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Abstract 

Global food security poses large challenges to a fast changing human society and has been a 

key topic for scientists, agriculturist, and policy makers in the 21st century. The United Nation 

predicts a total world population of 9.15 billion in 2050 and defines the provision of food 

security as the second major point in the UN Sustainable Development Goals. As the capacities 

of both, land and water resources, are finite and locally heavily overused, reducing agriculture’s 

environmental impact while meeting an increasing demand for food of a constantly growing 

population is one of the greatest challenges of our century. Therefore, a multifaceted solution 

is required, including approaches using geospatial data to optimize agricultural food production. 

The availability of precise and up-to-date information on vegetation parameters is mandatory 

to fulfill the requirements of agricultural applications. Direct field measurements of such 

vegetation parameters are expensive and time-consuming. On the contrary, remote sensing 

offers a variety of techniques for a cost-effective and non-destructive retrieval of vegetation 

parameters. Although not widely used, hyperspectral thermal infrared (TIR) remote sensing has 

demonstrated being a valuable addition to existing remote sensing techniques for the retrieval 

of vegetation parameters. 

This thesis examined the potential of TIR imaging spectroscopy as an important contribution 

to the growing need of food security. The main scientific question dealt with the extraction of 

vegetation parameters from imaging TIR spectroscopy. To this end, two studies impressively 

demonstrated the ability of extracting vegetation related parameters from leaf emissivity 

spectra: (i) the discrimination of eight plant species based on their emissivity spectra and (ii) 

the detection of drought stress in potato plants using temperature measures and emissivity 

spectra. 

The datasets used in these studies were collected using the Telops Hyper-Cam LW, a novel 

imaging spectrometer. Since this FTIR spectrometer presents some particularities, special 

attention was paid on the development of dedicated experimental data acquisition setups and 

on data processing chains. The latter include data preprocessing and the development of 

algorithms for extracting precise surface temperatures, reproducible emissivity spectra and, in 

the end, vegetation parameters. 

The spectrometer’s versatility allows the collection of airborne imaging spectroscopy datasets. 

Since the general availability of airborne TIR spectrometers is limited, the preprocessing and 
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data extraction methods are underexplored compared to reflective remote sensing. This counts 

especially for atmospheric correction (AC) and temperature and emissivity separation (TES) 

algorithms. Therefore, we implemented a powerful simulation environment for the 

development of preprocessing algorithms for airborne hyperspectral TIR image data. This 

simulation tool is designed in a modular way and includes the image data acquisition and 

processing chain from surface temperature and emissivity to the final at-sensor radiance data. 

It includes a series of available algorithms for TES, AC as well as combined AC and TES 

approaches. Using this simulator, one of the most promising algorithms for the preprocessing 

of airborne TIR data – ARTEMISS – was significantly optimized. The retrieval error of the 

atmospheric water vapor during the atmospheric characterization was reduced. As a result, this 

improvement in atmospheric characterization accuracy enhanced the subsequent retrieval of 

surface temperatures and surface emissivities intensely. 

Although, the potential of hyperspectral TIR applications in ecology, agriculture, and 

biodiversity has been impressively demonstrated, a serious contribution to a global provision 

of food security requires the retrieval of vegetation related parameters with global coverage, 

high spatial resolution and at high revisit frequencies.  

Emerging from the findings in this thesis, the spectral configuration of a spaceborne TIR 

spectrometer concept was developed. The sensors spectral configuration aims at the retrieval of 

precise land surface temperatures and land surface emissivity spectra. Complemented with 

additional characteristics, i.e. short revisit times and a high spatial resolution, this sensor 

potentially allows the retrieval of valuable vegetation parameters needed for agricultural 

optimizations. The technical feasibility of such a sensor concept underlines the potential 

contribution to the multifaceted solution required for achieving the challenging goal of 

guaranteeing global food security in a world of increasing population.  

In conclusion, thermal remote sensing and more precisely hyperspectral thermal remote sensing 

has been presented as a valuable technique for a variety of applications contributing to the final 

goal of a global food security. 
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1 Global food production and the environment’s limits 

Global food security poses large challenges on a fast changing world and has been a key topic for 

scientists and policy makers in the 21st century (Godfray et al., 2010; Wheeler and von Braun, 2013). 

The United Nation (UN) projections indicate a total world population of 9.15 billion in 2050 and 

defines the provision of food security as the second major point in the UN Sustainable Development 

Goals (FAO, 2011; UN, 2015). Recent studies suggest that crop production would need to roughly 

double to meet the projected demands from population growth, dietary changes (especially meat 

consumption), and bioenergy use unless there are dramatic changes in consumption patterns 

(Alexandratos and Bruinsma, 2003; Cirera et al., 2010; Foley et al., 2011; Kearney, 2010). Currently 

80-90% of freshwater consumption is already dedicated to agriculture and doubling crop production 

will further aggravate environmental threats like biodiversity loss, impacts of climate change and 

degradation of land and freshwater provision (Foley et al., 2005; International Water Management 

Institute, 2007; Morison et al., 2008).  

