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Red edge; red edge ratio index

Red, green, blue

Regression linear interpolation

Remotely piloted aircrafts

Remotely Piloted Aircraft System
Simulated Annealing

Scattering Arbitrary Inclined Leaves
Structure from Motion

Scale-invariant feature transform

Special interest group

Soil management strategy/strategies
Simple ratio (vegetation index) or Short range (UAS category)
Stratospheric flight altitudes

Shuttle Radar Topography Mission
Support vector machine

Temperature

Transformed chlorophyll absorption in reflectance index
Thermal infrared

Unmanned aircraft system

Universal access transceiver

Unmanned aerial vehicle

Unmanned Aerial Vehicle System Association
United States of America

Unmanned Vehicle System International
Visible (range of electromagnetic spectrum)
Visual line of sight

Vertical take-off and landing

Viewing zenith angle/observer angle



1 Introduction

The world population is expected to reach 9 billion of people by 2050 (Godfray et al.
2010). Although the growth of food production leaves less people hungry today, a 14%
of the world’s population is still facing malnutrition. According to the FAO, farming
systems face serious pressure by competitive land use (biofuels versus food crops), in-
tensification caused soil degradation by salinization, soil erosion and climate change,
and urbanization competition for water and land in rural-urban boundaries (Godfray et
al. 2010; FAO 2011). Sustainable food production and food use therefore present to-
day’s challenge and a “sustainable intensification” (Godfray et al. 2010, p. 813) is called
for, encompassing increasing agricultural production limits by use of genetically modi-
fied crops and more efficient livestock management, reducing food waste, changing
diets and expansion of aquaculture (Godfray et al. 2010). The term “precision agricul-
ture” subsumes the technical improvements aiming at agricultural practices more effi-
cient yet less harmful to the environment. In this context, one prerequisite for produc-
tive agriculture is access to fast and cheap geospatial data and this is where unmanned
aerial systems (UAS) have knocked their way into the remote sensing communities.
Small UAS provide data at low costs and high local detail without lengthy processing
chains compared to costly manned airborne missions and satellite data (Zhang and
Kovacs 2012).

Civil unmanned aerial systems (UAS) have shown an immense development within the
private sector and scientific community since the millennium. According to the RPAS
Yearbook 2015 (van Blyenburgh 2015), the total number of quoted UAS has been ever
increasing (400% from 2005 to 2015) and the same holds for producing countries. Fo-
cusing on Europe, the civil applications have outranged the originally military applica-
tions, and Germany, France, the U.K. and Spain are the big producer countries. Mostly
Mini UAS (smaller than 5 kg take-off weight) and in this category mostly rotary wing
systems are being developed as they offer flexible platforms. Some key applications are
listed below

Precision agriculture: monitoring crop development and health status to quickly
adapt crop treatment,

Archaeology: surveys and reconnaissance of former settlements and land use
have been among the first civil applications of UAS,



1 Introduction 2

Conservation: monitoring protected sites and species, detection of poaching and
fires

Security: remote sensing of areas where access is impossible due to risks to hu-
man health (e.g. contaminated site of Fukushima; fires in difficult areas),

Health services: use of small UAS to deliver life-aiding systems to remote pa-
tients.

Accompanying, publications in that field mirror this development and have increased
ten-fold since the turn of the millennium:

8000
Publications with terms
6000 1 "UAV" + "remote sensing"
4000
2000
0 T T T T T T T T T T T T T T 1
\" WV %) X o) o A ) S ) Q N Vv Ay ™
\) Q Q Q \) Q \) Q Q \] O \Y \Y \Y \™
P D »

Figure 1.1 Reference hits by Google Scholar

Due to the relevancy of large-scale geospatial data for sustainable food production and
also for cultural heritage, key research issues were defined: What is the potential of
small UAS in multispectral and, to a lesser extent, broadband thermal infrared remote
sensing within the field of agriculture and archaeology? And likewise, what are the limi-
tations if not potential pitfalls? To study these topics, a md4-1000 quadrocopter UAS
(microdrones GmbH), was purchased by the Department of Environmental Remote
Sensing and Geoinformatics at the end of 2010.

The aim was to retrieve an operational sound processing chain for the use of multispec-
tral or digital cameras, sensor calibration and radiometric correction, to be followed by
point-cloud modelling leading to orthophoto mosaics which may then further be ana-
lyzed in relation to the respective scientific questions. The work is divided into two
parts:

Part | deals with introduction into the topic and sets the scientific background of
data processing and requirements.

Part Il contains the application of the UAS in the context of agricultural and ar-
chaeological research questions.
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In part I, chapter 2 gives an overview to UAS their historic evolution and recent plat-
form development, especially rotary-based systems and sensors. Within this topic
comes also the description of the regulatory framework for the operation of such sys-
tems. The latter often limp behind the technology’s development and demand and may
still impede the readiness for system use. Regulating bodies do work hard though on
reaching international standards and safety regulations. Chapter 3 endows on multispec-
tral and thermal broadband remote sensing of vegetation, setting a base for the consecu-
tive case studies.

A detailed description of the used sensors, their calibration and radiometric correction
of individual photos is given in chapter 4. Consecutively, the potential radiometric cor-
rection is presented followed by the description of topographic corrections, i.e. geomet-
ric correction, bundle-block adjustment, point-cloud modelling and final derivation of
orthophoto mosaics (chapter 5). A sensitivity analysis then evaluates the selected wave-
lengths for the study of key vegetation parameters such as chlorophyll, leaf water con-
tent, brown pigments, leaf area index, a.o., pursued by bidirectional reflectance effects
at multi-angular viewing geometries on the spectral signal and common vegetation indi-
ces (chapter 6).

Subsequently, the UAS system and processing chain is used in three common research
guestions, i.e.

a) the potential of multispectral and multi-angular remote sensing of soil manage-
ment effects on grapevine in a vineyard in Luxembourg (chapter 7),

b) the impact of nitrogen-fertilization treatments on sugar beet on the multispectral
(and thermal) signal in relation to stress-induced solar fluorescence, and the po-
tential to use the system to map daily fluorescence as a stress indicator (chapter
8), and finally,

c) the potential use of small UAS to archaeological surveys and reconnaissance at a
former Roman settlement in Los Bariales, Spain (chapter 9).

The benefit and handicaps of small UAS in multispectral remote sensing applications
are then summarized and discussed in chapter 10, followed by conclusions and recom-
mendations for the use of small UAS in chapter 11. A summary concludes the work in
chapter 12.



Part |



2  Unmanned Aerial Systems for Environmental Remote
Sensing

Unmanned aerial systems (UAS) or remotely piloted aircraft systems (RPAS) for envi-
ronmental remote sensing of agriculture and conservation, have emerged about a decade
ago and find increasing and widening application experiencing a rapid technical devel-
opment ever since (van Blyenburgh 2014a, p.153).

2.1  Terms and Definitions

2.1.1 UAS versus UAV

Only recently, the non-profit trade organization “Unmanned Aerial Vehicle System As-
sociation (UAVS), EUROCAE and ICAO suggested to harmonize terms from the term
unmanned aircraft vehicle (UAV) to unmanned aircraft system (UAS) as a reusable,
powered aircraft which is either steered remotely by a crew on the ground or flies au-
tonomously following preprogrammed tracks (Unmanned Aerial Vehicle System
Association 2011, ICAO 2011). The acronym UAV originated from a rather military
perspective of drones as uncrewed radio-controled aerial vehicle performing flight and
payload operations for reconnaissance missions. Despite industry and regulating bodies
adopting the term UAS, within scientific publications the acronym UAYV persists.

Other terms used by ICAO and in European Aviation are remotely piloted aircraft sys-
tems (RPAS), remotely operated aircrafts (ROA), simply drones, or for the US Federal
Aviation Administration unmanned aircrafts (UA) (Eisenbeil? 2009, p.1). Depending on
the size, drones may also be termed autonomous unmanned micro aerial vehicle
(AUMAYV).

For civil and commercial applications, industry and regulating bodies now adopted the
term unmanned aircraft systems (UAS), including all associated system elements like
the aerial vehicle and its propulsion mechanism
the payload
the ground control station
the communication means between ground station, the vehicle (i.e. re-
mote control) and data downlinking, and
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the support equipment required to run, and transport the UAS (Austin
2010).
UAS Components

A UAS comprises a platform and its propulsion system, the payload, a flight control
system, a precision navigation system and, possibly, a sense & avoid system.

The sensors onboard may encompass one or more of the following:

Digital or single lens reflex cameras (SLR), multispectral/hyperspectral sensors
thermal infrared cameras (TIR), video cameras and scanners,

LiDAR or radar systems, and/or

environmental (gas) sondes.

The ground control station generally supports field missions during
set-up, and through
a monitoring display for camera live links,
the system health diagnostics,
navigation tasks,
position mapping, and
as a data downlinking and processing unit.

The telecomunication unit controls the transfer of the pilot’s commands to the UAS
(Jensen 2007; Austin 2010, Everaerts 2008).

2.1.2 UAS Benefits and Drawbacks

Cleary the biggest advantage is the immense flexibility in using drones. Whereas tradi-
tional aircrafts are cost-intensive and not always disposable, drones, especially smaller
vehicles, may be obtained at much lower costs. Their main application lies in mapping
at large scales and, in particular, in studying short-term variations of sites of interest
whenever required: crop development during the growing period may be listed here,
where traditional, manned aircraft would explode project costs. Presuming for adequate
weather conditions, UAS may be flown when and as often as required and inform preci-
sion agricultural management. In some cases, flights may even be carried out when the
weather is not ideal, e.g. during light rain, snow fall or underneath clouds.
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UAS are further advantageous for overflights of areas of limited access where manned
air missions might endanger crews, as, for instance, over volcanoes or areas of limited
access after catastrophic events.

Also, other flight parameters may be selected to fit the research question: Depending on
the object under study, variations of the flight height determine the scale of the obtained
imagery. The choice of a beneficial flight time together with the flight direction deter-
mines object illumination. For thermal imagery morning or evening exposures may be
beneficial whereas reflectance measurements generally are carried out during maximum
solar illumination. Finally, the speed of the aerial vehicle and the chosen image acquisi-
tion rate steer image overlap, required for instance for photogrammetric measurements
(Eisenbeil? 2009, p. 3-4).

Modern GPS-/inertia steered altitude and attitude reference systems stabilize the plat-
form and, when using rotary-wing drones, the platform may hover over the site of inter-
est as long as required. These systems also show the advantage of vertical take-off and
landing (VTOL), requiring a minimum space for launching the UAS (Eisenbeil? 2009,
p.4, microdrones GmbH 2009, Jones and Vaughan 2010). Finally, the mission may be
programmed so that the vehicle follows pre-defined tracks and executes data acquisition
autonomously.

The major drawback in using UASs is the relationship between platform weight and
maximum payload. National air regulation legislation generally treat commercial and
non-commercial UAS as model aircrafts and minimize their total weight to e.g. 5 kg in
Germany, and thus, limiting the sensor size within general ascent permits. Furthermore,
the flight altitude needs to conform to air traffic regulations and is, thus, limited to the
space below manned air traffic. In most parts of Germany this amounts to 300 m above
ground, which is generally still an adequate flight height, for general ascent permits,
however, maximum altitude limits at 100 m above ground level (a.g.l.).

Although equipped with GPS/inertia systems, the comparatively rather miniaturised
platforms still lack in flight stability when compared directly to traditional manned air-
crafts, placing great demands on image processing. To enable post-processing for image
orientation parameters, ground control points need to be installed in-situ. Other limiting
factors are technical constrictions in battery capacity and weight. Longer flight times are
achieved at the expense of payload. Model aircrafts have furthermore been restricted to
visual line of sight flights and the range of radio communication.
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2.2 Categorization of Civil Unmanned Aircraft Systems

Up until now, to the author’s awareness, there is no European-wide official classifica-
tion for UAS. EUROCONTROL together with other members from the UVSI have
been working on this topic, more results are being soon expected (personal communica-
tion with Mike Lissone, UAS ATM Integration Manager, EUROCONTROL,
12.12.2011). UAS have also been grouped by lifting force (lighter than or heavier than
air) or based on their propulsion system, i.e. powered versus passive systems, by their
size and weight of their platform and payload and by flight altitude and endurance pa-
rameters. The UVSI within the recent years have categorized UAS by their altitude,
range and weight and distinguish among tactical, strategic and special purpose UAS
including military UAS and higher (exo-)atmospheric applications which will not be
described further in this context.

Table 2.1 UVSI categorization of civil UAS (van Blyenburgh 2012, p. 151)

UAS Category Range Flight Endurance MTOW
(acronym) [km] Altitude [m] [h] [ka]

Nano (n) <1 100 <1 <0.025

Micro (p) <10 250 1 <5

Mini <10 150 - 300 <2 Depending on national
legislation MTOW <
30 or 150 kg

Close Range (CR) 10-30 3000 2-4 150

Short Range (SR) 30-70 3000 3-6 200

Medium Range (MR) 70-200 5000 6-10 1250

Medium Range En- >500 8000 10-18 1250

durance (MRE)

Low Altitude Deep >250 50 — 9000 05-1 350

Penetration (LADP)

Low Altitude Long >500 3000 >24 <30

Endurance (LALE)

Medium Altitude Long >500 14000 24 - 48 1500

Endurance MALE

High Altitude Long >2000 20000 24 - 48 4500 (Predator B)/

Endurance (HALE)* 12000

*Although developed for military applications, HALE UAS have been used for scientific studies.

