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1. INTRODUCTION AND AIM OF THE EXPERIMENTS 

 

Bio-monitoring of natural vegetation enables the acquisition of well-defined samples at an affordable 
cost and allows determining the response of vegetation to environmental changes at different time-
scales. It is well known that optical proximal sensing data allow the monitoring of the temporal and 
spatial variability of biochemical and biophysical plant properties under natural conditions. Optical 
sensors such as spectroradiometers have been shown to be suitable for the characterization of plant 
physiological status providing detailed optical characterization of the analysed targets, nevertheless 
the systems have to be accurately characterized in terms of spectral and radiometric performances 
in order to obtain repeatable and comparable measurements (Julitta 2015).  

Monitoring plant photosynthesis from optical sensors is one of the major interests for remote sensing 
(RS) in recent years. Since photosynthesis is driven by a wide array of plant-specific and environ-
mental factors, these factors will also induce an effect on the Chlorophyll (Chl) fluorescence signal. 
The Chl fluorescence signal therefore provides insight into the ability of a plant to tolerate environ-
mental stresses and into the extent to which those stresses have damaged the photosynthetic ap-
paratus (Maxwell and Johnson, 2000). Some examples of physiological stresses which has been 
studied are water stress (Bukhov et al., 1989), exhaust gases (Makrai et al., 1995), elevated CO2 

(Campbell et al., 2008), and ozone (O3) fumigation (Calatayud et al., 2002; Gielen et al., 2007; Lo-
renzini et al., 1999; Meroni et al., 2008a; Meroni et al., 2008b). 

Active Chl fluorescence measurements methods make use of an artificial light source. In laboratory 
conditions, the pulse amplitude modulation (PAM) fluorometry in conjunction with saturation pulse 
method is often used (Schreiber et al., 1986). Passive Chl fluorescence makes use of the sun’s 
radiation as illumination and excitation source. Chl fluorescence of vegetation represents only 1-5% 
of the reflected radiance in the near-infrared. The background reflected radiation is therefore much 
higher compared to the fluorescence signal. This makes the retrieval of fluorescence (Fs) using 
passive optical remote sensing a challenge. The detection of Fs requires very high resolution spec-
trometers and the impact of the atmospheric effects needs to be taken into account (Cogliati et al. 
2012). 

Sun-induced chlorophyll fluorescence (SIF) represents a key optical signal strictly linked to the pho-
tosynthetic activity of plants. The analysis of Fs together with spectral indexes related to plant green-
ness and status such as the widely used Normalized Difference Vegetation Index (NDVI), the En-
hanced Vegetation Index (EVI) and the Photochemical Reflectance Index (PRI) can provide detailed 
information about plant photosynthesis (Cogliati et al. 2012). 

The aim of this work was to infer and map the spatial patterns of the productivity from fluorescence 
and reflectance for a wetland site. It was also attempted to calibrate and validate a SCOPE model. 
Ultimately, the measurements of fluorescence could be used to validate APEX, HyPlant, UAV and 
Sentinel 2a sensors. 
 

2 TEST SITE AND COLLABORATIONS 

This EUFAR/OPTIMISE funded study was carried out at Obrzycko-Rzecin, Poland from July 6th to 
16th, 2015. It was designed to combine data from a number of aerial and terrestrial survey platforms. 
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The following sections detail the test site, the survey hardware and the collaborations involved in this 
portion of the field measurements.  

2.1 Test Site - POWLWET 

POLWET is a semi-natural wetland located near Obrzycko-Rzecin, Poland (Figure 1a). It offers fa-
cilities for eddy-covariance measurements and also automatic chamber measurements of CH4 and 
N2O flux measurements. It is regularly used for measurement campaigns, incorporates weather sta-
tions and offers AC and DC power supplies. The tests performed by Group C during this study would 
be the first to measure fluorescence using field spectrometers in a wetland. A boardwalk running 
throughout the test site to the chambers and flux tower would enable measurements to be taken at 
specific locations along the area (Figure 1b). 