These predictions implicate one of the greatest challenges of our century: reducing agriculture’s 

environmental impact while meeting an increasing demand for food from growing societies. As the 

capacities of both, land and water resources, are finite and locally heavily overused, agricultural 

production will have to be brought to an equilibrium between productivity and sustainability (FAO, 

2011). 

2 Remote sensing for vegetation monitoring 

Achieving this goal is challenging, as on one hand other large scale land uses (e.g., biofuel production, 

urban expansion, etc.) increase land competition and on the other hand the predicted climate change 

will challenge traditional farming systems (FAO, 2011; West et al., 2014). For this reason, a 

multifaceted solutions is needed, comprising continuous innovation in developing new agricultural 

techniques, such as monitoring approaches based on innovative geospatial data products (Atzberger, 

2013; Foley et al., 2011). A variety of such techniques already exists, including precision agriculture, 

drip irrigation, soil conservation and wetland restoration.  

Geospatial data is gaining increasing importance in ecological, agricultural and vegetation monitoring 

applications (Atzberger, 2013), yet these products need to fulfil a number of requirements. These 

requirements are specific for agricultural applications and comprise amongst others: 
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- Agricultural production follows strong seasonal patterns related to the biological lifecycle of 

crops. To accurately estimate crop parameters, it is mandatory that data and derived models 

provide estimates as early as possible updated periodically (Atzberger, 2013). 

- Crop production depends on many parameters (e.g. soil type, climatic variables and agricultural 

management practices). In areas, where these parameters are highly variable, a high sampling 

density and a high sampling frequency is mandatory. 

- Due to unfavorable growing conditions, productivity can change within short time periods. As 

a consequence, it is mandatory for agricultural monitoring systems to be timely. According to 

FAO, the need for timeliness is a major factor underlying agricultural statistics and associated 

monitoring systems – information is worth little if it is available too late (FAO, 2010). 

Optimizing food production is hardly possible in areas where highly technologized monocultures are 

the predominant agricultural system. Compared to these advanced agricultural techniques, low 

performing areas have a higher potential of yield increase with lower stress on natural ecosystems 

(Foley et al., 2011; Tilman et al., 2011; West et al., 2014). These yield gaps are situated mostly in 

ecologically sensitive areas, which are variable in time and space. To monitor these areas on a global 

scale, remote sensing methods are assumed to be an effective and promising technique for the 

acquisition of geospatial data. 

Remote sensing is a key technique excellently suited for the collection of objective geospatial data 

with focus on vegetation (Bastiaanssen et al., 2000). Especially satellite remote sensing has two major 

advantages against airborne remote sensing or field data collection: satellite remote sensing can 

provide base data in a timely manner and over large areas (sub regional to global level) with reasonable 

costs (Roughgarden et al., 1991). Although one technique cannot overcome the entirety of the 

mentioned challenges, remote sensing techniques provide valuable methods and datasets for a wide 

applications in a variety of domains such as agriculture, ecology, biodiversity etc. (Kerr and Ostrovsky, 

2003).  

To date, different satellites provide imagery that is used for vegetation monitoring applications. Here, 

the classical remote sensing tradeoff between global coverage, revisit time, spatial and spectral 

resolution becomes relevant. The technical specifications of currently available satellites are designed 

in order to fulfill the requirements of a wide palette of applications with one sensor system. As a 

consequence, compromises need to be accepted when focusing on one special topic. 

On the one hand, data products from the Advanced Very High Resolution Radiometer (AVHRR) or 

Moderate Resolution Imaging Spectroradiometer (MODIS) are available with global coverage and 
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high revisit frequencies to the disadvantage of spatial resolution (Prasad et al., 2007; Rembold et al., 

2013). On the other hand, high resolution satellites like Quickbird and WorldView collect data of 

specified hotspots and are not able to cover globally. In addition these systems often lack spectral 

resolution. The lack of global coverage and lack of spatial or spectral resolution limits the suitability 

for vegetation applications. However, the launch of the Sentinel-2 satellite constellation now provides 

the availability of multispectral image data at high revisit frequencies, high spatial resolutions and at 

global scale. Revisiting the idea of optimizing agricultural practices in sensitive regions in order to 

close the yield gap, satellite missions like Sentinel-2 provide the possibility of an operational 

monitoring. 

Apart from the reflective part of the spectral range, the use of thermal infrared data is known to provide 

valuable parameters related to plant condition or urban development, that are not detectable in the 

VSWIR spectral range (Jones, 1999; Ribeiro da Luz and Crowley, 2007; Xu et al., 2008). However, 

the availability of thermal infrared satellite data is not as given as in the reflective part of the 

electromagnetic spectrum (Table 1). Available spaceborne sensors that operate globally and provide 

TIR bands include the Landsat Enhanced Thematic Mapper (ETM+), Landsat 8 (TIRS), Advanced 

Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and the Moderate Resolution 

Imaging Spectroradiometer (MODIS). For thermal bands, mostly the spatial resolution is coarser 

compared to the reflective bands. 