Other categorizations are shortly mentioned in the following sections.
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2.2.1 UAS Classification Based on Platform Propulsion

Eisenbeil? (2009, p.34) summarized UAS based on their propulsion and also lifting
force mechanism:

Table 2.2 Classification of UAS based on power-mechanism and lifting force (mod.
from Eisenbeil3 2009, p.34)

Lifting force\ Lighter-than-air Heavier-than-air
Propulsion
Flexible wing Fixed wing Rotary wing
(VTOL)
Unpowered Balloon Kite Glider Rotor-kite
Hang glider
Paraglider
Powered Blimp Paraglider Propeller airplane  Single rotor
Jet engine Coaxial
airplane
Quadrotor
Multi-rotor

2.2.2 UAS Classification Based on Total Weight

Beside the desing, most national aviation authorities employ the total platform and pay-
load take-off weight to group UAS for safety regulations. The RPAS Yearbook (van
Blyenburgh 2015) differentiates light aircraft masses according to maximum take-off
weight (Table 2.3).

Table 2.3 Classification of light UAS based on maximum take-off weight (mod. from
van Blyenburgh (2015), p.156; * depending on legislation)

UAS Category MTOW [kg] Altitude [m] Range [km]
Nano [n] UAS <0.025 100 <1
Micro [u] UAS <5 250 <10
Mini UAS <25 or 30 to 150* 300 <10
ShortRange UAS <150 3000 10-30

Similar classes are used by the Australian Civil Aviation Safety Authority (Eisenbeif3
2009, p. 36).
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2.2.3 UAS Classification Based on Altitude and Endurance

Another scheme uses as classification criterion the possible altitudes versus endurance:
HALE: high altitude (20000 — 35 0000 feet), long endurance, i.e. Global Hawk

MALE:  medium altitude (10000 — 30000 feet), long endurance (24-48 hours), i.e.
MQ-1 Predator

LALE: low altitude (~7000 feet), long endurance (>30 hours), i.e. Predator A

LASE close: low altitude (up to 6000 feet) and short endurance (several hours),
overall weights of 2-5 kg.

STRATO: stratospheric flight altitudes
EXO: exo stratospheric flight altitudes

The LALE and LASE category were defined by the US Federal States Aviation Admin-
istration (quoted from Watts et al. 2012) and are not commonly used in European no-
menclature, yet are mentioned in UAS Yearbook 2015.

2.3 Outline of the Historic Evolution of Civil-Use UAS

2.3.1 First UAS and Developments until 2000

One of the earliest applications of drones, were hydrogen-filled balloons for reconnais-
sance used in the American Civil War. The military even then tested offensive applica-
tions by timer-activated bomb-droppings (Krock 2002). However, their dependence on
wind direction and speed made their use problematic, so that Charles Perley’s patent for
an “unmanned aerial bomber balloon” of 1863 was not being further employed (Clark
1997).

The first civil use was pioneered by Arthur Batut who took airphotos in France in 1890
using large kites. He could already foresee the implications for surveyors, archeologists,
the military and agriculturists (Jensen 2007 p. 70).

Jensen (2007) also mentions rockets applications where cameras were shot into the sky
by Amadee Denisse in 1888, or 1891 by Ludwig Rahrmann in Germany. The latter also
used large caliber guns to transport the camera into the air which then parachuted down.
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It was at that time also that UAS started being used for photogrammetric purposes.
Whittlesley (1970) employed a tethered balloon equipped with a Linhof 6x9 cm camera
to capture vertical airphotos from about 10 m
height to map archaeological remains. He also

experimented with stereographic cameras, i.e. a
radio-controlled Hasselblad, taken up 2000 feet to
photograph archaeological sites in Greece, and
mentions “the U.S. Army Cold Regions Research
and Engineering Laboratory [...] to measure plant
growth and soil deformation” (Whittlesey 1970, p.
185).

Figure 2.1 Whittlesley's tethered balloon for ar-
chaeological reconnaissance in Turkey
(Whittlesey 1970, p. 182)

During the Post-World War Period, during the Vietnam and later Cold War, UAS
gained interest again. Especially the USA and Israel began to develop and deploy their
own systems in the 1970ies/1980ies (Jensen 2007). During, the Cold War period,
NASA’s MiniSniffer program (1970-1980ies) according to Watts et al. (2012) made
first attempts in atmospheric sampling at high altitudes.

In the nineties, during the Persian Gulf War, the U.S. Predator, developed by General
Atomics Inc., used for reconnaissance missions, was becoming the ancestor for scien-
tific UAS platforms. The NASA then acknowledged the need of the industry and sci-
ence community for cost-effective, more flexible airborne remote sensing technology.



2 Unmanned Aerial Systems for Environmental Remote Sensing 12

2.3.2 Recent Developments of Civil UAS (2000-2015)

Due to NASA’s Environmental Research Aircrafts and Sensor Technology (ERAST)
project (1993 to 2003), profound research and development in cost-effective UAS for
environmental deployment resulted in the development of modern, slow-flying aircrafts
such as Helios, Proteus, and Pathfinder (Nonami 2007, p.121, Curry 2009). In its second
phase, the NASA’s ERAST focus lay on solar-driven technology, consumable fuel UAS
missions for earth science applications and UAS subsystem technologies (Curry 2009).
A detailed description of HALE UAS application for scientific missions may be found
in Curry (2009) and Watts et al. (2012).

To accommodate multiple civil research groups, a medium altitude — long endurance
platform was developed based on the Predator-B, the NASA'’s Ikhana. It was developed
in 2007 with a 20 m wingspan which may carry up to 1100 kg payload. It may reach
13000 m in altitude with up to 24 hours endurance (Dryden Flight Research Center
2007; Watts et al. 2012). According to the authors, the Ikhana was the first drone that
received a US Certificate of Airworthiness (COA) and could be operated without ac-
companying aircraft and observers (Watts et al. 2012). It was tested on Western US
States Fire Missions flights between 2006 to 2009 and provided stakeholders with geo-
rectified, near-real time imagery of wildfires (Watts et al. 2012).

Other MALE systems followed, like the Altus Il for atmospheric research (Curry 2009,
Watts et al. 2012), and later the Science Instrumentation Environmental Remote Re-
search Aircraft — SIERRA for several recent scientific missions at regional scales, de-
scribed by Watts and co-authors (2012 p. 1681f):

CASIE - Characterization of Arctic Sea Ice Experiment (2009)

greenhouse gas emission (2011),

measurement of long-time earthquake hazards and groundwater measurement
(2011-2013), and

carbon dynamics of seagrass and shallow tropical coral ecosystems and atmos-
pheric missions (2011-2013).

The SIERRA was designed by the Naval Research Laboratory (NRL) and may carry 45
kg playload and has a take-off weight of approximately 180 kg. It may fly at low alti-
tudes of 3600 m with a speed of 100 km/h. It samples tropospheric chemistry and is
used for remote sensing of arctic ice (Fladeland 2009; Watts et al. 2012). Its use in con-
trolled airspace at altitudes typically used for manned aircraft does cause logistic prob-
lems (Watts et al. 2012).
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Parallel to this HALE/MALE development, resulting from the logistic difficulties, cost-
ly missions, and the advancements in miniaturized systems and sensors, lighter UAS
were being developed all over the world for civil and commercial applications and
found a widening adoption for public authorities like law enforcement, public policy,
agricultural and environmental monitoring and sampling, wildlife management as well
as aerial imagery for every possible application thinkable (Krock 2002, Jensen 2007
p.85, Eisenbeil’ 2009, p. 12ff, Watts et al. 2012, van Blyenburgh 2014a).

Within this year, according to the UVSI Yearbooks on RPAS and prior UAS, the Mini
UAS have especially boomed and presented the largest category within the past years
(Figure 2.2). Altogether, the year 2013 peaked and has become to be called the year of
drones. Since then numbers of new developments have been declining slightly. Once
legal regulations become more clear and harmonized across Europe and possibly world-
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Figure 2.2 References of different UAS categories listed in the respective UVSI Year-
books within the past years (van Blyenburgh (ed.) 2011-2015)

This trend is also repeated in the UAS intended purposes: military drone and dual use
applications still exceed other usage, yet civil/commercial systems found increasing use
until 2015 (van Blyenburgh 2011-2015).
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Figure 2.3 Referenced UAS by intended purpose in the UVSI Yearbooks 2011-2015

The world-wide drone development is still increasing and 2014 as in previous years, the
world’s largest producer countries (also the strongest military developers) were the
USA, followed by Russia and Israel (Figure 2.4). Recently China emerged, too. Within
Europe France, Germany and UK haven been the largest producers recently followed by
Italy and Spain.

Spain, 5 Iran, 4

Figure 2.4 Data source
RPAS Yearbook 2014
(van Blyenburgh 2014a,
p. 156)

Germany, 7
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2.4  UAS Platforms Used for Environmental Remote Sensing and
Archaeology

The following description will group current lightweight UAS according to their respec-
tive platform. As there are abundant UAS systems on the market all over the world
(Figure 2.4), UAS types within this field will shortly be presented, pros and cons men-
tioned and focus laid on rotary wing vertical take-off and landing (VTOL) systems as
this system has been used for this study and its production has been increasing within
recent years (Figure 2.5). For a detailed list of producers and systems please refer to the
RPAS Yearbooks (van Blyenburgh 2012, 2013, 2014a, 2015), Aber et al. (2012) and
Watts et al. (2012), Eisenbeif3 (2009) has compared and contrasted UAS airframe types.
100%
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10% ® Fixed wing
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Figure 2.5 UAS airframes referenced in the RPAS 2010-2015 (RPAS Yearbooks (van
Blyenburgh 2010-2015).

2.4.1 Lighter-than air platforms

These platforms include balloons and blimps and, may be free-flying or tethered. Lift-
ing gases include hydrogen, helium, methane or hot air (Federal Aviation Administra-
tion 2007 cited in Aber et al. 2010, p. 103). Nonami (2007, p.120) argues that un-
manned aircrafts are driven by the dynamic lift and thrust given by their engines, so that
strictly speaking, balloons which swim in the air or rockets following ballistic orbits do
not count as UAS.
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Vierling et al. (2006) summarize the advantages of tethered balloons compared to other
UAS platforms: They are distinguished by longer endurance than active aircrafts, the
flight altitude may be controlled more easily, they are reasonably easy to use and move
in remote locations, and are cheaper to run.

The disadvantage of lighter-than-air-platforms lies in their reliance on wind still condi-
tions. Free-flying balloons are seldomly used as they are more or less uncontrollable.
The advantage of blimps compared to balloons is their higher stability in the air due to
their streamline shape. According to Aber et al. (2010, p.99), they are also safer to rise
as the danger of fabric being blown onto the burner flame is low. The helium-filling
device makes it useable for several days. Its disadvantage however, lies in its suscepti-
bility to wind, operative wind speeds amount to 10-15 km/h and availability of helium
(Aber et al. 2010, Rock 2010).

As an example, the “Goethe
monitoring blimp” is illus-
trated in  developed by the
department of Physical Ge-
ography of the Frankfurt
Johan Wolfgang von Goethe
University. The system is
described in detail in (Rock
2010 p.24-26). Due to its
flying characteristics, blimp

systems are suited for small-
Figure 2.6 The Goethe blimb (Rock 2010, p.24) format aerial photography at

large scales. Aber et al.
(2010) use hot-air blimps for soil erosion and vegetation studies. Other applications
have worked on coastal and periglacial sites, meteorological sounding, crop state and
archaeological reconnaissance and mapping for now almost 50 years (Whittlesley 1970,
Myers 1978, Ullmann 1971, Preu et al. 1987, Bitelli et al. 2004, Oberthdr et al. 2007).

A multi-sensor platform is provided by the SWAMI apparatus which has been used with
a tethered balloon (Vierling et al. 2006, p.257). See chapter 4.3.4 for more details.
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2.4.2 Heavier-than air platforms
2.4.2.1 Fixed wing - kites

Kites are tethered aircrafts and have been known since the 5" century BC. They were
invented in SE Asia (region of Indonesia) or by the Chinese, and have been used for
signaling, testing wind direction, and measuring distances, amongst others. The ad-
vantage in using kites consists in the low costs, the high portability and flexibility in the
field, the unlimited flight times assuming there is enough wind, and the easy to learn
technology. There are soft kites inflated by wind pressure and rigid Kites. Soft Kites are
very light-weight but collapse quite easily when the wind drops, rigid kites are support-
ed by either graphite or fibre glass framework (Aber et al. 2010, p. 103). According to
Aber et al. (2010) they perform better at low wind speeds and do not collapse as easily.

Kites are mounted by anchoring the line, hurling up the kite and pulling on the line. The
payload generally consists of cameras being mounted either directly on the kite line or
on a second line attached onto the kite line by means of a pulley. The latter allows for
taking down the camera for film, card or battery changes without having to take down
the whole system (Rock 2010 p. 27).

Kites have been used for small-format aerial photography for a.0. geomorphological
studies, archeological mapping and vegetation studies and are a cheap means for large-
scale photography (Anderson 2001; Aber et al. 2010).

2.4.2.2 Fixed wing — paraglider

Motored paraglider show the advantage of low flight speeds and have been used by
Aber et al. (2010). The authors praise the inertia in flight, the low flight speeds and the
robust landing, but do note the difficulty in steering the UAS, and in finding adequate
runways in the field.

2.4.2.3 Fixed wing aircraft

Model airplanes or fixed wing aircrafts require considerable experience for their appli-
cation in aerial photography (Aber et al. 2010). They may be either unpowered gliders
or powered propeller or jet engine airplanes. Their biggest advantage is that they cover
larger areas than kites, blimps, paragliders and rotary-wing UAS. Image acquisition
planning needs to include forward motion which may cause difficulties in camera trig-
gering and potentially cause motion blur in the photographs. Further difficulties arise
from the type of engines used: either combustion engines or electrical motors. The first
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allow for a longer flight time and higher payload. However, the engine vibration leads
to suffering image quality. Electro motors on the other hand, are less affected by vibra-
tion and run much quieter. They are also much cheaper to obtain. Their disadvantage is
the lower endurance (Rock 2010, p.30-31). A more detailed overview may again be
found in the respective UAS and RPAS Yearbooks (http://www.uvs-info.com, access
date 14.04.2015).

