-13: ANIF visualization at 672 nm and 864 nm of the FBG1 site.
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Appendix C: Data Reports of the Spectro-Directional Measurements

Figure C.1-14: ANIF visualization in principal & orthogonal plane of the FBG1 site.
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Appendix C.1: Study Site FBG1 (non-tussock sedge, dwarf shrub, moss tundra)

VIII

ANIX Visualization

FigureC.1-15: Comparison of the ANIX in the solar principal and orthogonal plane with the nadir
reflectance of the FBG1 site at different sun zenith angles.
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Appendix C: Data Reports of the Spectro-Directional Measurements

IX

NDVI and Relative Absorption Depth Visualization

Figure C.1-16: Comparison of the NDVI in the solar principal and orthogonal plane of the FBG1
site at different sun zenith angles.
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Appendix C.1: Study Site FBG1 (non-tussock sedge, dwarf shrub, moss tundra)

Figure C.1-17: Visualization of relative absorption depth & NDVI of the FBG1 site.
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Appendix C: Data Reports of the Spectro-Directional Measurements

NDVI Comparison of Different Sensors

X

Table C.1-8: Center wavelengths and band widths of the broadband and narrowband NDVIs,
based on the spectral response curves of the AVHRR, MODIS and EnMAP sensors.

red: band 1
NIR: band 2

Center wavelength
(nm)
630
865

band width
(nm)
100
275

MODIS

red: band 1
NIR: band 2

645
859

50
35

EnMAP

red: band 47
NIR: band 73

672
864

6.5
8

NDVI

Sensor

Sensor band

NDVIAVHRR

AVHRR/3

[broadband]
NDVIMODIS
[broadband]
NDVIEnMAP
[narrowband]
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Appendix C.1: Study Site FBG1 (non-tussock sedge, dwarf shrub, moss tundra)

Figure C.1-18: Comparison of AVHRR, MODIS & EnMAP NDVI of the FBG1 site.
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Appendix C: Data Reports of the Spectro-Directional Measurements

C.2 Study Site FBG2 (prostrate dwarf shrub community)
Location

I
Name
FBG2

Location
Franklin Bluffs, Arctic North Slope,
Alaska, United States of America

Latitude

Longitude

Altitude

69.67443°

-148.720725°

122 m

At an average elevation of 90 m, Franklin Bluffs is located in Subzone D about 1 km west of
the Dalton Highway across from the pipeline access road APL/AMS 130 near green mile
marker 375. This access road provides parking at the site. Three 10 x 10 m grids, designated
dry, mesic, and wet, have been established at this location in 2002. The goniometer
measurements have been carried out next to the moist / zonal site (FB_m/z). [Barreda et al.,
2006]

20 km
Figure C.2-1: Location of study site FBG2 in Alaska, USA. Source: Google Earth, 2013

Figure C.2-2: Aerial photo of a 10 x 10 m zonal grid at the Franklin Bluffs study location near the
FBG2 site. Source: [Barreda et al., 2006]
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Appendix C.2: Study Site FBG2 (prostrate dwarf shrub community)

II

Main Vegetation Description

The vegetation at the mesic Franklin Bluffs study location corresponds to the zonal vegetation
in subzone D. The zonal plant community of bioclimate subzone D in northern Alaska is
Dryado integrifoliae-Caricetum bigelowii [Walker et al., 2005], also called moist non-acidic
tundra (MNT), or ‘nontussock sedge, dwarf-shrub, moss tundra’ [Walker et al., 2005]. It
occurs on circumneutral to basic soils in association with silty loess that is blown from the
major rivers in the eastern part of the Arctic Coastal Plain. The average soil pH of this plant
community at Franklin Bluffs is 7.9; the average volumetric soil moisture of the top mineral
horizon is 45 %, and average depth of thaw by late summer is 40 cm [Kade et al., 2005]. The
dominant plants in MNT are sedges (Carex bigelowii, Eriophorum angustifolium ssp. triste,
C. membranacea, C. scirpoidea, E. vaginatum), prostrate and hemi-prostrate evergreen dwarf
shrubs (Dryas integrifolia, Cassiope tetragona), prostrate dwarf deciduous shrubs (Salix
arctica, S. reticulata, Arctous rubra), scattered erect dwarf deciduous shrubs (Salix lanata, S.
glauca), several forbs (Papaver macounii, Pedicularis lanata, Saussurea angustifolia,
Senecio atropurpureus, Pedicularis capitata, Polygonum viviparum, Cardamine hyperborea,
Astragalus umbellatus), mosses (Tomentypnum nitens, Hylocomium splendens, Aulacomnium
turgidum, Rhytidium rugosum, Hypnum bambergeri, Distichium capillaceum, Ditrichum
flexicaule), and lichens (Thamnolia subuliformis, Cetraria spp.).
An important component of the MNT is the abundant nonsorted circles, also called frost boils,
which are small patterned ground features caused by soil frost heave [Walker et al., 2008;
Washburn, 1980]. These features cover large parts of most MNT surfaces. The 10 x 10 m
zonal grid at Franklin Bluffs has about 30 % cover of nonsorted circles. These features have
drier plant communities than the mesic zonal plant communities between the circles, with
high cover of lichens and bare soil.
EW
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Figure C.2-3: Overview images of MNT tundra at the mesic Franklin Bluffs study location near
the FBG2 site. Source: [Buchhorn and Schwieder, 2012]
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III

Vegetation Description of the FBG2 Site

The focus of the measurements at this goniometer site has been prostrate dwarf deciduous
shrubs (Salix). The 1 x 1 m plot is homogeneously covered mainly with Salix, but with forbs,
mosses and lichens in the understory.
NS

SN

EW

WE

Figure C.2-4: Overview images of the FBG2 vegetation from cardinal directions.

Figure C.2-5: Nadir image of the FBG2 vegetation (prostrate dwarf shrub).

IV

Overview of the Spectro-Goniometer Measurements

Table C.2-1: Overview of the spectro-goniometer measurements at the FBG2 study site.