Table 1: Available satellite platforms with TIR channels 

Sensor Satellite Nbr of bands GSD Revisit Time 

ETM+ Landsat 7 1  60 m  16 days  

TIRS Landsat 8 2  100 m  16 days  

ASTER Terra / Aqua 5  90 m   16 days  

MODIS Terra / Aqua 16  1000 m  0.5 days  

Needless to mention, that at these spatial resolutions, the use of TIR satellite data for agricultural 

applications is limited. 

Besides the spatial resolution, the age and the technical specifications of current spaceborne TIR 

sensors, form another concern of the scientific community. For many applications, e.g. an operational 

service related to agricultural monitoring and food security, the available sensors do not completely 

satisfy the optimum demands and compromises need to be accepted (Bastiaanssen et al., 2000). On the 

one hand, environmental processes (e.g. crop vitality) are highly variable in time, too – a characteristic 
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that demands for short revisit intervals (Atzberger, 2013; Moran et al., 1997). On the other hand, the 

temperature retrieval accuracy is an additional limitation (Li et al., 2013a). Temperature accuracy, and 

in consequence the accuracy of emissivities, is limited because temperature retrieval methods for 

existing satellite TIR sensors rely on simplifying assumptions or empirical relations (Gillespie et al., 

1998; Li et al., 2013b). The absolute temperature retrieval accuracies do not fulfil the demands of 

reliable retrieval of environmental parameters such as evapotranspiration (Mallick et al., 2015). 

To overcome this shortcomings, a sensor system should be developed for one dedicated application 

where the sensor’s technical characteristics are defined in order to derive one main data product. In 

the exemplary case of crop monitoring applications, it is not sufficient to choose the specifications in 

order to derive high precision land surface temperatures and land surface emissivities, but, in addition, 

these parameters need to satisfy the application’s requirements on spatial and temporal resolution. 

While such a system is currently not available, airborne remote sensing satisfies or even exceeds the 

aforementioned technical requirements for many applications. Airborne data acquisition allows the 

collection of spatially high resolution hyperspectral imagery in the reflective as well as in the thermal 

spectral range. In addition, the data acquisition interval is only limited by weather and not, like for 

satellites sensors, by orbit characteristics. As the airborne coverage per time is limited compared to 

satellite systems, the sole limitations consists in the costs for airborne data collection and in the 

difficulty of providing global coverage. 

3 Potential of thermal infrared in agriculture 

Contrary to reflective remote sensing, thermal infrared remote sensing deals with radiation emitted by 

a surface due to its kinetic temperature (Kuenzer and Dech, 2013). Besides information on land cover 

type, thermal infrared remote sensing data can provide important measurements of temperatures and 

surface energy fluxes, which are substantial descriptors landscape processes and responses (Quattrochi 

and Luvall, 1999). 

Both, surface temperature and emissivity provide important information to agricultural and ecological 

applications, because, besides providing surface temperature, they can function as diagnostic variables 

for land surface analysis and for extraction of land surface properties (Christensen et al., 2000; 

SALISBURY, 1986). Surface emissivity has proved to be valuable in mineral detection, as minerals 

have clear and strong emissivity features (Salisbury et al., 1991; Salisbury and D’Aria, 1992). Thus, 

thermal infrared data has frequently been used by many research groups for research projects related 

to geology and soil science (Eisele et al., 2012; Hecker et al., 2012, 2010). On example is the use of 

the Advanced Spaceborne Thermal Emission and Reflectance Radiometer (ASTER) with its spectral 
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setup of six channels in the shortwave infrared and five channels in the thermal region that allowed for 

mineralogical discrimination and that made qualitative mineral maps available (van der Meer et al., 

2012).  

Contrary to applications in geology, minerology and soils, the use of emissivity for vegetation analysis 

is much less explored. The available publications mostly focus on the applicability of thermal remote 

sensing for environmental studies at different scales (from laboratory to satellite scales). These studies 

comprise amongst others (previsual) stress detection (Buitrago et al., 2016), irrigation scheduling 

(Jones, 2004, 1999), disease detection within crops and yield estimation (Berni et al., 2009; López-

López et al., 2016).   

The fundamental vibration frequencies of many constituents composing the superficial epidermal layer 

of plant leaves are situated in the TIR spectral region. Among others, cellulose, hemicellulose, varieties 

of pectin and aromatic compounds have characteristic features in the 8–12 µm spectral range (Elvidge, 

1988; Ribeiro da Luz and Crowley, 2007; Riederer and Muller, 2006; Ullah et al., 2012a). The 

combination of the individual spectral emissivity features creates an emissivity signatures unique to 

the composition of constituents (Cozzolino, 2014). Similar to the derivation of mineral maps, these 

vegetation emissivity spectra can be used as fingerprint areas to explain particular compositional 

characteristics that are difficult to detect with traditional chemical analyses (Cozzolino, 2014). 