As an example, the MAVinci’s SIRIUS (Figure 2.7) series is described in more detail.
The German company uses an all-in-one software for flight planning, UAS control and
picture matching. Their drone may map a maximum of 18 km? at 20 cm ground sam-
pling distance (GSD) within one 40 minutes flight. The user creates the flight plan and
determines at which interval rate the camera will take photos. The settings are then
transferred to the on-board computer by radio communication. The aircraft is hand-
launched, and once the pilot hands over to on-board navigation, the UAS follows its
flight track and images will be acquired and stored on-board. The pilot may toggle back
to remote control of the aircraft and may alter the flight-plan while flying. The plane
may carry various
sensors with a
take-off weight of
2.7 kg (MAVinci
GmbH 2009-
2011, MAVinci
GmbH 2014).

Figure 2.7 The
model UAS Siri-
us by MAVinci
(Photo: Rock
2015)

Within recent years, nano UAS have been developed for still rather military reconnais-
sance missions in hostile environments for short-time and low altitude: e.g. the Black
Hornet Nano (Proxydynamics, Norway). The author is yet unaware of any scientific
applications in environmental remote sensing.
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2.4.2.4 Rotary wing small UAS

Rotary-wing UAS are vertical take-off and landing vehicles (VTOL) and may further be
differentiated into single, double, quadro- or multi-rotor systems (Eisenbeil3 2009, p.34).
Their biggest advantage is their ability to take-off and land without runway and to hover
over sites of interests. Since the nineties, their development increased manifold (Figure
2.8) and there are numerous developers and vendors selling industry use or hobby use
rotary-wing systems (van Blyenburgh (ed.) 2011; 2012, 2013, 20144, 2015).
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Figure 2.8 VTOL development 1960-2012 (mod. from Watts et al. 2012)

Single rotor systems or helicopters have one main rotor supplying lift and thrust and a
tail rotor to balance yaw and torque. Double- or coaxial systems have more power than
four or multi-rotor systems and thus may carry more payload and be taken to higher
altitudes. (Eisenbei3 2009, p. 35). A major advantage of quadro- or multicopters is their
high maneuverability. All three axes may be steered alone by varying thrust and drift.
Multi-rotary systems furthermore still function if some of the rotors breaks and may still
be landed safely. Their disadvantage lies in the lower flight speeds compared to fixed
wing UAS, restricting their use to smaller areal coverage.

For this study, a microdrones GmbH md4-1000 was employed which is described in
more detail in chapter 4.

2.5 Ground Control Station

For the set-up, control, navigation and commanding the UAS in the field, ground con-
trol stations are used. They include hardware and software mostly provided by the drone
producer. Hardware is generally a laptop but may also be a tablet PC or mobile phone,
downlink antenna and a monitor to follow the UAS movement.
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2.6 Autopilots: Navigation and Attitude Control

An autopilot generally measures the UAS attitude parameters position, velocity and
attitude with the help of the GPS navigation and uses the information of the IMU to
feed and correct the flight control for aircraft guidance and orientation systems estimate
the position, velocity and attitude for post-processing of sensor orientation (Colomina
and Molina 2014). An extensive list of worldwide autopilot system may be found in van
Blyenburgh (2014, p. 236-238) and Colomina and Molina (2014) describe some in more
detail. Autopilots often come as set systems with a UAS and sometimes as customized
devices, where UAS users demand customization to one autopiloting system to facilitate
piloting diverse UAS types (AP04 by UAV Navigation (see publications by Zarco-
Tejada’s QuantalLab in Spain: Calderdn et al. 2014, Zarco-Tejada et al. 2013).

Flight planning or navigation is generally achieved by proprietary waypoint editing
software. Microdrones GmbH, for instance, offers the Waypoint Editor that comes with
the mdCockpit software (Figure 2.9, microdrones GmbH 2008-2010). The editor is
linked with Google Maps, providing the base map used for defining waypoints and
tasks for the drone (e.g. hover, climb, descend) and cameras attached.
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Figure 2.9 mdCockpit Waypoint Editor (microdrones GmbH)
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Also, any other georeferenced map may be used as long as it is based on WGS84
geodectic reference system. The flight path is then directly transferred onto the microSD
via USB connection and activated by telecontrol. The UAS now autonomously works
off the flight route, navigating and positioning itself with the help of the GPS antenna
and module.

MAVinci Desktop, the software for handling the Sirius UAS, may be connected to the
internet in the field, using a 3G modem. As base maps any Web Mapping Service
(WMS) server may be used (MAVinci GmbH 2011, p.27). The RPAS Yearbook 2015
lists available autopilots (van Blyenburgh 2015, p. 246-247)

2.7 Navigation and Attitude Control

Generally, small UAS use standard GPS modules to receive positions from the Global
Navigation Satellite System (GNSS). For the md4-series from microdrones GmbH, the
ublox LEA-5H chip is used. For attitude control and positioning, inertial measurement
unit (IMU) maneuver aircrafts by gyroscopes, (measuring orientation and angular mo-
mentum), accelerometers for the three main axes (X,y,z), a magnetic sensor and a baro-
altimeter. Furthermore, a barometer measures elevation by air pressure and temperature.
Microdrones uses their own IMU system and do not hand out any more information.
The sensor’s measurements are generally fusioned using a Kalman filter (personal
communication with Tobias Matschke, microdrones GmbH, 15.12.2011). Differential
GPS (DGPS) are also being used, e.g. by MAVinci and senseFly Ebee (Roze et al.
2009-2015).

The RPAS Yearbook 2015 (van Blyenburgh 2015, p. 248-250) gives an extensive list of
IMUs. Limitations lie within the derived accuracies. With hybrid measurement units
which measure and process UAS positions in real-time using hybrid orientation systems
(HOS), may thus deliver positions at cm-accuracies (Colomina and Molina 2014). The
authors compare and contrast some of these and state accuracies of 0.015° - 0.2° for roll
and pitch, and 0.03° - 0.5° for yaw angles (Colomina and Molina 2014, p. 85).

2.8 Communication — Telecontrol & Telemetry

Most small UASs are telecontroled/steered by standard remote control (RC) devices as
can be found in the leisure model aircraft community. As an example, the md4-1000
quadrocopter comes with a MULTIPLEX Royal Pro 9, which uses a synthesizer HF
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module to use any frequency within the 35 MHz band. microdrones GmbH developed a
hardware module to emulate RC controller via a computer transmitted by a 10 kHz FM
modulation. The commands to and from the module are sent by ASCII format
(microdrones GmbH 2004-2007).

The UASs’ telemetry data are transferred onto the ground station PC via serial inter-
face/USB by a downlink decoder (plugged into the ground control station using an au-
dio-chinch plug). It is using the WiFi at 2.3 to 2.5 GHz frequency and has a video
bandwidth of 30 Hz — 30 MHz, and a audio bandwidth of 15 Hz to 6 KH. A standard
telemetry kit for DIY drones in the UK and EU is the Xbee Telemetry Kit 2.4 GHz
63mw module.

The video signal is visualized with the help of a frame grabber which is integrated with-
in the ground control station and transfers data by a USB connection. Additionally, vid-
eo glasses may be used for UAS control (microdrones GmbH 2009, p.28).

All flight data, sensor measurements and commands received by the RC are, similar to
an airplane’s black box, tracked by the flight data recorder onto e.g. a microSD as for
the md4-1000. For real-time monitoring of the individual flight parameters a real-time
downlink transfers with a rate of 125 times per second onto the micro-SD which may be
supervised using the ground control station’s computer. Data is transmitted in ASCII
format via the audio channel of the video transmitter (microdrones GmbH 2007, p.1).

The SIRUS ground station includes a wireless link connector for communication be-
tween the UAS, MAVinci Desktop and the Cockpit software. The range is up to 40 km
in direct line-of-sight. The connector may also be used to connect to the internet using a
3G modem (http://www.mavinci.eu/?command=components&sub=groundstation, ac-
cess date 20/12/2011).

2.9 Payload: Imaging Sensors for UAS

In the following, a selection of cameras and sensors for agricultural and environmental
remote sensing will be described. An comprehensive list of available sensors worldwide
may be found in (van Blyenburgh 2015). Table 2.4 to 2.7 subsequently summarize cam-
era characteristics and their applications listed in this document.
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2.9.1 Digital Cameras

Nearly any off-the-shelf camera residing within the payload capacity may be employed
and the following mentions only a selection. A combination of two Kodak DC3200 was
employed by for the assessment of fertilizer treatments on wheat crops (Jensen et al.
2007). In one camera a nlR-block filter was applied and the second camera was then
equipped with filter blocking the red spectral ranges. Wundram and Loffler used a Ni-
kon Coolpix camera to obtain aerial photos from kites (Wundram and Loffler 2008, p.
963). The camera was steered by a four-channel transmitter and video output was
transmitted by a 300 m range video transmitter. Image downlink was visualized by vid-
eo glasses, allowing accurate camera control. Recently, Mathews and Jensen (2013)
applied a Canon PowerShot A480 RGB camera for analysing LAI in grapevine rows.

Suitable for vegetation canopy studies are the Agricultural Digital Camera series by
Tetracam Inc, California, USA (Aguera et al. 2011). The single cameras’ spectral sensi-
tivity lies in the visible green, red part and near infrared part of the radiometric spectrum
(520 nm to 920 nm). The lightweight version, the 3.2 megapixel ADC Lite (2048 x
1536 pixels), weighs only 200 g, and the ADC Aiir, the ruggedized weatherproof version
of similar characteristics but 630 g of weight (Tetracam Inc. 2010, p.38).

2.9.2 Digital SLR- and SLM-Cameras

Principally any DSLR camera may be mounted on a UAS providing camera and lenses
are within the payload capacity. The University of Trier uses a Nikon D3100 (Figure
2.10) with a wide angle lens of 18-55 mm to be mounted on a quadrocopter.

Figure 2.10 Nikon D3100 used with md4-1000 (Photo: J. Besold)
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Hunt et al. employed a FinePix S3 (Fuji Photofilm Co., Ltd., Japan) UVIR 12 megapix-
el camera for evaluating fertilizer treatment on winter wheat (Hunt et al. 2010). Lelong
et al. 2008 used two different digital SLR, a Canon EOS 350D and a SONY DSC-F828
on either a L’Avion Jaune or Pixy UAS to quantify LAI with the aid of NDVI and ni-
trogen uptake with GNDVI (Lelong et al. 2008, p.3561).

In future, Digital Single Lens Mirrorless (DSLM) cameras, e.g. the Panasonic LUMIX
DMC-G-Series, may further be used as they are small, lighter and less complex than
DSLR cameras.

2.9.3 Multispectral Cameras

A sensor that has been used for various multispectral agricultural applications is the
miniMCA (MCA- multiple camera array; see chapter 4) developed by Tetracam Inc.
(Berni et al. 2009; Suéarez et al. 2010, Retzlaff et al. 2014, to be published). The light-
weight camera array may be obtained as three models with either four, six or 12 lenses
equipped with 25 mm standard filters in the spectral range of 400 to 1100 nm. As it has
been used in this study, it will be described in more detail in chapter 5. Quest Innova-
tions BV, Netherlands, also offers 3-5band UAS multispectral cameras, the Condor-
Series with weights between 1-1-5 kg (Table 2.6, personal communication with Hendrik
Jan van Es, 22/01/2014). Others have build their own cameras comparable to the Mini-
MCAG (Zarco-Tejada et al. 2013). For possible further providers please refer to the
RPAS Yearbooks 2015 (van Blyenburgh 2015).

2.9.4 Hyperspectral sensors

Vierling et al. (2006) and Chen & Vierling (2006) have employed a non-imaging
hyperspectral sensor for a small UAS system, the Short Wave Aerostat-Mounted Imager
(SWAMI). It presents a remote sensing system for the acquisition of hyperspectral, pho-
tographic and other ancillary data and has been mounted on a tethered balloon. Here, a
FieldSpec Dual UV/VNIR hyperspectral radiometer (Analytical Devices, Boulder, CO)
is used with a color video camera and a thermal infrared sensor. The instantaneous field
of view (IFOV) may be customized by 10° or 18° fore-optics and the spectral range lies
within 350-1050 nm with a 3 nm spectral resolution.

Within recent years, several hyperspectral imaging sensors have been developed for
light-weight UAS which were at the beginning of this study not yet light enough (< 1
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kg) to being used with the md4-1000. Sensors applied within the UAS agricultural re-
mote sensing community may be differentiated in snapshot and frame cameras. Snap-
shot cameras collect spectral data synchronously across the image area generally by
using pixel groups with one wavelength filter which has the advantage of a simultane-
ous image yet less spatial resolution. Most sensors available are hyperspectral frame
cameras based on Piezo-Actuated Fabry-Perot interferometers (Bareth et al. 2014).
Their advantage lies in the selectability of wavelengths, however, the time lag of im-
aged wavelengths introduces spatial offsets which require postprocessing (band-to-
band-alignment). A new introduction to the market is the Gamaya OXI series, where
hyperspectral data is recorded simultaneously by filters onto the CMOS sensor using a
global shutter, and therefore avoiding shift between spectral bands (Gamaya SA 2015).

Present small hyperspectral cameras are listed in Table 2.8, interested readers are again
referred to the RPAS Yearbook 2015/2016 (van Blyenburgh 2015).

2.9.5 Thermal sensors

The SWAMI mentioned above also carries a thermal infrared sensor (EW-39669-00,
Cole-Parmer, Vernon Hills, IL) sensitive within the spectral range of 7.6 -18 um with
adjustable emissivity between 0.02 and 1.00, measuring from 0°C to 180°C. The IFOV
amounts to approximately 30° (Vierling et al. 2006, p.260). Other cameras widely ap-
plied (Berni et al. 2009, Israel 2011) are the thermal cameras developed by FLIR
(http://www.gs.flir.com/products/unmanned/, access date 29.09.2011). The Zeiss UCM
is described in more detail in chapter 4.