 

 

Figure 1: General overview of the POLWET station (a). A detailed UAV-derived orthomosaic show-
ing the boardwalk and the sampling units locations where spectro-radiometric and chamber gas 

measurements were taken (b). 

a) 

b) 
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2.2 Flight Preparation and Flight Planning 

One of the primary components of this study was to plan, and conduct airborne research in conjunc-
tion with a (near-) ground measurement campaign. Consequently a flight-plan was prepared in con-
junction with other participants. Two aerial platforms operating hyperspectral sensors were sched-
uled for an overpass on the survey dates, APEX and HyPlant, however due to issues with cloud 
cover and flying regulations APEX was not employed initially.  

The flight plan was designed to ensure the central flight line would cross the wetland boardwalk 
(Figure 1) at nadir view. The spatial resolution of the imagery would be 1.2 m at the lowest permis-
sible flying height. A series of bright and dark canvas targets were positioned in the test are to assist 
in atmospheric correction and converting the at-sensor radiance values to absolute surface reflec-
tance. As blue-skies are required for accurate spectral measurements, a number of delays were 
encountered waiting for a suitable weather window. 

2.3 UAV Measurements 

A number of UAVs providing near-ground spectral measurements operated in conjunction with the 
field and airborne campaigns. These were a Falcon 8 OctoCopter from AscTec, with an adapted 
Ocean Optics spectrometer collecting BRDF measurements. The camera gimble enables hemi-
spherical measurements over points of interest. A second, bespoke UAV operating a Rikola Hyper-
spectral Imager (a Fabry-Perot Interferometer) was also operating in the test area. The results from 
the field campaign could be combined with the UAV data in future work. 

2.4 Group C Field Measurements 

Simultaneously, the grass radiances were measured with an automatic system named S-FLUO box. 
The S-FLUO box system hosts two portable spectrometers (HR4000, Ocean Optics, USA) charac-
terized by different spectral resolutions. One sensor measures the 'full' spectrum from 350nm to 
1050nm at a 1 nm spectral resolution (Full width at Hal Maximum, FWHM) and another measuring 
a narrow band from 650nm to 840nm with 0.2 nm of spectral resolution (FWHM) (Table 1). As the 
sensors required the thermally cooled housing and a generator to power it, care had to be taken 
when operating near the flux tower. 

 

Table 1: Spectrometers characteristics. 
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Fibre optics carry the spectral measurements from the end of the tripod arm to the two sensors 
contained in a thermally cooled case (Figure 2) and enable precise field measurements. A graduated 
tripod enables angular precision for repeat measurements. The dark current cover at the end of the 
measurement arm enables noise during the measurement process to be measured.  

 

Figure 2: Portable spectrometers used to measure radiance over the POLWET plots (Figure 1). 

2.5 Collaborations  

The fluorescence measurements recorded by Group C in the field campaign would be essential for 
a number of other measurement campaigns in progress simultaneously. Close cooperation was re-
quired with Group D to agree on measurement locations for their leaf clip measurements as top of 
canopy fluorescence was required. Collaboration between the field measurement campaign and the 
UAV teams was also required. The positions of each measurement were agreed upon in the meas-
urement planning stages and the measurement locations were recorded with single frequency GPS 
following the tests and provided to each group. An additional series of tests were designed to run in 
conjunction with a Polish survey team, whereby manual gas chamber measurements were recorded 
after the Spectroscopy team moved on to the subsequent points. 
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3. METHODOLOGY 

Early survey planning discussions resulted in a series of 4 vegetation sites and 8 gas chamber sites 
being selected for the field campaign. Figure 1(b) displays the measurement locations in the test 
area for the field spectroscopy team. Two alternatives methodologies were presented by the field 
team, and these would depend on whether a second overpass was performed by the aerial plat-
forms. Ultimately, a second overpass was performed and therefore a second series of measure-
ments were recorded. The following sections discuss the methodology employed in the field cam-
paign. 