Name

Day

FBG2_01
FBG2_02
FBG2_03

2012-07-09
2012-07-09
2012-07-09

Starting
Time
09:39:42
12:04:07
13:48:12

Duration

SAA

SZA

Sky

18 min
19 min
25 min

107°
146°
180°

60°
50°
47°

cirrostratus
cirrostratus
cirrostratus
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Appendix C.2: Study Site FBG2 (prostrate dwarf shrub community)
Table C.2-2: Spectro-directional data of the FBG2_01 spectro-goniometer measurement.
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Appendix C: Data Reports of the Spectro-Directional Measurements
Table C.2-3: Spectro-directional data of the FBG2_02 spectro-goniometer measurement.

C – 27

Appendix C.2: Study Site FBG2 (prostrate dwarf shrub community)
Table C.2-4: Spectro-directional data of the FBG2_03 spectro-goniometer measurement
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Appendix C: Data Reports of the Spectro-Directional Measurements

V

Main Spectral Characteristics

Figure C.2-6: Nadir reflectances and irradiance profiles of the FBG2 site at different sun zenith
angles. Left: Comparison of the nadir reflectance signatures with the average zonal vegetation
(MNT). Right: Comparison of the total irradiance profiles.

VI

HCRF Visualization

Figure C.2-7: Comparison of the HCRF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the FBG2 site at different sun zenith angles.
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Appendix C.2: Study Site FBG2 (prostrate dwarf shrub community)

Figure C.2-8: HCRF visualization at 479 nm and 549 nm of the FBG2 site.

Figure C.2-9: Legend of the outlier indicator graphics shown in Figure C.2-8, C.2-10, and C.2-13
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Appendix C: Data Reports of the Spectro-Directional Measurements

Figure C.2-10: HCRF visualization at 672 nm and 864 nm of the FBG2 site.
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Appendix C.2: Study Site FBG2 (prostrate dwarf shrub community)

Figure C.2-11: HCRF visualization in principal & orthogonal plane of the FBG2 site.
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Appendix C: Data Reports of the Spectro-Directional Measurements

VII

ANIF Visualization

Figure C.2-12: Comparison of the ANIF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the FBG2 site at different sun zenith angles.
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Appendix C.2: Study Site FBG2 (prostrate dwarf shrub community)

Figure C.2-13: ANIF visualization at 672 nm and 864 nm of the FBG2 site.

C – 34

Appendix C: Data Reports of the Spectro-Directional Measurements

Figure C.2-14: ANIF visualization in principal & orthogonal plane of the FBG2 site.
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Appendix C.2: Study Site FBG2 (prostrate dwarf shrub community)

VIII

ANIX Visualization

Figure C.2-15: Comparison of the ANIX in the solar principal and orthogonal plane with the nadir
reflectance of the FBG2 site at different sun zenith angles.
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Appendix C: Data Reports of the Spectro-Directional Measurements

IX

NDVI and Relative Absorption Depth Visualization

Figure C.2-16: Comparison of the NDVI in the solar principal and orthogonal plane of the FBG2
site at different sun zenith angles.
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Appendix C.2: Study Site FBG2 (prostrate dwarf shrub community)

Figure C.2-17: Visualization of relative absorption depth & NDVI of the FBG2 site.

NDVI Comparison of Different Sensors

X

Table C.2-5: Center wavelengths and band widths of the broadband and narrowband NDVIs,
based on the spectral response curves of the AVHRR, MODIS and EnMAP sensors.

red: band 1
NIR: band 2

Center wavelength
(nm)
630
865

band width
(nm)
100
275

MODIS

red: band 1
NIR: band 2

645
859

50
35

EnMAP

red: band 47
NIR: band 73

672
864

6.5
8

NDVI

Sensor

Sensor band

NDVIAVHRR

AVHRR/3

[broadband]
NDVIMODIS
[broadband]
NDVIEnMAP
[narrowband]
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Appendix C: Data Reports of the Spectro-Directional Measurements

Figure C.2-18: Comparison of AVHRR, MODIS & EnMAP NDVI of the FBG2 site.
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Appendix C.3: Study Site FBG3 (frost boil community)

C.3 Study Site FBG3 (frost boil community)
Location

I
Name
FBG3

Location
Franklin Bluffs, Arctic North Slope,
Alaska, United States of America

Latitude

Longitude

Altitude

69.67445°

-148.720875°

123 m

At an average elevation of 90 m, Franklin Bluffs is located in Subzone D about 1 km west of
the Dalton Highway across from the pipeline access road APL/AMS 130 near green mile
marker 375. This access road provides parking at the site. Three 10 x 10 m grids, designated
dry, mesic, and wet, have been established at this location in 2002. The goniometer
measurements have been carried out next to the moist / zonal site (FB_m/z). [Barreda et al.,
2006]

20 km
Figure C.3-1: Location of study site FBG3 in Alaska, USA. Source: Google Earth, 2013

Figure C.3-2: Aerial photo of a 10 x 10 m zonal grid at the Franklin Bluffs study location near the
FBG3 site. Source: [Barreda et al., 2006]
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Appendix C: Data Reports of the Spectro-Directional Measurements