29.6 LIDAR

LiDAR has been employed for photogrammetric purposes for several years now. For
crop and vegetation monitoring, however, LIDAR has only recently been introduced.
Nagai et al. (2009) were among the first to integrate a SICK LMS-291 laser with a
Tetracam ADC onto a RPH2 helicopter to retrieve 3D NDVI models for vegetation vol-
ume estimation (Nagai et al. 2009). Recently, the Ibeo LUX laser scanner had been ap-
plied in photogrammetric measurements (Lin et al. 2011, Wallace et al. 2012). It reach-
es a maximum range of 200 m scanning at maximum four parallel layers within a hori-
zontal field of view (FOV) of 85° (35° to -50°) and a vertical FOV of 3.2°. The angular
resolution is 0.125°, vertically 0.8°.
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A nearly comprehensive list of imaging sensors and non-imaging sensors is published
by the RPAS Yearbook 2015/2016 (van Blyenburgh 2015). A list of LIDAR and imag-
ing sensors for photogrammetric applications may be found in Colomina and Molina
(2014).
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Table 2.4 Selected single lens cameras used for small UAS applications in environmental and archaeolgoical remote sensing used with-
in recent years (camera details taken from respective producer’s data sheet last access date 24/04/2015, n.i.: no information available;
PA: Precision Agriculture)

Camera/ Detector Spectral [Mega-  Sensor size Radiom. Izrc:c?rl] Camerasize  Weight Comments
Producer Type sensitivity pixel] [pixels] Resolution [m?n] [mm] [0] Exemplatory Application
Single Sensor
fixed lens, global shutter
ADC Snap 3 bands: . (For applications see
Tetracam Inc. CMOS 520 — 920 nm 1.3 1280 x 1024 10 bit 8.43 75x59x33 90 (http:/Awww. tetracam.com/P
roducts1.htm; 24/08/2015)
ADC Lite 3 bands: . user-changeable lens, Roll-
Tetracam Inc. CMOS 520 — 920 nm 3.2 2048 x 1536 10 bit 8.0 114 x 77 x 61 200 ing shutter: as above
mapping  riparian  forest
Canon PowerShot (Dunford et al. 2009); LAI
CCD RGB 5 2592 x 1944 n.i. n.i. 121 x74x 70 410 and 3D mapping of vine-
G5/Canon, Japan
yards (Mathews and Jensen
2013)
Kodak DC3200 400 - 500 nm
adapted/ 500 - 600 nm . grain yield, wheat protein
Eastman Kodak Com- CCD 600 — 700 nm 1 1152 x 864 24 bit 39 113 x81x53 2x300 content (Jensen et al. 2007)
pany, New York, USA 700 - ~1050 nm
Nikon Coolpix / . vegetation classification
! on ~00IpIX CCD RGB 4 n.i. n.i. Adjusted n.i. n.i. (Wundram and  Loffler
Nikon to 4.95

2008)
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Table 2.5 DLSR cameras used for small UAS applications in environmental and archaeolgoical remote sensing used within recent years
(camera details taken from respective producer’s data sheet last access date 24/04/2015, n.i.: no information available; PA: Precision

Agriculture)

Camera/ Detector Spectral Sensor size Radiom. Izrc:c?rl] Comments
Producer Type sensitivity [pixels] Resolution [m?n] Exemplatory Application
Digital SLR
PA: fertilization (Lelong et
ggggﬂ EJSSa sso D/ CMOS RGB 22'2mxm14'8 n.i. 127 x 94 x 64 al. 2008); mapping riparian
»vap forest (Dunford et al. 2009)
red light
. . blocked with e
FlnePl)_( S3 Pro / Fuji Super CCD interference 23 x 15.5 mm 12 bit n/a 148 x 135 x 79 PA: fertilization (Hunt et al.
Photofilm, Ltd., Japan SR Il filter 2010)
B, G, NIR
SONY DSC-F828 4-colour 16.93mm 48 (RAW) PA: fertilization (Lelong et
Super HAD RGB, Cyan ) ' 28-200 134 x 91 x 157 al .2008)

ccb™

diagonally 24 bit
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Table 2.6 Common multispectral imaging sensors of less than 1.5 kg weight for small UAS (camera details taken from respective pro-

ducer’s data sheet last access date 24/04/2015, n.i.: no information available; PA: Precision Agriculture)

Detector
Camera/ Type/ Focal Speed
Pixel size  Spectral [Mega- Image size Bit depth length [frames/
Producer [um] sensitivity pixel] [pixels] [bit] [mm] sec] Camera size Weight  Application/Comments
standard 25 mm Tetracam Inc. 2015
Micro-MCA-6/ diameter :
6 spectral filters 13 1280x 1024 asabove 9.6 asabove  115x18x68 530 both MCAs are available
Tetracam Inc., with 4, 6 or 12 detectors;
450-1050 nm global shutter
rolling shutter
((http://www.tetracam.com/
Mini-MCAS / 6 Zti?i?r?:trgr 25mm , access date 24/04/2015);
ini- - .
Tetracam Inc. CMOS/ spectral filters 1.3 1280 x 1024 10 bit 9.6 1.3 115x18x80 700 VI and chlorophyll concen-
52%x5.2 . tration, water stress (Berni
450-1050 nm etal. 2009, Retzlaff et al.
2015)
SimCam/ i imi PA: VI (Zarco-Tejada et al.
6 Filters similar to 2502x1944 10 bit 8.4 n.i. ( J
Quantalab above 2013)
PA, environmental map-
The Condor Fairchild ~ B1:400-500 nm ping according to homg
UAV-sCMOS/  CIS1910 ggi gggg?g nm 150x130x177 1450 page
: 590-670 nm . or
Quest Innova- F B4: 670-830 nm 1.4 1360 x 1024 12 b|t 500r 15 5-30 or 1950 (http//wwwquest_
tions BV, The 6.45x6.4 B5: 830-1000 150x130x247 innova-
Netherlands 5 nm tions.com/aerial.html,

24/04/2015)
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Table 2.7 Common thermal imaging sensors of less than 1.5 kg weight for small UAS (camera details taken from respective producer’s
data sheet last access date 24/04/2015, n.i.: no information available; FPA: focal plane array)

Detector
Camera Typel Focal Speed
Pixel size  Spectral [Mega- Image size Bit depth length [frames/
Producer [um] sensitivity pixel] [pixels] [bit] [mm] sec] Camera size Weight  Application/Comments
Tau640 / FPA NEDT 50 mK at _ 9. FLIRR Systems Inc. 2011
UcMm f/1.0 640 x 512 n.i. 13 -100 35 38x38x30 475
FLIR, USA 17 um 7.5-13.5 um game guard (Isreal 2011)
E;%r/n;?_vli;ion VI, chlorophyll concentra-
) FPA . 18.7 - tion, water stress (Berni et
USA UCM 7.5-14 pm 320 x 240 16 bit 150 0.5 207x 92x109 1400 al. 2009), fluorescence (
FLIR, USA Zarco-Tejada et al. 2009)
NEDT 90 mK at | 76 _ 1
Zeiss UCM 40°C f/1.0 640 x 480 8 bit n.i. 50-60 95x48x48 170~ Carl Zeiss Optronics GmbH

2008, 2011
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Table 2.8 Hyperspectral imaging sensors of less than 1.5 kg weight for small UAS (camera details taken from respective producer’s data
sheet last access date 24/04/2015, n.i.: no information available)

Spatial

Spectral

Spectral

Focal

Speed

Camera / Detector resolution  sensitivity  resolution Spectral bands  Length, [frames/ Camera size Weight Bit Com_ments/
Producer - [o] depth Applications
[pixel] [nm] [nm] F No. sec]
. Silicon
Micro- ccD  or S20-1600400-1000, 1619 555 490 (visniR) Headwall
Hyperspec dep. on 900-1700 VIS . 680 to .

X CMOS, or 67-96 nIR 2.5 n.i. See data sheet 12-16  Photonics Inc.
Series/Headwall INGaAs or sensor 550-1650 5-6 nIR 166 (SWIR) 1300 20143
Photonics MCT range 900-2500 10 SWIR
Micro-

Headwall
Nanospec/ CMOS 640x 480  400-1000 5 (2.2 SSI) 270 o5 200480 o6 76x120 680 12 Photonics Inc.
Headwall Pho- (full)
- 2014b
tonics
Variating
Oxlsmapshot 2048-1088  within .. 16 .. 16 .. e samaya A
y 450-950
Pika Il / n.i. 640 400-900 21 240 3 145 97x168x64 1300 12 Resonon 2015
Resonon
Pika NIR / .
n.i. 1600 900-1700 5.4 148 2 120 102x229x76 1474 14 Resonon 2015
Resonon
Rikola Ltd.
2015;
Rikola Precision agri-
Hyperspectral 1010 9 mm, culture, DTM
Camera/ CMOS %1010 500-900 10 380 28 30 80x92x150 720 12 (Honkavaara et
Rikola Ltd. al. 2013)
Bareth et al.
2014
UHD 185/ SiCCD n.i. 16mm, Minimum Bareth et al.
Cubert 450-950 8 (SSlI 4) 125 2.8,2/3 5 60x55x40 470 12 2014
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2.10 Airspace Regulation

Before a UAS mission may be planned, airspace regulations need to be considered as
research applications do not fall under leisure use of UAS. The ICAO, the UN-agency
for developing standards and common practice in international civil aviation, had been
requested to initiate procedures to avoid dangers to aviation and to issue operating au-
thorizations for the use of international civil UAS in 2005 (ICAO 2011). Their Circular
328 issued in 2011 called upon member states to integrate UAS into their non-
segregated airspace and aerodromes (ICAO 2011). The next sections will therefore give
a to-date summary (July 2015) of European, German, Luxembourgian and Spanish air-
space regulations for small UAS.

2.10.1 European Airspace Regulation

With emerging UAS development in the last decade, the European Aviation Safety
Agency (EASA) produced a policy statement on the “Airworthiness Certification of
Unmanned Aircraft Systems (UAS)” in August 2009 (Colomina and Molina 2014,
p.83). At about the same time, the EC and European Defence Agency (EDA) held a
high-level conference on UAS on 1 July 2010 where the potential use and benefit of
non-military use of UAS was presented and where it was generally acknowledged that
missing regulatory frameworks hindered the development of civil UAS industry to
move forward (Blyenburgh 2012). The UVS International was then commissioned to
produce a document on the structural and strategic approach to integrate UAS. Follow-
ing this, on 18 April 2011, the EC “announced a new UAS initiative... meant to provide
the EC with the necessary expertise and input to develop a strategy for the future of
UAS in the European Union, and to identify the most pressing issues.” (Blyenburgh
2012, p. 118). Workshops were held on the industrial sector and market, the insertion
into airspace and radio frequencies, safety issues of UAS, societal dimensions of UAS
and the R&D for UAS, which final reports may be found in the staff working document
“Towards a European strategy for the development of civil applications of Remotely
Piloted Aircraft Systems (RPAS)” (EC 2012).

Regarding regulations, the main conclusions were
the priority of the secure integration of UAS into the European airspace,
the subsequent development of technologies and aviation regulation
framework at the EU and national levels, and
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the coordination between EASA, Civil Aviation Authorities (CAA), Eu-
ropean Organization for Civil Aviation Equipment (EUROCAE), Euro-
pean Organization for the Safety of Air Navigation (EUROCONTROL),
Joint Authorities for Rulemaking on Unmanned Systems (JARUS), and
industry a.o..

An UAS Roadmap shall achieve these goals within the next 15 years with the help of a
European RPAS Steering Group (ERSG) holding the following bodies: EC, EASA,
Eurocontrol, ECAC, EUROCAE, JARUS, EDA, European Space Agency (ESA), UVS
International a.0. (ERSG 2013), some of their contributions are described in the follow-
ing.
The European Unmanned System Centre (EuroUSC™) is the EC regulating Qualified
Entity (EC Regulation 216/2008 Article 13) and was set up in 2009. It assesses all light
UAS with a maximal take-off mass (MTOM) of under 150 kg. Herein, in approval by
the Civil Aviation Authority (CAA) the accredited body of Light UAS Scheme
(LUASS™) was set up which has the following tasks:

airworthiness assessment,

pilot competency qualification and

operational assessment (Clot 2012).

In Europe, EUROCONTROL is the intergovernmental “European Organisation for the
Safety of Air Navigation [...] committed to building a Single European Sky”
(http://www.eurocontrol.int/content/about-us, 10/02/2013, Tytgat 2012, p. 36). For the
integration of light UAS to the European sky, UAS need to fit into the Air Traffic Man-
agement (ATM) system. UAS are to be incorporated into the manned aircraft regula-
tions. Currently, several obstacles lie in the way of UAS being permitted in non-
segregated airspace: the capability to see and to be seen, communication links between
controllers/pilot/navigation and surveillance systems. Here, frequencies need to be made
available (Tytgat 2012). EUROCONTROL therefore works with other European enti-
ties to develop airport and regulatory guidelines.

Just how recent the issue of granting flight approval is, shows the current work of
EUROCAE in France. EUROCAE is the European Organisation for Civil Aviation
Equipment and therefore the forum for setting aviation standards for airborne and
ground systems and equipments (http://www.eurocae.net/about.html, 10/02/2013). In
May 2012, it set off a working group on lightweight UAS (WG93). The goal is to har-
monize European rules and regulations for visual line of sight operations (VLOS) and
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beyond visual line of sight (BVLOS) to support European countries’ aviation authorities
with regulation guidance regarding command, control and communication, airworthi-
ness, operator approval, UAS classification and safety assessment, amongst others
(Leijgraaf 2012b). Furthermore, the working group 73 (WG 73) on Unmanned Aircraft
Systems was set up in 2006 and aims at delivering standard protocols for the safety and
regulations of UAS missions (Kallevig 2012). Parallel to this and also co-operating is
the international JARUS group: The Joint Authorities for Rulemaking on Unmanned
Systems (JARUS) group over 22 countries worldwide (including Germany) to partici-
pate in harmonizing and coordinating operational requirements and certification issues
to support aviation authorities in rule-making which they may or may not integrate in
national or regional law (Leijgraaf 2012a).