3.1 Vegetation measurements 

POLWET contains unique vegetation species adapted for wet environments (Figure 3a-d). Five veg-
etation locations (Figure 1b), V1-V5 were selected during the mission planning stage. These were 
given priority to coincide with the airborne flyovers. Two series of measurements were recorded - 
Series 1 coincided with the first HyPlant overpass and Series 2 with the second. Five measurements 
over each plot were recorded and then linearly averaged to reduce noise in the sample. Each meas-
urement cycle consisted of four spectra: first, a measurement of the dark current followed by 3 spec-
tra whereby a measurement of the target’s up-welling radiance was sandwiched between two solar 
irradiance measurements (e.g., dark current, irradiance, target, irradiance). The solar irradiance at 
the time of the target measurement was estimated by linear interpolation over the cycle’s 1 minute 
duration.  

a) 

 

b)

 

c) 

 

d) 

 

Figure 3: Photographs of natural vegetation common found at POLWET station from which spec-
tral measurements were collected. The photographs represent the locations V1 (a), V2 (b), V3 (c) 

and V4 (d) according to Figure 1. 

3.2 Gas Chamber Measurements   

Due to time constraints five chamber locations were selected from the original eight (Figure 1b).  To 
maximise the value of these measurements 5 different types of sample (Figure 4a) were selected. 
Only a single series of measurements were performed during the gas chamber stage of the meas-
urement campaign. Again, a combination of dark current measurements, white reference panel 
measurements and sample measurements to minimise noise in post-processing and increase the 
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reliability of sample measurements. These measurements were performed in collaboration with the 
gas chamber team (Figure 4b). 

 

Figure 4: (a) Wetland vegetation sample from which both radiometric and gas chamber measure-
ments were taken. (b) Team carrying out gas chamber measurements.  

 

3.3 Measurement Issues   

Performing the measurement campaign with the field spectrometer was a laborious process in the 
confined surroundings of the boardwalk. The sensitive nature of the surrounding environment and 
the large numbers of people operating simultaneously in the survey area minimised the options for 
placing the survey equipment. A number of issues lead to delays in the survey campaign: 

 A constant power supply (the generator) resulted in an extensive network of cables cluttering 
the survey area and required transport to each test location. 

 The generator could not be located in the vicinity of the flux tower. 

 A shortage of fuel during the tests lead to an increase in the temperature in the thermally 
cooled box potentially introducing errors (noted in metadata). 

 Damage to one of the tripods required repair before measurements could recommence. 

 

a) b) 
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3.4 Data Processing and Analysis 
 
A number of processing stages were required during the spectral calibration of raw data. A general 
procedure for data processing to obtain radiance value and reflectance factor is given accordingly 
(Julitta 2015): 
 

1. Correction for temperature variability. The temperature dependency of the measurement 
needs to be known from laboratory test in order to correct the signal. A trace back of the 
temperature measurements has to be collected. 

2. Correction for dark current. The dark current signal collected with the same integration time 
has to be subtracted from the spectrum. 

3. Nonlinearity correction. The nonlinearity laboratory characterization has to be applied to re-
duce the measurement uncertainty. Is generally suggested to avoid optimizing the signal in 
the higher part of the spectrum (80%). 

4. Wavelength correction. Wavelength corrections gains need to be applied to compensate for 
the spectral shift of the detector. 

5. Radiometric calibration. In order to obtain a measurement expressed in a physical unit the 
previously calculated radiometric coefficients have to be applied. 

6. Calculation of the reference value at the measurement time. This step refers to a single beam 
device. To overcome the problem related to different time acquisition of reference and target 
the reference value has to be referred at the target acquisition times using a linear interpola-
tion between the two references. 

 
The above steps assure calibrated radiance can be calculated, which values were used to calculate 
fluorescence, reflectance and reflectance-derived vegetation indices. 
 
Sun-induced chlorophyll fluorescence (SIF) was calculated as follows ( Plascyk 1975): 
 

𝑭 =  
𝑬𝝀𝒐𝒖𝒕 × 𝑳𝝀𝒊𝒏 − 𝑳𝝀𝒐𝒖𝒕 × 𝑬𝝀𝒊𝒏

𝑬𝝀𝒐𝒖 − 𝑬𝝀𝒊𝒏
 

 
Where E is the incident solar irradiance and L is the target radiance. λin and λout refer to the wave-
lengths at the bottoms and at the shoulders of the absorption features, respectively. 
 