II

Main Vegetation Description

The vegetation at the mesic Franklin Bluffs study location corresponds to the zonal vegetation
in subzone D. The zonal plant community of bioclimate subzone D in northern Alaska is
Dryado integrifoliae-Caricetum bigelowii [Walker et al., 2005], also called moist non-acidic
tundra (MNT), or ‘nontussock sedge, dwarf-shrub, moss tundra’ [Walker et al., 2005]. It
occurs on circumneutral to basic soils in association with silty loess that is blown from the
major rivers in the eastern part of the Arctic Coastal Plain. The average soil pH of this plant
community at Franklin Bluffs is 7.9; the average volumetric soil moisture of the top mineral
horizon is 45 %, and average depth of thaw by late summer is 40 cm [Kade et al., 2005]. The
dominant plants in MNT are sedges (Carex bigelowii, Eriophorum angustifolium ssp. triste,
C. membranacea, C. scirpoidea, E. vaginatum), prostrate and hemi-prostrate evergreen dwarf
shrubs (Dryas integrifolia, Cassiope tetragona), prostrate dwarf deciduous shrubs (Salix
arctica, S. reticulata, Arctous rubra), scattered erect dwarf deciduous shrubs (Salix lanata, S.
glauca), several forbs (Papaver macounii, Pedicularis lanata, Saussurea angustifolia,
Senecio atropurpureus, Pedicularis capitata, Polygonum viviparum, Cardamine hyperborea,
Astragalus umbellatus), mosses (Tomentypnum nitens, Hylocomium splendens, Aulacomnium
turgidum, Rhytidium rugosum, Hypnum bambergeri, Distichium capillaceum, Ditrichum
flexicaule), and lichens (Thamnolia subuliformis, Cetraria spp.).
An important component of the MNT is the abundant nonsorted circles, also called frost boils,
which are small patterned ground features caused by soil frost heave [Walker et al., 2008;
Washburn, 1980]. These features cover large parts of most MNT surfaces. The 10 x 10 m
zonal grid at Franklin Bluffs has about 30 % cover of nonsorted circles. These features have
drier plant communities than the mesic zonal plant communities between the circles, with
high cover of lichens and bare soil.
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Figure C.3-3: Overview images of MNT tundra at the mesic Franklin Bluffs study location near
the FBG3 site. Source: [Buchhorn and Schwieder, 2012]
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Appendix C.3: Study Site FBG3 (frost boil community)

III

Vegetation Description of the FBG3 Site

The focus of the measurements at this goniometer site has been a frost boil community (Junco
biglumis-Dryadetum integrifoliae pedicularetosum). The 1 x 1 m plot is homogeneously
covered by the nonsorted circles community.
NS
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FigureC.3-4: Overview images of the FBG3 vegetation from cardinal directions.

Figure C.3-5: Nadir image of the FBG3 vegetation (frost boil).

IV

Overview of the Spectro-Goniometer Measurements

Table C.3-1: Overview of the spectro-goniometer measurements at the FBG3 study site.

Name

Day

FBG3_01

2012-07-13

Starting
Time
13:56:00

Duration

SAA

SZA

Sky

18 min

181°

48°

cirrostratus
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Appendix C: Data Reports of the Spectro-Directional Measurements
Table C.3-2: Spectro-directional data of the FBG3_01 spectro-goniometer measurement.
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Appendix C.3: Study Site FBG3 (frost boil community)

Main Spectral Characteristics

V

Figure C.3-6: Nadir reflectances and irradiance profiles of the FBG3 site. Left: Comparison of the
nadir reflectance signatures with the average zonal vegetation (MNT). Right: Comparison of the
total irradiance profiles.

VI

HCRF Visualization

Figure C.3-7: Comparison of the HCRF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the FBG3 site.

Figure C.3-8: Legend of the outlier indicator graphics shown in Figure C.3-9, C.3-10, and C.3-13
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Appendix C: Data Reports of the Spectro-Directional Measurements

Figure C.3-9: HCRF visualization at 479 nm and 549 nm of the FBG3 site.

Figure C.3-10: HCRF visualization at 672 nm and 864 nm of the FBG3 site.

Figure C.3-11: HCRF visualization in principal & orthogonal plane of the FBG3 site.
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Appendix C.3: Study Site FBG3 (frost boil community)

VII

ANIF Visualization

Figure C.3-12: Comparison of the ANIF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the FBG3 site.

Figure C.3-13: ANIF visualization at 672 nm and 864 nm of the FBG3 site.

Figure C.3-14: ANIF visualization in principal & orthogonal plane of the FBG3 site.
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Appendix C: Data Reports of the Spectro-Directional Measurements

VIII

ANIX Visualization

Figure C.3-15: Comparison of the ANIX in the solar principal and orthogonal plane with the nadir
reflectance of the FBG3 site.

IX

NDVI and Relative Absorption Depth Visualization

Figure C.3-16: Comparison of the NDVI in the solar principal and orthogonal plane of the FBG3
site.

Figure C.3-17: Visualization of relative absorption depth & NDVI of the FBG3 site.
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Appendix C.3: Study Site FBG3 (frost boil community)

NDVI Comparison of Different Sensors

X

Table C.3-3: Center wavelengths and band widths of the broadband and narrowband NDVIs,
based on the spectral response curves of the AVHRR, MODIS and EnMAP sensors.

red: band 1
NIR: band 2

Center wavelength
(nm)
630
865

band width
(nm)
100
275

MODIS

red: band 1
NIR: band 2

645
859

50
35

EnMAP

red: band 47
NIR: band 73

672
864

6.5
8

NDVI

Sensor

Sensor band

NDVIAVHRR

AVHRR/3

[broadband]
NDVIMODIS
[broadband]
NDVIEnMAP
[narrowband]

Figure C.3-18: Comparison of AVHRR, MODIS & EnMAP NDVI of the FBG3 site.
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C.4 Study site FBG4 (horsetail community)
Location

I
Name
FBG4

Location
Franklin Bluffs, Arctic North Slope,
Alaska, United States of America

Latitude

Longitude

Altitude

69.6744°

-148.72022°

125 m

At an average elevation of 90 m, Franklin Bluffs is located in Subzone D about 1 km west of
the Dalton Highway across from the pipeline access road APL/AMS 130 near green mile
marker 375. This access road provides parking at the site. Three 10 x 10 m grids, designated
dry, mesic, and wet, have been established at this location in 2002. The goniometer
measurements have been carried out next to the moist / zonal site (FB_m/z). [Barreda et al.,
2006]

20 km
Figure C.4-1: Location of study site FBG4 in Alaska, USA. Source: Google Earth, 2013

Figure C.4-2: Aerial photo of a 10 x 10 m zonal grid at the Franklin Bluffs study location near the
FBG4 site. Source: [Barreda et al., 2006]
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Appendix C.4: Study site FBG4 (horsetail community)

