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Sun-induced chlorophyll fluorescence (SIF) is a promising proxy of the dynamic photosynthetic process. Un
manned Aerial Vehicles (UAVs) are flexible and cost-effective for acquiring SIF data at high temporal and spatial
resolution. The UAV-based point spectrometer FluorSpec was designed to measure SIF within agricultural fields.
To correctly understand SIF values and further photosynthetic research, the ability of the UAV-based FluorSpec
to provide reliable SIF information within agricultural fields needs evaluation. In this paper, the UAV-based
FluorSpec was compared with the high-performance airborne imaging spectrometer HyPlant using diurnal farred SIF measurements over different crop types (i.e. two varieties of winter wheat, two varieties of spring
barley, bean, and maize), which were acquired by almost simultaneous airborne and UAV flights during a clear
sky day in 2019. After improving the footprint geolocation of FluorSpec measurements using concurrent redgreen-blue (RGB) images, we compared the FluorSpec and HyPlant SIF measurements, their diurnal de
velopments, and spatial distributions for different crop types. The results from both systems show consistent,
clear diurnal patterns that are positively correlated with photosynthetically active radiation (PAR) over most
crop types. Similar SIF spatial patterns were shown within crop fields as well. UAV-based FluorSpec SIF showed a
good linear correlation with HyPlant SIF with an R2 up to 0.76. The good agreement confirms that the UAV-based
FluorSpec system is able to measure meaningful SIF values at the field scale and thus stimulates SIF applications
in agriculture. The systematic errors up to 0.3 mW m− 2 sr− 1 nm− 1 from the linear regression between the two
systems indicate that the UAV-based FluorSpec system should be improved by considering the main sources of
uncertainty discussed in this paper. Future studies with dedicated experiments are recommended to assess the
systematic uncertainties of UAV-based FluorSpec derived SIF information.

1. Introduction
In the 21st century, global agriculture should produce more food to
meet the rapid increase in food demand (Beddington et al., 2012).
However, the amount of photosynthesis places an upper limit on food
production (Long et al., 2006). Photosynthesis is a complex physiolog
ical process depending on various biophysical processes and chemical
reactions, and it is highly regulated by changing environmental condi
tions (Farquhar et al., 2001; Schurr et al., 2006; Turner et al., 2003).

Thus, improving our knowledge on crop photosynthesis and the influ
ence of various kinds of stresses is of the utmost importance for crop
yield prediction and for taking management actions to increase yield.
Solar quanta absorbed by plant chlorophyll are distributed in three
competitive pathways, which consist of photosynthesis (photochemical
quenching, PQ), heat dissipation (non-photochemical quenching, NPQ),
and chlorophyll fluorescence (ChF). This unique functional connection
to photosynthesis makes ChF a powerful indicator of vegetation
photosynthetic dynamics (Ač et al., 2015; Rossini et al., 2015). Intensive
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studies at the leaf level have contributed significantly to our under
standing of plant PQ and NPQ regulation mechanisms at the subcellular
to leaf scales using active fluorometers (Cendrero-Mateo et al., 2016;
Porcar-Castell et al., 2014; Zarco-Tejada et al., 2016, 2000). However,
this approach of artificially exciting fluorescence is impractical over
large distances and large areas.
Thus, the measurement of ChF excited by the sun as a natural source,
sun-induced ChF (SIF), has been explored for remote sensing applica
tions. SIF offers a unique possibility to monitor terrestrial vegetation
photosynthesis from canopy to global scale (Mohammed et al., 2019).
During the last decades, innovative sensing efforts have shown the po
tential of SIF at the proximal canopy level as an indicator of photosyn
thesis (Goulas et al., 2017; Pérez-Priego et al., 2015) and stress effects
(PérezPriego et al., 2015; Daumard et al., 2010; Xu et al., 2018).
Ground-based setups usually range from a few metres to tens of metres
above the canopy (Aasen et al., 2019; Gu et al., 2019; Mohammed et al.,
2019; Campbell et al., 2019; Yang et al., 2018b), which can be used to
track the diurnal and seasonal changes in SIF. However, most current
systems have a high temporal resolution but lack the flexibility to
monitor SIF at a large scale, e.g. at the field level for crop phenotyping
research and crop management.
The potential of satellite-based SIF as an indicator of photosynthesis
by monitoring global SIF patterns and dynamics has also been recog
nized (Frankenberg et al., 2011; Jeong et al., 2017; Joiner et al., 2013).
Many studies have highlighted the strong relationship between SIF and
gross primary productivity (GPP) (Guan et al., 2016; Sun et al., 2017;
Wood et al., 2017; Zhang et al., 2016). Some other studies have shown
the potential of far-red SIF to indicate stress, e.g., temperature and water
stress, and to track the dynamics of photosynthesis at ecosystem scale
(He et al., 2020; Koren et al., 2018; Sun et al., 2015; Song et al., 2018;
Yang et al., 2018a). One of the future Earth Explorer missions of the
European Space Agency, the Fluorescence Explorer (FLEX) mission, has
been designed specifically to map vegetation fluorescence at local to
ecosystem scales (Drusch et al., 2016). However, the low spatial reso
lution of the satellite-based sensors (from hundreds of metres to tens of
kilometres) makes the SIF observations from satellites less applicable for
sensing within-field spatial heterogeneity, such as in small-scale
farmlands.
Airborne systems can provide intermediate-scale observations
(covering the spatial scale from metres to kilometres), allowing to map
SIF at ecological and management-relevant scales (Rascher et al., 2015).
This solution addresses spatial scaling issues from in-situ to satellite
footprints and supports spatial measurements through enhanced vali
dation and interpretation of satellite SIF. Case studies of airborne SIF
have provided insights into the spatio-temporal variability of SIF
(Colombo et al., 2018; Rascher et al., 2015; Zarco-Tejada et al., 2013),
SIF-based GPP estimates (Tagliabue et al., 2019; Wieneke et al., 2016;
Zarco-Tejada et al., 2013), as well as stress detection, such as water
shortages (Panigada et al., 2014; Wieneke et al., 2016), plant diseases
(Zarco-Tejada et al., 2018), and herbicide stress (Rossini et al., 2015).
An innovative combination between aerial observations and radiative
transfer modeling approaches has been used to explore the effects of
confounding factors on the scaling of SIF-GPP relationships (Damm
et al., 2015), and to separate physiological effects from structural and
leaf optical factors (Yang et al., 2019, 2020).
However, airborne platforms can be costly for measuring SIF at
small-scale field level and therefore they lack the flexibility of measuring
SIF at a high temporal resolution, for example, acquiring timely infor
mation on crop photosynthesis over the day and the season. As an
alternative, unmanned aerial vehicles (UAVs) equipped with miniatur
ized and lightweight sensors offer efficient ways to monitor crop fields
with high spatial and temporal resolution at a low flying altitude, e.g. to
perform diurnal measurements for specific areas. High temporal reso
lution measurements are of utmost importance to understand photo
synthesis processes in plant phenotyping and precision agriculture
(Tsouros et al., 2019), where measuring certain plant traits (e.g. leaf