Reflectance factor (R) computation is calculated as follows bellow (Julitta 2015), which values were 
thereafter used to calculate four vegetation index as shown in Table2: 
 

𝑹 =  
𝝅 ∗ 𝑳𝑫𝒐𝒘𝒏_𝒓𝒂𝒅𝒊𝒂𝒏𝒄𝒆

𝑬𝑼𝒑_𝒊𝒓𝒓𝒂𝒅𝒊𝒂𝒏𝒄𝒆
 

 

Where down radiance 𝑳𝑫𝒐𝒘𝒏_𝒓𝒂𝒅𝒊𝒂𝒏𝒄𝒆 is reflected radiance (unit: w∙m-2∙nm-1∙sr-1), and 𝑬𝑼𝒑_𝒊𝒓𝒓𝒂𝒅𝒊𝒂𝒏𝒄𝒆 

is the incoming irradiance (unit: w∙m-2∙nm-1).  
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Table 2: Vegetation indices used in this study: Normalized Difference Vegetation Index (NDVI),  En-
hanced Vegetation Index (EVI), MERIS Terrestrial Chlorophyll Index (MTCI) and Photochemical Reflec-
tance Index (PRI). R indicates reflectance and numbers indicate wavelength in nanometres at the centre of 
the bands.  

Index Formulation Reference 

NDVI 
𝑹𝟖𝟔𝟓 − 𝑹𝟔𝟓𝟓

𝑹𝟖𝟔𝟓 + 𝑹𝟔𝟓𝟓
 Rouse et al (1973) 

EVI   

MTCI 
𝑹𝟕𝟓𝟑. 𝟕𝟓 − 𝑹𝟕𝟎𝟖. 𝟕𝟓

𝑹𝟕𝟎𝟖. 𝟕𝟓 − 𝑹𝟔𝟖𝟏
 Dash and Curran (2004) 

PRI 
𝑹𝟓𝟑𝟏 − 𝑹𝟓𝟕𝟎

𝑹𝟓𝟑𝟏 + 𝑹𝟓𝟕𝟎
 (Gamon et al, 1992) 

 
 

3.5 Meta Data Creation and Online Spectral Database (SPECCHIO)  
 
An additional component of the survey campaign was to combine all survey data in a central location 
and standardise the metadata across the separate survey groups. SPECCHIO - a spectral infor-
mation system (http://www.specchio.ch/) was employed for this purpose. The binary files were in-
compatible with SPECCHIO however a csv reader was developed by the developer to store the 
information from the HR4000. Additional information for each test site, including station description 
sites, photographs and raw data were uploaded to SPECCHIO.  
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4. RESULTS 

The reflected spectral radiance, as measured with the higher spectral resolution spectrometer, (Spec 
2, Table 1) shows a peak of reflectance cantered at 760 nm (Figure 5a) which can be associated 
with emission of fluorescence (Julitta 2015). There can also be observed peaks of reflectance in all 
samples, although exhibiting different intensities. It can be noticed that the different series (S1 and 
S2) have similar shape but different intensities, presumably is due to diffuclties involved in replicate 
the same environmental and geometry conditions for each measurement. 

Figure 6 shows the fluorescence values retrieved from the HR4000 spectrometers. Higher peaks of 
reflectance at around 760 nm are generally associated with higher emission of fluorescence. For 
example, V1 plot has the highest peak amongst the samples (Figure 5a), which in turn makes V1 
have the highest emission of fluorescence (Figure 6a). On the contrary, lower reflectance peaks tend 
to be associated with lower fluorescence values.  

Different times of observation (S1 and S2) resulted in different fluorescence intensities (Figure 6), 
which is in agreement with observations of reflectance over the same plots (Figure 5). A factor con-
tributing to this can be the different solar zenith angles during the two series of measurements.  

