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1 Summary of main findings 
 

1.1 The FLEX airborne demonstrator HyPlant: A high-performance 
imaging spectrometer to measure reflectance and sun-induced 
fluorescence 

Acquisition of high resolution data by the HyPlant sensor worked fine and high performance reflectance 
data were acquired on all proposed study sites in Germany and Poland. Both HyPlant sensor modules 
were fully operational and radiometric quality of the data is high and stable. Great improvement of the 
data quality could be achieved by an upgrade of the hardware, which took place prior to this campaign 
in Winter 2014/2015. The formerly wide point spread function (PSF) of the sensor was greatly improved 
by substantial hardware changes in the optical path, resulting in a greatly improved PSF. The new PSF 
was characterized on the optical bench of SPECIM and now has a narrow and symmetrical shape with 
low tailing and a low stray light component. Only the geometric accuracy of the images was still not 
satisfactory and uncertainties of about 12 pixels in geo-pointing remained after georectification. 
Extensive testing and the comparison with a parallel mounted Applanix unit showed an insufficient 
performance of the HyPlant Oxford IMU especially in the roll angle. This possible technical 
malfunctioning in the GPS/IMU unit of HyPlant was investigated further in 2016 
 
 

1.2 Fluorescence maps  
 
The red and far-red fluorescence maps were computed by three retrieval methods, which are available 
for HyPlant. (1) The ‘singular vector deconvolution’ (SVD) uses solar Fraunhofer lines in the red and 
far-red spectral region to retrieve fluorescence. (2) The iFLD method was greatly improved in the past 
years and exploits the two O2 bands in combination with non-fluorescing reference surfaces. (3) The 
‘Spectral Fitting Method’ (SFM) was for the first time applied operationally on a larger data set of HyPlant 
and delivers first maps of sun-induced fluorescence that are based on the proposed retrieval method 
of the FLEX satellite mission.  
The Spectral Fitting Method approach was also strongly improved especially on the atmospheric 
forward RT module (‘atmospheric correction’), in which atmospheric model inputs are systematically 
derived from ancillary sun-photometer data. The retrieval algorithms were tested on several flight lines 
collected on different areas, type of canopy and atmospheric conditions (chapter 6.2). The iFLD 
fluorescence values show best agreement with ground measurements, but this retrieval requires on 
non-fluorescence pixels and it could suffer from undesired striping effect depending on reference pixels 
distribution in the image (chapter 6.2.4 and 6.2.5). The SVD approach depends on the specific training-
set and the fluorescence values generally are prone to a larger noise level (chapter 6.2.5). The SFM 
relies on physically based retrieval, therefore the overall accuracy strongly depends on the quality of th 
atmospheric model inputs (sun-photometer) and the precise instrument spectral/radiometric 
characterization. An extensive testing of SFM retrieval was conducted based on intermediate products 
(i.e. surface irradiance modelling, SpecCal etc.), image based analysis and comparison with ground-
based measurements. Notwithstanding the relevant optical improvements of HyPlant, a deconvolution 
of the PSF is essential to remove the residual ‘in-filling effect’ during fluorescence retrieval (chapter 
6.2.2 and 6.2.3).  
 
 

1.3 Soybean experiment 
 
The main experiment of the 2015 Campaign in Germany was the Soybean experiment. In this 
experiment, two different varieties of soybean were planted: the standard ‘wild type’ variety and the 
‘MinnGold’ variety, which shows a greatly reduced amount of leaf chlorophyll content while having the 
same leaf area index and growth. Thus, the two varieties only differ in leaf level chlorophyll content and 
the comparison of the two varieties would show the added value of the fluorescence signal to separate 
leaf and canopy effects and provide input data to propose a simple forward model, how leaf chlorophyll 
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content, canopy architecture and photosynthetic efficiency affect sun-induced fluorescence and 
reflectance based vegetation measurements. Unfortunately, the soybean plants of our experiment were 
infected with an unknown decease, which greatly limited canopy growth. Therefore, we decided to focus 
on the leaf level measurements only, and decided to repeat this experiment during vegetation period 
2016. The leaf level measurements were used to validate the Fluspect-B model, and to analyse the 
dependence of fluorescence emission, reabsorption and directionality of fluorescence on leaf 
properties. The analysis confirmed that chlorophyll in the MinnGold absorbs less light than the wild type, 
and that differences in the shape of the resulting fluorescence spectrum are mainly due to reabsorption.  
 
 

1.4 Virtual cloud experiment  
 
To better understand the effect of fast moving clouds, a ‘virtual cloud experiment’ was conducted in 
corn, sugar beet, and a natural grassland. A 6x30 meters shading net was used to cover the vegetation 
underneath. The shade was left for at least one hour to adapt the vegetation canopy to the low light 
conditions (simulating low light conditions under cloud cover). 20 minutes before a HyPlant overpass 
the net was slowly rolled up producing a gradient of vegetation that we exposed different time periods 
to high light conditions (simulating the exposure to high light conditions under moving clouds). The last 
two meters of the shading net where removed rapidly only seconds before the HyPlant recording 
(simulating the rapid expose of vegetation at fast moving clouds). 
In sugar beet, higher values in the red and far-red emission peak were observed after the rapid exposure 
of the vegetation canopy to high light illumination conditions in airborne, top-of canopy and leaf-level 
measurements. The time course of the Kautsky effect and the return to steady state conditions were 
detectable with the top of canopy and leaf-level fluorescence measurements. Moreover the leaf-level 
data could even be used to track the adaptation phase of the non-photochemical quenching 
mechanisms presented by the photochemical reflectance index. The results of the virtual cloud 
experiment provides time constant of the adaptation of the photosynthetic apparatus and can serve as 
a reference for necessary cloud masking of fluorescence maps, considering the physiological responds 
of the signal to changing illumination conditions. 
 
 

1.5 Heat wave experiment 
 
During the flight campaign in Germany (30. June- 2. July 2015) the air temperature increased about 
8 °C within two days. These high temperatures (above 35 °C) during this time can be classified as a 
natural occurring heat wave. HyPlant flight lines before and during the heat wave were analysed and 
changes of different vegetation indices and fluorescence emission of different crops (corn (C4 plant); 
barley wheat and rapeseed (C3 plants)) before and during the heat wave were investigated in detail.  
An increase of fluorescence emission and PRI in corn may be caused by physiological regulations on 
the photosynthetic level. The increase of PRI implies a reduction of heat dissipation and an increase of 
photosynthetic efficiency. The decrease of PRI in C3 plants and rather almost no changes in the 
fluorescence emission indicated an enhancement of heat dissipation as protection mechanism. Those 
findings are in line with the general assumption that C4 plants are better adapted to high temperature 
than C3 plants.  
 
  



 

Doc.:  Final Report 
Date:  30-10-2017 Issue:  1 Revision:  0 
Ref.:  ESA Contract No. 
4000107143/12/NL/FF/If CCN3 

Page:  9 / 156 

 

2 Introduction and background 
 
Vegetation monitoring has been one of the key objectives of many different satellite missions in the 
past. The FLuorescence EXplorer (FLEX) is the first satellite mission to be designed specifically for the 
measurement of passive sun-induced chlorophyll fluorescence in terrestrial vegetation [RD-1]. FLEX 
was selected in November 2015 as ESA’s 8th Earth Explorer, to be launched in 2022 and to operate 
for 3 to 5 years in tandem with ESA’s Sentinel-3 (S-3) (Drusch et al. 2016). The FLEX/S-3 tandem 
mission will support both the retrieval of sun-induced fluorescence and its interpretation through the 
acquisition of complementary and synergistic data [RD-2]. Sun-induced fluorescence and associated 
biophysical data products derived from the FLEX/S-3 mission will be used as additional information to 
quantify actual photosynthetic performance and stress responses for a range of applications spanning 
the fields of agriculture, forestry, and environmental science [RD-1]. Previous studies such as the 
FLEX/S3 Tandem Mission Photosynthesis Study [RD-3], developed a consolidated leaf-canopy SIF-
photosynthesis model based on SCOPE (van der Tol et al. 2009). In addition, stress indicators were 
analysed, and a conceptual framework was proposed to guide stress detection using FLEX. 
 
The previous HYFLEX campaigns (‘Technical Assistance for the Deployment of an advanced 
hyperspectral imaging sensor during HYFLEX’; Contract No. 4000107143, CCN1, CCN2) supported 
the testing of the novel Hyperspectral Plant Imaging Spectrometer (HyPlant). Within the HYFLEX 
project maps of sun-induced chlorophyll fluorescence over different agricultural field sites, needle and 
broadleaf forest were presented. Results demonstrated the capability of HyPlant airborne data to test 
and evaluate different approaches to model and retrieve top-of-canopy (TOC) fluorescence and the 
possibility to study the physiological responds between fluorescence and photosynthesis. Within this 
Contract Change Notice three (CCN3) the analyses are extended to measurements of a dedicated 
experiment with two different soybean varieties. The soybean experiments was set-up in Germany. In 
addition, the effect of a shadow and quick light exposure on photosynthesis, fluorescence and canopy 
temperature was investigated (‘virtual cloud experiment’). This virtual cloud experiment’ experiment was 
set-up in Germany in an agricultural area and repeated over grassland in a wetland area in Poland. 
These experiments should be considered to generate specific scientific results to support FLEX 
activities. 
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3  Campaign objectives 
The overall objectives of the CCN3-funded campaign as they were specified by the SOW are: 
 

 Objective 1: to acquire and process high quality hyperspectral datasets of fluorescence in 
conjunction with extended correlative data 

 Objective 2: perform initial analyses of data quality and generate first estimates of fluorescence 
 Objective 3: Provide feedback for existing state of the art fluorescence models. The dataset 

shall be utilized in the framework of this activity to test and evaluate different modelling 
approaches that simulate and retrieve top-of-canopy fluorescence 

 Objective 4: Propose a simple forward model, how chlorophyll content, canopy architecture 
and photosynthetic efficiency affect sun-induced fluorescence and reflectance based 
vegetation measures 

 Objective 5: Demonstrate the added value of the fluorescence signal to unravel structure 
function relations in crops canopies 

 Objective 6: Understand if fluorescence enables the detection of differences in canopy gas 
exchange of different crop species and at different times of the day 

 
The first evaluation of the acquired dataset already revealed that the quality of recorded data limits the 
possibility to tackle some of the objectives defined by ESA satisfactorily. Particularly the objective to 
evaluate relations between canopy structure and functioning were affected as the experimental plants 
(soybean) did not grow as expected. Their canopy structure and physiological conditions was not 
sufficient to unravel structure function relations in crop canopies. 
The results of the SoyFLEX experiment are only briefly reported here. The experiment will be repeated 
in 2016 on natural grown plants in a larger scale and results will be reported from the follow up 
experiment. 
 
However, two additional objectives are proposed from the consortium  

 Objective 7: Investigate the effect of light exposure on photosynthesis, fluorescence and 
temperature at canopy level after adaptation of different agricultural species and grassland to 
shadow conditions (‘virtual cloud experiment’) 

 Objective 8: Investigation the sensitivity of fluorescence and selected vegetation indices to 
detect heat stress in different agricultural species during a naturally occurring summer heat 
wave event 
 

 
 
Objective 1 which corresponds to WP 1.1, WP 1.2 in the proposal was completely fulfilled by recording 
the experimental sites in Germany several times within this week of the flight campaign (chapter 5.1 
and 6.1.1). During the flight campaign we had extremely stable atmospheric conditions and were able 
to record a high quality airborne dataset including correlative ground and atmospheric data (chapter 
4.2-4.5). The peatland experimental site in Poland was recorded twice at one day, with good 
atmospheric conditions, including correlative ground data (chapter 5.2; chapter 4.2-4.5 and 6.1.3). 
 
Objective 2 corresponds to the WP 2.1 and WP 2.2 of the proposal. Fluorescence maps were 
calculated with the most appropriated approach for the dataset. The results are presented in chapter 
6.1. Special care was taken to improve the fluorescence retrieval at 687 nm (F680) using the iFLD 
method and for selected flight lines also for the SFM. Results and comparison of the fluorescence maps 
are presented in chapter 6.2. 
 
Objective 3 and 4 were strongly related to the Soybean mutant experiment (WP 2.6 in the proposal). 
However, the soybean plants did not grow as expected. Therefore it was decided within the group in 
agreement with ESA to present the obtained data of the different measurements in chapter 6.3, 
however, to not further investigate the data as their reliability is questionable due to the plants conditions 
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and low fractional cover of the vegetation canopy. Furthermore, it was decided to repeat the experiment 
again in 2016. 
 
Object 6 is described in WP 2.5 in the proposal. EC measurements during the Germany campaign and 
the Poland campaign. A first attempt to correlate canopy gas exchange and fluorescence of different 
peatland species is described in chapter 6.6. For the German campaign the EC measurements were 
used for a numeric simulation including radio sounding measurements (chapter 6.7). 
 
Objective 7 corresponds to WP 2.4 and is completely fulfilled. Results are described in chapter 6.4 
 
Objective 8 corresponds to WP 2.3 and is completely fulfilled. Results are described in chapter 6.5. 
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4 Instrumentation, material, and methods 
In this chapter and overview of the main instrumentation, materials, and methods used is given. Table 
1 summarizes the equipment and the following subchapters give a detailed description about each 
material and method. 
 

Table 1: Instrumentation during SOYFLEX campaign in Germany and Poland. 

 Germany 
 

Poland

Airborne  HyPlant, Variocam  HyPlant, Variocam 
 

Atmospheric 
characterization 

MICROTOPS sun photometer 
Radio sounding 

MICROTOPS sun photometer 

Ground reference 
(Cal/Val) 

ASD Field Spec ASD Field Spec 

TOC reflectance and 
fluorescence  

Ocean Optics spectrometers Ocean Optics spectrometers  

Leaf level reflectance 
and fluorescence  

FLUOWAT+ASD Field Spec FLUOWAT+ ASD Field Spec 

Gas exchange and 
meteorological 
measurements 

gas exchange chamber 
Eddy Covariance 
Meteorological stations 

gas exchange chamber 
Eddy Covariance  

Thermal camera  FLIR   
Biochemical and 
structural parameter  

Leaf chlorophyll content (SPAD) 
Leaf Area Index 
FaPAR 

  

 
 
 
 

4.1 Airborne sensor HyPlant  
 
The HyPlant sensor is a hyperspectral imaging system for airborne and ground-based use. It consists 
of two sensor heads. The DUAL module is a line-imaging push-broom hyperspectral sensor, which 
provides contiguous spectral information from 370 to 2500 nm in one device utilizing a common fore 
objective lens with 3 nm spectral resolution in the VIS/NIR spectral range and 10 nm spectral resolution 
in the SWIR spectral range. The vegetation fluorescence signal is measured with a separate push-
broom sensor, the FLUO module, which produces data at high spectral resolution (0.25 nm) in the 
spectral region of the two oxygen absorption bands. The Data Acquisition and Power Unit contain two 
rack modules. The first module includes the data acquisition computer with system control and data 
acquisition software and the power supply and control electronics for the DUAL module and GPS/INS 
sensor. The second module includes the same equipment for the FLUO module. The Position and 
Altitude Sensor (GPS/INS sensor) provides, synchronously with the image data, aircraft position and 
attitude data for image rectification and geo-referencing. Both imagers (DUAL and FLUO module) are 
mounted in a single platform with the mechanical capability to align the field of view (FOV) (Figure 1). 
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Figure 1: Schematic 
drawing of the 
HyPlant sensor 
consisting of the 
broad band dual 
module (a) and the 
high resolution 
fluorescence module 
(b).  
Additionally, the 
GPS/IMU positioning 
unit that is attached 
to the rack is shown 
(c).  
B: Installation of 
HyPlant within a 
Cessna aircraft. In 
the back the data 
acquisition unit is 
visible (d)  
C, D: Representative 
radiance 
measurements from 
different surfaces 
from the DUAL and 
the FLUO module, 
respectively. 

 
 
The HyPlant sensor deployed during the campaigns in 2013/2014 (HyPlant_1) showed a very wide 
point spread function (PSF). This problematic PSF was caused by a wrong glue between two essential 
optical elements of the detector (wrong chemical formula of the glue that caused great scattering at an 
optical element). As a consequence the optical path of the spectrometer was exchanged and upgraded 
in winter 2014 / 2015 (HyPlant_2). After these technical improvements the FLUO module has a greatly 
improved narrow and rather symmetrical PSF (Figure 2). Nevertheless, a deconvolution has to be 
implemented in pre-processing to minimize the spatial cross talk of photons between pixel elements 
(‘spill over’). In order to remove the effect of the PSF from the measured data it is necessary to 
independently process each line of an image. For this a dedicated deconvolution algorithm was 
developed by University of Valencia, which is implemented in the processing chain (Figure 3). The new 
deconvolution algorithm was applied to every flight line recorded during the 2015 campaign  
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Figure 2: Point spread functions (PSF) of the FLUO module. A: PSF of the sensor for the calendar 
years, 2013 and 2014, B: PSF of the calendar years 2015 ff. The PSF was greatly improved in 
winter 2014 / 2015 by exchanging a wrongly clued optical element in the spectrometer. The PSF 
is normalized to the total energy and represented in log scale. On the left is the full sensor frame. 
On the right is the magnified extension of the PSF. Note that typical sensor noise is in the order 
of 10-5 in this scale. 
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4.1.1 HyPlant data processing  
The HyPlant processing chain (Figure 3) gives an overview about the single processing steps of the 
FLUO and DUAL module, from raw data to final products, such as vegetation indices and fluorescence 
maps. This processing can be structured in several main clusters. The first cluster, which constitutes 
the first elementary step in the processing of all remote sensing data, is the ‘data pre-processing’ (Figure 
3, upper frames)).  
HyPlant consists of two modules, each of which delivers its own data stream. Pre-processing of the two 
data streams has specific requirements, which are derived from the specific output and specific products 
of the two modules. However, first steps of the pre-processing is done for both module with CaliGeoPro, 
the software that was developed by the manufacturer of HyPlant (SPECIM, Finland). CaliGeoPro is 
used for the wavelength and radiometric calibration of both modules. Therefore, the most recent 
calibration files from the calibration in winter 2014/2015 at Specim was used. Also the geometric 
correction is applied with the CaliGeoPro software using the boresight angles evaluated in chapter 
4.1.2.  
An additional pre-processing step of the FLUO module is the deconvolution of the PSF given in Figure 
2. Subsequently red and Far-red fluorescence maps are calculated from the deconvoluted FLUO data. 
A detailed description of the three different fluorescence retrieval methods is given in chapter 4.1.1.3. 
The radiometrically corrected DUAL data are atmospherically corrected to Top-of-Canopy (TOC) 
reflectance data using the ATCOR. Subsequently, different vegetation indices given in chapter 4.1.1.2 
are calculated as a default. 
 
 

 

Figure 3: HyPlant processing chain, including FLUO and DUAL module. 
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4.1.1.1 Labelling of HyPlant products 
The main processing steps are labelled in the file name of the flight line (Table 2). Each file name 
contains the acquisition date, area and time, as well as information about the flight altitude from which 
the ground pixel size can be concluded. As basic information the name of the flight line, heading of the 
aircraft during the acquisition and from which module (DUAL or FLUO) the flight line was recorded is 
given as well. When the radiometric and wavelength calibration are applied to the flight line, the label 
radiance is added. After the atmospheric correction TOC radiance files are stored with the img_surfrad; 
TOC reflectance files where in addition spectral polishing and smile correction was applied are labelled 
with img_atm_polish_smcorr. From the TOC reflectance data vegetation indices (see chapter 4.1.1.2) 
are calculated and labelled with the label indices_up. For the FLUO module the label deconv_i1 
indicated that the deconvolution of the spectra to correct the point spread function. The Label 
Fs_linear_v2 indicates the fluorescence maps were calculated with the SVD method. The label 
FIXDEM_V5 shows that the maps were calculated with the iFLD method. The fluorescence maps 
calculated with the SFM are stored in two different files, marked with the label SIFO2A and SIFO2B for 
the two absorption bands. A detailed description of the fluorescence retrieval methods, especially the 
SFM is given in chapter 4.1.1.3. HyPlant modules the label rect indicate that the calculated product was 
georectified. 
 



 

Table 2: The file name for each flight line recorded of the HyPlant has the following format. Final products are marked as bold. 

Acquisition  

date 

Acquisition  

area 

Recording 

time (local) 

Flight 

altitude 

Flight 
line 
name 

Heading Module  
of the 
sensor  

Processing steps DUAL Processing steps 
FLUO 

YYYYMMDD -fluomap  

(Figure 21) 

-hh:mm -0350 

(0.5m x 1m 
pixel) 

L1, 2… S, N… -DUAL -radiance 

(radiometric calibration file 
of SPECIM was applied) 

-radiance 

(radiometric calibration 
file of SPECIM was 
applied) 

 -MEZ  

(Figure 22) 

 -0600  

(1m x 1m 
pixel) 

  -FLUO -img_surfrad

(atmospherically 
corrected radiance data) 

-deconv_i1 

(deconvolution of the 
spectra to correct the 
point spread function) 

 -SEL  

(Figure 22) 

 -1800 

(3m x 3m 
pixel) 

   -img_atm_polish_smcorr

(atmospherically 
corrected reflectance 
data, with applied 
spectral polishing and 
smile correction) 

-FIXDEM_V5
(fluorescence maps 
calculated with the 
iFLD method) 

 

 -CKA  

(Figure 23) 

     -indices_up

(calculation of selected 
vegetation indices) 

-Fs_linear_v2
(fluorescence maps 
calculated with the 
SVD method) 

 -SOY  

(Figure 24) 

     -rect

(georectification using 
the GLT file) 

-SIFO2A and –SIFO2B 
(fluorescence maps 
calculated with the 
SFM) 

 -SWA  

(Figure 25) 

      -rect
(georectification 
using the GLT file) 



 
 

4.1.1.2 Top-of canopy reflectance and vegetation indices 
Data from the DUAL module was also processed to geo-rectified at-sensor radiance using Caligeo and 
calibration files provided by Specim (Figure 3). Subsequently, data were atmospherically corrected using 
ATCOR and top-of-canopy (TOC) radiance and reflectance were stored. From the TOC reflectance data 
selected vegetation indices were calculated according to formula (1)-(12)  
 

Indices related to chlorophyll content and leaf area index 
 
Simple Ratio (SR) 
The simple ratio (SR, formula (1)) shows a ration between near infrared and the red spectral region and 
enhances the contrast of soil and vegetation (Asrar et al. 1984). 
 

        (1) 

 
The spectral windows correspond to 9 bands in HyPlant (center wavelength ± 4 bands). 
 
 
Normalized Difference Vegetation Index (NDVI) 
The Normalized Difference Vegetation Index (NDVI, formula (2)) can theoretically accept values from -1 to 
1. Green and dense forest vegetation shows high NDVI values. It should be noted that the NDVI saturates 
with high Leaf Area Index (LAI< 5) (Rouse et al. 1973). 
 

      (2) 

 
The spectral windows correspond to 9 bands in HyPlant (center wavelength ± 4 bands). 
 
Red-edge Normalized Difference Vegetation Index (NDVIre) 
The Red-edge Normalized Difference Vegetation Index (NDVIre, formula (3)) is a modification of the 
traditional broadband NDVI. This VI differs from the NDVI by using bands along the red edge, instead of 
the main absorption and reflectance peaks. It capitalizes on the sensitivity of the vegetation red edge to 
small changes in canopy foliage content, gap fraction, and senescence. The value of this index ranges from 
-1 to 1. The common range for green vegetation is 0.2 to 0.9 (Gitelson and Merzlyak 1994; Sim et al. 2002). 
 

      (3) 

 
The spectral windows correspond to 9 bands in HyPlant (centre wavelength ± 4 bands). 
 
 
Enhanced Vegetation Index (EVI) 
The Enhanced Vegetation Index (EVI, formula (4)) is a VI that is more sensitive to areas with high biomass 
and should minimize the influence of the background signal and atmospheric influences (Huete et al. 2002).  
 

2.5
∙ . ∙

    (4) 

 
The spectral windows correspond to 9 bands in HyPlant (centre wavelength ± 4 bands). 
 
 
Red-Edge Position (REP) 
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This Red-Edge Position (REP, formula (5, 6)) index is a narrowband reflectance measurement that is 
sensitive to changes in chlorophyll concentration. Increased chlorophyll concentration broadens the 
absorption feature and moves the red edge to longer wavelengths (Dawson and Curran 1998).  
 

       (5) 

 
The spectral windows correspond to 9 bands in HyPlant (center wavelength ± 4 bands). 
 

700 40  [nm]     (6) with (5) 

 
The result is a wavelength that indicates the position of the inflection of the red edge. 
 
 
MERIS terrestrial chlorophyll index (MTCI) 
The MERIS terrestrial chlorophyll index (MTCI, formula (7)) provides information on the chlorophyll content 
of vegetation. This is a combination of information on leave area index. The MTCI correlates strongly with 
chlorophyll content when using model, laboratory and field spectrometry data (Dash and Curran et al. 2007). 
 

.

.
      (7) 

 
This index is developed for MERIS and thus we here give the central wavelengths and the widths that 
correspond to the MERIS bands. We aim to represent the spectral resolution of MERIS and thus we propose 
to use 9 bands (center wavelength ± 4 bands) for the 681 and 754 nm (app. 15 nm spectral window) and 
11 bands (center wavelength ± 5 bands) for the 709 nm (app. 20 nm spectral window) in HyPlant. 
 
 
Transformed Chlorophyll Absorption in Reflectance Index (TCARI) 
The Transformed Chlorophyll Absorption in Reflectance Index (TCARI, formula (8)) indicates the relative 
abundance of chlorophyll. It is affected by the underlying soil reflectance, particularly in vegetation with a 
low LAI (Haboudane et al. 2002). 
 

3 0.2 ∙ ∙    (8) 

 
TCARI is developed to use a smaller spectral window for the single bands and various definitions are 
available in the literature. Thus, we propose to use a smaller spectral windows corresponding to 5 bands 
(app 8 nm spectral window) in HyPlant (center wavelength ± 2 bands). 
 
 
Indices related to photosynthesis and non-photochemical quenching 
 
Photochemical Reflectance Index (PRI) 
The photochemical reflectance index (PRI, Formula (9)) is related to the non-photochemical quenching 
(NPQ) of the vegetation and should therefore be positive related to the light use efficiency of the vegetation 
canopy. The interpretation of the PRI sometimes remains difficult, as the VI is sensitive to structural and 
illumination effects. 
 