Table 2.9 gives an overview over prevailing UAS regulations in European countries
(van Blyenburgh 2014b). After the first hype of using UAS for leisure and also envi-
ronmental and remote sensing, regulating bodies have in some countries stopped UAS
use for civil/commercial and leisure use due to civil protection issues. Spain, for exam-
ple, has stopped civil commercial and professional UAS operations in 2014 until na-
tionals regulations are specified (Agencia Estatal de Seguridad Aréa 2014).

In March 2015, the European Cockpit Association (ECA) addressed the dangers of light
and also recreational (toy) UAS in low-level airspace where they may get into the way
of air rescue, firefighting and police missions. They published a position paper to out-
line key regulatory standards demanded for a safe integration of light UAS into Europe-
an lower airspace:

compulsory registration of UAS

introduction of automated detection and avoidance systems

UAS pilots responsibility to see and avoid manned aircraft

mandatory pilot training and licencing

definition of weather standards for UAS missions

information of the public about recreational UAS use and increase level of law
enforcement (ECA Piloting Safety 2015).
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Table 2.9 Current UAS regulations in Europe as published by the UVSI (Source: van
Blyenburgh 2014b; Abbrev.: * UAS Use is facilitated and granted by National Aviation
Administrations; VLOS: visual line of sight; BLOS: Beyond line of sight)

Member MTOW  established MTOW  planned Comment
state

Austria* <150kg VLOS

Belgium* <150kg VLOS 2013, not in force

Bulgaria

Croatia

Cyprus

Czech Re- | <150kg VLOS,BLOS 05/2013

public*

Denmark* <150kg VLOS 01/2004

Estonia

Finland <150kg VLOS Expected mid 2014

France* <25kg VLOS,BLOS | <150kg VLOS, Since 04/2012, update in
BLOS preparation

Germany <25kg VLOS

Greece*

Hungary* <150kg VLOS

Ireland™ <20kg VLOS Since 05/2012
Italy* <25kg VLOS Since 12/2013
Latvia

Lithuania* <25kg VLOS <150kg VLOS Expected mid 2014
Luxem-

bourg

Malta* <150kg VLOS In preparation
Nether- <25kg VLOS <150kg VLOS Since 2012, update in
lands* preparation
Poland* <150kg VLOS, BLOS Since 2013
Portugal

Romania*
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Member MTOW  established MTOW  planned Comment
state
Slovakia
Slovenia*
Spain* <25kg VLOS In preparation
Sweden* <150kg VLOS Since 2013
UK* <20kg VLOS Since 2002
Iceland <150kg VLOS,
BLOS

Norway* Expected 2014
Switzer- Model  air- VLOS over | Expected 2014
land* craft rules for people and

UAS crowds

2.10.2 Airspace Regulation in Germany

In 2012, the air traffic law (Luftverkehrsgesetz — LuftVG) integrated UAS in its listing
(81). Now the authorities work on the integration of UAS into subsequent constitutive
laws and regulations (Udovic 2012). The Air Traffic Order (Luftverkehrsordnung —
LuftvVO 815a) published in 2010, forbids the operation of UAS if their total mass ex-
ceeds 25 kg or when their flight is being operated outside unaided visual line of sight
(Udovic 2012). Each civil/commercial use (beside recreation or sports use) of a lighter
unmanned aerial system requires an ascent license issued from the respective federal
agency legally retained by the Federal Ministry of Transport, Building and Urban De-
velopment (LuftvVO 816 (1) number 7). Flights are only permitted in segregated air-
space and outside aerodromes. In Rhineland-Palatinate this is the Landesbetrieb Mobili-
tat Rheinland-Pfalz, Fachgruppe Luftverkehr situated at Hahn airport (LuftvVG 831 (2)
16f and g and 831c). General ascent permits are only issued for UAS of less than 5 kg
MTOW without fuel engines, flight altitudes of up to 100 m above ground or may be
issued for repeated missions at one location, for Rhineland-Palatinate only. Flight per-
mits for higher altitudes need to be especially requested for each case.

For ascents (LuftVO 816 (5)) the admission of the land owner is necessary and, when
indicated, the protection of data privacy need to be maintained. All flights in controlled
airspace additionally deserve an air control clearance granted by the respective regulato-
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ry agency (LuftVO 816a (1) 5) which needs to be obtained by the person starting the
drone (LuftvVO 816a (2) 5), and the local control station for (rescue) flights need to be
informed. Last not least, the proprietor or even the pilot need to contract general liability
insurance either for several pilots for one drone or pilots for several drones.

Formerly, the LBM, the local regulatory agencies and the rescue coordination centre
needed to be informed of intended UAS missions 24 hours before ascent. Now, only the
police authority requires contacting prior to flight.

According to Udovic (2012), the German Ministry of Transport works on a common
operation permit for all federal states.

2.10.3 Airspace Regulation in Luxembourg

Up until now, there are no regulations for UAS use in the Grand Duchy of Luxembourg.
UAS therefore fall under the rules for full-size manned aviation. All research and com-
mercial UAS activities taking photographs or videos are treated as “aerial works” and
require a permission issued by the Directorate of Civil Aviation (DAC) (DAC 2014).
To facilitate UAS operations a tax of ~ 620 € has to be paid to acquire a UAS photog-
raphy permit for Luxembourg. No further documents like registration number, air-
worthiness certificates nor pilot licenses are requested. In general, only single ascent
permits are issued and hold the following restrictions:

maximum flight altitude 50 m,

no flights over people and crowds,

flights only above pre-defined areas,

working area limited to public access,

VLOS-flights only,

auto-landing maneuvers in case of system failure, and

public responsibility insurance (DAC 2014).

Derogations of these restrictions are possible if the applicant presents a safety case
demonstration for the DAC. On their web-page is a link to ascent permission proposal
form. Higher flight altitudes may then be asked for and are generally granted provided
that the above mentioned safety rules are met (DAC 2014).
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2.10.4 Airspace Regulation in Spain

A note published by the Spanish Air Navigation Safety Agency (AESA) on 7 April
2014, declared that any civil commercial or professional use of UAS are and had been
illegal except for military, experimental or recreational use. The regulatory framework
had been worked on in the meantime and on 8 July 2014, the AESA proposed a tem-
poral regulatory framework for drones less than 150 kg MTOW (information collected
from the web pages of AESA, 24/08/2015). To the author’s understanding, this foresees
for lightweight UAS of < 25 kg,

drone must hold a license tag,

a pilot license or authorization derived through pilot license for a micro

light aircraft or by training obtained at EASA-Approved Training Organ-

ization (ATO), or agreement of ATO for drones < 25 kg, else

the pilot must be older than 18 years,

the Pilot must present a medical certificate to prove fitness of flying

drones, and

a proof of ability to fly and handle the drone issued by UAS producer or

any training authority

Moreover, all drone operators further need to fulfill the following:
Provide information on drone type to the AESA,
Hold an operation manual,
Demonstrate aviation safety,
Conform to a maintenance program according to producer’s recommen-
dations,
Hold an insurance license,
Seize measures against system fallouts, and
Hold minimum distance of 8 km to airports and aerodromes, 15 km if
drone is operated by instrument flight (AESA 2015).

Drones of less than 25 kg MTOW do not need an operating permit but need to inform
the AESA with the relevant documentations for a safe operation. Intended ascents need
to be announced at the AESA 5 days prior to flights, and a receipt will be issued AESA
2015.



3  Remote Sensing of Vegetation in Vis/nIR Spectral Range

Vegetation mapping and analysis have been amongst the very first applications in mul-
tispectral remote sensing since the 1970ies. And as vegetation is the key component in
this work, the chapter gives a short general overview of key spectral-radiometric charac-
teristics of vegetation. Methods to derive biophysical parameters from multispectral
narrowband remote sensing imagery are then described in more detail in the particular
case study applications in chapters 7-9.

3.1 Multispectral Properties of Plant Foliage

The above-ground biomass of plants may further be described by amount, location, size
and orientation of its structural components. Plant foliage comprises leaves, needles and
other green materials of plants. From a remote sensing perspective, the plant organs
leaves are the most significant above-ground plant organ as they present the largest part
of the crop plant, whose main function is the photosynthesis and evapotranspiration
(Kurz 2003, p.13). The spectral properties of leaves are steered by the leaf structure and
its chemical components according to Asner (1998):

pigments
water
carbon
nitrogen.

M w b e

At first, the basic leaf structure and possible light-leaf interactions are described, then
the main chemical components are described in more detail.

3.1.1 Leaf Structure

Among the above-ground plant organs, leaves represent the largest part of crops. Their
main function is photosynthesis and evapotranspiration (Kurz 2003). Based on the theo-
ry of Willstatter and Stoll (1928), a dicotylendonous leaf is typically defined by four
layers (Figure 3.1), the upper and lower epidermis, coating the leaf against the outside
environment and encasing the two inner layers, palisade and sponge parenchyma, the
so-called mesophyll. The epidermis is generally translucent and shows a waxy cuticle
which protects the leaf from dehydration and physical destruction. The cuticle may also
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have hairs (trichomes). Mostly on the lower epidermis, the leaf stomata regulate the gas
exchange of CO2 entering and evaoptranspiration. The inner part of the leaf, the meso-
phyll or chlorenchyma tissue, is where photosynthesis happens. For horizontal leaves
(planophile), the palisade layer is located on the upper leaf side and consists of a collec-
tion of cylindrical cells which contain most of the chloroplast material to use incoming
solar energy. Erectophile (upward-pointing) leaves may have palisade parenchyma on
both sides. Beneath the palisade layer, the spongy layer consists of irregular structured
cells with large intercellular air spaces where oxygen (O,) and CO, are exchanged
(Kurz 2003, Jensen 2007a). Leaf veins transport water and minerals from the roots into
the leaf (xylem) or sap, i.e. dissolve sucrose out of the leaf (phloem) (Hodson and

Bryant 2012).
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Figure 3.1 Water and gaseous pathway through a model leaf (Source: mod. from Taiz
and Zeiger 2010 p. 97)

3.1.2 Biochemical Radiative Interactions with Leaves

Spectrally, the most significant leaf chemical component are the photosyntethically ac-
tive leaf pigments, the chlorophyll (65%), carotenoids and flavonoids (Guyot 1990,
Kurz 2003). The chlorophyll (Chl) pigments are located in the chloroplasts located in
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the upper palisade parenchyma leading to the leaf’s green colour (Jensen 2007b). They
absorb incoming solar light in the visible (VIS: 350-700 nm) part of the electromagnetic
spectrum, chlorophyll a (Chl,) at wavelengths ranging from 430 to 660 nm with two
peaks at 430 nm and 660 nm, and chlorophyll b (Chl,) ranging from 400 to 650 nm with
two peaks at 460 nm and 640 nm (Guyot 1990, Jensen 2007b).

Pigment absorbance
Chl a
= = Chl b
= = =« Beta Carotene

*  Anthocyanins

Molar extinction coefficient
(cm-1/M)/1000
[e2]
o

. T Y , Figure 3.2 Leaf pigment
350 430 550 650 750 absorption (Blackburn
Wavelength (nm) 2007 . 857)

The carotenoids are also located in the chloroplasts and composed of hydrocarbons, the
carotenes (lutein and R-carotene with yellow-orange colour) and yellow xantohphyll
pigments also containing oxygen (Jensen 2007a). Xanthophyll pigments violaxanthin
and zeaxanthin absorb light in the blue-green wavelengths (Jones and Vaughan 2010).
Carotenoids absorb solar energy in the blue wavelength ranges (450 nm) for
photosysnthesis and chlorophyll protection from photodamage. For healthy green vege-
tation, their absorption is generally masked by the chlorophyll absorption. That’s why in
the VIS, only a small amount of light is reflected and transmitted by the leaf (Jensen
2007b). Flavonoids are pigments responsible for the leaf colour, e.g.anthocyanins gives
fruits, berries and leaves their characteristic red colour in autumn (Jones and Vaughan
2010).

Leaf water is the dominant absorber in the IR electromagnetic spectrum. In the nIR,
there is a minor water absorption bands at 970 nm, in the middle-infrared (mIR) domain
of 1300-2500 nm wavelengths, water content steers leaf reflectance as there are several
water absorption bands at 1450, 1950 and 2500 nm (Jensen 2007a, Jones and Vaughan
2010). Table 3.1 lists the absorption feature wavelengths for cellulose and sugar, protein
and nitrogen, oil and lignin which reside mainly in the nIR-shortwave infrared (SWIR).
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Table 3.1 Absorption features of leaf constituents in VIS — mIR (modified from Jones
and Vaughan 2010, p. 41). Bold numbers show strongest absorption.

Constituent Absorption Wavelength [nm]

Chlorophyli 430, 460, 640, 660

Water 970, 1200, 1450, 1950, 2500

Protein, nitrogen 910, 1020, 1510, 1690, 1940, 1980, 2060, 2130, 2180, 2240,
2300, 2350

Oil 930, 1020, 2310

Lignin 1120, 1420, 1690, 1940

Cellulose/sugar 1780

In contrast to the VIS (Figure 3.3), in the near-infrared (nIR: 700-1300 nm) part, leaf
pigments and cell walls are transparent resulting in high reflectances (40-60%), trans-
missions (40-60%) and only little absorption (under 10%).
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Figure 3.3 (Source: Jensen 20073, p.362)

In the VIS most radiation is absorbed in the chloroplasts, but in the nIR light is mainly
reflected and to a minor part scattered by the mesophyll air/cell wall interfaces (Asner
1998, Jensen 20074, Jones and Vaughan 2010). The strength depends on number of cell
layers, cell size, and the thickness of spongy mesophyll wall-orientation and cell heter-
ogeneity (Gausman and Allen 1973, Guyot 1990, Jensen 2007b).