This is why TIR spectroscopy is assumed to incorporate large potential for the characterization of 

vegetation specific surface properties. With maturation of detector technology, laboratory and field 

based researches demonstrated that variations in emissivity can be detected in vegetation (Ribeiro da 

Luz and Crowley, 2007; SALISBURY, 1986).  

However, compared to temperature based remote sensing, emissivity based research of vegetation is 

only scarcely explored. This is due to certain challenges that have not yet been overcome, i.e. the lack 

of specific equipment and laboratories, difficulties in extracting information from the data (Quattrochi 

and Luvall, 1999) and the combination of subtle variations of spectral emissivity and low signal to 

noise ratio (SNR) of spectroscopic equipment (Ribeiro da Luz and Crowley, 2007). 

Fortunately, with further maturation of detector technology, the availability of hyperspectral thermal 

infrared imaging spectrometers for laboratory, field and airborne application was propagated. 

Hyperspectral sensors register multiple narrow spectral bands over a continuous spectral range. For 

TIR spectrometers, one major advantage of narrow spectral bands is the ability of registering spectrally 

sharp features such as emission and absorption of gases, i.e. atmospheric compounds. Based on this, a 

precise atmospheric characterization is feasible and the application of advanced atmospheric correction 
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and temperature and emissivity separation algorithms become available allowing the derivation of 

precise LST and LSE (Boonmee, 2007; Borel, 2003).  

With the availability of airborne spectrometers such as the SEBASS (Spatially Enhanced Broadband 

Array Spectrograph System, Aerospace Corp.), the Hyper-Cam LW (Telops), the AisaOWL (Specim) 

and the TASI-600 (Itres), the application of airborne TIR spectrometers is increasing (Feng et al., 2013; 

Notesco et al., 2016; Pascucci et al., 2014; Ribeiro da Luz and Crowley, 2010; Vaughan et al., 2003; 

Wang et al., 2011). With increasing availability of airborne hyperspectral TIR data, a lot of effort is 

put in the development of algorithms for TES and parameter extraction. Although airborne TIR 

spectroscopy is gaining increasing attention and allows for extraction of relevant parameters related to 

vegetation and agriculture, it still lacks from global coverage in order to be a valuable solution for 

provision of food security.  

Although a hyperspectral TIR satellite is not available yet, the demand of the scientific community for 

these systems is conspicuous. It is underlined, for example, by the fact that hyperspectral thermal 

satellite sensor concepts were proposed during the call for proposals for Earth Explorer mission EE-9. 

One of these concept is the “High-resolution Temperature and Spectral Emissivity Mapping” 

(HiTeSEM)-satellite a purely thermal infrared sensor concept, aiming at reasonable spectral and spatial 

resolution and focusing on surface-solid earth interactions to assess natural and human-induced 

changes (Udelhoven et al., 2015). Without prejudice to the detailed presentation of HiTeSEM, the 

satellite concept was not retained for further pursuit. Nevertheless, the technical feasibility of a 

hyperspectral TIR satellite offering great and valuable potential for overcoming the challenge of 

provisioning food security on a global scale was demonstrated. 

4 Motivation and thesis objectives 

The preceding sections illustrate the potential of hyperspectral thermal infrared remote sensing for 

applications relate d to food security. Given the technical specifications, thermal infrared has the 

potential of providing valuable information for a wide variety of environmental applications, such as 

biodiversity, agriculture and ecology. In addition, facing global challenges related to the increasing 

population, the need for hyperspectral thermal infrared remote sensing sensors with global coverage 

is emphasized. 

This is the starting point that initiated the composition of this scientific research. The main research 

aim of this thesis was to derive vegetation parameters from thermal infrared imaging spectroscopy 

data. In order to collect experimental data suitable to this research question, a dedicated thermal 

spectroscopy setup is mandatory. As, in Europe, the research community for thermal infrared 
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spectroscopy is rather small, the availability of (imaging) spectrometers is limited. In 2012, one of the 

first commercially available hyperspectral thermal infrared imaging spectrometers - the Telops 

Hyper-Cam LW - was delivered at the Luxembourg Institute for Science and Technology (LIST), the 

former Centre de Recherche Gabriel Lippmann (CRPGL). After some initial technical difficulties, first 

datasets were successfully collected what allowed to select this imaging spectrometer as main data 

collection equipment for the following studies. 

The collection of high quality spectroscopic base data requires a suitable experimental setup including 

sample preparation, data acquisition and reference measurements and a processing pipeline that 

includes data preprocessing and extraction of the required parameters. In summer 2013 and 2014, two 

setups of field experiments were designed: On one hand, the possibility of discriminating eight 

different plant species was assessed and on the other hand the detection of drought stress symptoms in 

potato plants was investigated. Compared to other imaging spectrometers, the Hyper-Cam LW offers 

one main advantage, which is that it is not only intended for laboratory use, but can also be used for 

field and airborne data collection. This enables a large variety of possible scientific uses but also 

requires each time a correspondent dedicated experimental setup, data processing and data validation. 