 

. .

. .
      (9) 

 
This is the original formula as proposed by Gamon et al. 1992. In this expression, the PRI correlates 
positively with NPQ. For the reference wavelength at 570nm we propose to use a spectral window of app. 
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5 nm (3 bands in HyPlant, centre wavelength ± 1 bands). For R531 we propose to use a similar spectral 
window of app. 5 nm (3 bands, centre wavelength ± 1 band). 
The motivation comes from the study in FLEX-Bridge [RD-4]. There it became clear that the spectra are 
noisy and spectral binning seems to be an appropriate option to compensate for noise since the reflectance 
change caused by NPQ around 531 nm are relatively “broad”. However, the reference wavelength (570 
nm) seems to be affected by certain features as well, means is spectrally less stable than expected. So we 
recommend to use only 3 bands (centre +/- 1 band) to avoid further sensitivities of the PRI for e.g, pigment 
pool sizes. 
 
 
Canopy Photochemical Reflectance Index (cPRI) 
According to the FLEX-Bridge study [RD-4], Wu et al. 2015 is the most promising canopy PRI index, less 
sensitive for pigment pool sizes, structural and atmospheric effects. Thus, we calculate the cPRI (modified 
after Wu et al. 2015). 
 

0.15 1 . ∙       (10) with (9) 
 
In the original formulation (eq. 10) the LAI needs to be known. We propose to use the Simple Ratio (eq. 1) 
as approximation for LAI. Thus the formula that should be finally included in the processing module is eq. 
11. The additive term of 0.2 originally proposed by Wu et al. (2015) is sensor specific and thus is omitted 
in the formula to be implemented for HyPlant. 
 

. .

. .
0.15 1

. ∙
   (11) with (9) 

 
Again, for both PRI wavelengths at 530nm and 570nm we propose to use a spectral window of app. 5 nm 
(3 bands in HyPlant, centre wavelength ± 1 bands). For the SR, both spectral windows (i.e., 795-810 and 
665-680) correspond to 9 bands in HyPlant (centre wavelength ± 4 bands). 
 
 
Indices related to canopy water content 
 
Water Band Index (WBI) 
The Water Band Index (WBI, formula (12)) is a simple ratio index that is sensitive to differences in canopy 
water status. An increase in the canopy water content is reflected as a higher absorption at 970 nm relative 
to the 900 nm reference band (Peñuelas et al. 1993).  
 

       (12) 

 
The spectral windows correspond to 9 bands in HyPlant (centre wavelength ± 4 bands). These spectral 
windows are at the very edge of the VIS/NIR module; the last waveband of the VIS/NIR module of HyPlant 
is at 969.1nm. We thus propose to use the last 9 bands of the VIS/NIR camera for calculating the spectral 
window <955-970>. 
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4.1.1.3 Fluorescence retrieval  
 
The processing scheme of HyPlant – FLUO is given in Figure 3 (left side). All FLUO module flight lines 
acquired within the SOYFLEX campaign were processed to geo-rectified at-sensor radiance data using the 
most recent wavelength and radiometric calibration file provided by the Specim in winter 2014/2015. The 
Point Spread Function (PSF) correction was applied to each of the fluorescence flight lines and is also 
based on calibration measurements of 2015 (Figure 2).  
 
Improved Fraunhofer Line Descrimination (iFLD) 
 
Fluorescence maps of red and far red fluorescence of the agricultural areas in Germany (chapter 6.1.1) 
were calculated using the improved Fraunhofer Line Discrimination (iFLD). The method is based on the 3-
FLD approach by Maier et al. (2003) and the iFLD method of Alonso et al. (2008). The method was adapted 
to the high spectrometers, complemented with the simulations of atmospheric components using 
MODTRAN (Berk et al., 2005).  
 
Emitted fluorescence must be analytically separated from the reflected radiance flux measured with ground 
and airborne based spectrometers. We applied the Fraunhofer Line Depth (FLD) approach (Plascyk, 1975), 
which serves as a de facto standard for fluorescence retrievals using medium resolution instruments 
(Meroni et al., 2009). The FLD method uses atmospheric absorption bands, characterized by lower incident 
light compared to wavelength regions outside of these bands. This configuration increases the spectral 
information and allows the separation of fluorescence from reflected radiation. In this study, we used the 
broad O2-A oxygen absorption band around 760 nm and quantified the infilling of F760 using radiance 
measurements inside (subscript i) and outside (subscript o) of the O2-A band.  
For the airborne case, only atmospheric components can be simulated with MODTRAN5 assuming perfect 
knowledge of the acquisition conditions. The reflectance terms for diffuse and direct irradiance as well as 
the SIF contribution are usually unknown. Assuming Lambertian surface reflectance behaviour, which 
introduces some inaccuracies but allows formulating the radiative transfer (RT) for radiance measurements 
at sensor level (LAtS), both measurements inside and outside of the absorption band, can be expressed as: 
 

L 	
〈 〉

〈ρ 〉
〈 〉 〈 〉 〈 〉 〈 〉

〈 〉

〈 〉 〈 〉

〈 〉
,

L L
∙ ∙

‐ ∙

L L
∙ ∙

‐ ∙

 j i, o

 (3) 

 
where Ej is the surface irradiance including diffuse and direct components, θil is the illumination zenith 
angle, ρso is the path scattered radiance, τss is the direct transmittance for sunlight, τoo is the direct 
transmittance in view direction, τsd is the diffuse transmittance of the atmosphere for sunlight, τdo is the 
hemispherical-directional transmittance in view direction, and ρdd is the spherical albedo. If these 
atmospheric components are obtained from MODTRAN5 simulations (Damm et al., 2015), the radiative 
transfer equation (Eq. 3) only contains four unknowns, namely Ri, Ro, Fi, and Fo. The iFLD method (Alonso 
et al., 2008), an adaptations of the original FLD method proposed by (Plascyk, 1975), was used to non-
linearly (spline) relate R and F inside and outside of the O2-A absorption band. F can be finally retrieved 
with:  
 

F 	

〈 〉 〈 〉

〈 〉 〈 〉

〈 〉 〈 〉
       (4) 

X L
〈 〉

〈ρ 〉 ,											j i, o      (5)  
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E
〈 〉

〈τ τ 〉 〈τ τ 〉 〈τ τ 〉 〈τ τ 〉 E E ,				j i, o (6) 

R AR
F 〈τ 〉 〈τ 〉 BF 〈τ 〉 〈τ 〉       (7) 

 
where B is the factor relating Fi and Fo and was fixed to a value of 0.8, justified by simulations and 
experiments (Rascher et al., 2009, Alonso et al., 2008), Xj equals the at-sensor radiance (reflected plus 
emitted radiation) without path radiance contribution and Ej expresses surface irradiance as measured at 
the sensor level. The A is the factor relating Ri and Ro, and was derived from linear 3rd order polynomial 
interpolation of R of the left (758 nm) and right (771 nm) O2-A band shoulder with  
 

A          (8) 

ω , and ω        (9) 

 
In addition, an empirical constraint based on non-vegetation reference surfaces is used after Damm et al. 
(2014). Therefore the method can only be used for flight lines with sufficient non-vegetation reference pixels 
available across track of the flight line. 
 
 
 
Singular Vector Decomposition (SVD)  
 
Fluorescence values at 680 nm and 740 nm can be obtained using the Singular Vector Decomposition 
(SVD). The method is based on a semi-empirical radiative transfer formulation and was first developed by 
Guanter et al. (2012, 2013). The method was previously used for fluorescence retrieval from HyPlant 
recordings in Rossini et al. 2015. The data-driven fluorescence retrieval approach represents the measured 
at-sensor radiance spectrum as a linear combination of reflected solar radiance and fluorescence emission 
spectra. The reflected solar radiance is formulated as a linear combination of singular vectors (SVs), which 
are derived after performing a Singular Vector Decomposition of a set of reference (fluorescence-free) 
spectra. The combination of the derived SVs is able to reproduce any fluorescence-free spectra. This data-
driven formulation of the forward model avoids the explicit modelling of atmospheric radiative transfer and 
the instrument’s spectral and radiometric responses, which are typically prone to errors larger than the 
fluorescence signal itself. The SVs are derived using non-fluorescence training pixels, which are determined 
by a threshold on the Normalized Difference Vegetation Index (NDVI). We typically used 4–5 SVs to model 
the “at-sensor” radiance signal. A few adjustments were applied to improve the inversion results, such as 
the removal of the strongest absorption features or the spectral normalization (continuum removal) of 
canopy and reference radiances. This method was used to derive the fluorescence maps of the peatland 
area recorded during the Poland campaign. 
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Spectral Fitting Method (SFM) 
 

Surface-atmosphere forward RT model  

Several developments were made to improve the performances of the fluorescence retrieval algorithm 
implementation for the HyPlant high-resolution imaging spectrometer. The retrieval algorithm described in 
this section employs the Spectral Fitting Method (SFM) at the oxygen absorption bands. The technique 
relies on 3rd order polynomial (or piecewise cubic spline) and pseudo-Voigt functions to approximate 
reflectance and fluorescence spectral behaviour within spectral windows around the main oxygen 
absorption bands. The algorithm makes use only of the high spectral resolution imagery detected by the 
HyPlant FLUO module (670-800 nm) and it does not exploit the spectral information from DUAL sensor. 
The main aims of current developments are twofold: i) improving the overall fluorescence retrieval accuracy; 
and ii) reducing the computational time toward a more consolidated and operational HyPlant processing 
scheme. The SFM algorithm implementation described in this document refers to software code version 
v14 that is implemented in Matlab programming language. The fluorescence retrieval at O2-A and O2-B 
bands is achieved independently, considering two separate spectral windows (few tens of nanometres 
wide) cantered around the main absorption features. The retrieval of red (O2-B) and the far-red (O2-A) 
fluorescence were implemented in two separate Matlab code functions: hyplant_FLUO_v14B.m and 
hyplant_FLUO_v14A.m respectively. The two routines implement the same approach and calculations, they 
only differ for the specific spectral windows and mathematical functions used in the retrieval of reflectance 
and fluorescence at the two oxygen absorption bands. We decided to implement individual script for O2-A 
and O2-B because it allows to retrieve red and far-red fluorescence simultaneously (i.e. parallel 
computation), reducing the overall computation time. This technical solution was undertaken toward a 
massive processing of airborne flight line on supercomputers infrastructure in future, allowing a fast and 
systematic processing of entire airborne campaign dataset.  

The SFM algorithm has been developed considering the specific technical characteristics of HyPlant (i.e., 
spectral range, spectral sampling interval, FWHM and SNR), exploiting the full set of spectral bands 
available around the oxygen absorption features. This permits to reduce the impact of instrumental noise, 
but it also allows to estimate a larger number of mathematical functions parameters used for describing 
fluorescence and reflectance spectra. In particular, it must be noted that the approach exploits the spectral 
information not only in the wavelengths within the major absorption features (i.e. O2 bands), but it uses a 
broader spectral range that comprises also the solar Fraunhofer lines. 

The SFM retrieval approach developed is a quasi-physical approach which consists of two main 
components. The atmospheric radiative transfer (atmospheric forward modelling) is computed by means of 
MODTRAN5 RTM. The decoupling of reflected and fluorescence radiances is achieved based on the 
Spectral Fitting technique. The atmospheric forward modelling and surface reflectance/fluorescence 
retrieval are coupled in the overall retrieval algorithm as follows. The retrieval is carried out at-sensor level, 
comparing the HyPlant and forward model radiance spectrum in defined spectral windows around the 
oxygen absorption bands. Currently, the developed module does not include the retrieval of atmospheric 
parameters directly from HyPlant imagery; and the atmospheric model input parameters are derived from 
sunphotometer measurements collected simultaneously to airborne observations. Conversely to most of 
the other retrieval technique, this algorithm does not require reference surfaces within the image scene to 
constrain the atmospheric radiative transfer modelling (i.e., bare soil or other non-fluorescence pixel). On 
the other hand, the physical approach entails that the overall accuracy of fluorescence retrieval strongly 
depends on the quality of the atmospheric model input and instrument characterization in the forward model 
(i.e., spectral shift, band broadening etc.). 

The forward model used in the fluorescence retrieval derives from the accurate four-stream radiative 
transfer theory (Verhoef and Bach, 2012), with the addition of the direct and diffuse fluorescence fluxes 
(Cogliati et al., 2015). It represents an accurate, but at the same time efficient way, for describing the 
radiative transfer interactions between surface and atmosphere. The surface-atmosphere RT interactions 
and the subsequent propagation to at-sensor radiance ( 	) is defined in the radiative transfer equation Eq. 
13. The equation was originally defined for space observations at TOA, but the same approach can be used 
for airborne observations taking into account the specific observation geometries of the airborne data (e.g., 
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flight height, viewing angle etc.). 
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(13) 

 

The 	 spectrum is therefore composed by three additive terms which are referred to as atmospheric path 
radiance, target’s surface radiance and adjacency contributions respectively. The surface reflectance is 
modelled by four-terms:  is the target bi-directional reflectance factor,  target directional reflectance 
for diffuse incidence,  average surroundings diffuse reflectance for solar irradiance,  average 
surroundings diffuse reflectance for diffuse incidence. The  is the atmospheric bi-directional reflectance 
and the  the spherical albedo of the atmosphere. The  is the direct atmospheric transmission in the 
direction of the sun,  the direct atmospheric transmittance in the viewing direction,  diffuse 
atmospheric transmittance for solar incidence,  directional atmospheric transmittance for diffuse 
incidence. The  is the extra-terrestrial solar spectral irradiance on a plan perpendicular to the sunrays, 
and  is the local solar zenith angle. The  is the sun-induced fluorescence radiance of the target in the 
observer’s direction and  the hemispherical fluorescence flux of the surrounding. The over bar indicates 
the spatial filtering of the terms related to the infinitely extended surrounding area. 

The atmospheric terms in Eq.13 are afterward re-arranged according to 14 functions (hereafter, t-14) as 
described in Verhoef, et al., 2014 and summarized in Figure 4. It is of fundamental relevance for very high-
spectral resolution radiance observations to avoid, or at least limit, the so-called curve-of-growth effect 
which occurs at strong absorption features when high-resolution spectra are convolved to sensor spectral 
bands. The t-14 system prevents this issue applying products of atmospheric variables at maximum spectral 
resolution, before that they are convolved at the instrument bands. It turns out that Eq. 13 can be re-written 
as reported in Eq. 14. A further detailed description of the atmospheric transfer functions is reported in 
Cogliati, Verhoef et al., 2015. 
 
 

	 		
1 	 1 1

 (14) 
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Figure 4: T-14 atmospheric transfer functions used in forward modelling at-sensor radiance, the 
angular brackets represent the spectral convolution to sensor spectral bands (left table). Typical 
spectra of the atmospheric transfer functions used in the 500-780 nm spectral range (right plot). 
(Courtesy: Cogliati, Verhoef et al., 2015). 

Currently, the Eq. 14 is employed under the Lambertian assumption for both reflectance and fluorescence, 
which means that the different reflectance , , ,  and fluorescence ,  terms are considered 
equal (Eq. 15). Further developments will include the surface directional effects to provide even more 
accurate airborne retrievals. 
 

	  (15) 
  

 
The current implementation of Spectral Fitting to process HyPlant uses the 750-780 nm and 684-697 nm 
spectral windows for O2-A and O2-B bands respectively. The fluorescence spectral behaviour is represented 
as a computationally fast pseudo-Voigt function (Eq. 18), implemented as linear combination of Lorentzian 
(Eq. 16) and Gaussian (Eq. 17) peak profiles. On the other hand, reflectance spectrum is fitted by 3rd order 
polynomial function at the O2-A band (Eq. 19) or piecewise cubic spline for the O2-B (Eq. 20). The use of 
the polynomial for the O2-A band allows to limit the computational time, without significantly affecting the 
fluorescence retrieval accuracy because the reflectance spectral behaviour is smooth in this spectral region. 
Contrarily, the typical reflectance signature of vegetation shows a very sharp transition around the O2-B, 
therefore piecewise cubic spline is preferred to accurately retrieve the red fluorescence. Currently, the use 
of tpiecewise cubic spline for the O2-B band is still under development because from one side it provides a 
more accurate modelling of surface reflectance (consequently fluorescence) in this spectral region, but on 
the other hand it seems more sensitive to instrumental noise. 
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1
 

(16) 

	
	

2
 (17) 

∗ 1 ∗  (18) 
	          [for O2-A] (19) 

	        [for O2-B] (20) 
 
The at-sensor radiance spectrum Eq. 14 depends on atmospheric transfer functions, surface reflectance 
and fluorescence spectra. As already aforementioned, the atmospheric RTM input parameters are deduced 
from sunphotometer measurements, thus they are not part of the cost function. On the contrary, the 
coefficients of the mathematical functions in Eq. 16-20 are estimated through least-square nonlinear curve-
fitting optimization technique that minimizes the difference between at-sensor radiance detected by HyPlant 
( ) and forward RT model ( ) in Eq. 14. The cost-function implemented in the retrieval code (Eq. 21) is 
optimized by the MATLAB routine LSQCURVEFIT. 
 

min  (21) 

 
The specific processing scheme implemented to retrieve fluorescence from HyPlant imagery is reported in 
Figure 5. Beyond the regular input/output data handling operations, the core of the processing function 
consists of few fundamental steps: (i) calculation of the t-14 atmospheric functions based on MODTRAN5; 
(ii) in-flight instrument spectral characterization (SPECCAL) based on Meroni et al., 2010; finally, (iii) 
retrieval of fluorescence/reflectance based on SFM. The left-side entries in Figure 5 show the input files 
requested by the processing code, such as HyPlant imagery (*.dat), navigation file (*.nav) and atmospheric 
input parameter file (*.atm). The latter is a custom formatted text file that allows to easily set-up the 
MODTRAN5 input parameters. The right-side exits indicate the output files generated by the processing 
code that include the atmospheric function spectra, the imaging spectrometer characterization in the 
across-track direction, the fluorescence and reflectance maps and the processing log file. 
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Figure 5: Flow chart of the Spectral Fitting computer code developed for HyPlant. The left-side 
entries show input files (and file format); middle blocks indicate the calculations steps implemented 
in numerical subroutines; right-side exits report the output files produced by the processing code. 

 
 
 
 
 
Atmospheric RTM parameters 
 
The retrieval algorithm computes the at-sensor radiance based on the forward model and optimizes the 
fluorescence/reflectance parameters to obtain the best match with HyPlant observed spectra. The 
modelling of atmospheric effects (“atmospheric correction”) is one of the major source of uncertainty in the 
retrieval of fluorescence. For this reason, strong efforts were underpinned to improve the atmospheric 
component within the fluorescence retrieval scheme for HyPlant described in Eq. 14. In particular, the 
module was strongly improved in two main directions: 1) improving the fluorescence retrieval accuracy on 
different flight lines in a consistent way (without any user defined adjustment); 2) implementing a 
straightforward and robust approach which reduces the expert-knowledge that is required to set-up input 
parameter together with an overall reduction of the processing time (algorithm computational demand). The 
first objective was achieved by improving/adding the input parameters required by the atmospheric model 
and their definition in the RT code. The second was approached developing a more systematic and robust 
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procedure to derive the atmospheric model input parameters, through a semi-automatic processing of sun-
photometer measurements. 
The atmospheric radiative transfer calculations are based on the MODTRAN5 RTM and the atmospheric 
downward/upward and diffuse/direct transmittance, bidirectional reflectance and the spherical albedo 
spectra required in Eq. 13 are derived from an improved version of the MODTRAN Interrogation Technique 
(MIT) as described in Verhoef and Bach, 2012 and Verhoef personal communication 2013. Afterward, the 
t-14 atmospheric functions are computed according to Cogliati, Verhoef et al., 2015; Verhoef et al., 2014. 
The atmospheric model input parameters essential to run the MODTRAN simulations are listed in Table 3. 
A first set of variables specifically refers to the atmospheric status, while a second set of parameters 
described the Line-Of-Sight (LOS) geometry such as: target surface altitude a.s.l., solar zenith angle (SZA) 
and observer view angle. 
 

Table 3: List of the atmospheric RT model input parameters. 

Parameter RTM code Source Type 
Aerosol Optical 
Thickness (550 nm) 

AOT550 sunphotometer 

Atmospheric 
status 

Atmosphere Model MODEL standard model (Tropical, Mid-Latitude 
summer, Mid-Latitude winter etc.)

Aerosol Model IHAZE standard model (Rural, Maritime, Urban etc.) 
Angstrom Extinction 
Exponent 

ASTMX sunphotometer 

Column Water 
Vapour 

H2OSTR sunphotometer 

Surface Pressure SPR sunphotometer 
Henyey-Greenstein 
parameter 

G (not yet implemented) 

Sensor altitude H1 navigation file 

Line-Of-Sight 
Geometry 

View Zenith Angle VZA navigation file 
Surface altitude 
a.s.l. 

GNDALT base reference maps 

Solar Zenith Angle SZA internally computed 
 
Currently, the approach developed relies on ancillary measurements to set-up most of the model inputs: 
the atmospheric status is characterized based on sun-photometer measurements; whereas line-of-sight 
(LOS) geometry is derived from navigation file and external reference maps. The atmospheric status 
parameters are considered constant for the entire imagery, which is a common strategy used for regular 
processing of hyperspectral imagery for limited spatial scale. However, this approach is a reliable solution 
in case of constant and stable illumination conditions during the few minutes required to scan the entire 
flight-line. On the other hand, it has the limitation that potential changes of atmospheric illumination could 
occur during the flight line acquisition (clouds in the surrounding or thin clouds in the surface-sun path etc.), 
introducing errors in specific parts of the image. This could be an interesting future development that 
perfectly addresses the requirements of FLEX satellite processing. The same rationale involves the LOS 
geometry parameters; therefore the current retrieval algorithm is limited to process imagery collected on 
flat areas and further development shall involve the “topographic correction”. 
A semi-automated script was developed for facilitating the extraction of sun-photometer measurements 
collected simultaneously with airborne imagery. In fact, it only requires time stamp information of HyPlant 
imagery as input i.e., date and UTC time, to extract the information needed to run MODTRAN simulations. 
The script matches HyPlant imagery timestamp with the time series of sun-photometer measurements and 
extracts the record(s) closer to the airborne observation. The Figure 6 shows the output graphical interface 
displayed by the semi-automated script, in which the atmospheric model input parameters are displayed 
and synthetized in the format/unit required by MODTRAN. The semi-automatic processing approach greatly 
improved, simplified and made faster the overall set-up of input parameters for HyPlant processing. 
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Different sun-photometers were employed during the campaigns, they mostly differ in the configuration of 
the spectral bands detected (wavelengths). Therefore, different scripts were developed to process data 
from different sunphotometers employed during different campaigns. 
 

 
Figure 6: Atmospheric parameters derived from sun-photometer by the semi-automated script: AOD 
time series at different wavelengths collected during the campaign (top-left); AOD at different λ at 
the time of HyPlant, value at 550 nm is computed by interpolation (top-middle), logarithmic plot of 
AOD at different λ and retrieval of Angström α (top-right); Angström value computed by sun-
photometer (bottom-left); surface pressure SPR (bottom-middle); column water vapour CWV 
(bottom-right). The vertical red line indicates the time of HyPlant imagery. 
 
Technical implementation on HPC 
 
The image processing is facilitated by the implementation of high-performance programming techniques 
such as vectorization and parallel computing on shared memory (OpenMP) in the SFM software code. The 
computer code can be executed on High-Performance Computing (HPC) infrastructure, this capability 
permits to process typical HyPlant flight line (i.e., 384 across-track pixels x 10000 along-track lines) in about 
1 hour on 16 parallel cores (Intel Haswell 2.40 GHz). The further implementation of parallel calculation on 
distributed memory devices (MPI) will dramatically reduce the overall computation time. 
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4.1.2 Georectification of HyPlant images 
 
HyPlant has an integrated OXFORD GPS/IMU unit. The georectification of the HyPlant data for the FLUO 
and DUAL module are done with the software tool CaliGeoPro provided by the HyPlant manufacturer 
Specim (Finnland) and the data recorded from the Oxford unit. The boresight calibration was performed in  
 
On 25 June 2015 the aircraft was transferred from Brno (Czech Republic) to Bonn Hangelar (Germany). 
Installation of the sensors and test flight (including bore sight calibration) took place on 26 June 2015. 
Sensor performance was without any major problems. The boresight pattern recorded on 25 June was used 
for the evaluation of the boresight angles (Figure 7). As no ground control points are available for the site 
in Jülich the boresight angles der derived using Tie´s points.  
 
 

 

Figure 7: Boresight pattern of eight flight lines in the Jülich area in Germany. 

 
The boresight angles evaluated are given in Table 4. 
 

Table 4: Boresight angles of the DUAL and FLUO module evaluated from the boresight flights in 
Jülich, Germany using tie points. 

 DUAL FLUO 
Roll -0.47436299 -0.46013351 
Pitch -2.1006877 -0.35838644 
Yawn -0.32123697 -0.35838644 
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Without boresight angles 

 

 

With boresight angles 
 

 

  

  

Figure 8: Left: Overlap of the flight lines without boresight angles; Right: Overlap of the flight line 
with calculated boresight angles for the FLUO module. 

 
 
The remaining error of the georectification when applying the boresight anglewast 12 meters and thus 
higher than the years before. The insufficient georectification was investigated further by comparing the 
Oxford IMU unit with and Applanix unit from Czech globe. One flight lines was recorded with both units, so 
the three different position angles could be compared directly. The results are presented in Figure 9.  
 
Comparison of Global Navigation Satellite Systems measurements (latitude, longitude, and altitude) do not 
shows significant differences between Oxford and the Applanix Pos AV systems. The comparison of inertial 
measurement unit (IMU) measurements (roll, pitch, and heading) do not show significant differences 
between Oxford and the Applanix systems for pitch, but for heading and especially the roll angle. This could 
significantly decrease accuracy of geo-referencing process. Considering the results of the georectification 
of the last years and the fact that the evaluation of the boresight angles did only show limited improvement 
even when using ground control point (RD-5), a remaining error of 12 meters and higher is still present and 
clearly visible in the RGB maps presented in the results chapter (Figure 27, Figure 29, Figure 31, and Figure 
33). Those results indicate a possible malfunctioning of Oxford IMU, which needs to be further investigated 
in cooperation with the manufacturer, however the data recorded in 2015 still shows an inaccuracy in the 
georectification. 
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Figure 9: Direct comparison of the three position angles roll (A), pitch (B) and heading (C) as well 
as the altitude (D). Red line indicates the measurements of the Oxford unit and the white line the 
Applanix unit. 