II

Main Vegetation Description

The vegetation at the mesic Franklin Bluffs study location corresponds to the zonal vegetation
in subzone D. The zonal plant community of bioclimate subzone D in northern Alaska is
Dryado integrifoliae-Caricetum bigelowii [Walker et al., 2005], also called moist non-acidic
tundra (MNT), or ‘nontussock sedge, dwarf-shrub, moss tundra’ [Walker et al., 2005]. It
occurs on circumneutral to basic soils in association with silty loess that is blown from the
major rivers in the eastern part of the Arctic Coastal Plain. The average soil pH of this plant
community at Franklin Bluffs is 7.9; the average volumetric soil moisture of the top mineral
horizon is 45 %, and average depth of thaw by late summer is 40 cm [Kade et al., 2005]. The
dominant plants in MNT are sedges (Carex bigelowii, Eriophorum angustifolium ssp. triste,
C. membranacea, C. scirpoidea, E. vaginatum), prostrate and hemi-prostrate evergreen dwarf
shrubs (Dryas integrifolia, Cassiope tetragona), prostrate dwarf deciduous shrubs (Salix
arctica, S. reticulata, Arctous rubra), scattered erect dwarf deciduous shrubs (Salix lanata, S.
glauca), several forbs (Papaver macounii, Pedicularis lanata, Saussurea angustifolia,
Senecio atropurpureus, Pedicularis capitata, Polygonum viviparum, Cardamine hyperborea,
Astragalus umbellatus), mosses (Tomentypnum nitens, Hylocomium splendens, Aulacomnium
turgidum, Rhytidium rugosum, Hypnum bambergeri, Distichium capillaceum, Ditrichum
flexicaule), and lichens (Thamnolia subuliformis, Cetraria spp.).
An important component of the MNT is the abundant nonsorted circles, also called frost boils,
which are small patterned ground features caused by soil frost heave [Walker et al., 2008;
Washburn, 1980]. These features cover large parts of most MNT surfaces. The 10 x 10 m
zonal grid at Franklin Bluffs has about 30 % cover of nonsorted circles. These features have
drier plant communities than the mesic zonal plant communities between the circles, with
high cover of lichens and bare soil.
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Figure C.4-3: Overview images of MNT tundra at the mesic Franklin Bluffs study location near
the FBG4 site. Source: [Buchhorn and Schwieder, 2012]
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III

Vegetation Description of the FBG4 Site

The focus of the measurements at this goniometer site has been a horsetail patch. The 1 x 1 m
plot is homogeneously covered with horsetail, but with forbs, mosses and lichens in the
understory.
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Figure C.4-4: Overview images of the FBG4 vegetation from cardinal directions.

Figure C.4-5: Nadir image of the FBG4 vegetation (horsetail).

IV

Overview of the Spectro-Goniometer Measurements

Table C.4-1: Overview of the spectro-goniometer measurements at the FBG4 study site.

Name

Day

FBG4_01
FBG4_02
FBG4_03

2012-07-15
2012-07-15
2012-07-15

Starting
Time
14:03:38
15:32:07
18:11:59

Duration

SAA

SZA

Sky

17 min
17 min
17 min

183°
211°
254°

48°
50°
60°

clear
clear
clear
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Appendix C.4: Study site FBG4 (horsetail community)
Table C.4-2: Spectro-directional data of the FBG4_01 spectro-goniometer measurement.
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Appendix C: Data Reports of the Spectro-Directional Measurements
Table C.4-3: Spectro-directional data of the FBG4_02 spectro-goniometer measurement.
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Appendix C.4: Study site FBG4 (horsetail community)
Table C.4-4: Spectro-directional data of the FBG4_03 spectro-goniometer measurement.
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Appendix C: Data Reports of the Spectro-Directional Measurements

V

Main Spectral Characteristics

Figure C.4-6: Nadir reflectances and irradiance profiles of the FBG4 site at different sun zenith
angles. Left: Comparison of the nadir reflectance signatures with the average zonal vegetation
(MNT). Right: Comparison of the total irradiance profiles.

VI

HCRF Visualization

Figure C.4-7: Comparison of the HCRF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the FBG4 site at different sun zenith angles.
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Appendix C.4: Study site FBG4 (horsetail community)

Figure C.4-8: HCRF visualization at 479 nm and 549 nm of the FBG4 site.

Figure C.4-9: Legend of the outlier indicator graphics shown in Figure C.4-8, C.4-10, and C.4-13
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Appendix C: Data Reports of the Spectro-Directional Measurements

Figure C.4-10: HCRF visualization at 672 nm and 864 nm of the FBG4 site.
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Appendix C.4: Study site FBG4 (horsetail community)

Figure C.4-11: HCRF visualization in principal & orthogonal plane of the FBG4 site.
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Appendix C: Data Reports of the Spectro-Directional Measurements

VII

ANIF Visualization

Figure C.4-12: Comparison of the ANIF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the FBG4 site at different sun zenith angles.
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Appendix C.4: Study site FBG4 (horsetail community)

Figure C.4-13: ANIF visualization at 672 nm and 864 nm of the FBG4 site.
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Figure C.4-14: ANIF visualization in principal & orthogonal plane of the FBG4 site.
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VIII

ANIX Visualization

Figure C.4-15: Comparison of the ANIX in the solar principal and orthogonal plane with the nadir
reflectance of the FBG4 site at different sun zenith angles.
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IX

NDVI and Relative Absorption Depth Visualization

Figure C.4-16: Comparison of the NDVI in the solar principal and orthogonal plane of the FBG4
site at different sun zenith angles.
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Figure C.4-17: Visualization of relative absorption depth & NDVI of the FBG4 site.