area index and leaf chlorophyll content) every few days and managing
crop performance related to different crop varieties and management
practices is needed.
To the best of our knowledge, only a limited number of studies have
demonstrated the retrieval of SIF from UAV platforms (Vargas et al.,
2020). A fixed-wing UAV equipped with a micro-hyperspectral imager
has been applied to acquire SIF in orchards for detecting biotic/abiotic
stress, e.g. water deficiency (Zarco-Tejada et al., 2013, 2012, 2009) and
disease infection (Calderón et al., 2013; Zarco-Tejada et al., 2018).
Garzonio et al. (2017) developed the HyUAS system, which could
retrieve SIF at a low flying altitude (10–120 m) and showed that the
accurate geo-location of spectra on a digital surface model greatly
enhanced SIF interpretation. Maseyk et al. (2018) used the Piccolo
Doppio spectrometer system to gain insight into canopy-level photo
synthetic responses to CO2 in a mature Quercus robur woodland. A case
study of alfalfa and grass canopies was carried out with the AirSIF sys
tem by Bendig et al. (2020), in which sensor etaloning and platform
motion correction was introduced to achieve accurate geolocation and
footprint shape reconstruction of the SIF measurements. Chang et al.
(2020a) designed a new unmanned aerial system to simultaneously ac
quire SIF and hyperspectral reflectance for crop monitoring, where SIF
acquired by this system was found to emulate and correlate well with
that measured by a tower system.
Recently, FluorSpec was introduced as a low-cost system for
providing SIF measurements both at the canopy scale (ground-based)
and at the field scale (UAV-based) (Wang et al., 2021). The UAV-based
FluorSpec SIF exhibited a pronounced diurnal pattern and showed clear
spatial variation within different crop fields. SIF only accounts for 1–5%
of the reflected radiance in the far-red (Meroni et al., 2009), and
therefore, the retrieval and interpretation of the weak SIF signal are
delicate. To correctly understand SIF values retrieved from the
UAV-based system, the ability of UAV-based FluorSpec to provide reli
able SIF measurements within agricultural fields needs a robust evalu
ation (Vargas et al., 2020). The reliability of UAV-based SIF products has
been tested using ground truth observations (Chang et al., 2020a;
Bendig et al., 2020; Garzonio et al., 2017). However, robust comparison
of UAV-based SIF estimates until now has been hindered by the
spatio-temporal discrepancies of ground-based and UAV-based infor
mation, since their comparability is not fully resolved due to the dif
ferences of a few meters and/or minutes between sensor observations
(Vargas et al., 2020). Well-characterized and well-calibrated airborne
SIF systems have the potential to test the ability of UAV-based methods
of SIF retrieval at the field scale.
In this study, we compared the performance of the UAV-based Flu
orSpec and the airborne HyPlant systems in retrieving SIF over different
crops. HyPlant is a high-performance airborne instrument specially
designed to measure SIF and has provided spatial SIF information of
different ecosystems in many airborne surveys (Rascher et al., 2015;
Tagliabue et al., 2019, 2020; Wieneke et al., 2016). The experiment in
this study enables comparing spatio-temporal far-red SIF patterns within
agricultural fields, offering an evaluation dataset for UAV-based data,
than comparing with a single ground or tower-based reference data
point. The two systems acquired data almost simultaneously four times
following a diurnal pattern on one day over an agricultural area. The
main goal was to assess the performance of the FluorSpec UAV-system in
acquiring far-red SIF by comparing it with the well-characterized
airborne Hyplant system. Specifically, diurnal far-red SIF patterns and
their spatial distributions were analysed for different crop types.
2. Materials and methods
2.1. Study area
The study was carried out during the 2019 FLEX Sentinel Tandem
Campaign (FLEXSense 2019) on a cloud-free day on June 26, 2019. The
study site was located at the agricultural research station Campus Klein2
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Altendorf that is affiliated with the University of Bonn (50◦ 37′ N, 6◦ 59′
E) and located near Rheinbach, in North Rhine-Westphalia, Germany.
The analysis focused on an area of 1.5 ha covered with a variety of crops
in different stages of development. The average altitude of the study site
is 173 m above sea level, the average annual rainfall is 603 mm, and the
mean annual temperature is 9.4 ◦ C. On June 26, 2019, the maximum air
temperature was 32 ◦ C around 14:00 and the maximum wind speed was
3.9 m s− 1. Sunrise was at 5:20, solar noon around 13:40, and sunset at
21:50 Central European Summer Time (CEST). In this manuscript, all
time indications refer to CEST.
In the overpass area of the FluorSpec system (Fig. 1), the following
crops (Fig. S1) were grown: winter wheat1 (Triticum aestivum L., sowing
date: November 29, 2018), winter wheat2 (Triticum aestivum L., October
31, 2018), spring barley1 (Hordeum vulgare L., January 4, 2019), spring
barley2 (Hordeum vulgare L., March 27, 2019), spring wheat (Triticum
aestivum L., January 4, 2019), bean (Glycine max L., April 16, 2019), and
maize (Zea mays L, May 31, 2019). For all crops, common field rotation
practices were used.

interval of 0.15 nm. It covers both the O2-A absorption band at 760 nm
and the O2-B absorption band at 687 nm that are needed for the SIF
retrievals. The field-of-view (FOV) of the downward-looking radiance
optics is 25◦ The irradiance channel is equipped with a cosine corrector
to collect solar irradiance from a hemispherical FOV (180◦ ). The QE Prois designed to stabilize the detector using a built-in thermoelectric
cooler, keeping the detector temperature at − 10 ◦ C. The actual tem
perature of the sensor is reported in the raw data file while the FluorSpec
is acquiring data. The Sony camera is a standard RGB-camera that is
automatically triggered together with the spectroradiometer and re
cords high-resolution images of 6000 × 4000 pixels (24 Megapixels). For
more details on the FluorSpec system, see Wang et al. (2021).
The FluorSpec was mounted below a DJI S1000+ UAV platform (DJI,
China, Fig. 2), which is powered by 8 brushless electric motors that
allow autonomous vertical take-off and landing and hovering over a
target during in-flight operations. The flight mission was planned with
the universal ground control software (UgCS). The flight mission con
sisted of 6 waypoints. The UAV was programmed to a flying height of 20
m and a horizontal speed of 2 m s− 1 from waypoint to waypoint. In this
configuration, the spectroradiometer sampled a circular area with a
diameter of 8.8 m on the ground for every measurement, with a sam
pling distance of 7 m (determined by the flight speed). This footprint size
enabled capturing SIF observations per crop type even within narrow
fields, e.g. 20 m width. With a flying speed of 2 m s− 1, one flight would
cover an area with several crop types within the UAV battery life
(Fig. 1). The Sony camera captures an area of 30 × 20 m with a pixel
resolution of 2.5 cm. The flight was repeated four times during the
experimental day and the FluorSpec starting time flying over the study
site was 10:35, 11:42, 13:15, and 15:32 CEST, respectively. Each flight
lasted around 5 min while the FluorSpec passed over the study region of
interest (Fig. 1).