 
 

4.1.3 Variocam (Thermal Camera) 
 
For thermal imaging, a VarioCAM® hr head (Infratec. Germany) was used (weight 1.3kg). The spectral 
range of this camera is 7.5 µm to 14 µm. The standard objective has a field of view (FOV) of 30° by 23°. 
The uncooled focal-plane-array sensor has a resolution of 640 x 480 pixels, with a measuring accuracy of 
± 1K and a thermal sensitivity of lower than 30 mK. No additional lab calibration was performed with the 
thermal imaging camera. At 1 m distance the FOV is 0.533 x 0.4 m. One pixel has a size of 0.833 mm, so 
that the smallest detectable object for this distance has a size of about 2.5mm. The camera is connected 
to a laptop via GigaEthernet and approached with the IRBIS® 3 software (Infratec, Germany), which allows 
real-time tracking of the measurements and correction of the absolute temperature by setting of emissivity, 
background temperature, ambient air temperature, air humidity and object’s distance. Additionally, the 
frame rate can be set manually up to 50 Hz.  
 

4.1.4 Airborne platform 
 
The aircraft identified for these operations is a Cessna Grand Caravan C208B with dual camera hatches 
(Figure 10) owned and operated by CzechGlobe. The aircraft gives us the flexibility to use one aircraft 
company for multi sensor survey, as such optimizing flight times. HyPlant sensor was installed in the first 
hatch, the thermal camera in the second hatch. 
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Figure 10: Cessna Grand Caravan C208B (CzechGlobe) with HyPlant (back) and the thermal camera 
(front). 

 

 

4.2 Spectral ground and reference measurements  
 

4.2.1 Spectral reference data (ASD CAL/VAL) 
During the campaigns a mobile team equipped with a calibrated FieldSpec FR Pro field spectrometer 
(Analytical Spectral Device, USA) covering the visible, near infrared and shortwave infrared region (350 – 
2500 nm) measure artificial targets (black, white and grey) which were placed into the flight lines.  
Target reflectance will be measured by recording (i) incoming radiation using a white reference calibrated 
panel (Labsphere Inc., U.S.A.) and (ii) upwelling radiation from the surface. (Figure 11). 
Every time during an airborne overpass targets were measured with a minimum of 15 saved spectra per 
target.  
 

Figure 11: Artificial reference targets (black, grey and white) and soil target measured with am ASD 
FieldSpec. 

 
 

The ASD Reference measurements were performed in parallel to the every HyPlant overpass. Date and 
time of the measurements is given in Table 5. Data were stored in radiances and subsequently the 
reflectance of the reference tarps was calculated. The position of the tarps and the reference targets are 
given in Table 6. An example of the reflectance spectra is shown in Figure 12 . 
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Table 5: Date and time of the ASD Reference (Cal/Val) measurements during the SoyFLEX 
experiment. 

Date 
ASD Reference Soyflex 
(Cal/Val) 

Date 
ASD Reference SWAMP 
(Cal/Val) 

30.06.15 11:02-11:53 11.07.15 09:55-11:02 

30.06.15 13:40-14:05 11.07.15 13:17-14:12 

30.06.15 15:28-16:21   
01.07.15 11:15-12:15   
01.07.15 15:28- 16:03   
02.07.15 12:01-12:27   
02.07.15 14:55-15:18   

 
 
 
 
 

Table 6: Position of the reflectance tarps during the campaign (Germany and Poland). 

 GERMANY POLAND 
Target Lat Long Lat Long 
White 
tarp 

50°37’22.0178’’N 6°59’44.6420’’E 52°45’31.90” N 16°18’34.50” E 
50°37’22.04138’’N 6°59’44.93195’’E 52°45’32.00” N 16°18’34.20” E 
50°37’22.2478’’N 6°59’44.8889’’E 52°45’31.70” N 16°18’33.90” E 
59°37’22.2314’’N 6°59’44.6332’’E 52°45’31.60” N 16°18’34.30” E 

Grey 
tarp 

50°37’22.0533’’N 6°59’45.0100’’E
50°37’22.0558’’N 6°59’45.4657’’E
50°37’2.3367’’N 6°59’45.3900’’E
50°37’22.2900’’N 6°59’44.9500’’E

Black 
tarp 

50°37’22.3080’’N 6°59’44.6050’’E 52°45’32.20” N 16°18’33.30” E 
50°37’22.3370’’N 6°59’45.0500’’E 52°45’32.30” N  16°18’32.90” E 
50°37’22.5990’’N  6°59’45.0200’’E 52°45’32.40” N  16°18’33.60” E 
50°37’22.5800’’N 6°59’44.5550’’E 52°45’32.60” N  16°18’33.30” E 

Bare 
soil 

50°37’20.9’’N 6°59’44.7’’E   
50°37’20.9’’N 6°59’45.1’’E   
50°37’21.2’’N 6°59’45.1’’E   
50°37’21.2’’N 6°59’44.6’’E   
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Figure 12: Reflectance spectra of soil; black, grey, and white reference tarp recorded on 2 July 2015 
in Germany. 
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4.2.2 Top-of-canopy spectral measurements of reflectance and sun-induced 
fluorescence   

 

Top-of-canopy high resolution radiance spectra were collected contemporary with three spectrometers 
covering different spectral ranges: 

i) a spectrometer HR4000 (OceanOptics, USA) operating in the visible and near infrared (400-
1000 nm) spectral range with a full width at half maximum (FWHM) of 1 nm will allow the 
computation of incident irradiance, visible to near-infrared reflectance and different vegetation 
indices; 

ii) a spectrometer HR4000 (OceanOptics, USA) covering the 700-800 nm spectral range with a 
finer resolution (FWHM = 0.15 nm). This spectrometer is specifically intended for sun-induced 
fluorescence measurements in the oxygen absorption band O2-A positioned at 760 nm (F760); 

iii) a third OceanOptics spectrometer (model QE 65000) operating in the 657-740 nm spectral 
range with a FWHM of 0.25 nm will be used to measure sun-induced fluorescence at the O2-B 
absorption band.  

 
Bare fiber optics with a field of view (FOV) of 25° will be used to alternatively measure a white reference 
calibrated panel (Labsphere Inc., U.S.A.) and the grass targets. The grass targets will be measured from 
nadir at a height above the ground of 130 cm, corresponding to a sampling area of about 60 cm diameter. 
Measurements will be collected during HyPlant overpasses (1 hour before and 1 hour after). 
Ocean Optics spectrometers will be housed in a Peltier thermally regulated box (model NT-16, Magapor, 
Zaragoza, Spain) keeping the internal temperature at 25°C in order to reduce dark current drift. 
 
The three spectrometers will be spectrally calibrated with known standards (CAL-2000 mercury argon lamp, 
OceanOptics, USA) while the radiometric calibration will be inferred from cross-calibration measurements 
performed with a reference calibrated FieldSpec spectrometer (Analytical Spectral Device, USA).  
 
 

4.2.3 Leaf level reflectance and fluorescence  
 
The FluoWat leaf clip (Van Wittenberghe et al., 2013) is a portable leaf clip to measure the whole 
fluorescence emission spectrum by cutting off the incoming light spectrum with a short-pass filter 
(< 650 nm). At wavelengths longer than 650 nm, only the fluorescence emission is recorded, as light in this 
region is only emitted light. The measurement provides the fluorescence emission spectrum from 670 nm 
to 850 nm. From the emission spectrum it is possible to extract several relevant values: fluorescence at 
683 nm (red peak), at 740 nm (far-red peak), the area between 700 to 715 nm corresponding to the valley 
between peaks; and fluorescence at 687 nm and 760 nm where the O2-B and O2-A bands (used for remote 
fluorescence measurement) are located. The FluoWat leaf clip can also be used to measure the solar 
irradiance and vegetation radiance that is needed to calculate the leaf reflectance and transmittance, and 
hence leaf absorbance. In addition, Photosynthetic active radiation (PAR) can be measured as the reflected 
radiance between 400 and 700 nm of a spectralon panel (ODM-98, Gigahertz-Optik GmbH, Türkenfeld, 
Germany). PAR measurements, together with absorbance, can be used to compute the fluorescence yield 
from passive data (Fyield = F(λ)/aPAR). 
A minimum of three leaves of each of the single plots was measured using the FluoWat leaf clip, on the 
lower, middle and outer canopy layer. Measurements did not necessarily took place at the same time of the 
overpasses but on the following day. 
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4.3 Biochemical and structural parameters 

4.3.1 Leaf chlorophyll content  
 

 

Figure 13: SPAD chlorophyll meter. 

Leaf chlorophyll content was monitored during the 
development stages at different layers of the 
leaves. 
The non-destructive SPAD Figure 13 device was 
used.  
 

 
 
 

4.3.2 Fraction of absorbed photosynthetic active radiation measurements using 
SunScan 

 

 

Figure 14: SunScan instrument to 
measure faPAR. 

The SunScan instrument (Figure 14) was used to estimate the 
fraction of Absorbed Photosynthetic Active Radiation (faPAR) of 
the different plots. 
 
For each measurement the following reading were taken: 
 

 Downward incident PAR flux density (I) 
 Downward transmitted PAR flux density through 

the canopy to the soil (Tc) 
 Upward reflected PAR flus density from the canopy 

(Rcs) 
 Upward reflected PAR flux density by the soil (Rs) 

 
faPAR values were calculated according to : 
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4.3.3 Leaf area index measurements  
 
HEMISPHERICAL CAMERA 
 
 
Digital Hemispherical Photography (DHP) is used to estimate Leaf Area Index (LAI) in the soybean plots. 
The digital hemispherical photos were taken using a Nikon E8400 camera equipped with a fish-eye lens 
according to the scheme described in Figure 15.  
 

 

Figure 15: Sampling scheme in the soybean plots of digital hemispherical photography. 

In each of the two soybean plots, 5 downward DHPs were taken at a height of 1 m approximately from the 
ground. The measurements were made on 1 July 2015 around solar noon in order to minimize shadow 
effects.  
Image processing is performed using the CAN-EYE Software (https://www4.paca.inra.fr/can-eye/CAN-
EYE-Home/Welcome). LAI estimates provided by CAN-EYE are based on the measurement over a range 
of zenith angles of the gap fraction that is the probability that a solar beam reaches the ground without 
coming into contact with vegetation elements. Full documentation of the methods is accessible at: 
http://www6.paca.inra.fr/can-eye/Documentation-Publications/Documentation.  
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COUNTING LEAVES 
 
During the SoyFLEX campaign, the total number of leaves inside each canopy gas exchange frame was 
counted. The frequency distribution of the individual leave area is given in Figure 16. 
 

MinnGold – Frequency disribution of individual leaf areas  
Number of leaves in each gas exchange frame  

Wild-type – Frequency disribution of individual leaf areas 
Number of leaves in each gas exchange frame 

Figure 16: Frequency distribution of the individual leave area for the MinnGold plots (left and the 
Wild-type plots (right). 

In addition the leave length and width of each leave was measured with a ruler. The total leave area per 
collar could be calculated (Table 7). The leave area index (LAI could be calculated subsequently, as each 
of the plots is defined by the collars of the gas exchange chambers (see chapter 4.5.2) with an area of 
0.75 m x 0.75 m. 
 
 

Table 7: Total leave area and leave area index of the MinnGold and wild-type plots. 

Frame Total leave area (m2) Leaf area index (m2/m2) 
MinnGold  
M1 0.234 0.416
M2 0.321 0.570
M3 0.206 0.366
Wild-type  
W1 0.431 0.766
W2 0.593 1.054
W3 0.580 1.031
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4.4 Atmospheric characterization 

4.4.1 Atmospheric conditions 
 

 
Figure 17: Sun photometer MICROTOPS II 

 
During the airborne measurements atmospheric 
conditions were characterized using the sun 
photometer MICROTOPS II (Figure 17). 
Measurements were taken every 15 minutes 
during the whole day and minimum every 5 minutes 
during the time of the overpasses. 

 
 
On all measurement days Microtops readings were taken from 09:00 to 17:00. 
The Microtops was placed at 50°37.364’N and 6°59.748’ E for the German campaign. Figure 18 shows an 
example of the AOT on 02.07.2015. 
 
 

 

Figure 18: Aerosol Optical Thickness (AOT) at 440nm, 500nm and 1020 nm on 02.07.2015. 



 

Doc.:  Final Report 
Date:  30-10-2017 Issue:  1 Revision:  0 
Ref.:  ESA Contract No. 
4000107143/12/NL/FF/If CCN3 

Page:  41 / 156 

 
4.4.2 Radio sounding 
 

 

Figure 19: Radiosonde balloons. 

Vertical profiles of temperature, pressure and 
relative humidity were measured using radio 
sounding (Figure 19). 
Radiosonde balloons were measured twice during 
the flight days.  
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4.5 Canopy gas exchange  
 

4.5.1 Canopy gas exchange using eddy covariance techniques 
 
Flux measurements at the surface are related to friction velocity, energy budget and fluxes of trace species. 
On the various sites the two former are measured together with the flux of CO2. Considering the surface 
energy balance expressed as the distribution of net radiation Rn into sensible heat flux (H), latent heat flux 
(LE), and ground heat flux (G), the equipment consists of a 3D sonic anemometer, an infrared gas analyser 
measuring CO2 and H2O concentrations and one or several radiation sensors. Friction velocity (u*), H, LE 
and CO2 flux are calculated using the eddy covariance technique.  
Continuous measurements of net CO2 ecosystem exchange rates (NEE) will be acquired during the 
campaigns. Those data are used to derive gross primary productivity (GPP). GPP time series might be 
used to investigate the link between photosynthesis and top-of-canopy sun-induced fluorescence. 
 

4.5.2 Gas exchange chambers 
 
Description of the chamber system  
 
The closed dynamic (non-steady-state flow-through) chamber system was used in order to estimate CO2 
and H2O fluxes from the experimental plots. The net ecosystem exchange (NEE) and the ecosystem 
respiration (Reco) were derived directly from measurements using a transparent and an opaque chamber, 
respectively (Figure 20). The transparent chamber was made from 3 mm thick Plexiglas® (Evonik 
Industries, Darmstadt, Germany), as this material has a high solar radiation transmittance (ca 90%; 
Chojnicki et al. 2010, Hoffman et al. 2015). The opaque chamber was made from 3 mm thick white PVC to 
ensure dark conditions (Figure 20). Both chambers had dimensions of 78x78x50 cm and a total volume of 
0.296 m3. The chambers were fixed on square PVC frames (0.75 x 0.75m) installed in each experimental 
plot with an insertion depth of 5 cm on mineral soil (Figure 64) and 15 cm on peat soil (Figure 102). 
 
 

 

Figure 20: Closed dynamic chamber system used for measurements of CO2 fluxes. 

 
 
 
During the measurement, the air inside the chamber was mixed using three computer fans (1.4 W each) 
installed in the chamber. Air temperature was measured with radiation-shielded thermistor (T-107, 
Campbell Scientific, USA). Cooling devices were used as described in Chojnicki et al. 2010 in order to 
stabilize air temperature in the chamber headspace and avoid condensation on chamber walls. The air was 
circulated at approximately 2.5 L min-1 between the chamber and a portable control box containing an 
infrared gas analyser (LI-840, LICOR, USA), which measured CO2 and H2O concentration in the air 
connected to a bypass flowing through the analyser at 0.7 L min-1. Readings of gases concentration and 
air temperature were recorded every 5 seconds on a data logger (CR-1000, Campbell Sci., USA).  
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Protocol of measurements  
 
The opaque chamber was closed for 120 seconds during measurements, while the closure time of 
transparent chamber varied from 120 seconds in the morning to 40 seconds at noon and afternoon in order 
to avoid chamber overheating. In case of transparent chamber, the closure time was shortened if the within-
chamber air temperature raised more than 1.5oC and the variability of the measured PAR was higher than 
10% of the value recorded at the beginning of the measurement. In order to avoid overheating of the 
chamber and temperature probe in the period between measurements, the transparent chamber was 
covered with a white reflective material.  
NEE measurements were taken just after reflectance and fluorescence measurements on the same plots. 
Reco measurements followed the NEE estimations (measurements were taken no more than one minute 
after NEE chamber was removed from the plot) 
In order to monitor environmental conditions during the campaign and chamber measurements and 
correlate the measured fluxes with PAR and temperature, meteorological measurements of soil 
temperature at 2 cm depth, air temperature at 30 cm height and PAR were carried out automatically at the 
installed climate station. Additionally, soil temperature probes (T-107, Campbell Scientific, USA) were 
installed next to the frames at the depth of 2 cm in order to refer the respiration fluxes to soil temperature.  
 
Data processing and fluxes calculation 
In order to avoid errors related to changes in water vapor concentration in the chamber headspace over 
the closure time, the measured CO2 concentrations were corrected for water dilution effect using equation:  
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where C(t) is the mole fraction of CO2 (µmol·mol-1) in dry air, C(t)’ is the measured CO2 mole fraction 
(µmol·mol-1) in wet air and w is the measured mole fraction of water vapour (mmol·mol-1) measured by LI-
840 gas analyzer (LI-COR Application Note 129, Perez-Priego et al. 2015). Afterwards, all data were 
visually inspected and data noise originating from disturbances caused by chamber deployment and 
possible saturation and canopy microclimate effects were discarded (according to Davidson et al 2002, 
Hoffman et al. 2015).  
CO2 and H2O fluxes were calculated based on a gas concertation changes over the closure time using the 
linear regression type as described in Juszczak et al. 2013. Fluxes were calculated from the first 
30 – 40 seconds of measurements for data with the highest regression slopes in order to avoid 
underestimation of the fluxes due to e.g. gas saturation, in accordance with Hoffmann et al. 2015. The gas 
flux (F) from the chambers in µmols m-2 per certain time unit (t) was calculated from the gas concentration 

change in the chamber headspace 
∆

∆
, the chamber volume (V) and enclosed soil area (A) using the 

equation: 
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where Mv (m3·mol-1) is the molar volume of air at the chamber air temperature and pressure. The 
determination coefficient was calculated for each time series and if r2<0.9 the fluxes were discarded and 
not considered in the analyses. 
Gross Primary Productivity (GPP), indicating the amount of CO2 assimilated by plants in photosynthesis, 
was calculated as the difference between Reco and NEE taken consecutively with both chambers.  
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5 Campaign sites and activities 
 
On 25 June 2015 the aircraft was transferred from Brno (Czech Republic) to Bonn Hangelar (Germany). 
Installation of the sensors and test flight (including bore sight calibration) took place on 26 June 2015. 
Sensor performance was without any major problems. On 29 June ground teams arrived in Germany and 
last preparations were completed. 30 June to 3 July 2015 main experiment and data acquisition took place 
in Germany (see chapter 5.1). HyPlant was transferred to Czech Republic on 3 July in the afternoon and 
immediately dismounted. 
 
When weather conditions for the experimental site in Poland looked promising, HyPlant was mounted again 
in the aircraft (10 July 2015). Test flight and bore sight calibration flights above Bruno at the same day 
proved a sensor performance without any problems. Measurements and data acquisition took place on 11 
July 2015 (see chapter 5.2). 
 

5.1 Campaign Germany  

5.1.1 Anthropogenic, agricultural area around Jülich 
 
The agricultural experimental sites around Jülich (Figure 21, Figure 22, Table 8, and Table 9) are research 
sites associated with the Transregional Collaborative Research Centre 32: Patterns in Soil-Vegetation-
Atmosphere Systems: Monitoring, Modelling, and Data Assimilation (TR32; www.tr32.de) and located in 
the Rur catchment. It can be described as an anthropogenically influenced area consisting of a variety of 
different vegetation types, including agricultural fields, grasslands, meadows, and small forest patches.  
The area was already recorded since 2012. This dataset provided the possibility of a long term monitoring 
of different crops in the area. 

 

Figure 21: Large map of the TR32 experimental area. 
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Table 8: Flight lines of the large map of the TR32 experimental area with a spatial resolution of 
2.5 x 2.5 m per pixel. 

Flight start end altitude 

line lat long lat long [m] 

fluomap_1 50.901088 6.290447 50.90109 6.290447 1860

fluomap_2 50.901088 6.301827 50.90109 6.301827 1860

fluomap_3 50.901088 6.313207 50.90109 6.313207 1860

fluomap_4 50.901088 6.324587 50.90109 6.324587 1860

fluomap_5 50.901088 6.335967 50.8884 6.335967 1860

fluomap_6 50.901088 6.347347 50.8884 6.347347 1860

fluomap_7 50.901088 6.358727 50.8884 6.358727 1860

fluomap_8 50.901088 6.370107 50.83375 6.370107 1860

fluomap_9 50.901088 6.381487 50.83375 6.381487 1860

fluomap_10 50.901088 6.392867 50.83375 6.392867 1860

fluomap_11 50.901088 6.404247 50.83375 6.404247 1860

fluomap_12 50.901088 6.415627 50.83375 6.415627 1860

fluomap_13 50.901088 6.427007 50.83375 6.427007 1860

fluomap_14 50.901088 6.438387 50.83375 6.438387 1860

fluomap_15 50.901088 6.449767 50.83375 6.449767 1860

fluomap_16 50.901088 6.461147 50.83375 6.461147 1860

fluomap_17 50.889027 6.472527 50.83375 6.472527 1860

fluomap_18 50.883353 6.483907 50.83375 6.483907 1860
 
 

  

Figure 22: Flight lines of the agricultural area in Selhausen area. 
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Table 9: Flight lines of the Selhausen area with a spatial resolution of 1 x 1 m per pixel. 

Flight start end altitude [m] 

line lat long lat long 

SEL_L2 50.883636 6.455510 50.842688 6.470942 790 

SEL_L3 50.841451 6.467025 50.882572 6.451868 790 

SEL_L4 50.881737 6.448164 50.840721 6.463055 790 

SEL_L5 50.839415 6.459402 50.880596 6.444642 790 

SEL_L6 50.879757 6.441021 50.838751 6.455594 790 
 
Summary of the airborne data acquired over the TR32 side is given in Table 10. All flight lines of the TR32 
area were recorded under clear sky conditions. Data acquisition did not show any problems and first quality 
check revealed a good data quality. 
 

Table 10: Data acquired over the agricultural TR32 side in 2015. 

Date Start  End  
No. 
flight 
lines 

Area 
HyPlant 
perfor-
mance 

Cloud 
coverage 

Sun- 
photometer 

ASD 
Reference  
(Cal/Val) 

30.06.15 14:40 15:02 5 SEL OK 0/8 no no 

02.07.15 11:50 13:46 20 
TR32 
Map

OK 0/8 
no 

no 

02.07.15 13:45 14:14 5 SEL OK 0/8 no no 
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5.1.2 Agricultural research Campus Klein-Altendorf 
 
The agricultural research Campus Klein-Altendorf near Bonn comprises 181 ha for field trials and 
approximately 4,800 m2 for Greenhouse trials. On Campus Klein-Altendorf, research can be conducted with 
all kinds of plants and crops, ranging from small plants like Arabidopsis or herbs to large crops like maize, 
from annual crops like vegetables to perennial plants like Miscanthus or fruit trees. Plants can be grown in 
the experiments under practical conditions.  
The whole agricultural research campus was covered with a 1 x 1 m resolution using the flight patter shown 
in Figure 23 and Table 11. This flight pattern is repeated annually since 2012. Data were acquired under 
clear sky conditions (Table 12) and the data are of good quality. 
 
 

 

Figure 23: Mapping of Campus Klein-Altendorf at the 1 x 1 m resolution. 

 
 

Table 11: Flight lines of Campus Klein-Altendorf with a spatial resolution of 1 x 1 m per pixel. 

Flight start end altitude [m] 

line lat long lat long 

CKA_L1 50.629950 6.981593 50.612125 7.007524 868m 

CKA_L2 50.629449 6.977154 50.610518 7.004940 868m 

CKA_L3 50.627800 6.974343 50.608936 7.002542 868m 

CKA_L4 50.625198 6.973288 50.607192 7.000324 868m 
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Table 12: Data acquired over the Campus Kleinaltendorf side in 2015 (1 x 1 m resolution). 

Date Start  End  
No. 
flight 
lines 

Area 
HyPlant 
performance 

Cloud 
coverage 

Sun- 
photometer 

ASD Reference 
(Cal/Val) 

30.06.15 10:56 11:08 4 
CKA 
L1-4 

OK 0/8 
yes 

yes 

02.07.15 14:59 15:16 4 
CKA 
L1-4

OK 0/8 
yes 

yes 

 
 
The SoyFLEX, virtual cloud , and heat wave experiment at Campus Kleinaltendorf 
 
 
The SoyFLEX experiment (flight line L5; see chapter 6.3), part of the virtual cloud experiment (flight line L6 
and L10, see chapter 6.4) and the heat wave experiment (flight line L9, see chapter 6.5) were also located 
at Campus Klein-Altendorf. The flight lines (L5, L6, L9 and L10) to cover those experiments are show in 
Figure 24 and Table 13. The flight lines were recorded in high spatial resolution of 0.5 x 1 m. Data acquired 
during the three measurement days are listed in Table 15 to Table 17. Except for atmospheric conditions 
in the morning of the 1 July, all data were recorded under clear sky conditions. 
 

 

Figure 24: Flight lines of the experimental Campus Klein-Altendorf in 0.5 x 1 m resolution 
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Table 13: Flight lines of Campus Klein-Altendorf with a spatial resolution of 0.5 x 1 m per pixel. 

Flight start end altitude [m] 

line lat long lat long 

SOY_L5 50.629154 6.994687 50.618834 6.996542 512 

SOY_L6 50.628937 6.992516 50.618677 6.994562 512 

SOY_L7 50.629020 6.993585 50.618774 6.995639 512 

SOY_L8 50.628867 6.991461 50.618595 6.993495 512 

SOY_L9 50.623147 7.002181 50.621917 6.986254 512 

SOY_L10 50.622784 6.989787 50.612901 6.987887 512 
 
 
 
 

Table 14: Data acquired over the Campus Klein-Altendorf side in 2015 (0.5 x 1 m resolution). 