NDVI Comparison of Different Sensors

X

Table C.4-5: Center wavelengths and band widths of the broadband and narrowband NDVIs,
based on the spectral response curves of the AVHRR, MODIS and EnMAP sensors.

red: band 1
NIR: band 2

Center wavelength
(nm)
630
865

band width
(nm)
100
275

MODIS

red: band 1
NIR: band 2

645
859

50
35

EnMAP

red: band 47
NIR: band 73

672
864

6.5
8

NDVI

Sensor

Sensor band

NDVIAVHRR

AVHRR/3

[broadband]
NDVIMODIS
[broadband]
NDVIEnMAP
[narrowband]
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Figure C.4-18: Comparison of AVHRR, MODIS & EnMAP NDVI of the FBG4 site.
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C.5 Study site HVG1 (tussock sedge, dwarf shrub, moss tundra)
Location

I
Name
HVG1

Location
Happy Valley, Arctic North Slope,
Alaska, United States of America

Latitude

Longitude

Altitude

69.146897°

-148.85183°

325 m

Happy Valley is located just west of the Dalton Highway in the foothills of the Arctic Slope
approximately 82 km (52 mi) north of Toolik Lake, Alaska at an elevation of about 320 m.
Within the five subzones of the circumpolar Arctic, Happy Valley is found in subzone E.
Green mile marker 334 is positioned just before the turn-off to the site. Three 10 x 10 m grids,
designated at the hill crest, midslope and at the footslope have been established at this
location in 2002. The goniometer measurements have been carried out next to the midslope /
zonal site (HV_ms/z). [Barreda et al., 2006]

20 km
Figure C.5-1: Location of study site HVG1 in Alaska, USA. Source: Google Earth, 2013

Figure C.5-2: Aerial photo of a 10x10 m zonal grid at the Happy Valley study location near the
HVG1 site. Source: [Barreda et al., 2006]
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II

Main Vegetation Description

The vegetation at the mesic Happy Valley study location corresponds to the zonal vegetation
in subzone E. The zonal plant community of bioclimate subzone E in northern Alaska is
Sphagno- Eriophoretum vaginati [Walker et al., 1994], also called moist acidic tundra
(MAT), ‘acidic tussock tundra’ or ‘tussock-sedge, dwarf-shrub, moss tundra’ [Walker et al.,
2005]. It occurs widely across the foothills of northern Alaska on old upland surfaces not
glaciated during the Last Glacial Maximum. At Happy Valley the average soil pH of this
plant community is 5.3; the average volumetric soil moisture of the top mineral horizon is
44 %, and average depth of thaw by late summer is 34 cm [Kade et al., 2005]. The vegetation
is composed of a mixture of tussock sedges (Eriophorum vaginatum), deciduous dwarf shrubs
(e.g., Betula nana, Salix planifolia ssp. pulchra), evergreen dwarf shrubs (e.g., Ledum
palustre ssp. decumbens, Vaccinium vitis-idaea, Cassiope tetragona, Empetrum nigrum), a
few forbs (Polygonum bistorta var. plumosum, Petasites frigidus), mosses (Hylocomium
splendens, Sphagnum spp., Aulacomnium spp., Dicranum spp.) and lichens (Cladina spp.,
Dactylina arctica, Cetraria spp.).
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Figure C.5-3: Overview images of MNT tundra at the mesic Happy Valley study location near the
HVG1 site. Source: [Buchhorn and Schwieder, 2012]

III

Vegetation Description of the HVG1 Site

The focus of the measurements at this goniometer site has been tussock sedge – dwarf shrub –
moss tundra. The 1 x 1 m plot is homogeneously covered with this tussock structure, but with
forbs, mosses and lichens in the understory. Moreover, this plot correspond with the zonal
plant community of Alaskan bioclimate subzone E (MAT vegetation).
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Figure C.5-4: Overview images of the HVG1 vegetation from cardinal directions.
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Figure C.5-5: Quasi-nadir image of the HVG1 vegetation (tussock sedge).

IV

Overview of the Spectro-Goniometer Measurements

Table C.5-1: Overview of the spectro-goniometer measurements at the HVG1 study site.

Name

Day

HVG1_01
HVG1_02
HVG1_03

2012-06-30
2012-06-30
2012-06-30

Starting
Time
10:17:57
11:35:48
13:47:45

Duration

SAA

SZA

Sky

24 min
21 min
20 min

118°
139°
179°

56°
50°
46°

cirrostratus
clear
clear
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Table C.5-2: Spectro-directional data of the HVG1_01 spectro-goniometer measurement.

C – 69

Appendix C.5: Study site HVG1 (tussock sedge, dwarf shrub, moss tundra)
Table C.5-3: Spectro-directional data of the HVG1_02 spectro-goniometer measurement.
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Table C.5-4: Spectro-directional data of the HVG1_03 spectro-goniometer measurement.
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V

Main Spectral Characteristics

Figure C.5-6: Nadir reflectances and irradiance profiles of the HVG1 site at different sun zenith
angles. Left: Comparison of the nadir reflectance signatures with the average zonal vegetation
(MAT). Right: Comparison of the total irradiance profiles.

VI

HCRF Visualization

Figure C.5-7: Comparison of the HCRF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the HVG1 site at different sun zenith angles.

C – 72

Appendix C: Data Reports of the Spectro-Directional Measurements

Figure C.5-8: HCRF visualization at 479 nm and 549 nm of the HVG1 site.

Figure C.5-9: Legend of the outlier indicator graphics shown in Figure C.5-8, C.5-10, and C.5-13
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Figure C.5-10: HCRF visualization at 672 nm and 864 nm of the HVG1 site.
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Figure C.5-11: HCRF visualization in principal & orthogonal plane of the HVG1 site.
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VII

ANIF Visualization

Figure C.5-12: Comparison of the ANIF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the HVG1 site at different sun zenith angles.
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Figure C.5-13: ANIF visualization at 672 nm and 864 nm of the HVG1 site.
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Figure C.5-14: ANIF visualization in principal & orthogonal plane of the HVG1 site.
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VIII

ANIX Visualization

Figure C.5-15: Comparison of the ANIX in the solar principal and orthogonal plane with the nadir
reflectance of the HVG1 site at different sun zenith angles.
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IX

NDVI and Relative Absorption Depth Visualization

Figure C.5-16: Comparison of the NDVI in the solar principal and orthogonal plane of the HVG1
site at different sun zenith angles.
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Figure C.5-17: Visualization of relative absorption depth & NDVI of the HVG1 site.