2.2. Field campaign
2.2.1. UAV measurements
The FluorSpec was flown over the study site under clear weather
conditions on June 26, 2019. The meteorological conditions during the
beginning of the flights can be found in Table S1. The FluorSpec can be
used both as a ground-based SIF measurement device and as a UAV
payload. The FluorSpec consists of a QE-Pro-spectroradiometer (Ocean
Optics Inc., Dunedin, FL, USA), a Global Navigation Satellite System
(GNSS) receiver (VarioTek GmbH, Düsseldorf, Germany), a laser ran
gefinder sensor (LightWare LiDAR LLC, Austin, TX, USA), and a Sony
A6000 RGB camera (Sony, Tokyo, Japan). The QE-Pro-is a subnanometer spectral resolution point spectrometer, configured with two
channels to measure the downwelling irradiance and the upwelling
radiance in the wavelength range 630–800 nm, with a full-width-at-halfmaximum (FWHM) spectral resolution of 0.3 nm and a spectral sampling

2.2.2. Airborne HyPlant measurements
Four HyPlant flights were carried out under clear sky conditions over
the study site on June 26, 2019, at 10:02, 11:32, 12:58, and 15:28 CEST

Fig. 1. Overview of the study site (Campus Klein-Altendorf, Germany), the flight plan on June 26, 2019, and distributions of different crop types within the study
area. The background image is a pseudo-RGB composite using three bands (665.6 nm, 560.7 nm, and 490.6 nm, respectively) of HyPlant DUAL data acquired at
12:58 CEST.
3
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Fig. 2. The FluorSpec system mounted on the DJI S1000+ octocopter UAV platform.

with a flying altitude of 350 m, resulting in a spatial resolution of 1.0 ×
0.5 m per pixel. Table S1 shows the meteorological conditions at the
beginning of the airborne flights. The HyPlant sensor is a highperformance airborne imaging spectroradiometer and was specifically
designed for vegetation monitoring and to retrieve sun-induced fluo
rescence (Rascher et al., 2015). It consists of two modules: DUAL and
FLUO. The DUAL module measures reflected radiance within the
wavelength range of 380 to 2500 nm, with an FWHM of 3 nm in the
visible and near-infrared regions and a spectral resolution of 10 nm in
the short-wave infrared region. The FLUO module measures radiance
from 670 to 780 nm, with a spectral resolution of 0.29 nm at the O2-B
(687 nm) and 0.28 nm at the O2-A (760 nm) absorption bands. Such a
high spectral resolution in the red and far-red spectral range enables
fluorescence retrievals at the O2-B and O2-A absorption bands. Further
technical details and sensor calibration are documented in Rascher et al.
(2015) and Siegmann et al. (2019).

concentrations using the calibration equations in Markwell et al. (1995)
and Uddling et al. (2007). Photosynthetically active radiation (PAR) was
measured by a weather station located within the area of Campus
Klein-Altendorf. This station continuously recorded meteorological data
every 10 min.
2.3. Data processing
2.3.1. FluorSpec data preprocessing
The FluorSpec data processing chain from raw digital numbers (DN)
to top of canopy (TOC) radiance (Wm− 2 sr− 1 nm− 1) includes four steps
as described in detail in Wang et al. (2021). First, measured raw spectra
were converted to at-sensor irradiance and radiance by removing the
dark current, dividing by integration time, and multiplying the DN
values with the radiometric calibration coefficient per wavelength.
Second, laser rangefinder and the FluorSpec GNSS data were processed
to obtain target-sensor distance and sensor position information,
respectively. Next, the at-sensor irradiance and radiance were converted
to their TOC equivalents by applying an atmospheric correction using
the MODerate resolution atmospheric TRANsmission (MODTRAN6) al
gorithm (MODTRAN®, Spectral Sciences, Inc). Since in this paper the
focus for SIF retrieval is on the O2-A absorption feature, the adopted
MODTRAN model implementation simulates the transmittance profile
through the bottom 1 km of the atmosphere around the far-red 760 nm
O2-A feature. Standard MODTRAN parameters (mid-latitude summer
atmospheric profile, rural aerosol type, visibility = 23 km, sensor alti
tude = 1 km, and default values for water column, CO2, and ground
temperature) (MODTRAN®, Spectral Sciences, Inc) were used in the
MODTRAN model as used in the standard processing chain for the Flu
orSpec. To get a useful transmittance for a specific UAV altitude directly
measured by the FluorSepc laser rangefinder sensor, the simulated
transmittance can be converted to different thicknesses of the atmo
sphere using the Beer-Lambert law. Preceding and following TOC irra
diances are linearly interpolated using the GPS timestamp of the
corresponding TOC radiance measurement to precisely get TOC irradi
ance at the same time as the TOC radiance measurement. More details

2.2.3. Auxiliary field data
The structural variable LAI is the main indicator of the presence and
density of vegetation and determines radiation interception by the
canopy (Breda, 2003). Leaf chlorophyll absorbs the incoming sunlight
within the 400–700 nm spectral window as the main absorbing pigment
(Lichtenthaler, 1987). LAI and Cab are also two of the most important
variables that drive SIF emanating from vegetation canopies (Verrelst
et al., 2015; Pinto et al., 2017; Lu et al., 2020). LAI and Cab were
measured to facilitate a qualitative understanding of SIF values over
different crop canopies. Therefore, after the 3rd overflight of the UAV,
leaf area index (LAI) and relative chlorophyll concentration (Cab) were
collected. For each crop field, an area of 1 × 1 m within or close to the
areas sampled by FluorSpec was selected to measure LAI and Cab.
Within each sample site, one LAI measurement was conducted using an
LAI-2200C Plant Canopy Analyzer (LI-COR, Lincoln, NE, USA) and five
Cab measurements were acquired with a SPAD 502 Plus Chlorophyll
Meter (Konica-Minolta, Tokyo, Japan). Each Cab measurement was an
average from five random measurements collected from the top leaves of
individual plants. SPAD-502 readings were converted to Chl
4
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are described in Wang et al. (2021).

raw data to TOC SIF maps. First, the FLUO raw data were converted to
at-sensor radiance data (W m− 2 sr− 1 nm− 1), in which the dark frame
subtraction, the radiometric correction of the image cube, the boresight
correction, and the generation of the geographic lookup table file for the
geometric correction were performed by the software CaliGeoPro
(SPECIM, Oulu, Finland). Next, TOC SIF in the observer’s direction was
retrieved based on calibrated at-sensor radiance images while consid
ering the atmospheric correction. Details refer to 2.3.4. Afterwards, SIF
maps were geo-rectified in the software CaliGeoPro using navigation
information recorded by the global positioning system/inertial naviga
tion system (GPS/INS) unit included in the HyPlant sensor system. This
led to a precise internal image geometry with only minor deviations of
less than 2 pixels. For more information, the reader is referred to Sieg
mann et al. (2019). The geometric accuracy of HyPlant SIF maps was
improved by manually geo-referencing the maps in ArcMap 10.2 with
the Phantom 4 RTK orthomosaicThe final HyPlant SIF maps had a
geometric accuracy of less than 0.5 m.