Date Start  End  
No. 
flight 
lines 

Area 
HyPlant 
perfor- 
mance 

Could 
coverage 

Sun- 
photometer 

ASD 
Reference  
(Cal/Val) 

30.06.15 10:28 10:50 5 
SOY 
L5-L9 

OK 0/8 
yes 

yes 

30.06.15 13:28 10:47 5 
SOY 
L5-L9

OK 0/8 
yes 

yes 

30.06.15 15:30 15:51 5 
SOY 
L5-L9 

OK 0/8 
yes 

yes 

01.07.15 11:20 11:59 8 
SOY 
L5-L10 

OK 1/8 (cirrus) 
yes 

yes 

01.07.15 15:14 15:41 8 
SOY 
L5-L10

OK 0/8 
yes 

yes 

 
 
 
 
 
 
 
 
 
 
 



 

Table 15: Data acquired during the SOYFLEX experiment. 

Date Start  End  
No. 
flight 
lines 

Area HyPlant 
Micro- 
tops 

Radio 
sounding 

ASD 
Reference  
(Cal/Val) 

TOC 
Fluorescence 
Reflectance 

Gas 
exchange 

faPAR LAI SPAD 

30.06.15 10:28 10:40 2 
Soy plots  
Flight line: 
SOY_L5  

OK OK NO 11:02-11:53 YES YES NO NO NO 

30.06.15 13:28 13:39 2 
Soy plots  
Flight line: 
SOY_L5 

OK OK 
12:57-
15:00 

13:40-14:05 YES YES NO NO NO 

30.06.15 15:30 15:41 2 
Soy plots  
Flight line: 
SOY_L5 

OK OK 
15:12-
17:37 

15:28-16:21 YES YES NO NO NO 

              

01.07.15 11:30 11:55 2 
Soy plots  
Flight line: 
SOY_L5 

OK OK 
11:12-
13:00 

11:15-12:15 NO YES 11:20 NO NO 

01.07.15 13:30 13:31 1 
Soy plots  
Flight line: 
SOY_L5 

OK OK 
13:12-
15:39 

NO NO YES NO NO YES 

01.07.15 15:24 15:47 2 
Soy plots  
Flight line: 
SOY_L5 

OK OK NO 15:28- 16:03 NO YES 15:35 NO NO 

              

02.07.15 11:27 11:32 2 
Soy plots  
Flight line: 
SOY_L5 

OK OK NO 12:01-12:27 YES YES NO YES NO 

02.07.15 14:44 14:49 2 
Soy plots  
Flight line: 
SOY_L5 

OK OK 
14:09-
15:50 

14:55-15:18 YES NO 16:30 YES NO 
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Table 16: Data acquired during the virtual cloud experiment. 

Date Start  End  
No. 
flight 
lines 

Area HyPlant 
Micro- 
tops 

Radio 
sounding 

ASD 
Reference 
(Cal/Val) 

TOC 
Fluorescence 
Reflectance 

Gas 
exchange 

faPAR 

30.06.15 10:34 10:45 2 
Corn Field 
Flight line: 
SOY_L6  

OK OK NO 
11:02-
11:53 

NO NO NO 

30.06.15 13:33 13:44 2 
Corn Field 
Flight line: 
SOY_L6 

OK OK 
12:57-
15:00 

13:40-
14:05 

NO NO NO 

30.06.15 15:36 15:46 2 
Corn Field 
Flight line: 
SOY_L6 

OK OK 
15:12-
17:37 

15:28-
16:21 

NO NO NO 

            

01.07.15 11:20 11:25 2 
Sugar beet  
Flight line: 
SOY_10 

OK OK 
11:12-
13:00 

11:15-
12:15 

YES NO  

01.07.15 13:12 13:18 2 
Sugar beet  
Flight line: 
SOY_10 

OK OK 
13:12-
15:39 

NO YES NO 12:35 

01.07.15 15:14 15:19 2 
Sugar beet  
Flight line: 
SOY_10 

OK OK NO 
15:28- 
16:03 

YES NO 16:20 

            

02.07.15 11:17 11:22 2 
Sugar beet  
Flight line: 
SOY_10 

OK OK NO 
12:01-
12:27 

NO NO NO 

02.07.15 14:28 14:39 3 
Sugar beet  
Flight line: 
SOY_10 

OK OK 
14:09-
15:50 

14:55-
15:18 

NO NO NO 
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Table 17: Data acquired for the heat wave experiment 

Date 
Acquisition 
time  

No. 
flight 
lines 

Area HyPlant 
Micro- 
tops 

Radio 
sounding 

ASD 
Reference 
(Cal/Val) 

TOC 
Fluorescence 
Reflectance 

30.06.15 15:51 1 
Flight line: 
SOY_L9 

OK OK 
15:12-
17:37 

15:28-
16:21 

YES 

         

02.07.15 15:16 1 
Flight line: 
SOY_L9 

OK OK 
14:09-
15:50 

14:55-
15:18 

YES 

 
 
 
 
 
 
 
 
 
 
 



 

5.2 Campaign Poland  
 

5.2.1 SWAMP campaign site, POLWET 
 
The ESA HyPlant airborne campaign happened simultaneously to the EUFAR/OPTIMISE/ESA training 
course. In this DAR only the data acquired in respect to the HyPlant (ESA campaign) and its corresponding 
ground data are reported. As the SWAMP summer school was a EUFAR/OPTIMISE/ESA training course, 
more data are available through the EUFAR consortium, for example APEX flight data, but are not listed in 
this document. 
 
The Rzecin wetland site (POLWET, 52°45’ N, 16°18’ E) is operated by the Poznan University of Life 
Sciences (PULS), nearby Poznan (60 km north), Poland (Figure 25). The site was established in 2004 
within CARBOEUROPE-IP (FP6) project and was/is one of the core GHG fluxes measuring sites within 
NITROEUROPE-IP(FP6), GHG-EUROPE (FP7) and INGOS (FP7) projects. At the middle of the site there 
is located a flux tower where continuous measurements of CO2, H2O and CH4 fluxes are conducted with 
eddy covariance systems. At the tower, there are installed multispectral sensors (SKR1860A) for 
reflectance measurements. Close to the tower, there is located climate manipulation experiment developed 
within WETMAN project (www.wetman.pl). 
 

 

Figure 25: Six flight lines that cover the SWAMP side with a 1 x 1 m resolution. 

 
The Rzecin wetland (POLWET) is a large (87 ha) mesotrophic, terrestrialisation peatland, located in the 
middle of the Notecka Primeval Forest in Western Poland. It is surrounded mostly by extensively used 
grasslands and some very small crop fields. In the middle of the peatland, there is a 70-cm thick floating 
carpet of peat-substrate overgrown mostly by mosses underlain by a free water layer and saturated 
sediment. In the eastern part of the peatland, there is a shallow ~ 16 ha decaying lake, which has been 
overgrown by Typha latifolia L., and Phragmites australis (Cav.) Trin. ex Steud. The vegetation of the 
peatland is dominated by: Sphagnum spp., Dicranum spp., Carex spp., P. australis, T. latifolia, Oxycoccus 
palustris Pers., Drosera rotundifolia L., Potentilla palustris L., Ranunculus acris L. and Menyanthes trifoliata 
L.. The peat substrate is a Limnic Hemic Floatic Ombric Rheic Histosol (Epidystric) according to FAO 2006 
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classification. The annual average air temperature is equal to 8.5 °C, and the average annual sum of 
precipitation is equal to 526 mm, while prevailing western wind direction is observed. 
During the campaign activities the whole swamp area was covered with a resolution of 1 x 1 m (Figure 25, 
Table 18). The centre flight line of the flight patter (SWA4, Figure 26) covered the eddy tower and the virtual 
cloud experiment and all additional ground reference measurements and were additional recorded with 
0.5 x 1 m resolution (Table 19). Ground measurements that were taken simultaneously to the HyPlant 
overpasses are: 

 Characterization of the atmosphere, using the microtops sun photometer (chapter 4.4.1) 
 ASD Cal/Val measurements using the artificial target, the spectroradiometer and the protocol 

described in chapter 4.2.1 
 Top-of-canopy reflectance and fluorescence measurements using high resolution 

spectroradiometer as described in chapter 4.2.2. 
 Gas-exchange chamber measurements (chapter 4.5.2) and canopy measurements (4.5.1) 

 
An overview of the acquired data during the SWAMP measurements is given in Table 20. 
 

 
 

Figure 26: Centre flight line of the SWAMP area (SWA4) recorded with an RGB camera from a drone. 
Top-of-canopy ground reference measurement spots (V1-V4) and gas exchange measurement 
spots (G1-G5) are marked along the boardwalk. Spot of the virtual cloud experiment are marked in 
red. 
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Table 18: Flight lines of SWAMP side with a spatial resolution of 1 x 1 m per pixel and 0.5 x 1 m pixel 
resolution. 

Flight start end altitude [m] 

line lat long lat long 

SWA_2 52.772402 16.301711 52.753888 16.301159 690 

SWA_3 52.772356 16.305845 52.753842 16.305292 690 

SWA_4 52.772311 16.309980 52.753797 16.309424 690 and 350 

SWA_5 52.772265 16.314114 52.753751 16.313557 690 

SWA_6 52.772219 16.318249 52.753705 16.317690 690 

SWA_7 52.772173 16.322383 52.753659 16.321823 690 
 

Table 19: Airborne data acquired over the SWAMP side in 2015. 

Date Start  End  
No. 
flight 
lines 

Area 
HyPlant 
performance 

Cloud 
coverage 

Sun- 
photometer 

ASD 
Reference  
(Cal/Val) 

11.07.15 09:50 10:46 8 SWA OK 2/8 yes yes 

11.07.15 13:10 13:50 8 SWA OK 1/8 yes yes 
 
 
 

Table 20: Data acquired over the SWAMP side. 

Date Start  End  
No. 
flight 
lines 

Area HyPlant 
Micro- 
tops 

ASD 
Reference  
(Cal/Val) 

TOC  
Fluo/Refl 

Gas ex- 
change 

Virtual 
cloud 

11.07.15 09:50 10:46 8 SWA OK YES YES YES YES YES 
           
11.07.15 13:10 13:50 8 SWA OK YES YES YES YES YES 

 
 
 
 
 
 
 
 
 
 
  



 

Doc.:  Final Report 
Date:  30-10-2017 Issue:  1 Revision:  0 
Ref.:  ESA Contract No. 
4000107143/12/NL/FF/If CCN3 

Page:  56 / 156 

 
 

6 Results 

6.1 Mapping of the study sites 
In the following chapter we present true colour images, vegetation indices and fluorescence maps of the 
anthropogenic, agricultural area around Jülich (Figure 27 - Figure 30), the agricultural experimental campus 
in Klein-Altendorf (Figure 31, Figure 32) in Germany and the natural peatland area recorded during the 
SWAMP summer school in Poland (Figure 33, Figure 34). The fluorescence maps of the agricultural sites 
around Jülich were calculated using the iFLD method. Fluorescence maps of the peatland areas were 
retrieved with the SVD, due to missing non-vegetation reference surfaces. 
 

6.1.1 Anthropogenic, agricultural area around Jülich 

 

Figure 27: True colour image (R: 156, G: 105, B: 51) of the anthropogenic area around Jülich (large 
TR32 map). Data were recorded on 2 July 2015 with a pixel resolution of 2.5 x 2.5 m. 
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Figure 28: Maps of the anthropogenic, agricultural area around Jülich (TR32 map) showing different 
vegetation indices: MERIS terrestrial chlorophyll index (MTCI) (A); red-edge Normalized Difference 
Vegetation Index (NDVIre) (B); Transformed Chlorophyll Absorption Reflectance Index (TCARI) (C); 
Normalized Difference Vegetation Index (NDVI) (D); Simple Ratio (SR) (E); Enhanced Vegetation 
Index (EVI) (F); Photochemical Reflectance Index (PRI) (G); canopy Photochemical Reflectance 
Index (cPRI) (H) and Water Band Index (WBI) (I). Data were recorded on 2 July 2015. 
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Figure 29: True colour image (R: 156, G: 105, B: 51) of the anthropogenic area around Selhausen. 
Data were recorded on 30 June 2015 with a pixel resolution of 1 x 1 m. 
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Figure 30: Maps of the anthropogenic, agricultural area around Selhausen showing different 
selected vegetation indices: MERIS terrestrial chlorophyll index (MTCI) (A); Normalized Difference 
Vegetation Index (NDVI) (B); Transformed Chlorophyll Absorption in Reflectance Index (TCARI) (C); 
Simple Ratio (SR) (D); Enhanced Vegetation Index (EVI) (E); Red-Edge Normalized Difference 
Vegetation Index (NDVIre) (F); Photochemical Reflectance Index (PRI) (G); canopy Photochemical 
Reflectance Index (cPRI) (H); fluorescence at 687 nm (F687) (I) and fluorescence at 760 nm (F760) (J) 
calculated with the iFLD method. Data were recorded on 30 June 2015. 
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6.1.2 Agricultural research campus Klein-Altendorf 
 
 
 

 

Figure 31: True colour image (R: 156, G: 105, B: 51) of the agricultural research Campus Klein-
Altendorf. Data were recorded on 2 July 2015 with a pixel resolution of 1 x 1 m. 
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Figure 32: Maps of the agricultural research campus Klein-Altendorf showing different selected 
vegetation indices: MERIS terrestrial chlorophyll index (MTCI) (A); Normalized Difference 
Vegetation Index (NDVI) (B); Transformed Chlorophyll Absorption in Reflectance Index (TCARI) (C); 
Simple Ratio (SR) (D); Enhanced Vegetation Index (EVI) (E); Red-Edge Normalized Difference 
Vegetation Index (NDVIre) (F); Photochemical Reflectance Index (PRI) (G); canopy Photochemical 
Reflectance Index (cPRI) (H); fluorescence at 687 nm (F687) (I) and fluorescence at 760 nm (F760) (J) 
calculated with the i-FLD method. Data were recorded on 02 July 2015. 
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6.1.3 SWAMP peatland site  
 
 
 

 

Figure 33: True colour image (R: 156, G: 105, B: 51) of the natural peatland area. Data were recorded 
on 11 July 2015, during the Swamp summer school in Poland with a pixel resolution of 1 x 1. 
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Figure 34: Maps of the petland area of the SWAMP summerschool showing different selected 
vegetation indices: MERIS terrestrial chlorophyll index (MTCI) (A); Normalized Difference 
Vegetation Index (NDVI) (B); Transformed Chlorophyll Absorption in Reflectance Index (TCARI) (C); 
Simple Ratio (SR) (D); Enhanced Vegetation Index (EVI) (E); Red-Edge Normalized Difference 
Vegetation Index (NDVIre) (F); Photochemical Reflectance Index (PRI) (G); canopy Photochemical 
Reflectance Index (cPRI) (H); fluorescence at 690 nm (F690) (I) and fluorescence at 740 nm (F740) (J) 
calculated with the SVD method. Data were recorded on 11 July 2015. 
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6.2 Fluorescence maps evaluation 
 

6.2.1 Improvements in forward modelling for SFM 
 
The fluorescence maps at O2-A and O2-B bands computed by using the novel and improved version of the 
Spectral Fitting method are reported and discussed in the following sections. The retrieval algorithm 
includes two main modules: i) the atmospheric forward propagation (sometimes referred to as “atmospheric 
correction”); and ii) surface reflected and fluorescence radiance decoupling. The retrieval algorithm has 
been tested on a number of HyPlant flight-lines, namely “core-dataset”, selected within the extensive 
dataset collected during the airborne campaign. The flight lines were mainly selected on the rationale of 
two main scientific objects of the campaign: the “Heat Wave” (HW) and the “Virtual Cloud” (VC) 
experiments. However, the core dataset also represents an important testing-bench to assess the overall 
retrieval algorithm performances because imageries selected were collected in various locations (Germany 
and Poland), characterized by different types of plant canopy (crops and natural vegetation), during different 
days and different atmospheric conditions. Table 21 gives an overview of the flight-lines selected as core-
dataset and processed by Spectral Fitting method. 
 

Table 21: List of HyPlant FLUO flight-lines in the core-dataset to evaluate the SFM. 

Flight line ID Day Local 
Time 

Location, 
line 

Land cover 
types 

Scientific 
Experiment 

20150630-SOY-
1551-0350-L9-W 

JUN30-
1551-L9 

June 
30th

15:51 Germany, 
L9

crops, bare 
soil, roads 

Heat Wave 

20150702-SOY-
1516-0350-L9-W 

JUL02-
1516-L9 

July 
2nd  

15:16 Germany, 
L9 

crops, bare 
soil, roads 

Heat Wave 

20150630-SOY-
1536-0350-L6-N 

JUN30-
1536-L6 

June 
30th

15:36 Germany, 
L6

crops, bare 
soil, roads 

Virtual Cloud 

20150701-SOY-
1514-0350-L10-N 

JUL01-
1514-L10 

July 
1th 

15:14 Germany, 
L10 

crops, bare 
soil, roads 

Virtual Cloud 

20150711-SWA-
1355-0350-L4-S 

JUL11-
1355-L4 

July 
2nd  

13:55 Poland,  
L4 

grassland, 
forest 

Virtual Cloud 

 
A first evaluation of the retrieval algorithm performance has been carried on HyPlant radiometrically and 
spectrally calibrated imagery, according to the standard instrument processing chain. Although previous 
reports have shown the relevant impact of instrument Point Spread Function (PSF) onto final fluorescence 
map products, the PSF deconvolution algorithm is still under development and refinement. In fact, the 
current deconvolution technique implemented for HyPlant introduces an elevated level of noise, especially 
at the O2-B band. Therefore, in first instance, the Spectral Fitting technique was applied on not deconvolved 
imagery, but following sections discuss benefits and limitation introduced by the deconvolution algorithm. 
The first important achievement during the data processing study concerned the improvements in the 
forward atmospheric radiative transfer module. The atmospheric model inputs are derived from sun-
photometer measurements collected during the airborne surveys. The accurate knowledge of these 
parameters related to scattering (aerosol load, type and vertical distribution) and gaseous absorption is 
essential to retrieve accurate fluorescence maps at the oxygen bands. The direct comparison of ground-
truth values and airborne fluorescence map is the preferred way to have an overall assessment of the entire 
airborne processing chain: from in-flight characterization (SpecCal), trough atmospheric correction and the 
final fluorescence map. However, there are intermediate products from the processing chain that can be 
analysed to gain information on specific modules.  
One way involves the evaluation of atmospheric model input parameters used in MODTRAN to process 
HyPlant imagery through the comparison of modelled irradiance at ground level against field spectroscopy 
measurements. The t-14 atmospheric functions can be combined not only to simulate the at-sensor the 
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radiance spectrum, but it can be modified to compute the irradiance spectrum at ground. As an example, 
Figure 35 shows a comparison between the theoretical spectrum simulated by the atmospheric model and 
the field spectroscopy observations in the VNIR. 
 

 

Figure 35: Comparison of downward radiance spectrum computed by the atmospheric RT 
simulations at 0.1 cm-1 resolution (grey line) against simultaneous ground-based spectral 
measurements collected on a calibrated White Reference panel by VNIR Ocean Optics spectrometer 
(FWHM = 1 nm). The input parameters of MODTRAN are those used to process the HyPlant imagery. 

 
There are other indicators that can be analysed to assess the consistency of the fluorescence retrieval 
based on the Spectral Fitting approach. One of the most important steps in the fluorescence retrieval from 
airborne and satellite instruments concerns the convolution of high spectral resolution radiance simulations 
to actual instrument spectral bands. It is a critical module in the retrieval algorithm considering the very high 
spectral resolution required to detect fluorescence. Notwithstanding these parameters are regularly 
characterized in laboratory before (after) airborne surveys, a further in-flight characterization is required for 
retrieving fluorescence because even slight changes may introduce relevant errors. Furthermore, the 
vicarious approach allows to account for variations that can occur during typical airborne operations such 
as mechanical shocks (take-off/landing), effects related to the atmospheric pressure during high flight 
measurements or sensor drift due to its natural aging. The variation of these parameters in the spatial 
direction of the sensor (image columns) must be also characterized to obtain accurate fluorescence values. 
Figure 36 shows the FWHM and spectral shift (SS), for the O2-A and O2-B bands, retrieved from the different 
imageries of the core-dataset. Values estimated from the different imageries show similar behaviour in the 
across-track direction of the image (spatial direction of the CCD), lower values were found in the middle of 
the sensor and slightly larger values at the edges. This behaviour could be addressed at two different effect: 
i) usually, the optical path alignment is optimized for the centre of the instrument; ii) the current retrieval 
algorithm does not include yet the correction for the different viewing angles, therefore larger values can 
occur for the off-nadir pixels. However, the overall results gained for different flight lines show a very good 
agreement for both FWHM and SS. This result raises from three main reasons: i) HyPlant spectral stability; 
ii) SpecCal algorithm consistency on different flight-lines; iii) good characterization of atmospheric 
parameters (i.e., O2 band depth). 
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Figure 36: Full Width at Half Maximum (FWHM) and spectral shift (SS), for O2-A and O2-B bands, 
along the imagery across-track direction (image columns) estimated during in-flight conditions 
(SpecCal). The lines colours refer to the different flight-lines in the core-dataset. 

Although the analysis of intermediate products has suggested meaningful agreement in terms of irradiance 
at ground level and in-flight spectral parameters retrieved for different flight-lines, the final evaluation of the 
retrieval algorithm involves the final fluorescence maps. An example of the results achieved on the HyPlant 
imagery 20150630-SOY-1551-0350-L9-W-FLUO_radiance.dat collected on June 30th at 15:51 local time is 
reported in Figure 37. The overall magnitude of SIF values is almost close to the expected values for both 
the oxygen absorption bands 0-2.5 mW m-2sr-1nm-1, probably fluorescence values are slightly 
overestimated considering that imagery was collected in the late afternoon. However, the current result 
suggests that relevant improvements have been done regarding the atmospheric correction module within 
the Spectral Fitting retrieval algorithm for HyPlant. The overall spatial patterns within the image are 
meaningful: vegetation show larger fluorescence values, while roads and bare soils have lower values, 
close to zero. In average, healthy and dense agricultural fields have maximum fluorescence values in the 
range between 1.8-2.5 mW m-2sr-1nm-1 at O2-A band and 1.4-2.0 mW m-2sr-1nm-1 at O2-B band. Other fields 
with lower biomass amount have slightly lower fluorescence values that range 1.0-1.7 and 0.9-1.5 mW m-

2sr-1nm-1 for far-red and red fluorescence respectively. The spatial behaviour of the far-red fluorescence 
map looks sharp (low noise) and even small geometric features can be clearly observed, for example roads 
are well defined as well as small paths inside agricultural crops fields. The red fluorescence retrieved at the 
O2-B band shows a higher level of noise, in fact values of homogeneous fields appear more scattered 
around the average value than the far-red fluorescence. The higher noise level introduces difficulties in 
discriminating small geometric features such as transitions between crops field and roads. It remains some 
issues concerning the retrieval at O2-B, in fact high fluorescence values were found in some case for bare 
soils and roads. It must be noted that the fluorescence values over the water body in the middle of the 
image must not be considered because the current version of Spectral Fitting is not optimized to for water. 
Therefore, the fluorescence retrieval technique for water targets shall be investigated in future studies. 
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Figure 37: Fluorescence map based on Spectral Fitting Methods from HyPlant imagery 20150630-
SOY-1551-0350-L9-W-FLUO_radiance collected on June 30th at 15:51 local time (Heat Wave 
experiment). (A) false colour composite (R: 787 G: 125 B: 58); (B) far-red fluorescence map at O2-A 
(761 nm); (C) red fluorescence map at O2-B (687 nm); (D) and € horizontal spatial profile (west to 
east) of far-red and red fluorescence respectively1. 

 
Spectral Fitting methods have been further applied on the HyPlant imagery collected in the same 
experimental area two days later, on July 2nd. The fluorescence maps retrieved are shown in Figure 38. 
The general behaviour reflects the considerations already drawn for June 30th imagery. Although, the 
fluorescence values retrieved at both O2-A and O2-B bands are slightly higher than expected for the O2-A 
band, in fact the largest values obtained on high biomass crops fields show values between 3.0-4.0 mW m-

2sr-1nm-1. The larger fluorescence values retrieved do not completely surprise because the imagery has 
been recorded almost 40 minutes earlier than June 30th (15:16 local time). It means that illumination level 
is higher and larger fluorescence values could be expected. On the other side, left side of the image shows 
some shadows probably caused by clouds. We do not expect completely clear-sky and extremely stable 
illumination conditions during this flight-line recording, therefore potential uncertainties in the modelling of 
atmospheric radiative transfer could occur in this situation. 
 

                                                     
1 Note that the fluorescence values derived from the SFM are stored and displayed as SIF*100 [mW/m2/sr/nm]. 
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Figure 38: Fluorescence maps (scaled by factor 102) based on Spectral Fitting Methods from 
HyPlant imagery 20150702-SOY-1516-0350-L9-W-FLUO collected on July 2nd at 15:15 local time 
(Heat Wave experiment). (A) false colour composite (R: 787 G: 125 B: 58); (B) far-red fluorescence 
map at O2-A (761 nm); (C) red fluorescence map at O2-B (687 nm); (D) and (E) horizontal spatial 
profile (west to east) of far-red and red fluorescence respectively. 

Similar results were observed for all the core dataset flight lines processed and analysed, the fluorescence 
maps and spatial transects from imageries collected for the virtual cloud experiment are shown in Figure 
39 -Figure 41. 
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Figure 39: Imagery 20150630-SOY-1536-0350-L6-N collected on June 30th at 15:36 local time (virtual 
cloud experiment). (A) false colour composite (R: 787 G: 125 B: 58); (B) far-red fluorescence at O2-
A (760 nm); (C) red fluorescence at O2-B (687 nm); (D) and (E) vertical profile (north to south - red 
line in (B) and (C)) of far-red and red fluorescence respectively. 
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Figure 40: Imagery 20150701-SOY-1514-0350-L10-N collected on July 1st at 15:14 local time (virtual 
cloud experiment). (A) false colour composite (R: 787 G: 125 B: 58); (B) far-red fluorescence at O2-
A (760 nm); (C) red fluorescence at O2-B (687 nm); (D) and (E) vertical profile (north to south - red 
line in (B) and (C)) of far-red and red fluorescence respectively. 
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Figure 41: Imagery 20150711-SWA-1355-0350-L4-S collected on July 11th at 13:55 local time (virtual 
cloud experiment). (A) false colour composite (R: 787 G: 125 B: 58); (B) far-red fluorescence at O2-
A (760 nm); (C) red fluorescence at O2-B (687 nm); (D) and € vertical profile (north to south - red line 
in (B) and (C)) of far-red and red fluorescence respectively. 