Especially in the case of airborne data collection, atmospheric influences aggravate data processing 

and derivation of surface properties. The first airborne flight campaigns were conducted in Trier and 

Latisana / Italy in autumn 2013 and summer 2014, respectively. During these campaigns, validation 

methods for atmospheric correction and temperature and emissivity separation were extensively tested. 

Having covered the scales from laboratory to airborne scale and considering the before mentioned lack 

of global coverage by thermal satellites, mandatory for an operational and reliable environmental 

monitoring, the developing a satellite sensor concept was brought into focus. Based upon the results 

of these experimental studies and upon the findings of the data processing developments, the technical 

specifications of a thermal infrared satellite sensor concept were defined in the framework of the ESA 

call for proposals for the Earth Explorer EE-9 mission.  

Based on the reviewed current state-of-the-art of thermal remote sensing for environmental monitoring 

applications and the above mentioned need for hyperspectral TIR data with global coverage, the 

objectives and motivations for this thesis are centered on three major topics: 

- Developing data processing schemes for the collection of precise vegetation temperatures and 

emissivity spectra based on field and airborne spectroscopy. 

- Deriving vegetation parameters from thermal infrared imaging spectroscopy data 
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- Defining the system requirements for a hyperspectral thermal infrared satellite mission 

contributing to the provision of food security 

The first objective focuses on the processing chain needed to derive precise temperature and emissivity 

spectra from surface materials. The methods are focused on the Telops Hyper-Cam LW, an FTIR 

imaging spectrometer with certain characteristics that need to be considered during the setup of the 

experimental design, the subsequent data acquisition and when developing the processing algorithms. 

The preprocessing steps include the conversion of the raw interferograms to radiance spectra followed 

by the derivation of temperatures and reproducible emissivity spectra from radiance data. Concerning 

the TES algorithms, special attention was paid to implement algorithms that do not require simplifying 

assumptions or a priori knowledge about the target surface. While for field spectroscopy, the extraction 

of temperature and emissivity implies a robust temperature and emissivity separation algorithm, 

airborne datasets demand for atmospheric correction – a process that is not straight-forward for thermal 

infrared applications and that, to data. For this reason, a developing environment was set up allowing 

for the development and benchmarking of multiple atmospheric corrections and TES – algorithms.  

Once the temperatures and the emissivity spectra were extracted from the raw data, the second 

objective investigates on how certain vegetation characteristics can be derived from this data. Two 

different aspects were regarded: discriminating plant species based on emissivity spectra and detecting 

drought stress in potato plants based on leaf temperatures and emissivity spectra. 

Finally, being able to derive high precision temperature and emissivities as well as vegetation 

parameters from laboratory and field datasets, the third objective investigates on a spaceborne 

hyperspectral TIR spectrometer for environmental monitoring purposes focused on a contribution to 

the provision of global food security. In the framework of the ESA call for proposals for the Earth 

Explorer EE-9 mission, the findings of the preceding experiments were considered while working out 

the system requirements of such a satellite concept. Focus was set on the sensor’s spectral 

characteristics in order to guarantee the feasibility of a robust atmospheric correction and TES. 

5 Overview of the publications 

As this thesis is composed as a cumulative dissertation, it comprises five standalone papers of which 

3 are submitted to peer-reviewed international ISI journals. The two remaining ones are ready for 

submission. 

Short summary: Publication I 
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As most of the studies presented in this thesis are based on datasets collected by the Telops 

Hyper-Cam LW, this instrument is presented in detail. The Hyper-Cam LW is a hyperspectral thermal 

infrared imaging spectrometer that was originally developed for terrestrial analysis of gas 

compositions. It can also be adapted to make it suitable for laboratory, field and airborne applications. 

The Fourier transform spectrometer allows the acquisition of radiance spectra in the spectral range of 

865 to 1280 cm-1 (7.8–11.56 µm), at a variable spectral resolution of down to 0.25 cm-1. Besides the 

instrument itself, we present here the first results from laboratory measurements using this novel 

spectrometer setup. The presented analysis on repeatability and sensor noise as well as the validation 

of derived emissivity spectra by a laboratory DHR spectrometer, underline the potential and wide 

applicability of this sensor for environmental studies.  

 

Short summary: Publication II 

Vegetation mapping and species discrimination are key requirements of studies focusing on ecosystem 

monitoring and development. Thermal Infrared is presumed to have large potential as a complementary 

source of information to the widely used VSWIR spectroscopy for environmental studies. A study 

aiming at discriminating eight plant species based on their emissivity spectra was conducted. With a 

view to collecting high quality emissivity spectra, a field setup for data collection and a processing 

pipeline to derive emissivity spectra from raw interferograms was developed. In comparison to an 

overall accuracy of 80.3% in the VSWIR spectral range, an overall accuracy of 92.1 % was achieved 

in the thermal spectral range (Figure 1). Further, the effects of noise and the number of spectral bands 

was analyzed. 