2.3.2. Improved geolocation of the FluorSpec measurement footprints
Spatial characterization of a UAV non-imaging spectroradiometer
footprint consists of footprint extent (e.g. shape) and location determi
nation (Gautam et al., 2019a). Multiple instantaneous footprints merge
and produce an elongated footprint of the spectroradiometer in case of a
continuous flight mode (Gautam et al., 2019a, 2018). The integration
time of the FluorSpec system is 500 ms and the log time in each radiance
spectrum message is in the middle of the exposure. Therefore, for one
SIF measurement during a single integration time, the time difference
between the first and last instantaneous footprint is 250 ms, resulting in
a 0.5 m distance between the first and last footprint center with a flying
speed of 2 m s − 1. This distance can be neglected considering the large
size of the FluorSpec footprints (8.8 m). Take flight1 as an example.
There is a high consistency between SIF values of the HyPlant map
falling within Fluorspec footprints before the elongation correction and
after the elongation (Fig. S5), with an R2 of 1.00, an RMSE of 0.006
mWm− 2sr− 1nm− 1, and a bias of − 0.0002 mWm− 2sr− 1nm− 1. Therefore,
we decided not to correct this elongation effect but applied a circular
shape for simplicity. However, the FluorSpec system is not equipped
with an RTK GNSS, so it has an estimated location accuracy of ~5 m.
Therefore, simultaneously recorded Sony RGB images were used to
improve the radiance measurement footprint geolocation. The distance
between the center of the RGB camera lens and the center of the radi
ance optics of the QE-Pro-spectrometer was 13.5 cm and the viewing
directions of both instruments were accurately aligned. Bendig et al.
(2018) suggest that typical in-flight platform pitch and roll angles pro
duce a zenith angle offset of up to 6◦ in low wind conditions for a
comparable UAV system. If we assume that the zenith angle offset in our
case was 6◦ , the projected distance on the ground between the center of
the RGB camera lens and the radiance optics was 13.6 cm. The influence
of this projected distance for determining the relative location of the
FluorSpec footprint in RGB images was negligible compared to the
FluorSpec footprint size. Therefore, the footprint center of the FluorSpec
measurements was assumed to be the same as the center of the corre
sponding RGB images.
However, due to the short battery life, the low flying speed, and the
flying height of the UAV, it was not feasible to both acquire SIF over a
larger area (several fields with different crops) and enable sufficient
image overlaps for photogrammetric processing of the RGB images. This
problem was solved by using an orthophoto acquired with a Phantom 4
RTK as a basis for manually geolocating the RGB images from the
FluoSpec platform. Phantom 4 RTK images were acquired with the builtin RGB camera at 1 cm ground resolution with a front overlap of 60%
and a side overlap of 40% around solar noon on June 26, 2019. An
orthophoto was produced by photogrammetric processing with the
software Metashape (AgiSoft LLC, Russia, Version 1.5.2), using 15
ground control points (GCPs) for exact geolocation. GCPs were
measured with a Real Time Kinematic (RTK) GNSS. The final Phantom 4
RTK orthophoto had an overall accuracy of 1 cm.
To perform the geolocation correction, the Sony RGB images were
manually rectified by matching them with the Phantom 4 RTK ortho
mosaic. The geometric accuracy was within 5 pixels on the Sony RGB
image at a spatial resolution of 2.5 cm via a visual assessment. Due to the
insufficient image overlap of the Sony RGB images, photogrammetry
could not be used to geolocate the RGB images after the manual geo
location. Therefore, we could not obtain an orthophoto to compare with
Phantom 4 RTK orthomosaic and calculate the georectification accu
racy. The center coordinates of the Sony RGB image determined in the
previous step were assigned to the footprint locations of corresponding
SIF measurements.

2.4. SIF retrieval methods
Top of canopy radiance Ltoc (λ) detected by sensors is a combination
of true canopy reflected radiance (without fluorescence contribution)
and emitted fluorescence radiance, which can be written as
(
)
Ltoc (λ) = 1/π Etoc (λ)R′target (λ) + Lfl (λ)
(1)
where Etoc (λ) is the TOC incident irradiance hitting the target, R′target (λ) is
the apparent reflectance factor of the target without fluorescence effects,
and Lfl (λ) is the emitted fluorescence radiance.
The spectral fitting method (SFM) was used to retrieve SIF from
HyPlant measurements. SFM was originally proposed by Mazzoni et al.
(2012) and Meroni et al. (2010) and it is an advanced technique to
decouple SIF and reflectance from high spectral resolution radiance
observations. This method combines the atmospheric correction of the
airborne data with the decoupling of reflectance and fluorescence based
on the spectral fitting technique (Cogliati et al.,2019; Verhoef et al.,
2018). MODTRAN-5 is employed to calculate the atmospheric radiative
transfer within narrow spectral windows confined to the oxygen ab
sorption bands. The model input parameters are derived from sun
photometer measurements (i.e., water vapor column (WVC), aerosol
optical thickness (AOT) at 550 nm, and surface pressure) and geometry
parameters derived from the navigation data of a HyPlant image cube
(Siegmann et al., 2019). SFM applies mathematical functions to repre
sent the apparent surface reflectance and ChF within the narrow spectral
windows corresponding to the O2 bands (Meroni et al., 2010). The pa
rameters of the functions applied to represent Lfl (λ) and R′target (λ) are
optimized through a non-linear least square optimization process, by
comparing the at-sensor radiance computed according to Eq. (1) and
instrument TOC observations, until the best match is found between the
simulated and the observed radiance. For HyPlant FLUO data, SFM
employs the Lorentzian function to model the fluorescence emission
peak and polynomial or piece-wise cubic splines to fit the reflectance
within the O2-A spectral window of 750–780 nm (Siegmann et al.,
2019). In this study, SIF at 760 nm was selected for the comparison with
the SIF measurements by FluorSpec.
For the Fluorspec instrument, the Spectral Shape Assumption
Fraunhofer Line Discrimination (SSA-FLD) method as introduced by
Wang et al. (2021) was used to retrieve SIF around the 760-nm oxygen
absorption band of the FluorSpec measurements. SSA-FLD is a slightly
adapted FLD-based approach to retrieve SIF and can use the ultra-fine
spectral information within the oxygen absorption regions. It has two
assumptions: (i) the fluorescence follows a known shape of the fluo
rescence spectrum; and (ii) the reflectance factor spectrum of the target
object behaves linearly over the 760 nm oxygen absorption region. Thus,
chlorophyll fluorescent radiance and true reflected radiance can both be
split into a known spectral shape component and an unknown amplitude