When the incident angle of light is off normal, specular reflectance of light on the
cuticule will be combined with diffuse, spectrally dependent reflectance from within the
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leaf. In the near-infrared (nIR), leaves may be considered as Lambertian diffusers, in the
visible domain, reflectance is strongly directional (Guyot 1990).

3.1.3 Light interactions within the Photosystem I1: Fluorescence and Non-
Photochemical Quenching

Within the thylakoid membrane of the chloroplasts, reside the reaction centre of the
Photosystem 11 (PSII) which steer oxygen generation and water splitting. PSII is sensi-
tive to light levels and quality, water and nutrient availability, a.o., and therefore of ma-
jor interest for remote sensing. Excess light energy not being required for photosynthe-
sis and carbon-fixation is partly re-emitted as sun-induced chlorophyll fluorescence at
longer wavelengths, showing two well-defined peaks at the red 685 nm and nIR 740 nm
(Zarco-Tejada et al. 2003; Campbell and Wynne 2011; Damm et al. 2011, Jones and
Vaughan 2010). Altogether, only 2-5 % (Figure 3.4) of the overall reflected radiance
may be attributed to sun-induced fluorescence (Meroni et al. 2009, Jones and Vaughan
2010; Damm et al. 2011). The re-emission of excess energy occurs mostly in 107 s.
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Figure 3.4 Reflectance of a green sugar beet leaf: without fluorescence in black; with
fluorescence in red (Source: Meroni et al. 2009, p. 2038)

With senescence, fluorescence emission peaks (Figure 3.5) move towards lower wave-
lengths peaking at 500-600 nm (Campbell and Wynne 2011).
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(b) SENESCED

Figure 3.5 Fluorescence of
healthy green and sensced
vegetation (Source: Camp-
bell and Wynne 2011, p.
51)

Another mechanism of chloroplasts to dispose of excess light energy is non-
photochemical quenching (NPQ), a conversion of carotenoid violaxanthin into
zeaxanthin into heat within the xanthophylls cycle (Gamon et al. 1990; Demmig-Adams
and Adams 1996).

Canopy derivative fluorescence and reflectance measurements have shown to be direct-
ly related to temperature and humidity stress (Zarco-Tejada et al. 2003; Berni et al.
2009, Zarco-Tejada et al. 2013a; Zarco-Tejada et al. 2013b). How sun-induced fluores-
cence may be depicted from the overall reflectance is being reviewed in more detail in
chapter 8.

3.1.4 Factors Influencing Leaf Reflectance
3.1.4.1 Leaf Architecture

Leaf anatomy has a great impact on nIR reflectance. Guyot (1990) summarises the fol-
lowing factors altering leaf optical properties: the number of cell layers and their cell
size, and the thickness of the spongy parenchyma tissue. He further describes the leaf
asymmetry when upper cuticule is compared to the lower side. Due to the higher chlo-
roplast density in the palisade mesophyll, the upper leaf side reflects less than the lower
part. Hairs on the cuticule, increase reflectance in the VIS and mIR, but are transparent
in the nIR (Guyot 1990, p. 22).

3.1.4.2 Leaf Age

Depending on chlorophyll content, the spectral properties of plants change significantly
from young to mature leaves, yet until senescence, for deciduous plants, the chlorophyll
level remains relatively constant during the mature state (Guyot 1990, p. 23, Poni et al.
1994).



3 Remote Sensing of Vegetation in Vis/nIR Spectral Range 45

Figure 3.6 shows the reflectance of senescent vegetation in comparison to green vegeta-
tion. At the beginning of the seasonal cycle, young leaves show a blue-shift of the red-
edge for a short period. With further development, the red-edge is shifting slowly to
longer wavelengths. When Chl pigments wane in autumn, more light is reflected in the
green and red VIS spectrum letting the leaves appear yellowed. The reflectance level in
the nIR decreases slightly and the red edge shifts towards the VIS (Miller et al. 1991,
Jensen 2007a). Non-photosynthetic vegetation - dried out vegetation — shows an in-
crease in the nIR and mIR and the green peak becomes resolved into a step rise of re-
flectance towards shorter wavelengths.  Also, smaller variations due to wa-
ter/temperature stress during the season lead to blue-shifting fluctuations (Miller et al.
1991).
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3.1.4.3 Leaf Water Content

Water enters leaves through the petioles is transported mainly to the spongy mesophyll
by the veins. There are five absorption bands within the nIR to mIR spectral range: 970,
1190, 1450, 1940 and 2700 nm (Jensen 2007a). Leaf moisture changes by evapotranspi-
ration till wilting and death are dominant in the mIR and effect reflectance at the VIS,
nIR due to water turgor (Guyot 1990, p. 24). When leaf water decreases, spectra in-
crease in reflectance in the nIR-mIR.
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3.1.4.4 Leaf Nutrients and Diseases

Iron deficiency causes chlorosis affecting VIS reflectance. Nitrogen is, amongst others,
contained in the chlorophyll pigments, nitrogen deficiency therefore is directly linked to
chlorophyll content, increasing VIS reflectance and decreasing nIR and mIR reflectance
(Guyot 1990, Jensen 2007a).

Fungi and diseases may cause leaf aging/yellowing altering the VIS reflectance or in-
troduce other changes, necrosis will look similar to leaves senescence.

3.2  Multispectral Properties of Canopies

Vegetation canopy reflectance is an interaction of sensor-characteristics, viewing- and
illumination geometry, tissue reflectance resulting from light interactions within plant
parts and canopy as well as background substrate, summarized in Table 3.2 (Asner
1998, Jensen 2007a).

Table 3.2 Main Impact Factors on Canopy Bidirectional Reflectance (modified from
Jensen 2007a, p. 368)

Sensor sensor viewing geometry (viewing angle from nadir and
azimuth position of sensor)
IFOV (Instantaneous field of view)
spectral sensitivity

IHlumination sun position (zenith, azimuth)
wavelength region

Vegetation canopy canopy type (crown shapes, roughness and closure
canopy orientation
visibility of trunks & stems
LAI
Leaf angle distribution (LAD)

Background understorey
soil

3.2.1 Sensor- and lllumination Geometry
3.2.1.1 Bidirectional Reflectance Effects of Canopies

Lambert’s emission law states that the radiation of a Lambertian — a perfectly diffusely
reflecting surface - is proportional to the cosine of the angle 6 between a sensor’s line of
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sight and the surface normal, so that the object shows the same radiance from any view-
ing position. Depending on the canopy structure, dense grass may resemble a
Lambertian surface whereas a maize field canopy will show a combination of both
specular and diffuse reflection components (Figure 3.4).

The at-sensor reflectance varies with a) the location (azimuth) of the sun and its height
over the horizon (zenith) and depends on b) the sensor position and viewing angle
(Jensen 2007a), i.e. the bidirectional reflectance distribution. Objects receiving back-
scattered radiance - sensor and sun are positioned at similar azimuth values - seem
brighter (see figure) than forward-scattered radiances - sensor is positioned opposite the
sun (Sandmeier 2000). When object — sensor — sun are aligned on the “solar principal
plane” (Jensen 2007a, p.368), a hot-spot effect occurs, i.e. a bright area on the image
without any shadows. At nadir imagery, the hot-spot effect appears when the solar zen-
ith angle is smaller than the FOV.
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Figure 3.7 Sources of anistropic reflectances in the environment (mod. from Beisl and
Woodhouse 2004, p. 1684)
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65° forward-scattering nadir 65°backward-scattering

Figure 3.8 Bidirectional reflectance differences for a maize field along the solar princi-
pal plane (570 nm, sun azimuth ~135°, sun altitude 51°)

3.2.1.2 The Bidirectional Reflectance Distribution Function

Sandmeier and Itten were the first to build a transportable field goniometer (FIGOS) to
use with a spectroradiometer (GER-3700, nominal range of 300-2450 nm) studying the
bidirectional reflectance distribution by a stepwise variation of sensor zenith and azi-
muth angles in relation to sun azimuth and zenith (Sandmeier and Itten 1999). The ratio
of reflected radiance to incident irradiance in relation to sun — sensor — target geometry
is described by the bidirectional reflectance distribution function (BRDF), first defined
by (Nicodemus et al. 1977):

— o [srY (3.1)
With: |

R: reflected radiance [Wmsrnm™]

I: solar incident radiance [Wm™sr'nm™]
8i : sun zenith

@i : sun azimuth

B, : sensor/view zenith

@, : sensor azimuth

A: respective wavelength

The spectral bidirectional reflectance (BDR) factor describes the wavelength-dependent
reflected radiance from a surface to a specific direction in relation to the reflected radi-
ance from a Lambertian reference panel under equal irradiance conditions.

BRDF are spectrally dependent, effects are larger in the VIS than in the nIR (Guyot
1990; Sandmeier and Itten 1999). To illustrate wavelength dependent effects, bidirec-
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tional reflectance data may be normalized by nadir reflectance, obtaining an anisotropy
factors for each wavelength (Jensen 2007a). Figure 3.9 shows the anisotropy factor ob-
tained by forward and backward scattering processes for a sun zenith angle of 35° for
different wavelengths. BRDF effects are largest on the blue and red chlorophyll absorp-
tion spectral regions, and generally lower for the nIR where multiple scattering is strong
and reduces BDR effects (Sandmeier and Itten 1999).
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Figure 3.9 Anisotropy factors (nadir-normalized BRDF) of ryegrass for different wave-
lengths and a sun zenith angle of 35°(mod. Sandmeier and Itten 1999)

When sensor viewing angles vary from normal, BRDF may help to understand how the
signal is affected by sensor viewing geometry in relation to sun position and, also, how
respective wavelengths are affected. The BRDF also varies seasonally with sun azi-
muth/zenith variations (Sandmeier 2000). However, when multi-angular images are
compared for a specific point in time, the side-looking imagery yield further infor-
mation on the canopy and its biophysical properties than nadir imagery sensing solely
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the top canopy layer (Qi et al. 1995; Jensen 2007a). Great care needs to be taken to ac-
curately correct for atmospheric differences when biophysical parameters are estimated
from multi-temporal imagery (Qi et al. 1995). A comprehensive overview over BDR
correction models is given by Beisl 2001. They may be grouped into

physical models mainly applied for information gain; these are generally based
either on ray-tracing or radiative transfer function methods;

semi-empirical models. They understand BDR as a number of isotropic and vol-
ume scattering kernels and are mostly applied for correcting brightness gradients
for line scanner data (Beisl and Woodhouse 2004, Schiefer et al. 2006); and
empirical models based on viewing geometry (Schiefer et al. 2006).

3.2.2 Canopy parameters

The canopy signal as a combination of “leaf additive reflectance” as rays transmitted by
a leaf may again be reflected and transmitted by understory leaves. Thus, nIR
reflectances for healthy leaves reach up to ~ 50% (Jensen 2007a). When the incident
angle of light is off normal, specular reflectance of light on the cuticule will be com-
bined with diffuse, spectrally dependent reflectance from within the leaf and canopy. In
the near-infrared (nIR), leaves may be considered as Lambertian diffusers, in the visible
domain, reflectance is strongly directional (Guyot 1990).

Canopy reflectance spectra were simulated using PROSAIL (explained in more detail in
chapter 6) to illustrate the influence of leaf biophysical parameters (Wantzenrieder
2011). Figure 3.10 shows spectral variations of maize reflectances.

3.2.2.1 Leave’s pigments, leaf water and structure

For Chlsp (Cab in the model), the most striking changes are as already described
(Figure 3.2) to be found within the green peak area and the level of the minimum reflec-
tance at the red spectral region. Similarly, the carotenoids (Car) induce changes of the
level and shift the green peak from lower to higher wavelengths. Variations of the
brown pigment content (Cbp) lead to an extinction of the green peak and a shortening of
the red edge to the longer wavelengths with flattening slopes. The moisture content in
maize leaves, introduces great shifts on the spectral signatures, increasing equivalent
water content (EWT) fortifies the water absorption minima and the reflectance plateaus
between these absorption areas. Dry matter content (Cm) and the leaf structure parame-
ter (N) show opposing patterns: decreasing overall reflectance levels for Cm, and an
overall increase of reflectance peaks for N.
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3.2.2.2 Leaf area index

In dependences of the development and amount of biomass, the underlying soils influ-
ence the canopy reflectance quite strongly. Greatest impact on the spectral signature is
therefore found by LAI at the green peak to short nIR and at midwave IR regions. When
canopies are not closed as for vineyards or beginning stages in crop development, a sub-
stantial part of the reflected energy comes from background soils which adds to the re-
flectance curve especially in the nIR (Figure 3.10). With an increasing leaf area index
towards a value of 3, the canopy is supposed to cover the underground and saturate the
VIS signal, in the nIR a LAI of 5 is required (Guyot 1990).

Huete and Jackson (1988) showed that soil brightness strongly affected path radiance,
leading to a greater atmospheric influence on darker soils, and rather greater atmos-
pheric extinction on brighter soils. The soil background also varies with shaded cover,
moisture state and litter fraction (Huete and Jackson 1988). Huete then introduced the
soil-adjusted vegetation index to compensate that effect (Huete 1988, Huete et al. 1992).

3.2.2.3 Plant Geometry Effects

The orientation of leaves in relation to the stem may be categorised as follows:
planophil i.e. horizontal inclination,
erectophil, i.e. vertical inclination,
plagiophil, i.e. mostly medium-sloped leaves,
extremophil, i.e. only few leaves with medium inclination, and
uniform, i.e. most leaves show are similar inclination (Kurz 2003, p.12).