 

Fig. 1: Classification result of eight plant species based on leaf emissivity spectra 

 

Short summary: Publication III 

Water stress is one of the most critical abiotic stressors limiting crop development. A comparative 

study was conducted aiming at detecting drought induced stress symptoms in potato plants using 



Chapter I 

11 

different techniques. These techniques were (i) broadband thermography, (ii) hyperspectral thermal 

imaging, (iii) VSWIR spectroscopy and (iv) leaf porometry. The hyperspectral imaging system allows 

the retrieval of spectral emissivity as an additional measure of plant stress. Multiple spectral indices 

(i.e. CWSI, MSI and PRI), and spectral emissivity were derived. Besides porometry results, 

temperature based measures (e.g., CWSI) and NIR/SWIR reflectance based indices related to plant 

water content (e.g., MSI) reacted first. Spectral emissivity reacted equally fast. Contrarily, visual 

indices (e.g., PRI) either did not respond at all or responded in an inconsistent manner. 

 

Short summary: Publication IV 

The development and optimization of image processing algorithms requires the availability of datasets 

depicting every step from earth surface to the sensor’s detector. The lack of ground truth data obliges 

to develop algorithms on simulated data. Hence, an end-to-end simulator has been developed that 

allows to simulate airborne hyperspectral TIR data and to test newly developed algorithms for 

atmospheric correction and TES. The ARTEMISS algorithm was analyzed and the water vapor 

retrieval during atmospheric characterization could be optimized resulting in increasing accuracies in 

temperature and emissivity retrieval. 

 

Short summary: Publication V 

Contributing to the provision of a food security requires the availability of geospatial data of global 

coverage. Although the availability is limited, hyperspectral TIR remote sensing has demonstrated 

being a valuable addition to existing remote sensing techniques for the retrieval of vegetation 

parameters. To overcome this shortcoming, the concept of a hyperspectral TIR satellite mission, named 

HiTeSEM, is presented. This satellite concept aims at a reasonable spectral and spatial resolution for 

the retrieval of specific key variables from the biosphere, hydrosphere, pedosphere and geosphere 

related to the global challenge of food security.
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1 Summary 

The availability of precise and up-to-date information on vegetation parameters is mandatory for many 

environmental disciplines such as agriculture, forestry, ecology and rangeland management. 

Contrary to expensive and time-consuming direct field measurement of vegetation parameters, remote 

sensing offers a variety of techniques for a cost-effective and non-destructive retrieval of vegetation 

parameters. In addition, remote sensing potentially allows for repetitive observations with continuous 

spatial coverage. 

Although the number of scientific studies is limited, thermal infrared and especially hyperspectral 

thermal infrared remote sensing has demonstrated being a valuable addition to existing remote sensing 

techniques for the retrieval of vegetation parameters (Ribeiro da Luz and Crowley, 2007; 

SALISBURY, 1986). The relatively small number of studies is explained by the lack of equipment 

and to the combination of limited spectrometer SNR and only subtle and complex spectral signatures 

of vegetation (Ribeiro da Luz and Crowley 2007).  

However, with maturation of detector technology, the availability of hyperspectral thermal infrared 

imaging spectrometers increased and the number of scientific studies on data processing and 

information extraction increased. Just very recently, a few studies extracted vegetation parameters 

using hyperspectral TIR and found that the variations in TIR spectral emissivity signatures can be 

related to constituents of leaf cuticle of different plant species (Buitrago et al., 2016; Gerhards et al., 

2016; Neinavaz et al., 2016; Ribeiro da Luz and Crowley, 2007; Rock et al., 2016; Ullah et al., 2012a, 

2012b). 

This thesis investigated the potential of TIR imaging spectroscopy as a contribution to the global 

challenge of guaranteeing food security to the increasing world population. The studies focused on the 

extraction of vegetation parameters (i.e. species discrimination and drought stress detection) from 

hyperspectral TIR data. As testing data, experimental datasets were collected using an imaging FTIR 

spectrometer. Special attention was paid on data preprocessing and on the development of algorithms 

for extracting precise surface temperatures, reproducible emissivity spectra and, in the end, vegetation 

parameters. The investigations on the scale of field spectroscopy were extended to airborne and 

spaceborne concepts having the potential of covering large areas up to a global scale.  

Revisiting the outlined motivation and thesis objectives in chapter 1, the main findings comprise the 

following points: 
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Objective #1: Developing data processing schemes for the collection of precise vegetation 

temperatures and emissivity spectra based on field and airborne spectroscopy. 

Subject of the first objective was the acquisition of high precision surface temperatures and 

reproducible emissivity spectra. As the main studies were based on experimental data collected using 

the Telops Hyper-Cam LW, this instrument was presented in detail in publication I, first. Next, in 

publications II and III, the development of a well-reasoned data acquisition setup respecting the 

spectrometer’s characteristics is presented. This is followed by working out a preprocessing pipeline, 

including the conversion from interferograms to radiance spectra and a temperature and emissivity 

separation based on radiance spectra. These research questions are treated in Publication II and III with 

focus on field spectroscopy and in publication IV with focus to airborne spectroscopy.  