2.3.3. HyPlant FLUO data preprocessing
The HyPlant automated processing chain consists of several steps to
process hyperspectral image cubes recorded by the FLUO module from
5
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component. The unknown amplitude components are best solved using
the full spectral information within the O2-A spectral window. There
fore, SSA-FLD can be regarded as a special case of SFM. However, the
general SFM function cannot be applied to UAV-based FluorSpec mea
surements directly without careful effort to adjust parameters. The SFM
algorithm applied to HyPlant measurements was specifically developed
for the HyPlant system and inspired by the original version (Siegmann
et al., 2019). Moreover, in a parallel study, we compared the two
methods, and they had a strong agreement with an R2 of 0.99, a
reasonable slope of 0.7, and an offset of 0.1 mW m− 2 sr− 1 nm− 1.
(Fig. S2), which is referred to in Wang et al. (2021). Therefore, we
decided to apply the SSA-FLD method to the FluorSpec data for
retrieving SIF.

σε =

(4)

Where N is the number of SIF observations, whereas SIFHyPlant i and
SIFFluorSpec i are the HyPlant SIF and FluorSpec SIF values within the ith
footprint, respectively.
4 The follow-up steps were carried out based on FluorSpec SIF and
HyPlant SIFimproved. Spatial maps of the study area were generated to
visually compare the SIF spatial patterns retrieved from FluorSpec
and HyPlant. Diurnal patterns of SIF values were analysed for each
crop type and for each overpass to evaluate the performance of the
two systems.

2.5. Comparison between the FluorSpec and HyPlant SIF

3. Results

The comparison between FluorSpec and HyPlant SIF was carried out
according to the following steps:

3.1. Improved geolocation of FluorSpec footprints

1 Circular footprints (8.8 m diameter) of the FluorSpec measurements
were created before the improved geolocation and after the
improved geolocation.
2 SIF values of approximately 120 pixels of the HyPlant map falling
within original Fluorspec footprints (before improved geolocation)
and within footprints with improved geolocation were averaged as
HyPlant SIForiginal and HyPlant SIFimproved, respectively. It was
assumed that the spectroradiometer signal within a footprint poly
gon has a uniform distribution (Bendig et al., 2020; Garzonio et al.,
2017).
3 FluorSpec SIF was compared with HyPlant SIForiginal and HyPlant
SIFimproved, respectively, using a linear regression analysis. Scatter
plots and the coefficient of determination (R2) with p-values were
used as indicators of the linear correlation between the two systems.
Based on FluorSpec SIF and HyPlant SIFimproved, root mean square
error (RMSE), systematic error (bias), and the standard deviation of
the random errors (σε) were calculated to assess uncertainties in
FluorSpec SIF measurements.
/
∑N (
)
SIFHyPlant i − SIFFluorSpec i
N
(2)
Bias =
1
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
/ ̅
√
√∑N (
)
2
RMSE = √ 1 SIFHyPlant i − SIFFluorSpec i
N

√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
RMSE2 − Bias2

Fig. 3 shows the change in the location of the FluorSpec measure
ment footprints projected on the ground before and after improved
geolocation. For all flights, there was an obvious shift from the original
flight path to the one with improved geolocation. The distance between
the original and improved footprint centres varied for different flights, e.
g., 2.58–8.15 m for the 2nd flight (11:32) and 0.24–2.77 m for the 3rd
flight (12:58). The footprints after improved geolocation between
repeated UAV flights misaligned spatially. For the flight path over the
bean field, there was a large shift between the first flight and the other
three flights. This is because during the 1st flight it was visually observed
that the FluorSpec was flown over the edge between two bean plots.
Since bean was one of the target crops, this flight path was adjusted by
shifting the location of the fourth and fifth waypoint right after the 1st
flight.
R2 values of the linear regressions between the FluorSpec and
HyPlant SIF before and after improved geolocation are presented in
Table 1. The footprint correction improved the linear relationship be
tween FluorSpec and HyPlant SIF for three flights as expected, but R2 for
the 3rd flight remained the same (Table 1). In flights 1, 2, and 4, the
intercept decreased, and the slope increased after the improved geo
location, while these two coefficients did not show a significant change
in flight 3.

(3)

Fig. 3. Ground projected footprints of the FluorSpec measurements before (circles in black) and after improved geolocation (circles in yellow). FluorSpec mea
surements were acquired at 10:35, 11:42, 13:15, and 15:32 CEST on June 26, 2019. The background map shows the orthophoto image acquired by a Phantom 4 RTK
UAV at 11:19 CEST on the same day.
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Table 1
R2, intercept, and slope of the linear relationships between FluorSpec SIF and HyPlant SIF before and after improved geolocation and mean/minimum/maximum shift
distance of footprint centres of FluorSpec before and after improved geolocation.
Flight
Flight
Flight
Flight
Flight

Before improved geolocation
1
2
3
4

After improved geolocation

Shift distance (m)

R2

Intercept

Slope

R2

Intercept

Slope

Mean

Minimum

Maximum

0.54
0.73
0.71
0.48

0.211
0.394
0.296
0.49

0.682
0.897
0.986
0.634

0.65
0.76
0.71
0.68

0.165
0.315
0.308
0.295

0.816
0.989
0.979
0.997

3.11
4.77
1.56
3.94

1.61
2.58
0.24
1.57

5.45
8.15
2.77
5.57

3.2. SIF comparison between FluorSpec and HyPlant

Table 2
Average leaf area index (LAI, m2 m-2) values and relative chlorophyll content
(Cab) (g m− 2) of the six studied crop types.

3.2.1. Spatial variations of FluorSpec and HyPlant SIF
The spatial distribution of SIF derived from the two systems over the
study site is shown in Fig. 4. Overall, HyPlant SIF ranged from 0 to 2.4
mWm− 2 sr− 1 nm− 1. Within the flying area of the FluorSpec, HyPlant SIF
values fell in the range of 0.0 to 1.75 mWm− 2 sr− 1 nm− 1. Both HyPlant
and FluorSpec fluorescence show similar and clear patterns within
different fields. Different crop types had different SIF values. Winter
wheat1 and spring barley2 fields (Fig. 1) exhibited higher SIF where the
total canopy chlorophyll content (LAI × Cab) of the plants was larger
(Table 2). Lower SIF values appeared in the maize field due to a low
fractional vegetation cover (Table 2). At that time maize canopy was so
sparse that the LAI-2000 value was not representative of the LAI of the
maize. Therefore, we decided not to use the LAI-2000 value in the maize
field. In addition, SIF from both systems showed spatial variations
within the same field. For example, for the 3rd flight within the winter
wheat1 field, FluorSpec SIF varied from 0.65 to 1.28 mW m − 2 sr− 1
nm− 1 and HyPlant SIF ranged from 1.06 to 1.49 mW m− 2 sr− 1 nm− 1.