NDVI Comparison of Different Sensors

X

Table C.5-5: Center wavelengths and band widths of the broadband and narrowband NDVIs,
based on the spectral response curves of the AVHRR, MODIS and EnMAP sensors.

NDVI

Sensor

Sensor band
red: band 1
NIR: band 2

Center wavelength
(nm)
630
865

band width
(nm)
100
275

NDVIAVHRR

AVHRR/3
MODIS

red: band 1
NIR: band 2

645
859

50
35

EnMAP

red: band 47
NIR: band 73

672
864

6.5
8

[broadband]
NDVIMODIS
[broadband]
NDVIEnMAP
[narrowband]
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Figure C.5-18: Comparison of AVHRR, MODIS & EnMAP NDVI of the HVG1 site.
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C.6 Study site HVG2 (erect dwarf shrub community)
Location

I
Name
HVG2

Location
Happy Valley, Arctic North Slope,
Alaska, United States of America

Latitude

Longitude

Altitude

69.146928°

-148.852042°

325 m

Happy Valley is located just west of the Dalton Highway in the foothills of the Arctic Slope
approximately 82 km (52 mi) north of Toolik Lake, Alaska at an elevation of about 320 m.
Within the five subzones of the circumpolar Arctic, Happy Valley is found in subzone E.
Green mile marker 334 is positioned just before the turn-off to the site. Three 10 x 10 m grids,
designated at the hill crest, midslope and at the footslope have been established at this
location in 2002. The goniometer measurements have been carried out next to the midslope /
zonal site (HV_ms/z). [Barreda et al., 2006]

20 km
Figure C.6-1: Location of study site HVG2 in Alaska, USA. Source: Google Earth, 2013

Figure C.6-2: Aerial photo of a 10 x 10 m zonal grid at the Happy Valley study location near the
HVG2 site. Source: [Barreda et al., 2006]
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II

Main Vegetation Description

The vegetation at the mesic Happy Valley study location corresponds to the zonal vegetation
in subzone E. The zonal plant community of bioclimate subzone E in northern Alaska is
Sphagno- Eriophoretum vaginati [Walker et al., 1994], also called moist acidic tundra
(MAT), ‘acidic tussock tundra’ or ‘tussock-sedge, dwarf-shrub, moss tundra’ [Walker et al.,
2005]. It occurs widely across the foothills of northern Alaska on old upland surfaces not
glaciated during the Last Glacial Maximum. At Happy Valley the average soil pH of this
plant community is 5.3; the average volumetric soil moisture of the top mineral horizon is
44 %, and average depth of thaw by late summer is 34 cm [Kade et al., 2005]. The vegetation
is composed of a mixture of tussock sedges (Eriophorum vaginatum), deciduous dwarf shrubs
(e.g., Betula nana, Salix planifolia ssp. pulchra), evergreen dwarf shrubs (e.g., Ledum
palustre ssp. decumbens, Vaccinium vitis-idaea, Cassiope tetragona, Empetrum nigrum), a
few forbs (Polygonum bistorta var. plumosum, Petasites frigidus), mosses (Hylocomium
splendens, Sphagnum spp., Aulacomnium spp., Dicranum spp.) and lichens (Cladina spp.,
Dactylina arctica, Cetraria spp.).
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Figure C.6-3: Overview images of MNT tundra at the mesic Happy Valley study location near the
HVG2 site. Source: [Buchhorn and Schwieder, 2012]

III

Vegetation Description of the HVG2 Site

The focus of the measurements at this goniometer site has been an erect dwarf shrub
community between tussock sedges. The 1x1 m plot is homogeneously covered with this
dwarf shrub, but with forbs, mosses and lichens in the understory and tussock sedges nearby.
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Figure C.6-4: Overview images of the HVG2 vegetation from cardinal directions.
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Figure C.6-5: Quasi-nadir image of the HVG2 vegetation (dwarf shrub).

IV

Overview of the Spectro-Goniometer Measurements

Table C.6-1: Overview of the spectro-goniometer measurements at the HVG2 study site.

Name

Day

HVG2_01
HVG2_02
HVG2_03
HVG2_04

2012-07-02
2012-07-02
2012-07-02
2012-07-02

Starting
Time
9:27:32
11:32:41
13:52:06
15:52:37

Duration

SAA

SZA

Sky

20 min
17 min
67 min
18 min

104°
137°
189°
217°

60°
50°
46°
50°

cirrostratus
cirrostratus
cirrostratus
cirrostratus
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Table C.6-2: Spectro-directional data of the HVG2_01 spectro-goniometer measurement.
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Table C.6-3: Spectro-directional data of the HVG2_02 spectro-goniometer measurement.
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Table C.6-4: Spectro-directional data of the HVG2_03 spectro-goniometer measurement.
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Table C.6-5: Spectro-directional data of the HVG2_04 spectro-goniometer measurement.
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V

Main Spectral Characteristics

Figure C.6-6: Nadir reflectances and irradiance profiles of the HVG2 site at different sun zenith
angles. Left: Comparison of the nadir reflectance signatures with the average zonal vegetation
(MAT). Right: Comparison of the total irradiance profiles.

VI

HCRF Visualization

Figure C.6-7: Comparison of the HCRF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the HVG2 site at different sun zenith angles.
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Figure C.6-8: HCRF visualization at 479 nm and 549 nm of the HVG2 site.