 

 

 

 

 

Figure 5: Apparent reflectance from vegetation (a) and chambers plots (b) measured with high 
spectral resolution radiometer. S1 stands for the first series of measurements and S2 for the sec-

ond one.  
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a)  

b)  

Figure 6: Boxplots of SIF measured at times S1 and S2 over vegetation plots (V) (a) and chamber 
(G) plots (b).  

 

 

Figure 7 shows empirical relationship between spectral vegetation indices and SFI. EVI has had the 
strongest agreement with SFI (R2=0.82), while NDVI and MTCI had similar R2, 0.73 and 0.74, re-
spectively. PRI, EVI*cos(SZA) and NPQI explain poorly the SFI variance.  It can be also seen that 
EVI and MTCI have linear relationship with fluorescence, but NDVI has a nonlinear relationship 
which points out saturation issues of this index.  
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Figure 7: Relationships between spectral vegetation indices PRI, NDVI, MTCI, EVI, EVI*cos(SZA) 
and solar induced fluorescence (SIF), for a wetland vegetation. 

4.3 The Scope Model 

We carried out the simulations for all the plots using SCOPE to model photosynthesis and fluores-
cence at both leaf and canopy level. SCOPE is a vertical (1-D) schematization of the vegetation that 
simulates radiative transfer and the exchange of heat, CO2 and H2 O between soil, vegetation and 
the atmosphere. The reflectance and transmittance of the leaf are calculated with the module Flus-
pect, which is an extension of the PROSPECT model (Jacquemoud et al., 2009). The extension 
consists of the calculation of the scattering of chlorophyll fluorescence within the leaf. The radiative 
transfer of incident (solar and sky) light through the canopy is calculated with the SAIL model 
(Verhoef , 1984) in which 60 elementary layers, 13 leaf zenith and 36 leaf azimuth classes are dis-
tinguished. The incident light on each leaf is further used to compute the internally generated radia-
tion per leaf layer and leaf inclination class: thermal radiation (using Planck’s law) and chlorophyll 
fluorescence (using Fluspect). The radiative transfer of these internally generated fluxes through the 
canopy is calculated with a module similar to the FluorSAIL model (Miller et al., 2005), but contrary 
to the FluorSAIL model, SCOPE uses a numerical solution that allows each class to have a different 
emission (van der Tol et al., 2009b). 

An input of the radiative transfer modules is the fluorescence emission efficiency ε, which is the 
probability that an absorbed photon in the photosynthetically active region of the spectrum (PAR), is 
re-emitted as fluorescence. A constant ε implies that the simulated SIF is exactly proportional to 
APAR. In SCOPE it is assumed that ε of photosystem I (PS-I) is constant, and hence, the SIF pro-
duced by PS-I is proportional to APAR. The emission efficiency of PS-II is not kept constant, but it is 
calculated with a semi-empirical model for photosynthesis and fluorescence emission based on leaf-
level measurements of gas exchange and active fluorescence measurement techniques. Originally, 
the model of van der Tol et al. (2009b) was used, but in the version used in the version used in the 
present paper, the model of van der Tol et al. (2014) has been used. This model simulates the fate 
of absorbed photons, which has three dissipation pathways: photochemical quenching (PQ), non-
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photochemical quenching (NPQ), and fluorescence. The probabilities are calculated with rate coef-
ficients K with subscripts f for fluorescence, pq for photochemical quenching and npq for non-photo-
chemical quenching: 

 

npqpqf

f

KKK

K




         (1) 

 

Kf is a constant, but Kpq and Knpq both vary. Kpq varies because the efficiency of photochemical 
use of photons depends on the capacity of the photosystems to transport electrons, while Knpq 
varies because of quickly reversible protective mechanisms that enable the dissipation of excess 
energy. In the model of van der Tol et al. (2014), two alternative empirical calibrations of Knpq are 
available. The model contains two empirical fits of for Knpq . Here we use a parameterization cali-
brated to outdoor measurements of Flexas et al. (2002) on plants under variable drought conditions 
as a function of the light saturation of photosynthesis x: 

 










x

x
KK o

nnpq


 )(1
=with=

      (2) 