Maize, for example, shows mostly erectophil leaves depending on the respective vari-
ety. Yet, not all leaves are oriented uniformly and leaf-angle-distribution may even vary
during one day, e.g. when the plant orient towards the sun (sunflowers) when wilting
occurs when moisture stress increases (Guyot 1990; Jensen 2007a). These attributes
have been modelled by leaf inclination distribution functions (LIDF, Guyot 1990) or
leaf-angle-distribution (LAD, Jensen 2007a) which model reflectance in relation to LAL.
With increasing LA, reflectance differences in the red/nIR domain increase considera-
bly for different leaf angle distribution (Figure 3.10).

The phenological stages of crops and vegetation contribute to seasonal reflectance dif-
ferences. When leaves develop they are of a lighter green and generally moister than
mature leaves. The chlorophyll content develops within 80-90 days and then levels off
just until harvest times, when senescence develops and leads to a yellowing or colouring
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of the leaf (Poni et al. 1994, Jensen 2007a). Crop flowers also contribute to the reflec-
tance signal as well as fruits. Depending on the viewing angle not all plant components
will always be detected by the sensor.
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Figure 3.10 Effects of variation of Prosail biophysical input parameters on spectral sig-
natures of maize
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3.2.2.4 Soil Background Effects

Depending on the canopy closure, soil background is a major contributor to a vegetation
stand’s reflectance signal. Typically, soil reflectance is generally increasing from VIS to
nIR/mIR wavelengths (see figure) and may well be discriminated from vegetation by
utilizing the sharp increase along the red edge. However, senescent/dry vegetation also
increases from VIS to IR wavelengths. Soil reflectance spectra vary with their water
content, i.e. appearing of darker reflectance than dry soils, similarly organic content
leads to darker signals. The mineral composition of soils also contributes to reflectance
changes, clayey soils appear darker than more sandy, thus light-coloured soils and iron
oxides give the typical red colour in the VIS. Similarly to plants, soil surface roughness
strongly influences the bidirectional reflectance effects of soils (Jones and Vaughan
2010). Hyperspectral remote sensing can successfully discriminate mineral and organic
components for dry soil samples (van der Meer et al. 2012).

3.2.2.5 Row Orientation and Density

Row structures of crops introduce additional variability on the reflected signal. Depend-
ing on the sensor — sun viewing geometry, bi-directional reflectance differences (see
chapter 7), illumination and shading and part of visible soil may vary considerably.
Here the row orientation, canopy height and inter-row-distance will influence the
amount of canopy, shadow and background visible in the image (Zhao et al. 2010, Yan
etal. 2012).

This effect has been analysed as early as the 1980ies, where Suits (1983) showed how
the reflectance of wheat is affected by row structure modulations to uniform canopy
models (Figure 3.11). As the contrast of soil background reflectance and the green re-
flectance within the chlorophyll absorption ranges is highest, it is there that the strong-
est BDR-effect is found.

Several row-models describing radiation transfer were developed in the past: The Geo-
metric-optical model of BDRF (GO-model) by Li & Strahler (1985), Kuusk (1995)
developed the Markov-Chain Canopy Reflectance Model (MCRMrow) which has been
applied by coupling it with PROSPECT-SAIL-FLIM to predict grapevine canopy Chl
(Zarco-Tejada et al. 2004), Esparia et al. (1999) generated a plant and canopy 3D maize
model and combined it with a ray tracing model to obtain canopy reflectances.
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Zhao and co-authors only recently developed a 3D row reflectance model to study bi-
directional reflectance for hedgerow geometries (Zhao et al. 2010). Within the rectangu-
lar design of the rows, the row model, requires input on sun-sensor viewing geometry,
canopy parameters (row distance, width, height, and orientation, foliage dimension,
LAI, LIDF), and optical parameters such as the hemispherical leaf reflectance, transmit-
tance, the hemispherical reflectance of soils and the ratio of direct to overall irradiance
(Zhao et al. 2010).

Figure 3.12 illustrates the bi-directional reflectances for the red (left) and nIR (right)
wavelengths and N-S-oriented wheat rows of different development stages. As ex-
pected, the effects in the VIS are greater than in the nIR, clearly indicating a bright
stripe parallel to the row orientation for the well-defined row structures at early wheat
development stages at the red and a darker stripe in the nIR, an influence that decreases
with canopy closure (Zhao et al. 2010).

Recently, Yan et al. (2012) extended the GO model of BDR by using a leaf clumping
index which may not only be applied to discrete but also to continuous vegetation co-
vers of various types as the BDRF is shown to be driven by the areal component of a)
illuminated versus shaded leaves and b) visible illuminated versus shaded background.
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3.3 Thermal Remote Sensing of Vegetation

Thermal infrared (TIR) radiation emits from 7 to 18 um wavelengths and is also called
emissive infrared or far infrared. For these wavelengths information on the thermal
properties and surface temperatures may be derived (Campbell and Wynne 2011). As
thermal remote sensing in this work was applied only qualitatively, only a brief sum-
mary of broad-band thermal sensing (8-13 um) is given here. For a more detailed over-
view please refer to Jensen 2007a; Jones and Vaughan 2010, and Campbell and Wynne
2011.

3.3.1 Thermal Properties of Vegetation

According to the Stefan-Boltzmann-Law, thermal radiation of a surface depends on its
emissivity and temperature:

(3.2)

With:

E: thermal energy [Wm™]

€ emissivity

o: Stefan-Boltzmann constant 5.67-10™% [Wm2K™]
T: absolute temperature

The kinetic temperature is the relative warmth of an object and is measured by ther-
mometers. Thermal sensors measure the radiant or apparent temperature (Campbell and
Wynne 2011).

3.3.2 Canopy Emissivity

Natural and vegetation surfaces are neither blackbodies (€ = 1) nor greybodies (objects
emitting thermal radiation equally at all wavelengths with an € < 1). Typically € of veg-
etation features range between 0.94 — 0.99 and its knowledge is crucial for the determi-
nation of an object’s temperature. In the field, € is derived by accurately measuring a
surface’s temperature and either also the background radiation or eliminating the back-
ground radiation by putting the object into a highly reflecting box (Rubio et al. 2003).
The authors also generated an emissivity database for the range of 8-13 um for various
vegetation samples. The emissivity of a total canopy is generally greater than that of a
leaf sample due to multiple reflection of thermal radiation.
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1 [Wm] (33)

With:
L: thermal radiation [Wm-2]
g:  Stefan-Boltzmann constant 5.67-10-18 [Wm-2K-4]
T:. absolute temperature
Following equation (3.3), emissivity approaches 1 and as Rubio et al. (2003) have

shown, € varies between 0.98 and 0.99 when dense canopies are measured.
However, several other effects may affect emissivity values:

Dryness and age of vegetation (see above)

LAI and leaf angle distribution (Guogan and Zhengzhi 1992)

IFOV (Ribeiro da Luz and Crowley 2007, Jones and Vaughan 2010).

Viewing angle and directional effects of varying amounts of objects with poten-
tially different €

The impact of LAI and LAD on emissivity has been studied by Guogan and Zhengzhi
(1992), the authors found that with increasing canopy density, the apparent emissivity
increases, too (Figure 3.13).
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Figure 3.13 Affect of LAI (left) and leaf angle distribution (right) on apparent emissivi-
ty of a vegetation canopy (mod. from Guogan and Zhengzhi 1992)

Similarly, when increasing the IFOV (Figure 3.14), the amount of canopy components
seen by a thermal sensor increases, collecting a mixed signal of leaves, cavities, and
stems which also lead to an assimilation of apparent € towards an emissivity of a black-
body (Ribeiro da Luz and Crowley 2007, Jones and Vaughan 2010).
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Figure 3.14 Changes in apparent emissivity with viewing distance [m] in relation to
wavelength (Ribeiro da Luz and Crowley 2007)

Otterman et al. (1995) note that “sun and wind directions and the thermal and structural
characteristics of the plants” (1995, p. 170) alter canopy thermal temperatures. Thermal
radiation is strongly anisotropic and for agricultural crops may vary with viewing azi-
muth from 4 K to 13 K for sunflowers due to varying amounts of soil background radia-
tion in the TIR signal (Jones and Vaughan 2010). Sun azimuth location has been report-
ed to vary canopy temperatures up to 2°C under calm wind conditions (Kimes 1983,

Emissivity also changes with plant age, as can be visualised from the MODIS UCSB
Emissivity Library (Zhang 1999). Vigorous vegetation has a high € due to its water con-
tent and cell structure, when senescing, the emissivity becomes more variable (Figure
3.15)
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cess date 28/04/2015)

3.3.3 Influence of Background

In environmental applications, a thermal sensor detects not only the target’s energy but
also the reflected component of emitted background energy, its alterations by transmit-
ting atmosphere as well as radiation from the intermediate atmosphere itself (Jones and
Vaughan 2010).

(3.4)
With:
T.  transmissivity
€ emissivity
0. Stefan-Boltzmann constant 5.67-10"% [Wm?K™]
Ts. absolute temperature
The thermal inertia P of objects is given as
(3.5)

With:
K: Thermal conductivity [cal - cm™
C: Heat capacity [cal - gram™ - °C™]
p:  density [gram - cm™]

- sec™]
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Figure 3.16 illustrates the diurnal thermal behavior of key surface materials. There is a
lag of maximum temperature reached in relation to noon due to thermal inertia and simi-
larly for the minimum temperatures. By differencing thermal images from the hottest
(2-3 hours after maximum sun position) and coolest (just before dawn) diurnal times,
thermal inertia P may be derived (Campbell and Wynne 2011).



4  UAS, Sensors and Data

This section will focus on equipment selected for this work. The used UAS will be de-
scribed in more detail as well as the sensors used with this vehicle. For the agricultural
applications, a hyperspectral sensor small enough (<1 kg) was not yet operationally
available, so a multispectral six-band camera array had been acquired with the UAS.
Furthermore, a thermal camera, and for archaeological studies, additionally a standard
digital single lens reflex (DSLR) camera were applied in this work. The section ends
with a description of other data sources and field devices.

4.1 UAS: The md4-1000 Quadrocopter

At the end of 2010, the Department of Environmental Remote Sensing and
Geoinformatics purchased a light-weight UAS which should be able to hover over sites
of specific interest. As a stable and operational VTOL-system, a md4-1000
quadrocopter (microdrones GmbH) with a carrying capacity of ~ 1.5 kg and a take-off
weight of 5 kg was chosen. The size of the vehicle is about 170 cm x 170 cm x 50 cm
with extended rotors (Schibeler and Eickhoff 2010).

Figure 4.1The md4-1000 with base station (photos: J. Besold 2011)

The UAS consists of a carbon-fibre built vehicle, a base station and a remote control.
The md4-1000 has four brushless rotors that move pairwise with counter-rotation
(Figure 4.2).
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Figure 4.2 Rotor movement with the md4-
1000 (microdrones GmbH 2008-2010)

The vehicle mounts with acceleration of all motors, hovers by equal speed at all rotors,
flies forward by tilting along the lateral axis (pitch) and slowing down the front motor,
and moves sideways by a change of speed between the motors aside of the longitudinal
axis and vice versa. Power is supplied by a 22.2 V Lithium-Polymer battery allowing
flight duration of about 20 minutes with camera weights of approximately 1 kg.

The drone position is steered by GPS based on the Global Navigation Satellite System
(GNSS) and an IMU with a barometric height stabilization by fusioning different posi-
tion sensors through a Kalman-filter.

The drone and camera triggering is carried out by a Multiplex remote control (Royal Pro
9) using a 35 MHz band for communication with the vehicle. Alternatively, the pilot
may use waypoint navigation by programming flight routes and camera tasks using the
proprietary software mdCockpit (Figure 4.3), which is also used for

Waypoint editing,

Downlinking of telemetry data

Flight data recorder and analysis

Communication with and parameterizing of the UAS.

Waypoint editing with the current version uses NASA/ESA’s Shuttle Radar Topogra-
phy Mission (SRTM) data for terrain input and either Google or user-defined
georeferenced maps as the basis for route editing (microdrones GmbH 2007-2013).
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® Route IDC: 24702909

Figure 4.3 mdCockpit 3.2 Waypoint editor (microdrones GmbH 2007-2013)

Downlink decoding during the flight enables the ground crew to check on vehicle
movement (positioning, height, speed, wind speed, etc.) and functioning (route, energy
supply, motors, RC, payload, wind, GNSS, a.0.) and corresponding alerts and control of
video signals (Figure 4.4).