Figure C.6-9: Legend of the outlier indicator graphics shown in Figure C.6-8, C.6-10, and C.6-13
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Figure C.6-10: HCRF visualization at 672 nm and 864 nm of the HVG2 site.
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Figure C.6-11: HCRF visualization in principal & orthogonal plane of the HVG2 site.
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VII

ANIF Visualization

Figure C.6-12: Comparison of the ANIF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the HVG2 site at different sun zenith angles.
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Figure C.6-13: ANIF visualization at 672 nm and 864 nm of the HVG2 site.
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Figure C.6-14: ANIF visualization in principal & orthogonal plane of the HVG2 site.
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VIII

ANIX Visualization

Figure C.6-15: Comparison of the ANIX in the solar principal and orthogonal plane with the nadir
reflectance of the HVG2 site at different sun zenith angles.
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IX

NDVI and Relative Absorption Depth Visualization

Figure C.6-16: Comparison of the NDVI in the solar principal and orthogonal plane of the HVG2
site at different sun zenith angles.
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Figure C.6-17: Visualization of relative absorption depth & NDVI of the HVG2 site.
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NDVI Comparison of Different Sensors

X

Table C.6-6: Center wavelengths & band widths of broadband and narrowband NDVIs, based on
the spectral response curves of the AVHRR, MODIS and EnMAP sensors.

NDVI

Sensor

Sensor band
red: band 1
NIR: band 2

Center wavelength
(nm)
630
865

band width
(nm)
100
275

NDVIAVHRR

AVHRR/3
MODIS

red: band 1
NIR: band 2

645
859

50
35

EnMAP

red: band 47
NIR: band 73

672
864

6.5
8

[broadband]
NDVIMODIS
[broadband]
NDVIEnMAP
[narrowband]

Figure C.6-18: Comparison of AVHRR, MODIS & EnMAP NDVI of the HVG2 site.
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C.7 Study site VDG1 (sedge, dwarf shrub, moss tundra)
Location

I
Name
VDG1

Location
Vaskiny Dachi, Yamal Peninsula,
West Siberia, Russian Federation

Latitude

Longitude

Altitude

70.275783°

68.89125°

45 m

Vaskiny Dachi is located southeast of the main Bovanenkova gas field in the central part of
the Yamal Peninsula. Vaskiny Dachi is the name of a field camp established by Dr. Marina
Leibman. The research sites are located in the watersheds of the Se-Yakha and Mordy-Ykha
rivers. The Vaskiny Dachi-1 study site is on a gentle Terrace-IV hill-top, which is on a
Kazantsevskaya coastal-marine plain (Terrace IV) at 40-45 m elevation and built of
interbedding of clayey and sandy deposits with a considerable amount of organic matter
dispersed in the section. [Walker et al., 2009]

20 km
Figure C.7-1: Location of study site VDG1 in Yamal, Russia. Source: Google Earth, 2013

Figure C.7-2: Satellite image of the 100 x 100 m zonal grid at the Vaskiny Dachi study location
where the VDG1 site is located. Source: Google Earth, 2013
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II

Main Vegetation Description

The soils are clay and the vegetation is heavily grazed sedge - dwarf shrub - moss tundra
dominated by Carex bigelowii, Vaccinium vitis-idaea, Salix glauca, Hylocomium splendens,
and Aulacomnium turgidum. The surfaces sometimes have windblown sands, but are mainly
tussocky, hummocky or frost-boil tundra and peatland in the lower areas. [Walker et al.,
2009]

Figure C.7-3: Overview images of the grazed tundra at the mesic Vaskiny Dachi study location
near the VDG1 site. Source: [Heim et al., 2012]

III

Vegetation Description of the VDG1 Site

The focus of the measurements at this goniometer site has been sedge – dwarf shrub - moss
tundra. The 1x1 m plot is homogeneously covered with dwarf-shrub-moss tundra.

Figure C.7-4: Overview images of the VDG1 vegetation. Left: Photo in the visible wavelength
range. Middle: Photo in the NIR wavelength range. Right: Vegetation height measurement with
help of the card box approach. Source: [Heim et al., 2012]
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Figure C.7-5: Quasi-nadir image of the VDG1 vegetation (dwarf-shrub-moss tundra).

IV

Overview of the Spectro-Goniometer Measurements

Table C.7-1: Overview of the spectro-goniometer measurements at the VDG1 study site.

Name

Day

VDG1_02

2011-08-12

Starting
Time
13:20:18

Duration

SAA

SZA

Sky

40 min

180°

55°

cirrostratus
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Table C.7-2: Spectro-directional data of the VDG1_02 spectro-goniometer measurement.
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V

Main Spectral Characteristics

Figure C.7-6: Nadir reflectances and irradiance profiles of the VDG1 site. Left: Comparison of
the nadir reflectance signatures with the average zonal vegetation. Right: Comparison of the total
irradiance profiles.

VI

HCRF Visualization

Figure C.7-7: Comparison of the HCRF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the VDG1 site.
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Figure C.7-8: Legend of the outlier indicator graphics shown in Figure C.7-9, C.7-10, and C.7-13

Figure C.7-9: HCRF visualization at 479 nm and 549 nm of the VDG1 site.

Figure C.7-10: HCRF visualization at 672 nm and 864 nm of the VDG1 site.
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Figure C.7-11: HCRF visualization in principal & orthogonal plane of the VDG1 site.

VII

ANIF Visualization

Figure C.7-12: Comparison of the ANIF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the VDG1 site.

Figure C.7-13: ANIF visualization at 672 nm and 864 nm of the VDG1 site.
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Figure C.7-14: ANIF visualization in principal & orthogonal plane of the VDG1 site.

VIII

ANIX Visualization

Figure C.7-15: Comparison of the ANIX in the solar principal and orthogonal plane with the nadir
reflectance of the VDG1 site.

IX

NDVI and Relative Absorption Depth Visualization

Figure C.7-16: Comparison of the NDVI in the solar principal and orthogonal plane of the VDG1
site.
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Figure C.7-17: Visualization of relative absorption depth & NDVI of the VDG1 site.