A more detailed view of the fluorescence maps computed for different crop and forest trees canopies 
observed during the campaign are shown in Figure 42 and Figure 43 respectively. Figure 42 shows part of 
the research station Campus Klein-Altendorf (CKA) test site, this subset was selected because the scene 
is highly fragmented, characterized by several small crops fields and small experimental parcels. This 
characteristic permits a better understanding about spatial consistency of the fluorescence maps produced, 
such as the capability of observing the different crops, parcels etc. The fluorescence map at O2-A shows a 
very high capability of observing all the different geometric features in the image and even the small parcels 
and raw within the field can be clearly observed and appear almost as sharp as in the false colour 
composite. The map retrieved at the O2-B band appears noisier, but no smearing effect is visible. In fact 
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the major features can still be detected (roads and crop fields) and most of the single plot design 
experiments are also clearly visible in the red fluorescence map. However, sometimes small feature cannot 
be observed because masked by the noise. 
 

 

Figure 42: Detail of flight line 20150630-SOY-1536-0350-L6-N collected on June 30th over an 
agricultural area in Germany: left-panel shows the false-colour composite; middle panel the far-red 
fluorescence at 760 nm; the right panel red fluorescence at 687 nm. 

The evaluation of fluorescence map spatial behaviour of forest (Figure 43) is more difficult, due to the 
complex canopy structure and spatial heterogeneity. Generally, the clearing areas and non-vegetated 
pixels show an overall low fluorescence, as well the shadowed parts of the forest canopy. It remains some 
specific areas in the red fluorescence map that show large fluorescence values for bare soils (i.e. bottom 
right of the O2-B map). This behaviour will be further investigated in the following section related to the PSF 
deconvolution algorithm. 
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Figure 43: Detail of flight line 20150711-SWA-1355-0350-L4-S collected on July 11th over a natural 
forest and grassland area in Poland: left-panel shows the false-colour composite; middle panel the 
far-red fluorescence at 760 nm; the right panel red fluorescence at 687 nm. 

The general range of fluorescence values of the five core flight lines fall in the expected range of 0-3 mW 
m-2sr-1nm-1 in most of the cases. It is a very important result for the retrieval algorithm considering that the 
five imageries were collected in various places, different days and different time of the day. Of course, a 
more detailed analysis could be further developed considering values distributions for specific land covers 
classes (vegetation and bare soils, or different types of canopy), the actual illumination condition (i.e. time 
of the day), and many other parameters known to affect fluorescence.  
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6.2.2 Comparison of not deconvolved and deconvolved imagery 
 
One of the issues in processing high-resolution spectroscopy imageries collected by HyPlant, concerns the 
instrument Point-Spread-Function (PSF). It is an intrinsic instrumental effect caused by the real behaviour 
of lenses and other optics elements in the spectrograph. This effect can be neglected for most of the 
application based on typical hyperspectral data (FWHM > 1 nm). Conversely, it plays a relevant role in very 
high-resolution spectroscopy imagery (FWHM 0.3 nm) required for the fluorescence retrieval. The PSF 
effect entails that signal detected from a specific CCD pixel is affected by surrounding pixels, in both spatial 
and spectral direction of the camera. It results that sharp-edges within the image scene (edges of fields, 
roads etc.) appear blurred and the transition of the signal is not sharp. The PSF affects also the imagery 
spectral domain, modifying the magnitude of the radiance at the different wavelengths. It is particularly 
relevant in case of strong absorption features i.e., sharp change of the radiance, such as the O2 bands 
exploited in the fluorescence retrieval based on Spectral Fitting technique. There are a number of general-
purpose deconvolution algorithm that aim to correct PSF effect. However, most of the deconvolution 
algorithm available were not specifically developed for hyperspectral imagery (i.e. 3-dimensional data), in 
fact most of them exploit the spatial information neglecting the coherence with spectral domain. Currently, 
a deconvolution algorithm has been included in the HyPlant pre-processing chain, but the performances of 
the module are still under evaluation. In particular, the algorithm employed is based on the iterative Van-
Citter approach and the current set-up considers only a single iteration to limit the amount of noise 
introduced by the deconvolution algorithm. Hence, further investigations are needed to better understand 
the PSF deconvolution algorithm performance implemented in HyPlant pre-processing chain, in particular 
in relation with the Spectral Fitting retrieval. It is an important topic trying to understand the uncertainties 
introduced in the final product by the different steps of the processing chain, either the PSF deconvolution 
or the fluorescence retrieval. 
This section reports the fluorescence maps by Spectral Fitting method calculated from two different input 
HyPlant imagery: i) not deconvolved; ii) deconvolved; imagery. The Figure 44 summarizes typical 
performance of the deconvolution algorithm on the fluorescence map at O2-A band: the general spatial 
behaviours of the two imageries do not show evident differences, but it can be observer an overall slight 
increase of salt-and-pepper noise. On the other hand, the fluorescence absolute values after the 
deconvolution process are lower, the difference can be up to 1 mW m-2sr-1nm-1 (Figure 44, C/D). This 
result is in line with other studies and it confirms that the filling-in effect caused by instrumental PSF 
increases the overall level of fluorescence. 
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Figure 44: Flight-line 20150630-SOY-1551-0350-L9-W-FLUO (A) - Fluorescence maps at 760 nm 
derived by Spectral Fitting calculated from not deconvolved (B) and deconvolved (C) HyPlant 
imagery. The fluorescence values along the horizontal spatial transect are compared in (D), and the 
absolute difference in (E). 

 

Different results were obtained for the red fluorescence retrieved at O2-B band, in fact deconvolution 
algorithm introduces relevant improvements of the image spatial patterns. For example, left side of Figure 
45 shows how the fluorescence retrieved in correspondence of the t-shape crossroad have large values 
when not deconvolved imagery is used, while it is completely black (i.e. fluorescence almost zero) after 
deconvolution. Similar behaviour occurs in the right side of the image, in which some small regularly 
distributed patches/plots patterns of bare soils within the agricultural fields, appear brighter for the not 
deconvolved imagery and black after deconvolution. This behaviour did not appear for the O2-A band 
retrievals and seems specific for the O2-B band. This is explained by the fact that PSF affects differently 
O2-A and O2-B band because the spectrum is different in each region. The outer bands (shoulders) of 
vegetation are high and soil are generally lower at O2-A; whereas in O2-B veg are low in case of vegetation 
and soil are high. However, as already observed at O2-A band, the fluorescence values have an overall 
lower value after deconvolution. Similarly, the deconvolution algorithm introduces noise in the final product, 
but in the case of O2-B band the noise level introduced seems much larger than O2-A band. In general, 
there is a large number of pixels in which fluorescence has been not retrieved because pixel did not satisfy 
the internal data-quality check implemented in the Spectral fitting. These pixels, flagged with value = 0, are 
caused by the combined effect of very low fluorescence signal and the large amount of noise introduced by 
deconvolution algorithm.  
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Figure 45: Flight-line 20150630-SOY-1551-0350-L9-W-FLUO (A) - Fluorescence maps at 687 nm 
derived by Spectral Fitting calculated from not deconvolved (B) and deconvolved (C) HyPlant 
imagery. The fluorescence values along the horizontal spatial transect are compared in D, and the 
absolute difference in E. 

 

The results suggest that deconvolution algorithm must be applied to HyPlant imagery in order to obtain 
reliable fluorescence maps, otherwise strange and unwanted behaviours may occur especially on non-
vegetated pixels. On the other hand, the current PSF deconvolution algorithm module introduces a 
significant level of noise, especially at the O2-B band. Currently, the fluorescence maps at O2-B obtained 
after deconvolution does not show a nice-looking behaviour, but the spatial patterns and intensity levels 
are much more meaningful. Therefore, further developments are needed in improving this module. 
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6.2.3 Fluorescence diurnal cycle processing experiment 
 
Additional evaluation of the atmospheric forward RT and PSF deconvolution algorithm has been further 
carried out in the Diurnal Cycle Processing experiment described in this section. The aim of the test was to 
understand whether the current retrieval algorithm can reconstruct the fluorescence diurnal cycle. In fact, it 
is well documented in literature that absolute fluorescence radiance shows a bell-shape curve during typical 
clear-sky days, characterized by maximum value at noon and increasing/decreasing trends during 
morning/afternoon respectively. The capability of observing the fluorescence diurnal cycle is very relevant 
because several plant functioning analyses/studies rely on the diurnal curse fluorescence response. 
The HyPlant L6 flight line, centred on the campaign experimental fields in Germany, was recorded on June 
30th six times along the day. As listed in Table 22, two imageries were collected in the morning with about 
10 minutes lag, two around noon and two in the afternoon. 
 

Table 22: List of HyPlant L6 imageries collected on June 30th at various times of the day 
(morning/noon/afternoon) and processed for the diurnal cycle experiment. 

ID File name Local time Cycle  
1 20150630-SOY-1034-0350-L6-N 10:34 Morning 
2 20150630-SOY-1045-0350-L6-N 10:45 Morning 
3 20150630-SOY-1333-0350-L6-N 13:33 Noon  
4 20150630-SOY-1344-0350-L6-N 13:44 Noon  
5 20150630-SOY-1536-0350-L6-N 15:36 Afternoon
6 20150630-SOY-1546-0350-L6-N 15:46 Afternoon

 
The atmospheric model input parameters were derived from corresponding sunphotometer measurements, 
the values used to process HyPlant imageries are reported in Table 23 The parameters have a consistent 
behaviour across the day, showing slight changes of AOT and water vapour from morning to noon and then 
in the afternoon. This is also justified by the fact that atmospheric parameters of paired imageries (morning, 
noon and afternoon) have similar values. 
 

Table 23: List of atmospheric parameters used to process six flight lines collected at the different 
time of the day. * MODEL=2 corresponds to Mid-Latitude Summer; ** IHAZE=1 rural aerosol model. 

Atmospheric Parameters  Flight-line 
(local time) 

 10:34 10:45 13:33 13:44 15:36 15:46 
AOT550 0.21246 0.2397 0.19446 0.18424 0.12946 0.14221 
GNDALT 0.173 0.173 0.173 0.173 0.173 0.173 
H1 0.350 0.350 0.350 0.350 0.350 0.350 
SPR  999 999 998 999 998 998 
MODEL* 2 2 2 2 2 2 
IHAZE 1 1 1 1 1 1 
ASTMX 1.3949 1.1794 0.95903 1.1107 1.0775 0.84771 
G -- -- -- -- -- -- 
H2OSTR 1.6791 1.7617 1.6022 1.6446 1.4295 1.3733 
TPTEMP 295.35 295.55 298.65 298.85 299.25 299.55 
SZA 44.3 42.7 27.4 27.5 36.1 37.8 

 
The Figure 46 shows false-colour composites of the six imageries collected by HyPlant, useful as reference 
for the successive understanding and evaluation of fluorescence maps. The Spectral Fitting retrieval 
algorithm was used to process the diurnal course dataset on both not deconvolved and deconvolved 
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imageries. An overall view of the fluorescence maps retrieved at O2-A and O2-B bands from not 
deconvolved imageries is depicted in Figure 47 and Figure 48 respectively. The maps retrieved at O2-A 
band (Figure 47) have consistent spatial patterns that well represent the different land cover types within 
the image such as crops field (higher fluorescence) bare soils and other non-fluorescence targets 
(fluorescence close to 0). Lower values were found in the morning, larger values at noon and halfway values 
in the afternoon (in agreement with the SZA values). Similar diurnal trend has been detected for the O2-B 
band, but the square bare soil field almost in the middle of the image clearly shows an inconsistent 
behaviour at noon (high fluorescence values). 
 

 

Figure 46: False-colour composite representation of the six flight lines 
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Figure 47: Far-red fluorescence maps retrieved at O2-A band for the six different HyPlant imagery 
L6 (same stretching applied). 

 

 

Figure 48: Red fluorescence maps retrieved at O2-B band for the six different HyPlant imagery L6 
(same stretching) 

 
The Spectral Fitting approach was further applied on deconvolved imageries and, the fluorescence maps 
were compared with those previously obtained from not deconvolved imageries. A small subset of the flight 
lines centred in a specific area characterized by dense crop canopy (high fluorescence), a different crop 
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(medium fluorescence) and bare soil (zero fluorescence) are depicted in Figure 49 and Figure 50 for O2-A 
and O2-B band. The fluorescence values distribution of the three selected ROIs follow the behaviour 
previously discussed, but bare soil has unexpected large fluorescence values for the imageries collected 
at noon (high radiance level) that it is even larger than the vegetated pixels for O2-B. Such behaviour is 
corrected by the deconvolution algorithm. 
 

 

Figure 49: Fluorescence maps at 760 nm computed from not deconvolved (upper) and deconvolved 
(bottom) HyPlant imageries. The fluorescence values distributions of three ROIs representing 
dense vegetation (red), vegetation (blue) and bare soil (green) are depicted below the respective 
SIF maps. 
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Figure 50: Fluorescence maps at 687 nm computed from not deconvolved (upper) and deconvolved 
(bottom) HyPlant imageries. The fluorescence values distributions of three ROIs representing 
dense vegetation (red), vegetation (blue) and bare soil (green) are depicted below the respective 
SIF maps. 

A final analysis of the diurnal course processing experiment is summarized in Figure 51. The fluorescence 
computed from not deconvolved imageries have in general larger values up to 4-5 mW m-2sr-1nm-1 at O2-A 
and up to 2 mW m-2sr-1nm-1 at O2-B which are slightly higher compared to most of the ground based 
measurements. On the contrary the values computed from deconvolved imageries appear much more in 
the range expected up to 2.5 mW m-2sr-1nm-1 and 1.7 mW m-2sr-1nm-1 for O2-A and O2-B respectively. 
However, the most important outcome regards the analysis of relative values across the day. In fact, in the 
case of not deconvolved imageries the far-red fluorescence computed from the flight line collected 15:36 
has lower values than those obtained from the flight line at 15:46. This result is unexpected considering the 
general fluorescence decreasing trend during the afternoon. Conversely, it can be observed that diurnal 
cycle values obtained from deconvolved imageries is much more meaningful: first image collected at 10:34 
has the lowest values, the second image collected few minutes later at 10:45 has slightly larger values (due 
to the increase of solar illumination during the morning), the imageries at noon have the largest values and 
finally the paired images acquired in the afternoon show similar values that are in between morning and 
noon (consistently with SZA values of different flight lines). A very similar behaviour was found also for the 
red fluorescence. 
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Figure 51: Distribution of fluorescence values for dense vegetation (red ROI in Figure 16 and 17) at 
O2-A (left: A, C) and O2-B (right: B, D) from not deconvolved (upper: A, B) and deconvolved (bottom: 
C, D) imageries. The colours represent the different time of the day: morning (blue), noon (red) and 
afternoon (green) as detailed by text boxes. 

 
 
 
 
 
 
 
 
 
 
 
  



 

Doc.:  Final Report 
Date:  30-10-2017 Issue:  1 Revision:  0 
Ref.:  ESA Contract No. 
4000107143/12/NL/FF/If CCN3 

Page:  83 / 156 

 
 

6.2.4 Comparison of SFM and iFLD in an agricultural area 
 
In this chapter red and far-red fluorescence maps retrieved from deconvoluted at sensor radiances with the 
SFM (Figure 52; F687_SFM and F760_SFM) and the iFLD (Figure 52; F687_iFLD and F760_iFLD) method (see 
chapter 4.1.1.3 for detailed description of both methods) are compared. Flight line 20150630-SOY-1551-
0350-L9-W-FLUO was used for the comparison, as it covers different agricultural crops at the Campus 
Klein-Altendorf.  
 

 

Figure 52: True colour image, red fluorescence at 687 nm (F687), and far-red fluorescence at 760 nm 
(F760) retrieved using the improved Fraunhofer Line Discrimination (iFLD) and the Spectral Fitting 
Method (SFM) respectively. Flight line was recorded on 30 June 2015. 

 
Far-red fluorescence values of the iFLD method are in general higher than the F760 values of the SFM. They 
show values up to 2.5-3 mW m-2 sr-1 nm-1, but only up to 1.5-2.0 mW m-2 sr-1 nm-1 for the SFM. For dense 
green vegetation, the red-fluorescence values range around zero to 1 and 1.5 mW m-2 sr-1 nm-1 
respectively, (Figure 52). For both methods the noise of the fluorescence maps in the O2-B band is higher 
than in the O2-A band. However, it must be kept in mind, that the F687 map retrieved by the SFM contains 
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a large number of pixels in which fluorescence was not retrieved because the pixels did not pass the data-
quality check implemented in the SFM retrieval algorithm, due to very low fluorescence signal combined 
with the large amount of noise introduced by the deconvolution algorithm.  
 
 

 

Figure 53: Grey scale image of the flight line 20150630-SOY-1551-0350-L9-W. Colours indicate the 
region of interest of the different surface types, such as rapeseed, corn, barley, wheat and asphalt.  

 
 
 
Only limited ground measurements were available for the flight lines at the research campus Klein-
Altendorf. Therefore, the fluorescence maps calculated with two different methods, namely the iFLD and 
the SFM, were compared. Average and standard deviation of region of interest of different surface types 
(Figure 53), were calculated for the red fluorescence at 687nm (F687) and the far-red fluorescence (F760). In 
addition, the available ground measurement from sugar beet was included in the analyses. The ROI of 
sugar beet was drawn on additional flight line, covering the sugar beet field (Image not shown). The results 
are shown in Figure 54 and Figure 55 respectively. Red and far-red fluorescence values of the SFM are in 
general lower of equivalent to the values of the iFLD method (Figure 54 and Figure 55). An exception is the 
F760_SFM of sugar beet, which is 3.36 ± 0.43 mW/m2/sr/nm and therefor significantly higher than the ground 
measurements (2.43 ± 0.23 mW/m2/sr/nm) and the F760 from the IFLD method (2.59 ± 0.26 mW/m2/sr/nm). 
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Figure 54: Fluorescence at 687nm (F687) derived from the iFLD and the SFM. Average and standard 
deviation of different surface types derived from different region of interests are presented. Pixels 
with 0 values were not included. 

 

 

Figure 55: Fluorescence at 760nm (F760) derived from the iFLD and the SFM. Average and standard 
deviation of different surface types derived from different region of interests are presented. Pixels 
with 0 values were not included. 
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6.2.5 Comparison of SVD, iFLD, and SFM using ground reference data 
 
The core flight line Swamp summer school (20150711-SWA-1355-0350-L4-S-FLUO) is used for 
comparison of the different retrieval method with measured reference ground measurements the ground 
validation. During the Swamp summer school, hyperspectral reference ground measurements were taken 
in parallel to the second HyPlant overpass at different plots within the peatland area (Figure 26, Table 35, 
and Table 33). Both the ground reference measurements and the HyPlant based retrievals showed a very 
low signal in the O2-B band,. Indeed, these values are not totally surprising, since the investigated 
environment is extremely challenging from a remote sensing point of view. The background was always 
damp and in some cases fully watered, and the vegetated target was often mainly composed by mosses 
and peat mosses. In these conditions F687 proved to be extremely challenging to retrieve from both airborne 
and ground based measurements. Therefore, only the O2-A band fluorescence values are compared in the 
following.  
For each plot given in Table 35 and Table 33 a Region of Interest (ROI) of 8 pixels was defined in the 
HyPlant image (Figure 56). Average and standard deviation of each ROI is compared to the available 
ground reference fluorescence measurements at 760 nm. 
 
 
 
 
 

 

Figure 56: Top of canopy reflectance of the flight line 20150711-SWA-1355-0350-L4-S displaced as 
grey scale. Region of interest corresponding to the ground reference points V1-V4 and G1-G5- 
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Comparison of SVD and SFM 
 
Both methods, SVD and SFM, were used to derive the red and far-red fluorescence maps of the natural 
peatland (Figure 57). The fluorescence values of the SVD method give the fluorescence at 690 nm (F690) 
and at 740 nm (F740), while the fluorescence values of the SFM given the values at 687nm (F687) and at 760 
nm( F760). The red fluorescence ranges from 0 to 1 mW/m2/sr/nm for both methods (Figure 57). However, 
the value range of the far-red fluorescence from the SVD maps is wider (0-4 mW/m2/sr/nm than for the F760 
values of the SFM (0-1.5 mW/m2/sr/nm).  
 
Only the far-red fluorescence values can be compared to the ground reference measurements. The 
fluorescence signal received from the natural grassland was low and sometimes even produced negative 
values. Therefore, the red fluorescence was excluded for further analyses (see also chapter 6.6.2). 
Compared to the ground reference measurements F740 values derived from the SVD method are 
overestimated. One reason might be that the F40 are in general high than the F760 values, as they are at 
the far-red fluorescence peak. The correlation of the ground and SVD fluorescence values show a R2 = 
0.82, which is slightly better than the correlation coefficient between the ground and fluorescence 
measurements of the SFM (R2 = 0.80). However, it must be noted that in general the F760 values from the 
SFM fit the ground measurements as they are in the same value range and can be described with a linear 
correlation. 
 
 
 
 
 

 

Figure 57: Maps of top-of-canopy reflectance, red and far-red fluorescence values from HyPlant 
data recorded on 11 July 2015 above the peatland area of the Swamp summer school in Poland. 
Fluorescence maps were retrieved using the Singular Vector Decomposition (SVD) and the Spectral 
Fitting Method (SFM).  
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Figure 58: Relation between far red fluorescence measurements collected over different grassland 
species of the peatland area collected from ground and HyPlant measurements during the SWAMP 
summer school in Poland on 11 July 2015. Fluorescence values were retrieved from airborne data 
using the SVD and SFM and present an average ± standard deviation of 8 pixels. 
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Comparison SFM and iFLD 
 
The calculation of the iFLD method of this one peatland flight line was only possible, because the flight line 
contained sufficient non-vegetation reference pixels. No further flight line of the peatland area could be 
processed. However, the location of the non-vegetation reference pixels resulted in a striping of the image, 
which is clearly visible in F760 fluorescence maps (Figure 59). The value range of the iFLD fluorescence 
maps in comparable to the ones from the SFM (Figure 59). The linear correlation between ground and 
airborne measurements is slightly worse for the iFLD method (R2 = 0.76) than for the SFM (R2 = 0.8). 
 
 

 

Figure 59: Maps of top-of-canopy reflectance, red and far-red fluorescence values from HyPlant 
data recorded on 11 July 2015 above the peatland area of the swamp summer school in Poland. 
Fluorescence maps were retrieved using the improved Fraunhofer Line Discrimination (iFLD) and 
the Spectral Fitting Method (SFM).  
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Figure 60: Relation between far-red fluorescence measurements collected over different grassland 
species of the peatland area collected from ground and HyPlant measurements during the SWAMP 
summer school in Poland on 11 July 2015. Fluorescence values were retrieved from airborne data 
using the iFLD and SFM and present an average ± standard deviation of 8 pixels 

 
 
  



 

Doc.:  Final Report 
Date:  30-10-2017 Issue:  1 Revision:  0 
Ref.:  ESA Contract No. 
4000107143/12/NL/FF/If CCN3 

Page:  91 / 156 

 
 
 

6.2.6 Concluding remarks 
 
The atmospheric forward module (atmospheric correction) has been strongly improved in the Spectral 
Fitting retrieval approach. Most of the atmospheric model inputs can be derived from sun-photometer 
measurements but we still have to evaluate the accuracy level of such ancillary values and their 
uncertainties propagation on final fluorescence products. Dedicated scripts were implemented to extract 
atmospheric inputs values from sunphotometer, the different versions consider the specific Microtops II 
instruments used during the campaign (characterized by different spectral configurations). The overall 
results show that the fluorescence maps can be retrieved with a reasonable level of accuracy, the several 
flight lines collected during different days, time of the day, types of canopy (crops and forest) in various 
locations (Germany and Poland) show fluorescence values in the expected range (0-3 mW m-2sr-1nm-1). 
The current processing code does not require user expert-knowledge to run the processing code, the 
atmospheric model input parameters are automatically extracted from sun-photometer data set and all the 
other information are internally derived from the HyPlant header and navigation file. 
The PSF deconvolution is an essential step for the fluorescence retrieval from HyPlant imagery. The main 
effect at the O2-A band is an overall reduction of fluorescence values towards more accurate values and 
there are not major effects at spatial level. Conversely, red fluorescence maps at O2-B are much noisier 
and sometimes spatial feature disappear, but the results achieved are much more meaningful. Therefore, 
further efforts must be devoted in improving the instrument PSF characterization (laboratory) and correction 
(deconvolution) to reduce the overall noise especially at O2-B band. 
There are still some limitations in the current retrieval algorithm that must be developed in further studies: 
i) the atmospheric status parameters are considered constant within the imagery, therefore potential 
changes of illumination conditions during the flight line scanning may introduces errors in the fluorescence 
maps; ii) the retrieval algorithm can be applied on flat surfaces and further developments shall include the 
topographic correction; iii) the atmospheric RT calculations uses the standard aerosol models included in 
the MODTRAN5 software that can be not enough accurate in some conditions, hence further 
implementation based on the scattering phase function (G) may improve the current results. 
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6.3 SoyFLEX experiment 

6.3.1 Experimental set-up 
 
For the planned experiment two soybean varieties from the University of Minnesota were used. MinnGold 
(MG), a chlorophyll deficient mutant which contains about one-fourth the chlorophyll of the Wild-Type (WT) 
but is suspected to have the same photosynthetic efficiency (Figure 61) (Campbell et al. 2015). 
 

 

Figure 61: Soybean mutant MinnGold (light green) and wild-type (dark green). 