Crop
variety

Spring
barley1

Spring
barley2

Bean

Maize

Winter
wheat1

Winter
wheat 2

LAI
Cab
LAI ×
Cab

2.53
0.62
1.57

5.46
0.42
2.29

3.50
0.54
1.89

–
0.56
–

4.46
0.63
2.81

3.79
0.26
0.99

fluorescence values in the morning and higher fluorescence values
around solar noon. However, within the spring barley2 field, SIF values
acquired during the 2nd flight (11:32, hereafter flight time in brackets
refers to HyPlant flight time) were highest among all flights due to a
closed vegetation canopy within the footprints in comparison to the
other flights where the footprint partially contained soil information
from the headland of the field. Some SIF measurements from the 2nd and
4th flights (11:32 and 15:28) in part of the winter wheat1 field were also
higher than those from the 3rd flight (12:58).
The diurnal dynamics of SIF over the six crop types were analysed in
more detail in Fig. 5. During the measuring day, both the FluorSpec and
HyPlant SIF showed similar diurnal trends for the same crop type and
this diurnal change was consistent with the overall trend shown in Fig. 4.

3.2.2. Diurnal dynamics of the FluorSpec and HyPlant SIF
Fig. 4 shows the consistent diurnal patterns of SIF acquired by the
two systems. Both the FluorSpec and HyPlant SIF show lower

Fig. 4. Diurnal and spatial patterns of a) HyPlant SIF, and b) FluorSpec SIF, both retrieved at 760 nm (O2-A) at Campus Klein-Altendorf on June 26, 2019. The SIF
maps in Fig. 4 (column a) were obtained from HyPlant measurements at 10:02, 11:32, 12:58, and 15:28 CEST. In Fig. 4 (column b), circles represent the FluorSpec SIF
values within sampled areas acquired at 10:35, 11:42, 13:15, and 15:32 CEST, and the background maps are HyPlant SIF images in a gray color scheme.
7
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Fig. 5. Diurnal patterns of (a) ~(c) FluorSpec SIF and photosynthetically active radiation (PAR) over the six crop varieties, and (d) ~(e) HyPlant SIF and PAR over
the six crop varieties, grouped by crop type for four flights carried out on June 26, 2019, in Campus Klein-Altendorf. FluorSpec and HyPlant SIF were retrieved at 760
nm. PAR data were taken from a weather station in Campus Klein-Altendorf.

For most crops, SIF developed in an expected diurnal pattern, similar to
that of PAR, including two winter wheat varieties, spring barley1, and
bean, while this diurnal pattern was more pronounced for the HyPlant
system. Maize and spring barley2 showed a deviating pattern. For both
systems, the diurnal SIF of spring barley2 presented a sine-like curve,
where SIF reached the highest values around noon, decreased around
13:00, and increased again slightly around 15:30. In maize, the lowest
SIF was observed around noon, contrary to the overall trend of the other
crop types. Furthermore, some differences between the two systems
could be observed. For the FluorSpec, among all varieties, the mean SIF
values over winter wheat1 were highest over the day except for flight 2
where spring barley2 had the highest SIF value. For HyPlant spring
barley2 presented the highest mean SIF, except for flight 3 where its
mean SIF values were close to those for winter wheat1. Overall, winter
wheat1 showed higher SIF values than winter wheat2 for both plat
forms, which coincides with the larger canopy chlorophyll content (LAI
× Cab) as can also be observed in Fig. 4. Similarly, spring barley2 had
higher SIF and higher canopy chlorophyll content than spring barley1.
Beans had similar SIF as winter wheat2, although structurally they are
different crops and had different canopy chlorophyll contents.

values were systematically higher than the UAV-based SIF values and is
generally larger than the random error contribution from σε. This effect
can be seen as well in the scatterplot of Hyplant SIF and FluorSpec SIF
for each flight, where data points for flight 1 are closer to the 1:1 line
compared to flights 2–4 (Fig. 6). For all flights, SIF from the two different
systems not only had a significant relationship (p-value < 0.001), but
also were correlated well, with R2 ranging from 0.65 to 0.76. Flight 2
had the highest R2 (0.76), followed by flight 3 (0.71). The data points
below the trend line in the bottom-left part of the scatterplot were
located in the young maize field, which had a low vegetation coverage.
4. Discussion
4.1. SIF retrieval and comparison
In this study, SIF values derived from FluorSpec and HyPlant within
FluorSpec footprints fell in the range of 0 to 1.75 mW m− 2 sr− 1 nm− 1,
which was in accordance with the expected value range of remotely
retrieved SIF (Siegmann et al., 2019). The comparison of SIF values from
the two systems showed similar spatial patterns (Fig. 4), consistent
diurnal changes (Figs. 4 and 5), and a strong linear correlation (Fig. 6).
All flights performed using the two systems showed similar spatial
patterns (Fig. 4), where winter wheat1 and spring barley2 crops had
higher SIF among all crops, while the maize field exhibited the lowest
values. The meaningful spatial patterns constitute a direct proxy of the
vegetation functional state (Rascher et al., 2015; Wieneke et al., 2016;
Tagliabue et al., 2019). SIF observations from remote sensing are sen
sitive to crop structure (e.g., leaf area index (LAI) and leaf angle dis
tribution (LAD)) and biochemical constituents (e.g., chlorophyll
concentration (Cab)), illumination condition, sun-target-viewing ge
ometry (Pinto et al., 2017; Lu et al., 2020; Van der Tol et al., 2016;
Verrelst et al., 2015). Agricultural fields with a higher product of Cab
and LAI (e.g., winter wheat1 and spring barley2, as seen in Table 2)
usually exhibited higher SIF. Observed SIF is a joint result of multiple
factors, which is indicated by low SIF values in the maize field with high
Cab and in the winter wheat2 field with high LAI. LAI assisted in the
interpretation of SIF and it is useful to measure it in the field, but for a
quantitative analysis more LAI measurements would be needed. In

3.2.3. Statistical relationships between FluorSpec SIF and HyPlant SIF
The relationship between FluorSpec SIF and HyPlant SIF was further
evaluated using the RMSE, bias, and standard deviation of random effect
(σε) (Table 3). Flight 2, 3, and 4 had similar RMSE, bias, and σε values. In
contrast, the three statistics of flight 1 were lower, particularly for RMSE
and bias, due to the narrower value range, i.e. lower far-red SIF,
compared to flights 2–4. The positive bias shows that the airborne SIF
Table 3
RMSE, bias, and standard deviation of random effect (σε) between FluorSpec SIF
and HyPlant SIF values retrieved at 760 nm after the improved geolocation of
the FluorSpec footprints . RMSE, bias, and σε are shown in the unit of mWm− 2
sr− 1 nm− 1.
Statistics