Figure 4.4
Ground station
device
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Flight recorder data is written to a microSD-card functioning as a kind of “blackbox”
supporting flight parameter analysis. The photo positions and attitude parameters as
well as the GNSS and IMU data may then be exported to text/spreadsheet files for fur-
ther references (Figure 4.5), the flown route may be exported to KML files for visualis-
ing flights on the terrain. Horizontal positioning accuracy varies with flight speed and
number of GNSS satellites availability and mostly lied within 1.5 to 3 m accuracy.

nss_imu_example.txt - Editor - s——— o - -
Datei  Bearbeiten Format Ansicht 7
Index Time code ECEF X ECEF ¥ ECEF Z Latitude Longitude Altitude Baro height
& 0.017 409200737 46495594 485442508 49.87953502 6.48245306 339.48
3 0.024 409200741 46495596 485442510 49.87953485 6. 48245327 339.50
4 0.030 409200741 46495594 485442505 49.87953457 6.48245299 339.486
5 0.041 409200746 46495593 485442504 49.87953418 6.48245278 339.48
6 0.047 409200747 46495592 485442502 49.87953401 6.48245262 339.47
7 0.054 409200749 46495595 485442506 49.87953408 6.48245301 339.52
3 0.061 409200752 46495592 485442502 49.87953366 6.48245255 339.51
2 0.067 409200752 46495596 485442510 49.879532410 6.48245310 239.57
10 0.073 409200756 46495595 485442508 49.87953372 6.48245290 339.58
11 0.080 409200759 46495597 485442513 49.87953378 6.48245313 339.64
22 0.156 409200760 46495594 485442504 49.87953322 6.48245270 339.57
55 0.377 405200730 46495587 485442506 49.87953544 6.48245220 339.39
&0 0.406 409200760 46495596 485442509 49.87953349 6.48245297 339.61
96 0.651 409200760 46495595 455442510 49.87953353 6.48245325 339.62 L
134 A man  snmnnncen sranccan anrassrne 4n mzar3aan s amnar33a  55a'ca
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Figure 4.5 GNSS and IMU data text files and positional accuracy as given by flight re-
corder data
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4.2 UAS Cameras

4.2.1 Digital Single Lens Reflex Camera: D3100

The Nikon D3100 was obtained in 2010 and has a resolution 14.2 megapixels (4608 x
3072 pixel). The sensor is an APS-C size CMOS sensor (Complementary Metal Oxide
Semiconductor) with a size of 23.1 x 15.4 mm (Nikon Inc. 2011). Light is filtered into
the primary colours red, green and blue onto the sensor by colour filters (Bayer or inter-
ference filters) and stored as 8-bit x 3 radiometric values (Figure 4.6).

0.8
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0.3
0.2
0.1

b .
400 450 500 550 600 650 700 750 800 | Figure 4.6 Spectral response

Wavelength (nm) of a CMOS sensor (mod. El
Gamal and Eltoukhy 2005)

Spectral Response

The camera is mounted by a carbon-frame (Figure 4.7) with two servo-motors which
may be rotated in pitch direction (0° looking horizontally in flight direction, 90° nadir
viewing) and along a roll axis to balance positional inclinations of the drone. The cam-
era has an instant return lens aperture, exposure times may range from 1/4000 to 30 s.
Together with the wide angle
lens AF-S DX NIKKOR 10-
24 mm (1:3.5-4.5G ED) it
weighs about 970 g (Nikon
Inc. 2011). Images are stored
as RGB either RAW or JPEG
of varying resolution.

= Figure 4.7 Nikon D3100 with
¥4 wide angle lens
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4.2.2 Multispectral Sensor: Mini-MCA-6

A multispectral sensor was to be selected in autumn 2010, when the Department of En-
vironmental Remote Sensing & Geoinformatics bought the quadrocopter. At that time,
the weighing-off between camera weights (< 1 kg), reasonable spectral resolution and
costs resulted in obtaining a multiple camera array system, the Mini-MCA®6, developed
by Tetracam Inc., USA.

The low-cost multiple camera array has been developed in 1993, weighs approximately
780 g and consists of six individual x-mount lenses equipped with 25 mm (1) diameter
spectral band-pass filters (Tetracam Inc. 2011). In 2010, the camera was delivered with
a front-filter mounting system (Figure 4.8).

Figure 4.8 The Mini-MCAG6
with front-filter mounting
(photo: © Tetracam Inc.)

The camera lenses then had a focal length of 8.3 mm (f/3.2) and were equipped with
spectral 10 nm-bandwidth filters. The sensors used are CMOS sensors with a respective
size of 6.66 mm x 5.32 mm with 1280 x 1024 pixels resulting in approximately 5.2 um
x 5.2 um effective pixel size. The radiometric resolution may be user-defined to 10-bit
or 8-bit data. The sensor’s spectral response culminates about 800 nm with a total range
from approximately the visible (Vis) blue to nIR wavelengths. Figure 4.9 illustrates the
sensor’s monochrome response and the location of filters applied in this context. The
curve shows a rather steep sensitivity drop-off to the lower and higher filter wave-
lengths of transmissions ranging from 50-70%. Yet, the camera’s exposure rates may be
adjusted accordingly in relation to the master channel.
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Figure 4.9 Spectral sensitivity of the Mini-MCA-6 CMOS sensor (modified from
Tetracam Inc.) and filters (filter transmission as supplied from producer)

After a front-to-rear filter change at the end of 2011, the Mini-MCA®6 had a focal length
of 9.6 mm with a slightly elevated luminous intensity of f/2.8 (Figure 4.10).

Figure 4.10 Mini-MCA-6 with front-to-rear filter rebuilt (left) with filters put behind the
lens plate to facilitate filter access and change (right) (Photographs: M. Perez Saiz)
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Each camera stores its images on standard 2 GB ScanDisk Compact Flash memory
cards and may be downloaded by USB connection. The image capture rate takes 3-5 sec
for the single shot mode, and 1.3 frames/sec in burst mode (Tetracam Inc. 2011). Expo-
sure settings are either carried out by control box and video device or through a USB
interface within the processing software PixelWrench supplied with the camera.

Thus, for automatic or fixed exposure, the progressive shutter allows exposure ranges
from 0.5 to 20 msec. Time to save images to disc requires 2 sec for 10-bit RAW images
and up to 5 sec for DCM mode. Further settings allow the alteration of sensor gain
and/or relative exposure of individual cameras in relation to the master band. In this
case, the master band is camera no. 0 equipped with the 570 pum 10nm-FWHM Andover
filter.

4.2.3 Thermal Camera: Un-Cooled Module (UCM)

The UCM (UnCooled Module, Figure 4.11) had been bought at the end of 2011 as a
light-weight, robust thermal camera to be used with the md4-1000 quadrocopter. The
camera had been developed by Carl Zeiss Optronics as an easy-to-use and fast thermal
microbolometer for mostly military operations. It records in the longwave infrared re-
gion from 7-14 pum with a thermal sensitivity of 90 mK and an image size of 640 x 480
pixels. The camera was delivered without housing so that a casing had to be built at the
department. The UCM is 95 x 48 x 48 mm large and weighs 170g (Carl Zeiss Optronics
GmbH 2011).

Figure 4.11 The thermal
camera UCM (photo: G.
Rock 2011)

Before image acquisition, all pixel values need to be calibrated to ensure identical gain
and offsets by taking a picture of a homogenous background (i.e. lens-lid). The thermal
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camera’s lens has a focal length of 10 mm with quite strong barrel distortion (Figure
4.12). The image capture rate is 50/60 Hz and the storage comprises only up to 20 im-
ages per flight, at snapshot mode 50 images. Images are either stored to BMP or JPG
format (Carl Zeiss Optronics GmbH 2008).

During image capture, the grey-value stretch is automatically optimized for each image.
This renders image processing somewhat cumbersome as image-to-image equalization
techniques need to be used in post-processing.

Figure 4.12 Thermal image
(7-14 pm) of a vineyard tak-
en with UCM

In this work, the UCM was mainly used for qualitative thermal description of study
sites.

4.3 Reflectance Measurements: Spectroradiometer

In addition to the UAS data, reference reflectance measurements of grayscale reference
panels and vegetation parameters were made using a FieldSpec Pro 3 Max
spectroradiometer (ASD Inc., Boulder, CO, USA) kindly supplied by the Luxembourg
Institute of Science and Technology (LIST), Luxembourg.

The FieldSpec acquires spectral measurements within the range of 350-2500 nm with
sampling intervals of 1.4 nm up unto 1000 nm and 2 nm for the following wavelengths.
The spectral resolution is ~3 nm @ 700 nm. A fibre optic collects the data with a 23°
FOV. Reflectances are calibrated by using a 10 x 10 inch Spectralon® device with a
known reflectance of almost 100% (Figure 4.13).
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Figure 4.13 Spectralon reflectance (white reference) developed by Labsphere Inc.,
North Sutton, NH, USA.

For leaf measurements, a leaf-clip device was used. Laboratory measurements were
carried out using a ProLight video lamp. Generally, 3-15 spectra were averaged for each
target (with 50 measurements for dark noise, 50 measurements for the target and ...).
These individual spectra were later averaged to a mean spectrum. To compare the
FieldSpec reflectances to data derived from the multispectral camera, spectra were
resampled to the FWHM spectral band widths x spectral response of the miniMCA-6
cameras using ATCOR4 (Richter 2010).

4.4 Field Measurements of Plant Parameters

4.4.1 Leaf Area Index

LAI or rather foliage area index measurements were carried out with a LAI-2000 Plant
Canopy Analyzer (LI-COR Inc. 1992, p.2-9) which measures the amount of foliage
within a FOV (below canopy) compared to a fully unlimited FOV (above canopy). The
optical sensors measure light attenuation within five concentric rings from the zenith 0-
13° to 18-28°, 32-43°, 47-58°, 61-74° (LI-COR Inc. 1992). The above-canopy sensor is
typically set up in remote mode and measure the sky each 30 seconds. At the beginning
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both sensors are connected to one data logging device, started simultaneously, and cali-
brated to ensure similar measurement values.

Depending on the measurement environment, parts of the FOV may be masked by use
of view caps put onto the sensors to avoid false readings. Measurements should be car-
ried out at cloudy conditions or without exposition to direct sun light to avoid underes-
timation of LAI. Measurements were recomputed to means per location for the respec-
tive amount of concentric rings required using the appropriate canopy model in the
FV2000 processing software (LI-COR Biosciences).

4.5 Chlorophyll Measurements

4.5.1 Wet-chemical Analysis

For the sensitivity analysis, the following plant physiological parameters were derived:
dry weight, water content and Chl content. For Chl analysis, leaves were taken in-situ,
wrapped into aluminum foil and transported to the laboratory in a cooling bag. From
each leaf, standardized punch discs of known size were retrieved and of each leaf 200
mg fresh matter mixed with 5 ml methanol. The solution was heated for 25 minutes
within a 60°C water bath to solve Chla+,. Once solved, the liquid is put into a photome-
ter UV-160A (Shimadzu, Japan) to estimate Chl content by relating absorption at A =
665 nm and A = 650 nm. Chl content [mg/g] was then calculated as follows:

4 235

(4.1)
With:
MeOH:  methanol content [mg]
A: absorption at specific wavelength

4.5.2 Chlorophyll Meter SPAD-502

The SPAD-502 () is a relative chlorophyll meter developed by Konica Minolta (Konica
Minolta Sensing Inc. 2009). It has been used as a comparative measurement device to
laboratory wet-chemical analysis. Two LEDs emit light in the red (650 nm) and NIR
(940 nm) and of the incoming transmitted light, their ratio is being calculated as an in-
dicator of chlorophyll content (eg. 4.2). Data in this study were not calibrated any fur-
ther.
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M = log [teso * tv,e50/te50*1v,040] (4:2)

Where tny, is the transmission of light through a leaf at that wavelength, and t, nm is the
control light beam stored as DN (Markwell et al. 1995).

Figure 4.14 The SPAD-502
chlorophyll meter

4.6 GPS Measurements

For georeferencing ground control points and sampling sites, two types of GPS were
used: a differential Trimble GPS, and in some cases hand-held Garmin GPS, both using
the GPS satellites.

The Trimble GPS GeoXT is part of the GeoExplorer 2008 Series and comes with a bea-
con and a GPS antenna. The ArcPad-based hand-held receiver is connected to the bea-
con via LAN or Bluetooth and is ideally receiving signals from an external correction
source (radio). If no external emitting station is available, post-processing differential
correction in the office was carried out by replicating source signals with measurement
times. The GPS antenna was generally worn with a pole on a backpack with a known
height difference. Generally, 50 to 200 measurements per location were averaged to one
position by trading off accuracy versus number of measurements (Trimble Navigation
Limited 2008). Using EVEREST multipath rejection technology, sub-metre accuracy
may be retrieved.

For orientation purposes and navigation to sampling sites, hand-held Garmin 60CSx
GPS with an accuracy of up to a couple of metres were used (Garmin Ltd. 2007). All
measurements were made in WGS84 coordinates. As in this work no photogrammetric
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objectives with highest spatial accuracy were neither aspired or required, the GPS set-
ups with their rather rough geocoding capabilities within several decimeters (Trimble)
to a couple of meters (Garmin) were adequate for georeferencing aerial image mosaics.
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5.4 Discussion of Pre-processing Steps

Band-to-band image alignment is supposed to be tackled by a calibration file which is
ideally created after each filter change or camera focusing. Tetracam Inc. suggests to
use objects at infinite distances. Another approach is to use a target pattern (provided
for example, by the SfM software calibration tools) which should be photographed to
compute lens calibration. The MiniMCA-6 is generally set to be focused for infinite
objects, thus rendering focused image acquisition of close calibration patterns difficult.
Alternatively, the Tetracam Inc. approach of iteratively solving for rotation/scaling and
off-set was chosen for each image campaign. Other authors have programmed feature-
matching algorithms to tackle band alignment (Laliberte et al. 2011).

ELC for correction of radiometric effects during image acquisition is widely used
(Smith and Milton 1999; Baugh and Groeneveld 2007; Laliberte et al. 2011; Del Pozo et
al. 2014) and has shown to retrieve reliable results as Figure 5.16 and Table 5.5 have
shown. To account for non-linear radiometric effects atmospheric correction is required.
ATCOR-4 has been developed for airborne scanner data, yet UAV images are central
projections. So, correction of illumination geometry and BDRF are not strictly correct.
However, errors remaining from lack of consideration of the central projection geome-
try, have shown to be of minor magnitude and have therefore been accepted for this
study. Beside, DTM describing the terrain with required accuracy for that scale can only
be retrieved from the UAV images themselves by e.g. SfTM procedures (see the follow-
ing sections) which still need to be derived from the point cloud modeling. Ideally, this
demands a future processing chain of a) correction and calibration of camera errors, b)
model a point cloud by SfM techniques to obtain a DTM to feed into c) an atmospheric
and topographic correction procedure incorporating camera attitudes and reference tar-
gets followed by d) dense point cloud modelling and orthomosaicing to reflectance im-
ages.