 

where 𝐊𝐧
𝐨 , α and β are fitting parameters with values 𝐊𝐧

𝐨 = 5.01, α = 1.93 and β = 10. The variable 
x is crucial, it is the ratio of actual over potential (ligth limited) photochemistry, and it is calculated 
from the photosynthesis model. The variability of ε for PS-II is responsible for the fact that SIF is not 
always proportional to NPQ. Its value is calculated from x, which in turn depends on the carboxylation 
capacity Vcmax , the irradiance on the leaf, stomatal aperture and leaf temperature. An updated 
version of the SCOPE model was used here (v1.60). More details can be referred in van der Tol et 
al. (2009b, 2014).  

The input parameters for SCOPE include meteorological forcing (incoming shortwave and long-wave 
radiation, air temperature and pressure, humidity, wind speed, and CO2 concentration), LAI, leaf 
angle distribution, leaf chlorophyll content (Cab), stomatal conductance parameter (m), and maxi-
mum carboxylation capacity, Vcmax. Meteorological inputs were available from the SWAMP flux site 
measurements. An estimation of Cab, Cw, Cdm, N, LIDa, and LIDb controlling the leaf and canopy 
radiative transfer was obtained from the reflectance measurements. We use an optimization ap-
proach to solve the inversion problem. The leaf reflectance model PROSPECT (Jacquemoud and 
Baret, 1990) was used for the inversion, which was also integrated into the SCOPE model. A simple 
cost function was used to find the solution to the inverse problem, which minimizes the root mean 
squared error (RMSE) between measured and simulated reflectance spectrum. The resulting varia-
bles of these parameters were used as input biophysical parameters for SCOPE at each plot.   
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4.4 Future Work 

A number of potential avenues can be investigated for future work. Excluding further interrogation of 
the results from the Ocean Optics survey of the vegetation surveys - four other datasets could be 
included for comparison: 

 APEX data: Due to problems with flight regulations the APEX hyperpectral imagery was not 
captured on the day of the field survey. A subsequent flight later in the month was carried out 
and data can be requested from EUFAR for these purposes. 

 Rikkola data: The Rikkola fabry-perot interferometer had recorded hyperspectral imagery for 
a number of the test sites. GPS coordinates for each sample location have been recorded 
and stored in SPECCHIO with other metadata for the survey campaign. These can be com-
pared with the low-altitude airborne imagery. 

 Satellite data: A Sentinel 2a overpass was scheduled for that day. Although Sentinel 2a is 
multispectral rather than hyperspectral and although the data has not been fully calibrated, 
this would be an interesting comparison. The field measurements could potentially feed into 
a validation component for the Sentinel missions. 

 Gas chambers: Comparisons with chamber measurements recorded by Polish field survey 
team and field measurements recorded by SWAMP members can also form a component of 
future work.  
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5. CONCLUSIONS 

The SWAMP project was an ambitious undertaking, combining a number of field survey groups, low 
flying UAVs, mid-altitude Hyperspectral fixed wing aircraft and new ESA satellites. Despite issues 
with logistics on the day of the survey the field spectroscopy group (Group C) recorded measure-
ments for a number of locations, including vegetation plots and gas chamber sites and through care-
ful mission planning were able to schedule these surveys to coincide with two aerial overpasses of 
the HyPlant aircraft, maximising the value of the data for future studies. This is the first time that 
fluorescence was measured successfully in this wetland and the data has been made available for 
all interested parties in the OPTIMISE spectral information system, SPECCHIO. NDVIs are known 
to show saturation, and the relationship recorded in this field campaign by Group C with fluorescence 
indicates that far-red SIF is not saturating, therefore adding some useful information when compared 
only to a traditional index such as NDVI. This data (particularly SIF) will then be particularly useful in 
further calibration of other datasets, such as HyPlant and APEX. Additional comparisons with the 
SCOPE model has demonstrated that the simulations can be constrained with the field data but also 
can be constrained with the spectral data. Future work can include comparisons with airborne hy-
perspectral data, gas chamber measurements or aiding with Sentinel 2 multispectral calibration. 
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