Flight1

Flight2

Flight3

Flight4

RMSE
Bias

0.136
0.076
0.113

0.350
0.300
0.178

0.327
0.292
0.147

0.348
0.294
0.188

σε
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Fig. 6. Linear relationships of the FluorSpec SIF and HyPlant SIF for the four flights over Campus Klein-Altendorf on June 26, 2019. FluorSpec SIF and HyPlant SIF
were retrieved at 760 nm. The linear equations per flight are listed in color and the equation for the combined SIF from flights 2, 3, and 4 is shown in black. FluorSpec
UAV data were acquired at 10:35, 11:42, 13:15, and 15:32 CEST. HyPlant data were collected at 10:02, 11:32, 12:58, and 15:28 CEST.

addition, different crops (e.g., winter wheat, bean, and maize) differed
in the leaf angle distribution (e.g., planophile, erectophile, and spher
ical) and the structure of the canopy (horizontal or vertical). These
factors impact the canopy scattering of SIF and sun-target-view geom
etry within different crop fields and thus contributed to the spatial
patterns showed in Fig. 4.
Both FluorSpec and HyPlant SIF showed diurnal trends as expected
over most crop types, consistent with the diurnal changes of the main
driver of SIF, the incoming PAR (Fig. 5) (Verrelst et al., 2015). Incidental
lack of a clear diurnal pattern for some crops could be potentially
explained by the geometry difference within the FluorSpec footprint as
the same flight path of different flights did not completely overlap
(Fig. 3). For instance, for both systems during flight 2, spring barley2
had the highest SIF values over the day, while the maize SIF was the
lowest. This could be largely attributed to variations in LAI and LAD
(Van der Tol et al., 2019; Verrelst et al., 2015). The areas within the
spring barley2 field sampled by FluorSpec had high LAI, while areas
within the very sparse maize field (Fig. 3) had a weak vegetation signal
that included more bare soil and therefore a strong effect of structure
(shadows, leaf angles, and gap fractions) lowering the SIF values.
Another possible reason could be angular dependencies of SIF (Van der
Tol et al., 2009; Zhang et al., 2020; Pinto et al., 2017). The angles

between the sun, the target, and the sensor in a continuous mapping
mode are changing with flight movements, which changes fractions of
sunlit and shaded leaves within the FOV of a sensor (Bendig et al., 2020),
contributing to the bidirectionality of SIF observed by the sensor (Bir
iukova et al., 2020).
Further consistency of HyPlant and FluorSpec SIF was indicated by
the linear models shown in Fig. 6. Slopes and intercepts of the regression
equations for the last three flights were similar. The similar linear
regression coefficients revealed a very good agreement between the
UAV-based and airborne SIF retrieval for a timing around the solar noon
and in the early afternoon. Overall, the consistent performances be
tween HyPlant and FluorSpec SIF confirm the capability of the UAVbased FluorSpec to measure reliable SIF values.
4.2. Uncertainties in SIF comparison between the two systems
Relating SIF values from both systems (Fig. 6 and Table 3) not only
shows a strong linear relationship but also a bias between the two
measurement systems (particularly for the flights at mid-day). HyPlantderived fluorescence values were overall higher than the FluorSpecderived fluorescence. For the last three flights, HyPlant SIF was
consistently about 0.3 mWm− 2 sr− 1 nm− 1 higher than FluorSpec SIF.
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According to Tagliabue et al. (2019), HyPlant SIF was also shown to
exhibit higher values than the ground-retrieved SIF values over different
canopies within a sampling area of 1.7–2.3 m diameter, with a bias of
0.26 mW m− 2 sr− 1 nm− 1. In our study, this systematic offset between the
two systems ranged from 0.076 to 0.302 mW m− 2 sr− 1 nm− 1. Bias values
were much larger than the random error components (Table 3), indi
cating that most of the uncertainties in FluorSpec measurements are
systematic and can be accountable. We consider the following sources of
uncertainty mainly contributing to the constant difference in SIF be
tween the two platforms.

SIF and the FluorSpec SIF, respectively. Different interpolation strate
gies to estimate fluorescence and reflectance at wavelengths affected by
O2 absorption could lead to some uncertainties (Cendrero-Mateo et al.,
2019). SFM as applied in the HyPlant processing chain applies the
Lorentzian function to model the fluorescence emission peak and poly
nomial or piece-wise cubic splines to fit the reflectance within the O2-A
spectral window of 750–780 nm, while SSA-FLD assumes that the
fluorescence follows a known shape of the fluorescence spectrum and
employs a linear function to model the reflectance factor within the
750–780 nm interval. The goal of the study was to compare both in
struments based on their standard processing chains. More research is
needed to quantify the uncertainty that stems specifically from the
chosen SIF retrieval method and the choice of its parameters.

4.2.1. Geometric uncertainties
A small difference in the co-location of HyPlant pixels and FluorSpec
footprints with the sampled ground areas can contribute to the observed
differences. Although with a careful geo-rectification, HyPlant SIF maps
had a geometric error of 0.2–0.5 m, adding uncertainties to the geo
location match between of HyPlant maps and FluorSpec footprints.
Spatial uncertainties in FluorSpec SIF could originate mainly from GNSS
inaccuracies and the in-flight movements of the UAV. There are two
GNSS units included in the UAV-based FluorSpec system (Fig. 2) and
both have positioning errors. The manual geolocation correction that we
performed improved the spatial accuracy of FluorSpec footprints
(Table 1). In the future, the FluorSpec can be paired with a Real-Time
Kinematic (RTK) enabled GNSS IMU device to improve the georectifi
cation accuracy down to centimeter-level. For simplicity, we did not
consider a possible boresight angle (typically ±2◦ ) (Gautam et al.,
2019b) between the downward looking fiber optics and the Sony camera
lens. Verifying and calibrating for the boresight angle via a dedicated
experiment, e.g., as in Gautam et al. (2019b), would allow a better
estimation of the spectroradiometer’s pointing direction and is also
valuable to carry out in the future to quantify the error budget. For
future studies, the digital surface model (DSM) can be created with
co-registered RGB images with enough overlaps using the
structure-from-motion (SfM) technique (Mancini et al., 2013; Ullman,
1979) to assist an accurate geo-location of the UAV-based FluorSpec
(Garzonio et al., 2017; Gautam et al., 2019a).