Experimental setup 

The main difficulties in designing a data acquisition setup for hyperspectral TIR measurements are 

determined by the temporal component of FTIR based systems. Our standard parametrization of the 

spectrometer resulted in an acquisition time of roughly eight seconds per scene, during which the 

sample, as well as the environment, needed to stay perfectly constant. Sample movement due to wind 

or changes in the sample’s surface temperature due to solar irradiation or wind lead to deformations 

and artefacts within the interferograms. Especially vegetation and their leaves are prone to temperature 

changes caused by their little weight and in consequence miniscule thermal inertia. To this end, 

installations of sample holders and windbreakers are inevitable. 

Similar to the sample temperature, the spectrometer’s temperature needs to be kept constant. The 

spectrometer temperature rises constantly during operation and converges to a maximum value in 

relation to environmental conditions. This temperature rise extents over several hours during which 

repeated blackbody calibrations are mandatory for the acquisition of precise radiance spectra. In 

addition, the cooling mechanism reaches its limits when ambient temperature exceeds ~ 35° C 

combined with direct solar irradiation. In order to prevent this, the spectrometer should be isolated 

from direct solar irradiation.  

Processing of field and airborne datasets 

Once the raw interferogram data collected, the radiometric calibration is mandatory for extraction of 

radiance spectra and includes a fast Fourier transform, a two-point-blackbody calibration and a bad 

pixel correction. We found that during the radiometric calibration, the use of the hamming function as 

apodization window provides the best results when examining solid samples. 
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Regarding the processing of field data, we found that a TES-algorithm based on the 

DRRI (Downwelling Radiance Residual Index) algorithm provides the most reliable results (Wang et 

al., 2008). The DRRI bases on a spectral smoothness approach, optimizing the temperature by 

minimizing atmospheric residuals. Although this method is only applicable under clear sky conditions, 

it is less restrictive than comparable algorithms (Salvaggio and Miller, 2001) because it requires no a 

priori knowledge (e.g. peak value of emissivity, wavelength of peak emissivity). The sole premise of 

the DRRI approach is that the distance from sample to sensor is very short and that atmospheric 

contribution is negligible within this path. 

Besides TES, the processing of airborne hyperspectral TIR data requires an additional atmospheric 

correction. One of the most promising approach is the ARTEMISS algorithm from Borel (2003), an 

approach based on the ISAC (in-scene atmospheric correction)-algorithm (Young, 2002) for 

atmosphere characterization and the ISSTES (iterative spectrally smooth temperature and emissivity 

separation) -algorithm (Borel, 1998) for TES. As the ARTEMISS algorithm suffers from one 

weakness, i.e. it makes demands on the input data, the goal was formulated to develop an optimized 

version of ARTEMISS. Therefore a modular developing environment was prepared allowing for 

generation of synthetic airborne datasets and including a processing pipeline for atmospheric 

correction, TES and validation of the derived parameters. Further, two published versions of the 

ARTEMISS algorithm (Borel, 2008, 2003) were implemented as a reference benchmark.  

An optimized version of the ARTEMISS algorithm was presented. Benchmarking the optimized 

version of the ARTEMISS algorithm demonstrated, that the final accuracies for temperatures and 

emissivity spectra could significantly be improved compared to the versions of Borel 2003 and 2008. 

This application underlines the end-to-end simulator’s suitability for developing algorithms for 

atmospheric correction and TES. The modular concept also allows this simulator to be extended for 

further studies such as questions related to unmixing, noise and topography effects etc.  

Emissivity and temperature validation 

Validation of the derived temperature and emissivity spectra is mandatory for scientific reliability. 

Compared to emissivity, temperature seems to be relatively easy to validate due to the wide availability 

of high precision contact thermocouples. In the case of leaf samples, the validation of temperature was 

not feasible. Rapid temperature fluctuations of up to 3 K as a result of the minor thermal inertia of 

plant leaves impede the acquisition of representative leaf temperature reference measurements. 

Instead, preference was given to non-imaging DHR-laboratory measurements (Hecker et al., 2011) for 

the validation of emissivity spectra. Compared to temperature measurements, laboratory 
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measurements are time consuming and connected with issues of logistics, limiting the number of 

potential measurements. Finally, by comparing emissivity spectra from field and laboratory 

measurements, we demonstrated that the experimental field setup and data processing produce reliable 

emissivity spectra and that the Telops Hyper-Cam LW is suited for geoscientific research focused on 

very demanding surfaces such as vegetation. 

 

Objective #2: Deriving vegetation parameters from thermal infrared imaging spectroscopy 

data 

The second objective represents the main scientific question of this thesis: Is it possible to extract 

vegetation parameters from an imaging TIR spectrometer? This was primarily elucidated in the 

publications II and III. Undoubtedly, this question can be answered with “Yes”. First, as already 

mentioned before, the emissivity spectra were validated using a laboratory spectrometer that already 

demonstrated the field setup being able to extract fine and subtle spectral features from leaf samples. 