 
 
The plants were grown in the greenhouse in Campus Klein-Altendorf. The pods had a volume of 2 litres 
with the dimensions 11x11x 21.6 cm. A standard horticultural potting substrate with slow release fertilizer 
(2-3 month) was used. A slow release fertilizer was added to the substrate. Required nutrient were added 
by automated fertigation. The substrate in the pods were well watered just right before planting and watering 
was applied by automated ‘Flow-and-Drain”. The temperature in the greenhouse was 20 °C minimum at 
night and 22 °C minimum during the day. The light regime in the greenhouse was monitored. If the light 
intensity in the greenhouse fell below 12 kLux grow lamps were used to insure a day length of 14 hours. 
One seed per pot was planted in a planting depth of 1-2 cm. 
The 1st batch of MinnGold (1200 pods) was planted on 27 March 2018 and the wild-type (1200 pods) was 
planted 5 days later. After normal germination seedlings developed untypical leaf symptoms. A large 
number of plant did not developed well. After an additional iron application (as Fe-EDDHA) some of the 
plants recovered, but MinnGold did not developed as well as the wild-type. 
It was decided to plant a 2nd batch. Planting started on 30 April 2015 with MinnGold (1000 pods) followed 
5 days later with wild-type (760 pods). All seeds were inoculated with Bradyrhizobium japonicum and were 
fertilized with iron to avoid symptoms of the 1st batch. Fertilizer was applied with watering of the plants. 
However, plants still developed the same symptoms but not as severe as in the 1st batch.  
Plants of both batches were sprayed regularly with an insecticide to avoid pest incidence. 
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Soybean grown in the greenhouse were subsequently planted outside to an agricultural field at Campus 
Klein-Altendorf. MinnGold was planted on 17 June 2015 and wild-type was planted two days later on 19 
June 2015. The dimension of both plots were 5 x 7 meters and distance between each plant was 20 cm in 
each direction. Plants were immediately watered after planting (Figure 62). The exact coordinates of the 
plots are given in Table 24.  
 

 

Figure 62: Field plots of MinnGold (back) and wild-type (front). Plot size was 5m x7m plots, with 
20cm space in between the plants. 

 
 

Table 24: Coordinates of the Soya plots. 

Plot Lat  Long 
Soya wild-type (WT) 50°37.359’ N 6°59.749’ E 

50°37.355’ N 6°59.750’ E 
50°37.355’ N 6°59.754’ E 
50°37.359’ N 6°59.753’ N 

Soya MinnGold (MG) 50°37.359’ N 6°59.758’ E 
50°37.356’ N 6°59.758’ E 
50°37.356’ N 6°59.764’ E 
50°37.359’ N 6°59.758’ E 
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Three gas exchange frames were inserted in the each plot on 25 June 2015 (Figure 63). 
 
 

 

Figure 63: Gas exchange frame in the MinnGold plot. No full canopy closure. 

 
As the canopy within the frames was not fully closed, further available plants in the greenhouse were 
planted outside on 29 June. Plants were planted as close together as possible to create a closed canopy 
plot which could serve as an endmember target (Figure 64).  
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Figure 64: Gas exchange frame with endmember target of MinnGold (EM2, left) and wild-type (EW2, 
right). 

 
 
Set-up of plots and location of the instrumentation during the experiment is shown in Figure 65.  
Figure 66 shows the naming of the measurement plots within the gas exchange frames. 
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Figure 65: Experimental set-up and plot design of the soybean experiment. 

 

 

Figure 66: Naming of the gas exchange frames and measurement plots. 
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6.3.2 Leaf-level reflectance and fluorescence measurements 
 
Leaf-level reflectance and fluorescence emission was measured with an ASD FieldSpec and the FluoWat 
leaf clip described in chapter 6.3.2. Three to five leaves of each soybean plot (Figure 66) were measured 
during the three days of the flight HyPlant flight campaign. Data collection with the FluoWat leaf clip 
happened before and after the HyPant flights, as the ASD was used for measuring the calibration targets 
during the overpasses. Table 10 given in overview of the acquired FluoWat measurements. 
 
 

Table 25: Date, time, number of leaves and location of the FluoWat measurements. 

Date Time (local) No. 
leaves 

Endmember Plot 3 Plot 2 Plot 1 

06/30 16:30 - 
18:15 

5 EM2/EW2  W2 W1/M1 

07/01 12:50 – 
13:50 

3 EM2/EW2   W1/M1 

07/02 14:30-16:00 3 W3/M3 W2/M2 W1/M1 
 
 
For each variety, a similar spectral signature could be found across the different plots (Figure 67). The WT 
showed higher chlorophyll content than the MG. The chlorophyll content estimated with the Normalized 
Area Over the Curve(NAOC) according to Delegido et al. 2010 shows values of NAOC=0.39 for the WR 
and NAOC=0.29 for MG. This is presented in a sharp green peak for the WT. The MG variety showed a 
wider green peak, with a higher reflectance and transmittance in the yellow and red wavelengths, providing 
the yellow-green tint of the MinnGold leaves. Therefore, the albedo in the visible spectral range is higher 
for the MG (27 %) than for the wild-type (16 %). The near-infrared part of the spectrum is similar between 
both varieties, which indicated similar composition of e.g. dry matter and water content (Figure 68). 
 
 

Figure 67: Reflectance and transmittance spectra wild-type (left) and MinnGold (right). Blue line 
present all leaves measured on plot 1 of each variety, green of plot 2 and red plot 3. 
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Figure 68: Averaged spectral reflectance and transmittance (left) and absorbance (right) of two 
soybean varieties wild-type (blue line) and MinnGold (red line)  

 
The fluorescence emission of both soybean variety showed a different shape (Figure 69, left). WT shows 
larger emission in the far-red peak, reaching 1.95 mW/m2/nm/sr; while MG only emits 1.13 mW/m2/nm/sr 
in the same far-red peak, whereas both varieties have a similar emission level in the red-fluorescence peak 
of around 1.4 mW/m2/nm/sr.  
The fluorescence yield, the emitted fluorescence normalized by absorbed photosynthetic active radiation, 
is shown in Figure 69, right. The far–red peak of the fluorescence yield is higher in the WT than in the 
MinnGold. In contrast to the total fluorescence emission, the red peak of the fluorescence yield is not the 
same for both varieties, but higher in the MinnGold mutant than in the wild-type. From the fluorescence 
yield it can be concluded that both soybean varieties have a similar fluorescence efficiencies. However, it 
is differently distributed within the emission spectrum, as the smaller chlorophyll content of MinnGold results 
in less reabsorption of red-fluorescence. 
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Figure 69: Averaged spectral emission of total sun-induced fluorescence (left) and corresponding 
fluorescence yield (fluorescence normalized by the absorbed photosynthetic active radiation) of 
the two soybean varieties wild-type (blue line) and MinnGold (red line).  

 
The upwelling and downwelling fluorescence emission of both soybean varieties is shown in Figure 70. The 
upwelling fluorescence emission shows a similar shape as the total fluorescence emission for both varieties. 
The wild-type shows a higher far-red fluorescence peak that the MinnGold, but a reversed behaviour for 
the red fluorescence peak. The downwelling fluorescence emission of MinnGold has the same shape as 
the upwelling emission with higher fluorescence values in the red peak. The downwelling emission of the 
wild-type shows higher fluorescence values in the far-red peak and for some spectra the emission in the 
red is so low, that no red peak signal is visible, due to the reabsorption of the red fluorescence in the wild-
type. 
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Figure 70: Contribution of the upwelling (left) and downwelling (right) fluorescence of wild-type 
(upper panel) and MinnGold (lower panel) leaves illuminated by sunlight from the top. Blue line 
indicated leaves measured in plot 1, green represents plot 2, and red plot 3. 
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6.3.3 Fluspect-B modelling based on leaf-level fluorescence and reflectance 

measurements  
 
A second series of measurement sequences on 66 leaves of healthy plants was taken with the FluoWat 
leaf clip and ASD spectrometer on 20 and 21 August 2015 (33 leaves of each variety). With the data of 
these measurements, the differences between the two Soybean varieties in terms of leaf properties and 
fluorescence signature were analysed.  
This analysis was carried out with the leaf radiative transfer model Fluspect-B (Vilfan et al, 2015). Fluspect-
B model represents the leaf in a similar way as the well-known model PROSPECT, but it has the additional 
capability to simulate chlorophyll fluorescence in both backward and forward direction, and it is therefore 
suitable for the analysing FluoWat leaf clip measurements. Causal relationships between the fluorescence 
spectrum and underlying parameters (chlorophyll concentration, mesophyll structure) and processes 
(emission and reabsorption) of the two Soybean varieties could be quantified by means of the model. 
First, the PROSPECT-D parameters (Féret et al, 2017) of each of the 66 sampled Soybean leaves were 
retrieved by tuning the model to measured reflectance and transmittance spectra of each leaves. This 
analysis showed that only the chlorophyll content different substantially between the two varieties (Figure 
71), while the ranges of values of the other parameters was similar for the WT and the MG (Table 26). 
 

Table 26: Mean leaf properties (PROSPECT-D) retrieved from FluoWat leaf clip data. 

 Wild-Type MinnGold 
Cab (µg cm-2) 54 20 
Cca (µg cm-2) 14.8 8.8 
Cdm (mg cm-2) 0.0125 0.0076
Cs (-) 0.17 0.14 
Cw (mg cm-2) 0.020 0.012 
Cant (µg cm-2) 1.0 0.2
N (-) 1.82 1.15 

 
The difference in chlorophyll content between the two varieties has an effect on the fraction of absorbed 
photosynthetically active radiation (faPAR) of these leaves (Figure 72). Both the total faPAR and the faPAR 
by chlorophyll is lower for the MG than for the WT. This means that for the same incident radiation, the WT 
absorbs more light that is potentially used for photosynthesis. However, at canopy level this higher 
absorption may be offset by self-shading, which affects the incident light on shaded leaves. This issue 
remains to be studied with data of 2016. 
 

 

Figure 71 Histograms of PROSPECT-D parameters for the WT (top row) and the MG (bottom row) 
retrieved from the model inversion. 
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Figure 72 Histograms of the fraction of absorbed PAR (left) and the fraction of absorbed PAR by 
Chlorophyll (right) for the WT (top) and MG (bottom) retrieved from the model inversion. 

As a second step, a subset of 8 randomly chosen leaf spectra of intermediate chlorophyll content (between 
20 and 50 µg cm-2 was selected to calibrate the fluorescence emission spectrum of chlorophyll (φ(λ)), which 
is one of the optical coefficients used in Fluspect-B. Hitherto, a spectrum inherited from an older model, 
FluorSAIL, had been used, but φ(λ) had not been calibrated before for Fluspect-B using in vivo 
measurements. 
Third, the Fluspect-B simulations were validated against all the FluoWat leaf clip data. Examples of five 
leaves over a gradient of Chlorophyll content are shown in Figure 73. The validation included reflectance 
and transmittance, fluorescence on both sides of the leaf, and the ratio between the backward fluorescence 
(Fb) and total fluorescence, i.e. backward plus forward fluorescence (Fb+Ff). This ratio, Fb/(Fb+Ff) is an 
ideal validation target because it is independent of the fluorescence emission spectrum and of the 
fluorescence level. It depends only on the essential radiative transfer equations that describe reabsorption 
and scattering in the leaf. 
The ability of the model to reproduce the reflectance and transmittance, but also the fluorescence (in shape 
and magnitude) and the ratio of backward to total fluorescence (Figure 73) makes it possible to further 
analyse the causal relationships between parameters and the processes of emission and reabsorption.  
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Figure 73 Measured (bold red) and simulated (black) spectra of reflectance and transmittance (top), 
backward fluorescence (second row), forward fluorescence (third row), and the ratio of backward 
to forward fluorescence (bottom), for two MG leaves (10.6 and 21.8 µg chlorophyll cm-2) and three 
WT leaves ( and 39.8, 55.3 and 82.5 µg Chlorophyll cm-2). 

 
Finally, a sensitivity analysis of Fluspect-B was carried out in order to improve understanding of the factors 
that determine the fluorescence of leaves of contrasting composition. These results are shown in Figure 74 
to Figure 77, for ranges of respectively the mesophyll structure parameter N, the chlorophyll content Cab, 
the dry matter content Cdm and the brown material fraction Cs. The other PROSPECT-D parameters (leaf 
water content Cw, carotenoid content Cca and anthocyanin content Cant) had only very minor effects on 
fluorescence, and these are not shown. 
The figures show simulations of the fluorescence flux produced by chlorophyll within the leaf, the 
fluorescence flux escaping the leaf on either side (backward plus forward), and their ratio (the escape 
probability). Also shown are the directionality of the scattered light (reflectance divided by the reflectance 
plus transmittance), and the directionality of the fluorescence (the ratio of the backward fluorescence over 
the total fluorescence (backward plus forward)). These ratios are relevant for the interpretation of the top 
of canopy reflectance and fluorescence measurements. Although the crop was not suitable for canopy 
measurements in 2015, they are useful quantities in preparation of the data of 2016 of TOC fluorescence. 
The mesophyll structure parameter N (‘leaf thickness’) has a negligible effect on the production of 
fluorescence and the escape probability (Figure 74 a and c), but it has a substantial effect on the 
directionality of the fluorescence (Figure 74 e). The ticker the leaves, the higher the fluorescence in the 
backward direction and the lower the fluorescence in the forward direction. Because TOC fluorescence is 
usually biased towards backward fluorescence, higher fluorescence may be observed from canopies with 
thicker leaves than thinner leaves, even for equal total leaf fluorescence. 
The chlorophyll content Cab affects the production (Figure 75 a), the escape probability (Figure 75 c) and 
the directionality of fluorescence in the red region (Figure 75 e). The combined effect of production and 
escape probability on the fluorescence emanating from the leaf (Figure 75 e) is in agreement with the 
FluoWat observations (Figure 73). 
Dry matter content Cdm has neither effect on the production nor the directionality of fluorescence, but it 
negatively affects the escape probability in the far-red region (Figure 76).  
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The absorption spectrum of brown pigments (Cs) overlaps with that of chlorophyll, and therefore brown 
pigments compete with chlorophyll for photons. For this reason, Cs affects not only the escape probability, 
but also the production of fluorescence (Figure 77). 
The most interesting quantity for photosynthesis estimates is the production of fluorescence. The analysis 
here shows that after the retrieval of pigments from reflectance and transmittance, it is possible to quantify 
the emission and the reabsorption of fluorescence. The directionality of fluorescence contains further 
information about the leaf structure. 
  

 

Figure 74 (a) The production of fluorescence, (b) fluorescence emanating from the leaf at both sides 
(forward + backward), (c) the escape probability of fluorescence from the leaf, (d) the ratio of 
reflectance over leaf albedo (R/(R+T)), the ratio of backward over total fluorescence (Fb/(Fb+Ff), and 
(f) the ratio R/Fb (Fb+Ff)/(R+T). which quantifies the asymmetry of the direction of scattered light 
(R/(R+T)) and emitted fluorescence (Fb/(Fb+Ff)). Each curve represents a value of mesophyll 
structure N, equally spaced from 1 (blue) to 3 (red). 
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Figure 75 As in Figure 74, but each curve represents a value of Chlorophyll content Cab, equally 
spaced from 5 (blue) to 100 (red) µg cm-2). 

 

Figure 76 As in Figure 74, but each curve represents a value of dry matter content Cdm, equally 
spaced from 0 (blue) to 0.02 (red) mg cm-2). 



 

Doc.:  Final Report 
Date:  30-10-2017 Issue:  1 Revision:  0 
Ref.:  ESA Contract No. 
4000107143/12/NL/FF/If CCN3 

Page:  106 / 156 

 

 

Figure 77 As in Figure 74, but each curve represents a value of brown pigment parameter Cs, equally 
spaced from 1 (blue) to 1.2 (red)). 

The leaf parameters found for the two varieties (Table 27) were used in a canopy radiative model to simulate 
TOC reflectance and fluorescence (Figure 78), in order to study the potential effect of the leaf properties at 
canopy level. This simulation was carried out for typical clear sky, midday weather conditions, and all other 
parameters except for the PROSPECT-D parameters were identical. Despite the fact fAPAR of the WT was 
higher than that of the MG, the photosynthesis rate of the MinnGold was slightly higher. 
 

Table 27: SCOPE simulated fAPAR, fAPAR by Chlorophyll and photosynthesis for average 
PROSPECT-D parameters as retrieved from the FluoWat leaf clip. All other inputs of SCOPE were 
equal. 

 WT MG 

fAPAR 0.86 0.82 

fAPAR by Chlorophyll 0.61 0.51 

Photosythesis rate (µmol CO2 m-2 s-1) 19.8 20.1 
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Figure 78 Top of canopy fluorescence of the WT and MG varieties as simulated with the model 
SCOPE, using the retrieved PROSPECT-D parameters of Table y 

 
The similar photosynthesis despite higher absorption by the WT can be explained by the in distribution of 
irradiance within the canopy. The sunlit leaves in the WT are in the light-saturated range of the light 
response curve of photosynthesis. They do not benefit from the high rates of light absorption, but 
nevertheless shade leaves in the light-limited range of the light response curve. This is illustrated in Figure 
79.  
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Figure 79 Left: Histograms of SCOPE simulated aPAR by chlorophyll in leaves at different position 
and orientation in a canopy with an LAI of 3. Right: corresponding leaf photosynthesis. The top 
figures correspond to the WT, and the lower figures to the MG. 

 
 
Conclusion: Fluspect-B modelling based on leaf-level fluorescence and reflectance measurements 
Based on the above analysis we conclude that: 

 The most noticeable and consistent difference in leaf properties between the WT and the MG was 
the chlorophyll content (~20 for the MG vs ~54 µg cm-2 for the WT). 

 The chlorophyll in leaves of MG absorb a smaller fraction (~0.5 vs ~0.6) of the incident light than 
that of the WT due to the fact that the chlorophyll content is lower (~15 vs ~45 µg cm-2).  

 The fluorescence production of WT leaves higher than in the MG, and this difference is proportional 
to the difference in aPAR by chlorophyll. 

 The fluorescence emanating from a WT leaf has a different spectral shape than that emanating 
from a MG leaf, due to the combined effect of higher production and higher re-absorption in the 
WT. The far-red fluorescence of the WT is higher, but red fluorescence lower than that of the MG. 

 The fluorescence in the backward direction is relatively higher in the WT than in the MG. 
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 The effect on the top of canopy fluorescence remains to be studied using data of 2016. It is 
hypothesized that: 

 The positive effect of the higher absorption by chlorophyll in leaves of the WT on photosynthesis is 
at least offset by the negative effect of self-shading in the canopy (confirmed by a SCOPE 
simulation). 

 The directionality of fluorescence (i.e. the distribution over the forward and backward direction) has 
a non-negligible effect on the TOC fluorescence that can be unravelled by considering reflectance 
and fluorescence spectra together. 
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6.3.4 Top-of-canopy reflectance and fluorescence measurements 
 
Top-of-canopy fluorescence and reflectance measurements as described in chapter 4.2.2 were recorded 
subsequently to the HyPlant overpasses  
The soy targets were measured from nadir at a height above the ground of 120 cm, corresponding to a 
sampling area of about 50 cm diameter. Measurements were collected on 10 soybean plots (75 x 75 cm) 
(5 Soybean Mutant MinnGold plots and 5 wild-type plots) and 1 soil plot. For each cultivar two plots with 
full canopy cover, i.e. pure soy endmember, and three plots with different plant density were selected. 
Spectral measurements were acquired on 30 of June from 10.00 am to 5.00 pm (local time), with a total of 
three cycles of measurements. Measurements were replicated on 2 July from 10 am to 4 pm (local time), 
with a total of two cycles of measurements. The atmospheric conditions were very stable during the data 
acquisition. Fluorescence and greenness vegetation indices show a high variability between the different 
plots especially for M1-M3 and W1-W3 (Figure 80, Figure 81). 
 
 

 

Figure 80: Fluorescence values at 760 nm and at 687 nm from the morning measurement cycle on 
30 June 2015. Measurements present the average and standard deviation of each MinnGold (M1-
M3) and wild-type (W1-W3) plot, as well as the endmember plots of MinnGold (EM1, EM2) and wild-
type (EW1, EW2). A non-vegetation, pure soil plot (soil) was added to the measurements.  
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Figure 81: Normalized difference vegetation index (NDVI) from the morning measurement cycle on 
30 June 2015. Measurements present the average and standard deviation of each MinnGold (M1-
M3) and wild-type (W1-W3) plot, as well as the endmember plots of MinnGold (EM1, EM2) and wild-
type (EW1, EW2). A non-vegetation, pure soil plot (soil) was added to the measurements.  

 
 
 
 
Hemispheric photographs and the analyses of the structural measurements with the SunScan revealed a 
high variability of the fractional cover due to the heterogeneity of the soybean plots (Figure 82).  
 
 
 

 

Figure 82: Example characterization of the fractional cover of a MinnGold soybean plot. 
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Table 28: Canopy height (H in cm), Fractional cover (Fc in %) and fraction of absorbed 
photosynthetic radiation (fAPAR) of all soybean plot. 

Plot H (cm) Fc (%) faPAR  

EM1 15 87.0 0.55 

EM2 25 100.0 n.a 

EW1 37 86.3 0.57 

EW2 30 100.0 0.19 

M1 25 36.5 0.20 

M2 23 44.0 0.15 

M3 20 31.1 n.a. 

W1 35 48.3 0.46 

W2 42 58.0 0.53 

W3 40 55.0 0.48 

 
 
 
 
 
 

Figure 83: Relationship between fractional cover (Fc in %) and fluorescence at 760nm and 687nm 
normalized by incident PAR, for MinnGold and wildtype soybean plots. Data refers to measurements 
taken on both the 30th June 2015 and the 2nd July 2015. 
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6.3.5 Gas exchange canopy measurements 
 
 
 
Chamber flux measurements were conducted in the period starting from 30 June to 3 July (Table 29). Two 
types of chambers were used (as described in chapter 4.5.2). Measurements were conducted on 
preinstalled soil frames. Three frames were installed in wild-type (W1-W3), three on MinnGold and (M1-
M3) and additionally two plots with endmember target of both soybean types (EW2, EM2). The preliminary 
results are presented in Figure 84 and Figure 85. 
 

Table 29: Acquired data of gas exchange measurements during the SoyFLEX experiment. 

Date Plot name  
Time 
start 

Time 
end 

Measured fluxes 

30.06.15 W1,W2,W3,M1,M2,M3,EW2,EM2 8:20 16:50 NEE (n=48), Reco (n=48) 

01.07.15 W1,W2,W3,M1,M2,M3, EW2,EM2 8:20 17:30 NEE (n=64), Reco (n=48) 

03.07.15 W1,W2,W3,M1,M2,M3, EW2,EM2 6:00 10:20 NEE (n=34), Reco (n=32) 
 
 
 

Figure 84: Average rates of CO2 fluxes measured from 30 June to 3 July. NEE – net ecosystem 
exchange and Reco – ecosystem respiration.  

 
Because of significant differences in leave area index between M1-M3 (0.45 ± 0.09 m2/m2) and W1-W3 
(0.95 ± 0.13 m2/m2) plots fluxes were normalized with LAI given in Table 7. The results are presented in 
Figure 85. Preliminary results of normalized GPP fluxes are given in Figure 86. 
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Figure 85: Average rates of CO2 fluxes measured from 30 June to 3 July. NEE – net ecosystem 
exchange and Reco – ecosystem respiration. Fluxes were normalized with LAI. 

 

Figure 86: Average rates of GPP fluxes estimated for all plots from 30 June to 3 July. On the right 
there is a graph with GPP fluxes were normalized with LAI. 
 
 
 
 

6.3.6 HyPlant maps 
 
For the greenness vegetation indices the wild-type and MinnGold plots are clearly visible in the HyPlant 
images (Figure 87). However, the derived fluorescence values for the soybean plot are quite low. F760 of 
the wild-type has an averaged value for both days of 0.26 mW m-2 sr-1 nm-1 and 0.31 mW m-2 sr-1 nm-1 while 
the MinnGold only shows values of 0.13 mW m-2 sr-1 nm-1 and 0.25 mW m-2 sr-1 nm-1. The signal of the 
F687 in MinnGold is, however, close to zero and almost not detectable. In general are the HyPlant 
fluorescence values significant lower than the TOC ground values, due to the low fractional cover and high 
heterogeneity within the plots.  
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Figure 87: Maps of the Enhanced Vegetation Index (EVI), the far-red fluorescence at 760 nm (F760) 
and the red fluorescence at 687 nm (F687) of two HyPlant flight lines recorded on 30 June and 2 July 
2015. 

 

6.3.7 Concluding remarks 
 
Due to stunned growth of the soybean plants as a result of a disease and replanting from the greenhouse 
to the field, limited analyses could be carried out.  
After the careful review of data quality of the soybean plots it was decided at the progress meeting in 
agreement with the European Space Agency to not further investigate the soybean experiment but rather 
repeat this experiment in 2016 on a larger plot scale and with soybean plants directly seeded in soil. 
Nevertheless the following conclusions could be drawn based on analysis of the available data: 

 The ground measurements fluorescence emission normalized by PAR in the red and far-red linearly 
correlated with the fractional cover of single measurement plots within the soybean (Figure 83) 
such a linear relationship can be used to scale the HyPlant retrieved fluorescence signal.  

 The difference in leaf fluorescence between the two varieties is due to (1) higher absorption of PAR 
and (2) higher reabsorption of fluorescence in the wild type, and these differences can be explained 
with radiative transfer modelling from the higher chlorophyll content of the leaves. The wild type 
emits relatively more fluorescence in the backward direction, which has consequences for the 
(directional) TOC fluorescence.  
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6.4  Virtual cloud experiment 
 
To investigate the influence of shadowing effect on photosynthesis and fluorescence a 6 x 30 m net was 
put 1.50 m above the vegetation. The net reduced the incoming radiation by 50%. The vegetation 
underneath was adapted to the reduced light condition for at least one hour.  
20 minutes before an airborne overpass the net was rolled-up slowly and continuously. The last 2 meters 
were removed rapidly, only seconds before the airborne overpass.  
Plants react at sudden illumination changes, first by releasing the excess of absorbed photos through 
increased fluorescence emission, rapidly followed by an activation of photoprotective pigments until the 
reorganization of reaction centres to be able to cope with the increase of available energy.  
This experiment was performed in maize, sugar beet in Germany and above grassland in Poland (Table 
30). 
 

Table 30: Coordinates of the virtual cloud experiment performed in Germany and Poland. 

Plot Lat  Long 
Maize, CKA 50°37.363’  6°59.657’ 

50°37.363’ 6°59.659’ 
50°37.377’ 6°59.659’ 
50°37.377’ 6°59.655’ 

Sugar beet, CKA 50°37.050’ 6°59.330’ 
50°37.050’ 6°59.325’ 
50°37.066’ 6°59.328’ 
50°37.065’ 6°59.332’ 

Grassland, Swamp 52°45.520’ 16°18.595’ 
52°45.519’ 16°18.604’ 
52°45.534’ 16°18.607’ 
52°45.535’ 16°18.598’ 

 
Three dedicated flight were chosen to analyse the experiment above the different vegetation types in detail: 
 

 Maize:   20150630-SOY-1536-0350-L6-N-FLUO_radiance 
 Sugar beet:  20150701-SOY-1514-0350-L10-N-FLUO_radiance  
 Grassland:  20150711-SWA-1355-0350-L4-S-FLUO_radiance 

 
All the flight lines were processed according to the description in chapter 4.1.1 and the fluorescence maps 
were calculated using the i-FLD method. 
 