NDVI Comparison of Different Sensors

X

Table C.7-3: Center wavelengths and band widths of the broadband and narrowband NDVIs,
based on the spectral response curves of the AVHRR, MODIS and EnMAP sensors.

red: band 1
NIR: band 2

Center wavelength
(nm)
630
865

band width
(nm)
100
275

MODIS

red: band 1
NIR: band 2

645
859

50
35

EnMAP

red: band 47
NIR: band 73

672
864

6.5
8

NDVI

Sensor

Sensor band

NDVIAVHRR

AVHRR/3

[broadband]
NDVIMODIS
[broadband]
NDVIEnMAP
[narrowband]

Figure C.7-18: Comparison of AVHRR, MODIS & EnMAP NDVI of the VDG1 site.
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C.8 Study site VDG2 (grazed sedge, dwarf shrub, moss tundra)
Location

I
Name
VDG2

Location
Vaskiny Dachi, Yamal Peninsula,
West Siberia, Russian Federation

Latitude

Longitude

Altitude

70.275667°

68.890767°

45 m

Vaskiny Dachi is located southeast of the main Bovanenkova gas field in the central part of
the Yamal Peninsula. Vaskiny Dachi is the name of a field camp established by Dr. Marina
Leibman. The research sites are located in the watersheds of the Se-Yakha and Mordy-Ykha
rivers. The Vaskiny Dachi-1 study site is on a gentle Terrace-IV hill-top, which is on a
Kazantsevskaya coastal-marine plain (Terrace IV) at 40-45 m elevation and built of
interbedding of clayey and sandy deposits with a considerable amount of organic matter
dispersed in the section. [Walker et al., 2009]

20 km
Figure C.8-1: Location of study site VDG2 in Yamal, Russia. Source: Google Earth, 2013

Figure C.8-2: Satellite image of the 100 x 100 m zonal grid at the Vaskiny Dachi study location
where the VDG2 site is located. Source: Google Earth, 2013
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II

Main Vegetation Description

The soils are clay and the vegetation is heavily grazed sedge – dwarf shrub - moss tundra
dominated by Carex bigelowii, Vaccinium vitis-idaea, Salix glauca, Hylocomium splendens,
and Aulacomnium turgidum. The surfaces sometimes have windblown sands, but are mainly
tussocky, hummocky or frost-boil tundra and peatland in the lower areas. [Walker et al.,
2009]

Figure C.8-3: Overview images of the grazed tundra at the mesic Vaskiny Dachi study location
near the VDG2 site. Source: [Heim et al., 2012]

III

Vegetation Description of the VDG2 Site

The focus of the measurements at this goniometer site has been grazed sedge – dwarf shrub moss tundra. The 1 x 1 m plot was homogeneously grazed by reindeer.
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Figure C.8-4: Overview images of the VDG2 vegetation from cardinal directions.
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Figure C.8-5: Quasi-nadir image of the VDG2 vegetation (grazed tundra).

IV

Overview of the Spectro-Goniometer Measurements

Table C.8-1: Overview of the spectro-goniometer measurements at the VDG2 study site.

Name

Day

VDG2_01
VDG2_02
VDG2_03

2011-08-29
2011-08-29
2011-08-29

Starting
Time
10:04:03
11:15:22
12:31:47

Duration

SAA

SZA

Sky

39 min
38 min
42 min

124°
143°
164°

69°
64°
61°

cirrostratus
cirrostratus
cirrostratus
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Table C.8-2: Spectro-directional data of the VDG2_01 spectro-goniometer measurement.
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Table C.8-3: Spectro-directional data of the VDG2_02 spectro-goniometer measurement.
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Table C.8-4: Spectro-directional data of the VDG2_03 spectro-goniometer measurement.
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V

Main Spectral Characteristics

Figure C.8-6: Nadir reflectances and irradiance profiles of the VDG2 site at different sun zenith
angles. Left: Comparison of the nadir reflectance signatures with the average zonal vegetation.
Right: Comparison of the total irradiance profiles.

VI

HCRF Visualization

Figure C.8-7: Comparison of the HCRF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the VDG2 site at different sun zenith angles.
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Figure C.8-8: Legend of the outlier indicator graphics shown in Figure C.8-9, C.8-10, and C.8-13

Figure C.8-9: HCRF visualization at 479 nm and 549 nm of the VDG2 site.
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Figure C.8-10: HCRF visualization at 672 nm and 864 nm of the VDG2 site.
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Figure C.8-11: HCRF visualization in principal & orthogonal plane of the VDG2 site.

C – 119

Appendix C.8: Study site VDG2 (grazed sedge, dwarf shrub, moss tundra)

VII

ANIF Visualization

Figure C.8-12: Comparison of the ANIF values at 479 nm (blue), 549 nm (green), 672 nm (red),
and 864 nm (NIR) in the solar principal plane of the VDG2 site at different sun zenith angles.
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Figure C.8-13: ANIF visualization at 672 nm and 864 nm of the VDG2 site.
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Figure C.8-14: ANIF visualization in principal & orthogonal plane of the VDG2 site.
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VIII

ANIX Visualization

Figure C.8-15: Comparison of the ANIX in the solar principal and orthogonal plane with the nadir
reflectance of the VDG2 site at different sun zenith angles.

C – 123

Appendix C.8: Study site VDG2 (grazed sedge, dwarf shrub, moss tundra)

IX

NDVI and Relative Absorption Depth Visualization

Figure C.8-16: Comparison of the NDVI in the solar principal and orthogonal plane of the VDG2
site at different sun zenith angles.
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Figure C.8-17: Visualization of relative absorption depth & NDVI of the VDG2 site.

NDVI Comparison of Different Sensors

X

Table C.8-5: Center wavelengths and band widths of the broadband and narrowband NDVIs,
based on the spectral response curves of the AVHRR, MODIS and EnMAP sensors.

red: band 1
NIR: band 2

Center wavelength
(nm)
630
865

band width
(nm)
100
275

MODIS

red: band 1
NIR: band 2

645
859

50
35

EnMAP

red: band 47
NIR: band 73

672
864

6.5
8

NDVI

Sensor

Sensor band

NDVIAVHRR

AVHRR/3

[broadband]
NDVIMODIS
[broadband]
NDVIEnMAP
[narrowband]
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Figure C.8-18: Comparison of AVHRR, MODIS & EnMAP NDVI of the VDG2 site.
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