Second, two studies impressively demonstrated the ability of extracting vegetation parameters from 

leaf emissivity spectra: (i) the discrimination of eight species based on their emissivity signatures and 

(ii) the detection of drought stress based on temperature and emissivity spectra. These result underline 

the potential of hyperspectral TIR applications in ecology, agriculture, and biodiversity. The transition 

from field to airborne spectroscopy is currently underexplored and assumed to be challenging. 

 

Objective #3: Defining the system requirements for a hyperspectral thermal infrared satellite 

mission contributing to the provision of food security 

The third objective investigates on defining the system requirements for a hyperspectral TIR satellite 

mission contributing to the provision of food security. This very interesting subject is solely discussed 

in publication V. Designing a satellite mission is very complex task and requires the cooperation of 

multiple actors from different disciplines. When developing a satellite concept, the main challenge 

consists in finding a compromise between what the scientific requirements with regard to a certain 

study and what is technically feasible within a defined budget. The findings of the preceding studies 

presented in this thesis were taken into account when the spectral characteristics of the satellite sensor 

were defined. Revisiting the introductory deficiencies of existing satellites, the spectral characteristics 

were defined aiming at the feasibility of a robust atmospheric correction and TES. As an algorithm 

similar to the ARTEMISS is foreseen for the satellite’s data processing, the spectral bands need to be 

tuned to match these requirements. For atmospheric characterization, water vapor estimation is 
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foreseen to be retrieved by two narrow bands centered around 7.2 µm. Once the atmospheric 

characterization completed, temperature and emissivity separation can be run taking into account the 

derived atmospheric parameters. As a spectral smoothness criterion is foreseen for the TES, additional 

narrow bands are required. Their positions and width need to be defined in a way that the spectrally 

very fine water bands can be resolved. Initially, the requirements included two narrow bands: one 

centered on a primary, strong water absorption band, and one centered on the shoulder of the same 

absorption band. These two bands would be sufficient for the derivation of a spectral smoothness 

criterion. 

Finally, the satellite concept foresees a spectrometer composed of two spectral bands for water vapor 

retrieval and a hyperspectral imager defined by a total number of 75 spectral bands in the range of 8 

µm – 12.5 µm, both at a GSD of 56m. The spectral resolution of the spectrometer is sufficient for the 

application of a spectral smoothness TES approach. In addition to the spectrometer, a broadband 

imager comprising two bands (8.0 µm – 10.25µm and 10.25 µm – 12.5µm) at a GSD of 14m in 

included in the satellite concept. 

The presented spectrometer concept, combined with temporal revisit times between 1-5 days (off-

nadir) and day-night follow-up observations, would be a major contribution to the multifaceted 

solution required for achieving the challenging goal of guaranteeing global food security in a world of 

increasing population.  

2 Conclusions and Outlook 

We successfully demonstrated the capabilities and benefits of TIR spectroscopy for environmental 

studies focusing on vegetation. In addition, the feasibility of a spaceborne TIR spectrometer meeting 

the requirements for transferring the previous findings to satellite scale was impressively depicted. 

Where is this going in the future? 

Global coverage of spatially high precision temperature maps would revolutionize many applications. 

Not only agricultural applications would benefit from these datasets – many other disciplines such as 

urban monitoring, soil science and ecology face new possibilities with the availability of spatially high 

resolution and accurate temperature maps. 

Revisiting the global challenge of food security - reducing the agriculture’s environmental impact 

while meeting the growing society’s needs for food - we finally presented thermal remote sensing and 

more precisely hyperspectral thermal remote sensing as a valuable technique for many applications - 

all aiming at the final goal of global food security. 
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Although we demonstrated the feasibility of each of the components alone, only the final combination 

of extracting vegetation parameters from spaceborne TIR spectroscopy would be a valuable 

contribution to the provision of food security. To this end there are still a few challenges that need to 

be dealt with: 

The promising results of extracting vegetation parameters from TIR spectroscopy are based on 

experimental field setups. In order to change the scale from field to airborne or even to spaceborne 

spectroscopy, difficulties concerning the signal need to be addressed: effects such as anisotropy of 

emissivity and cavity effects related to complex structures such as canopies are currently 

underexplored and are assumed to reduce spectral contrast (Kirkland et al., 2002; Ribeiro da Luz and 

Crowley, 2010). This, in the end, will aggravate the extraction of vegetation parameters from TIR data 

and forms one of the major challenges in the development of processing algorithms. 

As first airborne hyperspectral TIR campaigns for vegetation studies have already been collected by 

our group and based on the fact that airborne hyperspectral TIR imagers undergo an increasing 

availability, which, as a consequence, attracts an increasing research community, the situation looks 

promising for further innovation in hyperspectral thermal infrared remote sensing. 
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