 
 

6.4.1 Maize 
 
The maize canopy was covered with a 50 cm distance from the top of the canopy for more than one hour. 
20 minutes before the overpass it was slowly rolled up from the south to the north of the experiment (Figure 
88).  
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Figure 88: Set-up of the virtual could experiment in maize on 30 June 2015. Left: false colour image 
of the TOC reflectance. Arrow indicates the direction to which the net was rolled up. Right: image 
of the net shadowing the maize canopy. 

 
 
HyPlant 
 

 

Figure 89: Enhance Vegetation Index (EVI, A), Photochemical Reflectance Index (PRI, B), 
Fluorescence at 687 nm (F687) and at 760 nm (F760) of the virtual cloud experiment in maize on 30 
June 2015. 
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Figure 89 shows two vegetation indices (EVI and PRI) as well as the red and far-red fluorescence maps 
shortly after removing the last meters of the net. The absolute values of the area, which was shadowed by 
the net and adapted to lower light conditions are in the same range than the rest of the corn field. None of 
the parameter showed any gradient of values along the roll-up direction of the net or influence by the quick 
removal of the net. Therefore, it was decided to repeat the experiment on a different kind of agricultural 
crop, namely sugar beet. 
 

6.4.2 Sugar beet  
 
The same set-up of the virtual cloud experiment was repeated in sugar beet one day later on 1. July 2015. 
The net was set-up 50 cm above the sugar beet canopy to shadow the canopy for at least 1 hour. 
Subsequently the net was slowly roll-up from the south to the north (within 20 minutes) and the last meters 
were removed quickly, only seconds before the HyPlant recording (Figure 90).  
 
 
 
 

Figure 90: Set-up of the virtual could experiment in sugar beet on 1 July 2015. Left: false colour 
image of the TOC reflectance. Arrow indicates the direction to which the net was rolled up. Right: 
image of the net shadowing the sugar beet canopy. 

 
HyPlant 
 
Maps of the enhanced vegetation index (EVI), the photochemical reflectance index (PRI) and the read and 
far-red fluorescence maps of the virtual cloud experiment in sugar beet are presented in Figure 91. The 
EVI values of area which was covered by the net are around 0.9 and in the range of the rest of the sugar 
beet field. The PRI however, showed lower values for the area which was covered by the net. Moreover, a 
gradient along the roll-up defection is visible, with PRI values of 0.028 at the areas where the net was rolled 
up first to lower values in the north around zero. The two fluorescence maps show higher fluorescence in 
the northern part of the virtual cloud experiment, in the areas where the net was removed only seconds 
before the overpass. Red fluorescence (F687) showed values up to 2 mW/m2/sr/nm which are almost double 
the fluorescence values from the rest of the field. The far-red fluorescence (F760) showed values up to 
4 mW/m2/sr/nm and therefore higher than the values for the rest of the field. 
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Figure 91: Enhance Vegetation Index (EVI, A), Photochemical Reflectance Index (PRI, B), 
Fluorescence at 687 nm (F687) and at 760 nm (F760) of the virtual cloud experiment in sugar beet on 
1 July 2015. 

 
 
 
 
 
 
Top-of canopy reflectance and fluorescence  
 
The sugar beet targets were measured from nadir at a height above the canopy of 100 cm. Spectral 
measurements were acquired on 1 July, in order to test ground measured fluorescence dynamic when 
vegetation is shadowed by clouds. Simulation of cloud effects on fluorescence were performed by 
shadowing the sugar beet by means of a net. Spectral measurements were collected after 1 hour of 
adaptation to shadow, underneath the net (virtual cloud experiment). Secondly the net was taken off and 
measurements were taken for half an hour in order to follow the fluorescence dynamic during full light 
adaptation. Three measurements cycles were acquired contemporary to the HyPlant overpasses. 
Measurements were replicated on 3 July.  
 
Far-red fluorescence values (F760) in shadowed conditions are 0.5 mW/m2/sr/nm for the second 
measurement cycle and 1 mW/m2/sr/nm for the third measurements cycle (Figure 92). F760 values of the 
light adapted conditions show average values of 2.5 mW/m2/sr/nm and are comparable to fluorescence 
values in non-treated parts of the field and comparable to measurements in previous years [RD-6].  
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Figure 92: Far-red fluorescence at 760 nm (F760) of the sugar beet canopy adapted to the shadow 
conditions of the net and after the removal of the net.  

 
The high temporal resolution recording of the far-red fluorescence is shown in Figure 93. The graph shows 
the F760 responds immediately after removing the net and the exposure of the shadow adapted canopy to 
high light conditions. The detected Kautsky effect is clearly visible as F760 values increased up to 4.5 
mW/m2/sr/nm immediately after the exposure to high light conditions (Figure 93). Subsequently the 
fluorescence decreases again to reach the steady state conditions after about 50 seconds. The initial rise 
of the F760 values is attributed to the saturation of the reactions centres of the photosystem II. F760 decreases 
rapidly due to the concurrent effect of the photochemical and the non-photochemical quenching processes, 
which are part of the protection mechanism of the photosynthetic machinery. The slow decrease of F760 is 
caused by non-photochemical quenching processes, which are part of the protection mechanism of the 
photosynthetic machinery.  
 
 
 

 

Figure 93: Far-red fluorescence at 760 nm (F760) of the sugar beet canopy shortly after removing the 
net.  

 
 
FluoWat 
 
During the virtual cloud experiment the FluoWat leaf clip was used to measure SIF and its dynamics after 
a sharp change in illumination, such as the one found after a passing cloud. The FluoWat measurements 
were performed in the sugar beet field, from which three measurements were collected, one in the afternoon 
of 1 July; and two on 2 July, in the morning and the afternoon respectively. The morning measurement was 
simultaneous to a flight overpass of HyPlant. Table 31 gives on overview of the FluoWat data acquisition. 
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Table 31: FluoWat acquisition information of the virtual cloud experiment in sugar beet. 

Series Date Time frame Duration Notes 
Day 1 PM 1 July 19:29-20:01 20 min ASD 18068. Artefacts after 10min. True 

time had to be reconstructed 
Day 2 AM 2 July 10:53-11:37 12 min ASD 16104. Simultaneous to 11:17 flight
Day 2 PM 2 July 18:04-18:27 8 min ASD 16104

 
The sugar beet leaves were changed between the measurements, but were selected from the same 
location to let the measurements be comparable. In each occasion the measurement lasted between 10 
and 20 minutes, with spectra being continuously collected with a rate of at least one per second. Only the 
afternoon of the second day was shorter due to the intrusion of high thin clouds that altered the illumination 
conditions. 
 
The clip was placed on a tripod to ensure the stability throughout the measurement and the tracking of the 
sun was done by hand being continuously corrected. Besides, in pre-processing, the residual changes due 
to tracking were removed by using a reference band around 870 nm, where there is high stable reflectance 
(to sense smaller changes) and no influence of fluorescence. 
 
 
LEAF OPTICAL PROPERTIES 
Leaf reflectance and transmittance in the full spectrum was measured either at the beginning or the end of 
a measurement sequence, in order to measure absorbance, and hence, APAR (Figure 94): In addition the 
reflectance spectra was continuously stored to also investigate the changes of vegetation indices over time. 
 

 

Figure 94: Reflectance (in blue) and transmittance (in red from the top axis) of one sample. 
Absorbance is the area between both lines. 
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FLUORESCENCE EMISSION 
 
The average far-red fluorescence values before removing the net are around 0.4 mW/m2/nm/sr (Figure 95, 
middle) and therefore comparable to the TOC far-red fluorescence vales (Figure 92). Once the shading net 
was removed the measurements were able to capture the fast and slow relaxation phases of the Kautsky 
transient. However, the spectrometer was not fast enough to capture the fast induction kinetics, but just the 
maximum fluorescence emission (Figure 95). 
 
 

 

Figure 95: Dynamics of fluorescence emission spectra, from the start of the measurement (blue) to 
the end (red). Note that the second series (morning of 2nd day) also shows the emission spectrum 
before removing the net in vivid blue.  

 
All three measurement series show high fluorescence emission values after the removal of the net and a 
decrease until the end of the measurements. The third series, which was recorded in the afternoon of 2 
July shows a slightly different behaviour than the first two measurement series. It seems that the decrease 
(relaxation) occurs much more slowly. This become more evident when plotting each peak of fluorescence 
emission as a function of time in Figure 96. 
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Figure 96: Left: Fluorescence emitted as a function of time, at the red (F685, solid line) and far-red 
(F740, dashed line) peaks. Right: Peak ratio as a function of time. 

 
 
From the fluorescence emission graph (Figure 96) one can see that the fast relaxation transient takes 10 
to 15 seconds for the first two series (Day 1 PM and Day2 AM) and about 1 to 2 minutes to reach steady 
state; while the third series (Day 2 PM) takes about 50 second for the fast relaxation, and almost 4 minutes 
to arrive to steady state, thus presenting a much smaller dynamic while achieving a higher maximum 
fluorescence.  
 
 
FLUORESCENCE PEAK RATIO 
Another way to look at this transient phase is to plot the emission of red fluorescence (F685) versus the far-
red fluorescence emission (F740) (Figure 97). For all three measurement series a change in the slope 
appears during the first 10-15 seconds. This reflects the fact that the maximum emission for the red peak 
is reached almost immediately, whereas the far-red peak maximum happens with a few seconds delay. 
This is followed by a change in slope at 50 seconds since the exposure to higher light level (reflecting a 
different change in the relaxation rate of each peak). At this point, the first series keeps a decreasing trend 
of peak ratio (caused by the increasing far-red fluorescence emission); the second series (next morning) 
reaches a stable situation in which the proportion of both peaks is maintained; and in the afternoon the 
peak ratio is more or less stable but begins decreasing after 2.5 minutes due to a slightly faster red peak 
decrease. 
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Figure 97: Relation between far-red and red fluorescence emission during dynamic adaptation of 
the photosynthetic apparatus after sudden exposure to high light conditions. 

In addition, it can be observed that the far-red fluorescence becomes less relevant from one series to the 
other, resulting in a higher ratio. It is important to note that the steady state of the red peak presents a 
similar level in the afternoon of day 1 than the morning of day 2, with a slight decrease in the last afternoon. 
On the other hand, far red fluorescence shows already a decrease between the afternoon of day 1 than the 
morning of day 2, that becomes larger towards the afternoon of day 2. This development over the cause of 
the two measurement days might be related to sustained high temperatures of the two measurement days. 
However, as not the same leaf was taken for the FluoWat measurement such a conclusion cannot be 
drawn. 
 
NON-PHOTOCHEMICAL QUENCHING MECHANISM  
There is, however, another mechanism that is activated when a plant needs to quench excessive absorbed 
photosynthetic active radiation, namely Non-Photochemical Quenching (NPQ). The energy stored in the 
excited state of the antennas is transferred to photoprotective pigments, instead of transferring it to the 
reaction centres, before it can produce damage. These pigments have a strong absorption in the blue and 
green regions of the visible spectrum, thus, their evolution can be tracked using this portion of the spectrum, 
by calculating the Photochemical Reflectance Index (PRI). In principle, this index is calculated from 
reflectance, but in this experiment it was not possible to monitor solar irradiance simultaneously to the leaf 
transient. Therefore, the index has been calculated from the radiance data2.  
The results in Figure 98 show how the PRI sharply drops in less than 1 minute after the leaf is exposed to 
full sunlight, indicating the activation of the NPQ photoprotective process. During the first series (in the 
afternoon of the first day) the PRI level return to its original state. The second series (next morning) PRI 
starts at a lower value and it drops less, which indicating that the leaf was already in a photoprotective state 
before the exposure, and the recovery is only slight so, it remains in photoprotective state. During the third 
measurement in the afternoon, the results indicate that the sugar beet leaf may have entered a fully 
protective state. It´s initial PRI value is smaller than in the morning and suffers a very deep drop, although 
at a slower pace- The protection mechanisms seem not to react as quickly as in the previous series and 

                                                     
2 2 Note: PRI presented in the FluoWat chapter was calculated according to 
 

 	  .  

 
Therefore, lower PRI values indicated an increase of non-photochemical protection mechanisms. 
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after 2 min the situation is maintained constantly readapting the levels, which may again be interpreted as 
a physiological responds to heat stress. 

 

Figure 98: Photochemical Reflectance Index (PRI) evolution during the adaptation phase. 

 
The results of the FluoWat make it evident that both quenching mechanisms, fluorescence and NPQ, work 
at different speeds and time scales. This is best illustrated in Figure 99, where PRI is plotted against the 
far-read fluorescence (F740). 

 

Figure 99: Relationship between far-red fluorescence (F740) and photochemical reflectance index 
(PRI) during the adaptation phase. 

 
Fluorescence is the quencher with the faster reaction reaching its maximum value before PRI begins to 
change. Subsequently, after fluorescence reaches its maximum it decreases together with PRI until it 
reaches the steady state, while PRI continues to evolve. The times required for each of the quenching 
processes is however different. Fluorescence needs between 30s (Day 1 PM) and 100s (Day 2 PM) to 
return to a relaxed state; while PRI takes up to 12 minutes, and it might not even return to its original state. 
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6.4.3 Grassland 
 
The virtual cloud experiment was repeated during the SWAMP summer school in Poland on 11 July. The 
experiment was set-up above the natural grassland area (Figure 100). A natural grassland consists of a 
mixture of different species and provided therefore a great heterogeneity of the vegetation canopy. As for 
the previous experiments the net was left above the grassland canopy for at least one hour so the vegetation 
was adapted to the shadowed conditions. Than the net was slowly roll-up from the north to the south and 
the last meters were uncovered shortly before the overpass. 
 
 

Figure 100: Virtual cloud experiment at the peatland grassland site in Poland during the SWAMP 
summer school. Left: RGB image of HyPlant recorded on 11 July 2015. The border of the virtual 
could experiment is clearly visible. Arrow indicates the direction to which the net was rolled up. 
Right: net of the virtual cloud experiment unfolded to cover the vegetation canopy. 
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HyPlant 
 
 

 

Figure 101: Enhance Vegetation Index (EVI, A), Photochemical Reflectance Index (PRI, B), 
Fluorescence at 687 nm (F687) and at 760 nm (F760) of the virtual cloud experiment in a natural 
grassland recorded on 11 July 2015 during the Swamp summer school. 

 
 
The Enhanced Vegetation Index map (EVI, Figure 101, A) retrieved from HyPlant showed higher EVI (0.7) 
in the northern part of the experimental area. However, those high EVI values also occur in parts of the 
grassland areas which were not covered by the net. The PRI showed values between 0.02 and 0.11 for the 
area of the virtual cloud experiment. Those values are within the range of the grassland area around the 
experiment. Highest fluorescence within the area of the experiment are 0.8 mW/m2/sr/nm for F687 and 
1.4 mW/m2/sr/nm for F760. Those values are not significantly higher that the fluorescence values of the 
additional grass land areas located around the experimental area.  
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Canopy gas exchange  
 
In addition to the HyPlant overpass, also two canopy gas exchange chambers, two located under the net 
and two control chambers located outside of the net where operated (Figure 102). The chambers were 
located on the northers part of the net (Table 32).  
 
 
 
 

Figure 102: Net of the virtual cloud experiment (left) and gas exchange frame with transparent cover 
(right). 

 

Table 32: Coordinates of the gas exchange frame of the virtual cloud experiment during SWAMP. 

Target Description Coordinate N Coordinate E 

UN_1 Under the net, Carrex sp. 52° 45' 32.14" 16° 18' 35.71" 

UN_2 Under the net, Carrex sp. 52° 45' 32.08" 16° 18' 35.9"

ON_1 Outside to the net, Carrex sp. 52° 45' 32.06" 16° 18' 36.15" 

ON_2 Outside to the net, Carrex sp. 52° 45' 32.1" 16° 18' 36.24" 
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Figure 103: GPP flux rates vs PAR values for plots under the net (UN) with and without the net and 
control plots located right next to virtual cloud experiment.  

 
 
The Gross Primary Productivity (GPP) of chamber measurements under and next to the net plotted versus 
the incoming PAR data of the virtual cloud experiment are shown in Figure 103. It is clearly visible, that the 
net itself reduced the incoming PAR by about two third, from 1500 µmol/m2/s to 500 µmol/m2/s. The GPP 
values under shadowed conditions are between 10-15 µmol/m2/s while the GPP values under high light 
conditions vary between 15-25 µmol/m2/s. In general, there is no difference between the GPP values of the 
control chamber measurements, which were never adapted to shadow conditions and the GPP values of 
the chamber measurements after the net was removed.  
 
 
 

6.4.4 Concluding remarks 
 
The virtual cloud experiment was conducted in three different vegetation types, natural grassland, corn and 
sugar beet. The natural grassland showed a large heterogeneity of the vegetation canopy due to the 
different species of the natural grassland. The gas-exchange chamber measurements indicate that the 
shadowing of the net effects the photosynthetic activity and reduces the CO2 uptake. The removal of the 
net did not show change in fluorescence emission or vegetation indices. But the high heterogeneity of the 
grassland was visible in the HyPlant maps. 
Maize as an agricultural species showed a rather homogeneous vegetation canopy. However, also in this 
case the removal of the net did not show any change in the fluorescence. Maize, as a C4 plant, is high light 
tolerant. However, a shadowing effect and the quick exposure to high light conditions should result in a 
physiological change. As no further ground measurement are available for the virtual cloud experiment in 
maize, no final conclusion can be drawn  
The virtual cloud experiment in sugar beet, however, was successful. After the rapid removal of the net 
higher fluorescence emission in the red and far-red peak were evident in HyPlant maps, from top-of-canopy 
fluorescence measurements and leaf-level FluoWat recordings. While the HyPlant measurements only 
show a snapshot recording, the top of canopy and leaf level measurements tracked the temporal course of 
parts of the Kautsky effect. The initial rise of the fluorescence values which is attributed to the saturation of 
the reactions centres of the photosystem II, could not be detected due to the measurements limitations of 
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the spectrometers. However, the subsequent decrease of fluorescence due to non-photochemical 
quenching mechanisms was detected on the leaf and top of canopy level. This adaptation phase lasted one 
minute (top-of canopy) and up to two minutes at the leaf-level.  
Moreover, the results of the leave-level measurement can also give an idea about the time scale of the 
NPQ mechanisms, represented by the PRI index. Compared the fluorescence emission signal the 
adaptation phase of the PRI is much longer and takes up to minutes. 
Considering those results it becomes evident that it is necessary to place a buffer around any shaded area 
in remotely sensed images of fluorescence and PRI, where the size of this buffer depends on the 
cloud/shadow speed and the time frames here found. At the same time, provided the changing rates in the 
quenching dynamics that we found depending on the stress level, it might be of interest to analyse the 
gradient in the values within the buffer region, since they might provide valuable information on the 
quenching dynamics, and utterly on the stress level of the vegetation affected.  
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6.5 Heat stress experiment 
 
The flight campaign in Germany in 2015 took place on three consecutive days (30 June - 2. July). During 
this time a natural heat wave occurred in the Jülich area. The German meteorological service DWD defines 
a heat wave according to Hupfer et al 2009: on five consecutive days the maximum temperature is 30 C or 
higher. Temperatures in the Northwest Germany rose to exceptionally high value in the period of the 
airborne measurement campaign. The half hour air temperature measured in the middle of the Campus 
Kleinaltendorf experimental field showed temperature above 30°C from 1 - 5 July (Figure 104. 
 

 

Figure 104: Air temperature [°C] measured in 2 meter height at the experimental field in Campus 
Klein-Altendorf. Temperatures higher than 30 degree occurred on the second and third day of the 
HyPlant campaign. 

 
To investigate the effect of high temperatures on the fluorescence and vegetation indices two flight lines 
recorded in the afternoon were choose: 
 

 20150630-SOY-1551-0350-L9-W: Before the heat wave (26°C) 
 

 20150702-SOY-1516-0350-L9-W: At the second day of the heat wave (34°C) 
 
The air temperature increase about 8 °C within the two days of the recorded flight lines. True colour image, 
different vegetation indices, and fluorescence maps of the two flight lines are presented in Figure 105. The 
different crops shown in the image are rapeseed (1), corn with low and high density respectively (2a, 2b), 
barley (3), and wheat (4). The Enhanced Vegetation Index (EVI), showed values between 0.2 and 0.35 with 
highest values in rapeseed and in corn and wheat. The photochemical reflectance index (PRI)3, varies 
between -0.1 and 0.02 with lowest values in barley. The fluorescence maps, calculated with the iFLD 
method, show values between 0 and 2.8 mW/m2/sr/nm for far-red fluorescence (F760) and lower values (0-
0.8 mW/m2/sr/nm) for the red fluorescence (F687). 
 
                                                     
3 Note: PRI presented in this chapter was calculated according to 
 

 	  .  

 
Therefore, lower PRI values indicated an increase of non-photochemical protection mechanisms. 
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Figure 105: RGB images of the experiment area before and during the heat wave. Air temperature 
increased from 26°C to 34°C between the two days. Reflectance indices EVI, PRI images and sun 
induced fluorescence at 687 nm F687 and at 760 nm F760. Crops are marked in the RGB image: 1: 
rapeseed; 2a and 2b: corn with low and high density respectively; 3: barley; 4: wheat. 

 
 

 

Figure 106: RGB image of the experimental area and data sampling. Crops are marked in the RGB 
image: 1: rapeseed; 2a and 2b: corn (C4 crop) with low and high density respectively; 3: barley; 4: 
wheat. 16 measurements are selected from 1 and 3 to represents rapeseed and barley, and from 2a 
and 2b (8 measurements from each) to represents corn, and only 8 measurements are selected from 
wheat. Each ROI consist of 25 pixels. 
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To compare the different crops before and during the heat wave, 16 region of interests (ROI) for rapeseed 
and barley and eight ROI for corn and wheat were drawn (Figure 106). Extracted mean values of the 
different crops are presented in Figure 107. The figure shows a scatterplot of the two vegetation indices, 
EVI and PRI, before and during the heat wave. Both EVI and PRI of corn (C4 crop) increased from 30 June 
to 2 July. EVI of the barley did not change between the two days, but decreased for rapeseed and wheat 
canopy (Figure 107). PRI of these three C3 crops decreased slightly or had no obvious change (i.e. 
rapeseed) between these two days. However, corn showed an increase in PRI during the heat (Figure 107). 
 

 

Figure 107: Reflectance indices of four crops before and during the heat wave: enhanced vegetation 
index (EVI) and photochemical reflectance index (PRI) from HyPlant data before the heat wave (30 
June) and during the heat wave (2 July). Each crop has several representative measurements. The 
open symbols represent the C3 crops and the filled symbol represents the C4 crop (corn). 
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Changes of the fluorescence values were different for C3 maize than for the other crops (Figure 108). Both 
fluorescence values, F687 and F760, increased in corn. The red fluorescence (F687) showed almost no or only 
a slight decrease for the other crops. Far-red fluorescence (F760) stayed almost constant during the heat 
wave in barley. For wheat a decrease in F760 could be observed during the heat wave. 
 
 

 

Figure 108: Fluorescence measurements at 687 nm (F687) and at 760 nm (F760) from HyPlant data 
before the heat wave (30 June) and during the heat wave (2 July). Each crop has several 
representative measurements. The open symbols represent the C3 crops and the filled symbol 
represents the C4 crop (corn). 

 
 
Increasing fluorescence values in corn during high temperature and drought are in line with previous 
findings (Damm et al., 2010) and may be caused by physiological regulations. In contrast to the other three 
crops which are C3 crops, corn is a C4 crop. Photosynthesis of C3 and C4 crops differs in several 
biochemical and physiological properties. In the C4 pathway, the dark reactions of photosynthesis are 
separated from the light reactions, which prevents inefficiency of photosynthesis by O2, making 
photosynthesis less sensitive to stomatal closure. In general C4 plants are better adapted to high 
temperature than C3 plants (Ehleringer & Björkman, 1977; Collartz et al., 1992).  
Small changes in PRI may indicate the physiological regulations at the photosynthetic level and directly 
reveal changes in photosynthetic efficiency and heat dissipation (Garbulsky et al., 2011). An increase of 
PRI in the corn canopy implies a reduction in heat dissipation and an increase and an increase in 
photosynthetic efficiency. A decrease of PRI in the C3 crops indicates an enhancement of heat dissipation.  
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6.6 Gross primary productivity and fluorescence in a natural 
grassland ecosystems 

 
 
 

 

Figure 109: Location of the permanently installed gas exchange chamber (G1-G5) and the additional 
measurements plots for TOC reflectance and fluorescence measurements (V1-V4) of the peatland 
ecosystem. 

 
 
 
  



 

Doc.:  Final Report 
Date:  30-10-2017 Issue:  1 Revision:  0 
Ref.:  ESA Contract No. 
4000107143/12/NL/FF/If CCN3 

Page:  136 / 156 

 
 

6.6.1 Gas exchange chamber measurements 
 
Gas exchange chamber measurements as described in chapter 4.5.2 were measured at different places 
within the SWAMP area (Figure 109). The coordinates of the continuously installed chambers are given in 
Table 33. Gas exchange data acquired during the SWAMP data acquisition are listed in Table 34 

Table 33: Coordinates of the gas exchange frame during the SWAMP summerschool. 

Target Description Coordinate N Coordinate E 

G1 
Menyanthes trifoliate, Sphagnum 
sp Equisetum palustre 52° 45' 39.05" 16° 18' 35.2" 

G2 
Menyanthes trifoliata and 
Sphagnum sp/ 52° 45' 40.89" 16° 18' 34.95" 

G3 
Menyanthes trifoliata and 
Sphagnum sp/ 52° 45' 40.86" 16° 18' 34.74"

G4 Sphagnum sp. dominated 52° 45' 42.36" 16° 18' 34.69"
G5 Sphagnum sp. dominated 52° 45' 42.41" 16° 18' 34.57"

 
 

Table 34: Acquired data of gas exchange measurements during the SWAMP summerschool. 

Date Plot name  Start End Estimated fluxes 

11.07.15 G1 10:05 15:30
NEE (n=7), Reco (n=8) 
estimated GPP (n=7) 

11.07.15 G2 10:35 16:10
NEE (n=5), Reco (n=4), 
estimated GPP (n=5) 

11.07.15 G3 10:40 16:15
NEE (n=6), Reco (n=4) 
estimated GPP (n=6) 

11.07.15 G4 12:50 16:30
NEE (n=3), Reco (n=4) 
estimated GPP (n=3) 

11.07.15 G5 11:00 16:30
NEE (n=4), Reco (n=4) 
estimated GPP (n=4) 

11.07.15 G3 10:40 16:15
NEE (n=6), Reco (n=4) 
estimated GPP (n=6) 

 
 
 
Results of the GPP fluxes derived from manual NEE and Reco chamber measurements carried out during 
the SWAMP are given in Figure 110. Most of the measurements were taken +/- 2 hours around solar noon 
at stable PAR conditions. GPP fluxes varied from -11.79 ±0.98 µmol m-2 s-1 for G1 plot to -7.96 ±0.51 µmol 
m-2 s-1 for G2 plot. GPP and Light Use Efficiency (calculated as GPP/incoming PAR) were not significantly 
different between the plots G2 to G5, but GPP flux estimate for G1 plot was significantly higher (p=0.05) 
than for G2-G5 plots.  Higher GPP fluxes and LUE at G1 plot can be explained by higher biomass of 
vascular plants in the plot. While, G2-G5 plots are dominated by Sphagnum spp. And biomass of vascular 
plants is much less. The differences in the measured fluxes reflect the heterogeneity of the peatland site 
and its nutrient status.  
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Figure 110: Gross primary productivity (GPP) and light use efficiency (LUE) of the five gas exchange 
chambers (G1-G5) recorded on 11 July 2015. 

 
 
 

6.6.2 Top-of-canopy ground measurements 
 
During both HyPlant overpasses, TOC reflectance and fluorescence ground measurements were taken. In 
addition to the plots of the permanently installed gas exchange chamber four different species communities 
within the SWAMP area were chosen for ground reference measurements (Figure 111). The targets were 
located in centred flight line (SWA_4). The exact coordinates of the plot V1-V4 are given in Table 35 and 
the time of the acquisition in Table 36. 

 
 

 

Figure 111: Vegetation targets (V1-V4) and gas exchange chamber plots (G1-G5) of the top of 
canopy fluorescence and reflectance measurements. 
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Table 35: Coordinates of the different ground reference vegetation targets. 

Target Description Coordinate N Coordinate E 

V1 Long grass (C40) 52°45’33.6” 16°18’35.6”

V2 Low canopy 52°45’36.8” 16°18’34.9” 

V3 Iris, heterogeneous 52°45’38.4” 16°18’35.5” 

V4 Short vegetation, heterogeneous 52°45’39.1” 16°18’35.1”
 
 

Table 36: Acquired data of top of canopy reference reflectance and fluorescence measurements 
during SWAMP. 

Date Vegetation plots Time 
 Gas exchange chamber 

plots 
Time 

11.07.15 V1 09:20-10:00  G1 11:40-11:50 

11.07.15 V2 10:12-10:30  G2 11:55-12:05 

11.07.15 V3 10:34-10:44  G3 12:10-12-20 

11.07.15 V4 11:40-11:50  G4 12:20-12:30 

    G5 12:32-12:40 
      

11.07.15 V1 13:05-13:30  G1 15:08-15:15 

11.07.15 V2 13:35-13:45  G2 15:23-15:30 

11.07.15 V3 13:55-14:15  G3 15:35-15:42 

11.07.15 V4 14:30-14:55  G4 15:45-15:53 

    G5 15:55-16:05 
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Figure 112: Top-of-canopy measurements of a SWAMP vegetation target along the boardwalk on 11 
July 2015 (Picture: SWAMP summer school). 

 
 
The vegetation target were measured nadir above the canopy. All target were measured contemporary to 
the HyPlant overpasses (morning and afternoon). Measurements were only taken during cloud free 
conditions. To guarantee stable and repeatable measurements a tripod was used (Figure 112). The dark 
current of the instrument was recorded before each measurement cycle. The measurements of the 
vegetation target was imbedded between white reference measurements. Fluorescence at 760 nm of the 
vegetation targets is shown in Figure 113 and the F760 values for the gas exchange chamber plot in Figure 
114. Absolut fluorescence values ranged from 0.2 to 1.2 mW/m2/sr/nm, while vegetation target V1 shows 
in general the highest values.  
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Figure 113: Fluorescence at 760 nm for four different vegetation types (V1-V4), recorded during the 
first HyPlant overpass (S1, green) and the second HyPlant overpass (S2, red) on 11 July 2015. 

 

 

Figure 114: Fluorescence at 760 nm of the five gas exchange chamber plots (G1-G5), recorded 
during the first HyPlant overpass (S1, blue) and the second HyPlant overpass (S2, yellow) on 11 
July 2015. 

 
 
 
 

V1_S1 V1_S2 V2_S1 V2_S2 V3_S1 V3_S2 V4_S1 V4_S2

0
.2

0.
4

0
.6

0.
8

1
.0

1.
2

VEGETATION PLOT - FLUORESCENCE

Target at timeserie 1 (S1) and timeserie 2 (S2)

F
lu

or
e

sc
e

nc
e

 (m
W

 m
2

 n
m
1

 s
r1

)

G1_S1 G1_S2 G2_S1 G2_S2 G3_S1 G3_S2 G4_S1 G4_S2 G5_S1 G5_S2

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

Gas chamber plot - Fluorescence

Target at timeserie 1 (S1) and timeserie 2 (S2)

F
lu

o
re

sc
e

n
ce

 (
m

W
 m

2
 n

m
1

 s
r1

)



 

Doc.:  Final Report 
Date:  30-10-2017 Issue:  1 Revision:  0 
Ref.:  ESA Contract No. 
4000107143/12/NL/FF/If CCN3 

Page:  141 / 156 

 
6.6.3 Correlation of gas exchange chamber and fluorescence measurements 
 
The Light Use Efficiency (LUE) values of the gas-exchange measurements were correlated with the 
Enhanced vegetation Index (EVI) and the fluorescence at 760 nm (F760) calculated with the SFM (Figure 
115). The linear correlation between the LUE and the EVI is slightly worse (R2 = 0.62) than the correlation 
between the LUE and fluorescence at 760 (R2 = 0.81). 
 
 
 

Figure 115: Correlation of the light use efficiency derived from the gas exchange chamber 
measurements, the sun-induced fluorescence at 760 nm (F760, A) and the enhanced vegetation index 
(EVI, B), respectively. Morning and afternoon measurements of the gas-exchange plots (G1-G5) are 
used for the linear fit. 
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6.7 Designing numerical experiment using CLASS, based on recent 
EC-surface and radiosounding observations in Germany – MAQ-
51306 – Sjoerd Barten 

 

In the summer of 2015 an eddy-covariance system has been installed in East Germany, between 
Meckenheim and Rheinbach (50°37'22.8"N 6°59'45.6"E). On the same site radio sounding measurements 
have been taken. In this report the eddy-covariance and radio sounding measurements will be analysed 
combined with a numerical experiment in CLASS (Chemistry Land-surface Atmosphere Soil Slab model) 
(Wageningen University: Meteorology and Air Quality section, 2015) will be executed to translate the 
measurements into the evolution of the boundary layer and it’s characteristics. 

5 Radio soundings: 

 Tuesday 30-06-2015 (10:56h, 13:11h) 
 Wednesday 01-07-2015 (09:11h, 11:11h) 
 Thursday 02-07-2015 (12:09h) 

 

Table 37: Date and local time of the radio sounding measurements. 

Date 30.06.15 30.06.15 01.07.15 01.07.15 02.07.15 
Radio 
sounding 

12:57-
15:00 

15:12-
17:37 

11:12-
13:00

13:12-
15:39

14:09-
15:50

 
 

Eddy-covariance data: 

 Corn field full-day measurements: 01-07-2015 
 Sugar beet field full-day measurements: 02-07-2015 

 

EC station was place in the field of the virtual cloud experiment (Table 30). Result of latent and sensible 
heat flux as well as the net ecosystem exchange of corn and sugar beet are given in Figure 117. 
 
 

Table 38: Acquired EC data during the SoyFLEX experiment. 

Date field  Lat Long time 

30.06.15 Corn 50.622536° 6.994147° From 20:30 

01.07. 15 Sugar beet 50.618183° 6.986700° Till 18:00 

01.07. 15 Sugar beet 50.618183° 6.986700° From 18:30 

02.07.15 Sugar beet 50.618183° 6.986700° Whole day 

03.07.15 Sugar beet 50.618183° 6.986700° Till 11:30 
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In total 5 radio soundings have been executed with a maximum of two radio soundings per day. This radio 
soundings can be used to analyse for example the boundary layer growth. The eddy-covariance system 
was installed on the 30th of June on a cornfield and was replaced on the 1st of July to a sugar-beet field. 
In this report the two radio soundings on the 1st of July will be analysed and the eddy-covariance data on 
the 1st of July. 

The measurements were done in a rural area on a cornfield and a sugar-beet field. But the areal picture 
(Figure 116) also shows a lot of bare soil. This is really important for further interpretation of the results. 
The north-eastern point is the cornfield and the south-western point is the sugar-beet field 

 

Figure 116: Areal picture of research area, southwestern point is sugar-beet field and the north-
eastern point is the cornfield. 

This research is mainly to combine the knowledge of boundary-layer characteristics with real-time surface 
measurements. The boundary-layer is mainly modelled using a certain set of equations for general cases 
but maybe we will find some differences when analysed through real-time measurements. The results of 
this experiment can also be used to study the effects of different land-use on boundary-layer characteristics. 

For this experiment we focus on two research questions: 

1. Can we integrate radio soundings and eddy-covariance data measured on the same day? 
2. Are the surface fluxes described by the eddy-covariance data representative to the boundary layer 

dynamics? 

These research questions will be answered at the end of the chapter. During this chapter the interpretation 
of the results will focus mainly on these research questions. 
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When the radio sounding and eddy-covariance data all have been converted and combined in an excel-
file the following steps have been taken: 

1. First analysis on eddy-covariance data 

 Investigate daily trends on θ, q, LE, H 
 Investigate wind direction and wind-speed and determine footprint of eddy-covariance 

measurements 

2. Complement radiosonde data 

The radiosonde data was missing some important variables (the ones described below) needed to make 
the python runs and draw conclusions. 

 Calculate potential temperature θ 
 Calculate virtual potential temperature θv 
 Calculate vapour pressure e 
 Calculate saturated vapour pressure es 
 Calculate relative humidity RH 
 Calculate equivalent potential temperature θe 

3. Change overall structure of radiosonde output to match pythoncode 

 Pythoncode needs certain variables in certain columns 
 Delete irrelevant variables 

4. Run and analyse pythoncode for the radio soundings of 1st of July 09:11h and 11:11h 

 Apply parcel method to analyse boundary layer height and lifting condensation level 
 Determine other variables <θ> and <q> 

5. Relate radiosondes to eddy-covariance data 

 Graph variables <θ>, <q> (radiosondes) with θsurf and qsurf (eddy-covariance data) 
 Analyse different footprints 

6. Find variables in radiosonde and eddy covariance data important for CLASS-model 

 Radiosondes: Гθ, Гq, h0, Δθ, Δq, ps 
 EC-data: w’θ’, w’q’, θ0, q0 

7. Check weather map to analyze effects of subsidence 

 Find value of div(Uh) corresponding to synoptic situations 

8. Run class model and graph radiosonde data, eddy-covariance data, CLASS-run on: 

 θ 
 q 
 Boundary layer height 

 

Important: For analysing the eddy-covariance data and modelling the CLASS run a time-span of 12h is 
used. Only the data between 07:00h and 19:00h on the 1st of July has been analysed. This time-span is 
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used to fully describe the growth of the boundary layer and it’s characteristics and also describe the morning 
transition. 

6.7.1 Diurnal variability surface fluxes  
Plotting the latent heat flux (LE), sensible heat flux (H) and net ecosystem CO2 exchange (NEE) of the 
eddy-covariance data gives the following result (Figure 117): 

 

Figure 117: Eddy covariance fluxes from 30 June to 3 July (H- sensible heat flux, LE – latent heat 
flux, NEE – net ecosystem exchange – CO2 flux). 

 

We clearly find the diurnal variation in latent heat flux and sensible heat flux (higher during daytime). We 
also find that during nighttime the CO2 flux is going into the boundary layer (reversed photosynthesis) and 
during daytime the flux is going into the surface/plants (photosynthesis effects). A positive NEE flux 
indicates CO2 going into the atmosphere and a negative NEE flux indicates CO2 going into the plants/soil. 
These daily trends are as expected but the one remarkable thing is that the sensible heat flux is very small 
or even negative. The measurements were done during summertime and the field was probably irrigated 
that all energy from the sun was translated into latent heat flux instead of sensible heat flux. This is one of 
the main results for interpretation of the analysis and this result has some drawbacks on choosing the input 
variables for CLASS, we will see this later. 

6.7.2 Footprint eddy-covariance data 
During the experiment the average wind direction was 128⁰ which corresponds to a south-eastern wind, the 
standard deviation (4⁰) is small enough to have a constant south-eastern wind. The average wind speed 
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was 3.54 m s-1 with a standard deviation of 0.52 m s-1. According to a paper of van de Boer et al. 2012 
the biggest contribution of the footprint is between 5 and 20 meters from the eddy-covariance device in 
typical unstable conditions (Figure 118). 

 

Figure 118: Footprint eddy-covariance data for typical unstable conditions (from van de Boer et al. 
2013). 

 

For this experiment we assume constant unstable conditions because the data between 07:00 and 19:00 
is analysed which corresponds to daytime conditions and instability generated by radiation. According to 
van de Boer et al. a small part of the footprint extends over more than 80 meters. A closer look at the fields 
shows that the distance of the eddy-covariance device to perimeter of the field is large enough in all 
directions. This gives the assumption that the most part, if not the whole part of the footprint is in the 
boundaries of the sugar beet field and the eddy-covariance data is only describing the properties of the 
sugar beet field. 

6.7.3 Radio soundings 
The results of the radio sounding data analysed with the parcel method is given in figure 5. The parcel 
method shows a parcel that is lifted dry adiabatically from the surface when not mixing with the environment. 
Once the parcel reaches the potential temperature it rises from (generally at the inversion and top of the 
boundary layer) it cannot rise any further. This point is the boundary layer height (BLH). θ sounding and θv 
sounding are the characteristics of the measured quantities by the radio soundings. θ, θv and θp are 
characteristics of the parcel method. The horizontal thick line indicates the LCL. 
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Figure 119: Radio soundings for 09:11h UTC (left) and 11:11h UTC (right).  

Analysing the radio soundings gives the following results: 

 09:11h BLH = 601m LCL = 1692m 
 11:11h BLH = 667m LCL = 1717m 

 

The surface layer, which is super adiabatic, is clearly visible in both radio soundings. We find that the 
surface layer potential temperature is 1 to 3 Kelvin warmer than the potential temperature of the rest of the 
boundary layer due to the heating of the surface from the sun. In two hours the boundary layer also mixed 
and the potential temperature over the whole boundary layer is more like that of a mixed profile. In two 
hours the boundary layer has grown 66 meters. 

6.7.4 Combining radio soundings and eddy-covariance data 
From each radio sounding measurement the bulk potential temperature <θ> and bulk moisture <q> is 
calculated and combined with the eddy-covariance data in Figure 120. The bulk temperature and bulk 
moisture can be found by vertically integrate from the surface until the boundary layer height. From the 
eddy-covariance data the temperature and moisture have been plotted in figure 6. We only have 2 
measurements of the radio soundings over time and the eddy-covariance data is averaged over half an 
hour. The measurements from the radio soundings were vertically integrated from the surface to the 
boundary layer height. 
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Figure 120: Evolution of potential temperature and moisture over time. 

We find that the radio sounding data has a higher potential temperature θ (± 5-6 K) and lower moisture 
conditions (± 8-9 g kg-1). This can be explained due to the different footprint of the radio sounding and the 
eddy-covariance data. We found that the footprint of the eddy-covariance data is mostly 5-20m from the 
device. The footprint of the radio soundings is rather different. The radio soundings describe the 
characteristics of a boundary layer and since the boundary layer is a turbulent layer with a lot of mixing it 
describes an area of ±5x5 km. Due to the larger footprint of the radio soundings they cover a larger area 
where the input of heat is more and the input of moisture is smaller (not only irrigated fields but also bare 
soil, see Figure 116). The evolution of the potential temperature is nearly the same for the radio soundings 
and the eddy-covariance data. 

6.7.5 Input CLASS-variables 
For the input of the CLASS-variables we miss one key aspect of boundary layer growth: subsidence. 
Subsidence can suppress the boundary layer growth and because of that it is of importance to check the 
large scale weather conditions. The weather conditions of the 1st of July of 2015 are shown in Figure 121. 

 

Figure 121: Synoptic situations on the 1st of July. 

 
In Figure 121 we find a high pressure system above Germany. The first of July also was a day where a lot 
of heat records were broken in The Netherlands, Poland and Germany. A high pressure system is generally 
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characterized by strong subsidence. By comparing the high pressure system (1016-1020 hPa) with values 
of subsidence found in literature (R. B. Stull4), 1988) the input variable for CLASS that is found is 3*10-5 
s-1 which corresponds to a subsidence of 1.2 cm s-1 with a (initial) boundary layer height of 400m. This 
value is parameterized in the model as divergence (ws = -div(UH) * h). 
Once all the eddy-covariance data and radio sounding data is analysed the variables for the CLASS-run 
need to be determined. Table 1 shows the input variables for the CLASS-runs. 
 
 

Table 39: nput variables for 5 different CLASS-runs. 

 
 
5 different CLASS-runs are generated:  
 

 C: Control run  
 C <SH: Lower Sensible heat flux  
 C+M: Introducing moisture effects  
 C+S: Introducing subsidence  
 C+M+S: Moisture effects + subsidence  

 
These five different runs are generated to investigate what situations match the results of the radio 
soundings and eddy-covariance data the best. Where some values could not be calculated or found in 
measurements some values had to be found by an educated guess. These values are w’θ’, h0 and div(Uh). 
w’θ’ was guessed by looking at the areal picture (figure 1) and making a fair distribution of high sensible 
heat flux (350 W m-2 bare soil) and low sensible heat flux (20 W m-2 irrigated field). h0 was guessed by an 
extrapolation of the 2 radio soundings. The divergence was guessed by checking literature for comparable 
situations. Although w’θ’ can be found in the eddy-covariance data (figure 2) this sensible heat flux only 
described the corn-field where for a CLASS-run a boundary layer is described with a footprint of ±5x5 km. 
For the C <SH run the value of figure 2 is taken: 10 W m-2, this is to study what the effect of a really low 
sensible heat flux is (if the whole area would be a really irrigated corn-field). The sensible heat flux in the 
control case represents a flux of 200 W m-2. Because the value of w’θ’ had been increased to match the 
real values better the values of w’q’ have been lowered. The net radiation on the corn-field does not differ 
from the net radiation for the footprint of the boundary layer so when we increase one term the other needs 
to be decreased. Also on a bare soil field (not irrigated) the latent heat flux will be much less than the latent 
heat flux described for the corn-field in figure 2. Both the surface fluxes have been implemented in CLASS 
with diurnal variation. For h0 also an educated guess is made. The radio soundings give a boundary layer 
height of +/- 600m at 09:11h. The sun rises around 07:00h in Germany for this day of year so we expect 
that the boundary layer could already grow for 2 hours. An assumption of h0 of 400 is reasonable but is 
very much up to discussion if we don’t have radio sounding measurements at 07:00h. The value for 
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subsidence is also an educated guess. It cannot be found in radio sounding measurements unfortunately 
but related to values found in literature as described above. 
For the lapse rates (γq and γθ) and the initial jumps at the top of the boundary layer (Δθ and Δq) a mixed 
layer profile of figure 5 has been assumed to find those values. For the lapse rates, the lapse rate of the 
first 200m above the boundary layer has been calculated. The initial jumps are the difference between the 
bulk temperature/moisture and the temperature/moisture just above the boundary layer. The station 
pressure (ps) could be found in the radio soundings and the initial moisture (q0) and temperature (θ0) are 
the values of q and θ at 07:00h in the eddy-covariance data. 
 
 

6.7.6 Results CLASS-runs 
For the class runs the focus point was on the main variables θ, q and boundary layer height. Figure 122, 
Figure 123 and Figure 124 show the results of those CLASS-runs, eddy-covariance data and radio 
soundings. 
 
 

 

Figure 122: Evolution of potential temperature in CLASS-runs (5 coloured lines), Eddy-covariance 
data (black dots) and radio soundings (yellow dots). 

 
In Figure 122 we find the evolution of the potential temperature. We already found that the potential 
temperature of the radio soundings is much higher than the values of the eddy-covariance data. Probably 
due to the different footprint and low sensible heat flux of the eddy-covariance data. For the Control < SH 
run we see that the increase of potential temperature is only 1 K which does not correspond to the data 
found in the eddy-covariance data. Introducing the subsidence effects increase the evolution of potential 
temperature (heat distributed over smaller volume). Because the initial temperature of the CLASS-run 
equals the potential temperature of the eddy-covariance data at 07:00h the CLASS-runs mostly correspond 
to the eddy-covariance data. For the CLASS-run to fall together with the eddy-covariance measurements a 
sensible heat flux of ±350 W m-2 had to be introduced which would be an unrealistic input variable. 
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Figure 123: Evolution of moisture in CLASS-runs (5 coloured lines), Eddy-covariance data (black 
dots) and radio soundings (yellow dots).  

 
In Figure 123 we find the evolution of the moisture. We find that the CLASS-runs are very close to the 
values of the eddy-covariance data. Again we see that the radio sounding values are a real outliner 
compared to the CLASS and eddy-covariance data. Again this is because the initial moisture is the moisture 
variable for the eddy-covariance data at 07:00h. For the first 7 hours the CLASS-runs falls together with the 
eddy-covariance data. Then the moisture from the eddy-covariance data decreases a bit. This may be 
explained due to the advection of dry air which is not modelled in CLASS. 
 

 

Figure 124: Evolution of boundary layer height in CLASS-runs (5 coloured lines) and radio 
soundings (black dots). 
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In Figure 124 we find the evolution of the boundary layer height. We only have 2 measurements for the 
radio soundings. We find that the growth of radio sounding measurements is much slower than those of the 
CLASS-runs. Only the Control <SH run describes a slow boundary layer growth due to the different input 
of heat. This in contrast to figure 7 because there we found that this run does not describe the evolution of 
potential temperature at all and here it describes the growth of the boundary layer pretty well (if the initial 
boundary layer height would be equal to 600m). The effects of subsidence are clearly visible in figure 9. 
They decrease the boundary layer growth. The runs that include subsidence are the ones that describe the 
boundary layer the best compared to the radio soundings. If we want the CLASS-runs to completely match 
with the radio soundings some unrealistic input variables had to be chosen (very small sensible heat flux, 
h0 of 600m, larger subsidence). 
 

6.7.7 Discussion 
Radio soundings:  
Because two radio soundings have been made the boundary layer height can only be found at two different 
times. This is as we saw in figure 9 too few to make a proper run that describes the boundary layer growth 
for the whole day. When we have a radio sounding at 07:00h we also find an initial boundary layer height 
that can be used as input variable for CLASS. When we also have measurements at 13:00 and 15:00 we 
have enough measurements to describe the whole evolution of the boundary layer. Radio soundings are 
very expensive though and doing 5 radio soundings per day will, although very useful for modelling, not be 
a reasonable expectation. 
Eddy-covariance data:  
The eddy-covariance data only has a footprint on the sugar beet field (most of the data comes from 80 
meters from device). A boundary layer is characterized by an area of ±5x5 km. Due to this difference in 
footprint the data from the eddy-covariance device can’t really be used in a CLASS-model without changing 
the variables. The fluxes (H, LE) found in the eddy-covariance data are not representable for the whole 
area of the boundary layer. In Figure 116 we find that also a large part of the area is bare soil. To have 
representative data we need a map that describes the land-uses (for example 50% irrigated field, 45% bare 
soil, 5% buildings/roads) and we need an eddy-covariance data on the irrigated field and the bare soil. Then 
we can use weighted average to fairly distribute the contribution of the irrigated field and the bare soil. This 
is however very time and money expensive but it can be useful for future modelling. 
Radio soundings vs eddy-covariance data: Due to the different footprint, the main variables in the radio 
soundings and eddy-covariance data deviate too much (Figure 120) to really compare them and use for the 
CLASS-model. 
CLASS-model:  
For the CLASS-model some input variables have been taken from the radio soundings and some variables 
have been taken from the eddy-covariance data. We saw that the footprint is really different so taking data 
from the two different measurements gives an unrealistic description of the boundary layer. Also an 
educated guess had to be made for some variables (h0, w’θ’, and divergence). For modelling it is always 
better to input measured variables but when they do not match reality (w’θ’) or cannot be found in 
measurements (h0, divergence) a guess has to be made. When the results were obtained they did not 
completely match the eddy-covariance data and/or the radio sounding data and to match them with each 
other some unrealistic input variables had to be chosen (for example too large sensible heat flux) which do 
not represent reality. 
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7 Future recommendations 
 
The improvements of the Spectral Fitting Method, give now the possibility to calculate consistent red and 
far-red fluorescence maps from single flight lines. However the detailed analyses of fluorescence maps 
calculated from not deconvoluted and deconvoluted data indicate the significant influence of the 
deconvolution on the retrieval and the necessity for correcting the PSF. 
The deconvolution algorithm currently available greatly supported the understanding of PSF effect on 
fluorescence maps, however, it introduces a significant amount of noise that severely affects final red 
fluorescence map at O2-B band. Indeed, further activities shall be focused on improving this module. 
 
Three dedicated experiments were evaluated within this report, the virtual cloud experiment and heat stress 
experiment and the Soybean experiment. The virtual cloud and heat stress experiment can be concluded 
with the analyses of this report. However the main question of the Soybean experiment, The Soybean 
experiment, how leaf chlorophyll content, canopy architecture and photosynthetic efficiency affect sun-
induced fluorescence and reflectance based vegetation measurements, could not sufficiently be answered 
within this report, as the use of the top of canopy and HyPlant data from the soybean was limited. Therefore, 
the experiment needs to be repeated in the next year. 
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