4.2.4. Uncertainties due to the temporal mismatch and the angular
dependency
A temporal mismatch causes variations in solar zenith angle (SZA)
and the incoming radiation. Compared with other flights, flight 1 had a
smaller average mean SIF difference of 0.076 mW m− 2 sr− 1 nm− 1, which
was partly related to a short time delay between data acquisitions. The
FluorSpec flight was performed roughly 30 min after the HyPlant flight,
and the incoming shortwave radiance (Rin) increased rapidly from 550
to 620 W m− 2 due to the change in SZA from 50◦ to 45◦ (Table S1),
resulting in higher SIF values acquired by the FluorSpec. We simulated
the influence of this temporal mismatch between two systems on canopy
SIF with SCOPE 2.0 (Yang et al., 2021) (Table S2) and found a 30 min
interval in the morning can cause a 10.1%− 13.1% increase in simulated
SIF from 10:02 to 10:35 (Fig. S3a). Among the last three flights, flight 2
had the largest SIF variation (<3%) (Fig. S3b), indicating that the
temporal mismatch had a limited influence on the three flights around
the mid-day.
The variations in the sun-target-sensor geometry caused by flight
movements in a continuous mapping mode introduce angular effects on
the observed TOC SIF (Biriukova et al., 2020). This may partly explain
the lack of a clear diurnal pattern for some crops. To test this, we
simulated a set of viewing angles and found a difference of 4% in the SIF
signal for our experiment (Fig. S4) (see supplementary materials for
more details). Therefore, in our study, this effect should not have had a
pronounced difference and we could largely ignore it, but it may be
useful to control it when flying in more windy conditions. Further
research is needed to investigate the effect of the sensor viewing angles
in a complex scenario, considering, for example, leaf inclination angles,
Cab, and for a diurnal analysis, PAR changes.
The UAV in-flight movements may also influence the downwelling
sunlight radiation (Bendig et al., 2018; Bendig et al., 2020), as the
upward-looking cosine sensor was not mounted on a gimbal (Fig. 2).
According to Bendig et al. (2020), typical in-flight platform movements
lead to a zenith angle offset of 2◦ - 6◦ at a low flying speed e.g. (2–3 m
s− 1) in low wind conditions (< 6.1 m s− 1) and they found less need for
motion correction. In our case, the UAV flew at a speed of 2 m s− 1 in low
wind conditions (< 4.0 m s− 1), and thus we ignored the influence from
the UAV tilt on the irradiance measurements. In the future, UAV-based
FluorSpec can be improved with a better cosine receptor to suffer from a
negligible effect of pitch & roll angles in a standard flight scenario
(Bendig et al., 2020).
To better understand the effects of the abovementioned uncertainty
sources on the UAV-based FluorSpec measurements, a systematic set-up
of the experiment (including ground observations) as for example in the
recent study by Buman et al. (2022) is needed. In future studies, sys
tematic uncertainty assessments of UAV-based FluorSpec derived in
formation are recommended on the abovementioned sources for
calibration/validation networks, where in situ, UAV, and airborne ob
servations are systematically acquired and processed for comparison
with satellite measurements (Hueni et al., 2017), e.g. the upcoming
FLEX satellite.

4.2.2. Uncertainties due to instrumental effects
The second source could originate from instrumental differences.
The HyPlant system is stable and there is low uncertainty in the atsensor-radiance data of the FLUO module (Buman et al., 2022) and
FluorSpec was also well-calibrated (Wang et al., 2021; Fig. 6). However,
FluorSpec is equipped with a point spectrometer, while HyPlant has an
imaging sensor. The technical differences in the spectral sampling in
terval, signal-to-noise ratio, FWHM, point-spread function, and FOV
could have caused variations in the raw spectra and formed the basis for
the subsequent SIF retrieval differences (Cendrero-Mateo et al., 2019;
Pacheco-Labrador et al., 2019).
4.2.3. Uncertainties caused by SIF retrieval
This category relates to the atmospheric correction and SIF retrieval
algorithms. Firstly, uncertainty may come from the parameterization of
atmospheric radiative transfer models and the accuracies in the atmo
spheric correction algorithms (Damm et al., 2014; Frankenberg et al.,
2012; Buman et al., 2022). For HyPlant, the MODTRAN parameters are
derived from sun photometer measurements and geometry parameters
derived from the navigational data of a HyPlant image cube (Siegmann
et al., 2019), while for the FluorSpec, standard MODTRAN parameters
from a mid-latitude summer atmospheric profile were used (Wang et al.,
2021). Secondly, different interpolation strategies to estimate fluores
cence and reflectance at wavelengths affected by O2 absorption could
lead to some uncertainties in the comparison of FluorSpec and HyPlant
SIF (Cendrero-Mateo et al., 2019; Chang et al., 2020b; Damm et al.,
2011). The applied different SIF retrieval algorithms could also
contribute to our reported agreement and disagreement on SIF from
UAV and HyPlant. SFM and SSA-FLD were applied to retrieve HyPlant
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5. Conclusions
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Goulas, Y., Pérez-Priego, O., Damm, A., Meroni, M., 2019. Remote sensing of solarinduced chlorophyll fluorescence (SIF) in vegetation: 50 years of progress. Remote
Sens. Environ. 231, 111177 https://doi.org/10.1016/j.rse.2019.04.030.
Pacheco-Labrador, J., Hueni, A., Mihai, L., Sakowska, K., Julitta, T., Kuusk, J.,
Sporea, D., Alonso, L., Burkart, A., Cendrero-Mateo, M.P., 2019. Sun-induced
chlorophyll fluorescence I: instrumental considerations for proximal
spectroradiometers. Remote Sens. 11, 960. https://doi.org/10.3390/rs11080960
(Basel).
Panigada, C., Rossini, M., Meroni, M., Cilia, C., Busetto, L., Amaducci, S., Boschetti, M.,
Cogliati, S., Picchi, V., Pinto, F., 2014. Fluorescence, PRI and canopy temperature for
water stress detection in cereal crops. Int. J. Appl. Earth Obs. Geoinf. 30, 167–178.
https://doi.org/10.1016/j.jag.2014.02.002.
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2021. Diurnal variation of sun-induced chlorophyll fluorescence of agricultural crops
observed from a point-based spectrometer on a UAV. Int. J. Appl. Earth Obs. Geoinf.
96, 102276 https://doi.org/10.1016/j.jag.2020.102276.
Wieneke, S., Ahrends, H., Damm, A., Pinto, F., Stadler, A., Rossini, M., Rascher, U., 2016.
Airborne based spectroscopy of red and far-red sun-induced chlorophyll
fluorescence: implications for improved estimates of gross primary productivity.
Remote Sens. Environ. 184, 654–667. https://doi.org/10.1016/j.rse.2016.07.025.
Wood, J.D., Griffis, T.J., Baker, J.M., Frankenberg, C., Verma, M., Yuen, K., 2017.
Multiscale analyses of solar-induced florescence and gross primary production.
Geophys. Res. Lett. 44 (1), 533–541. https://doi.org/10.1002/2016GL070775.
Xu, S., Liu, Z., Zhao, L., Zhao, H., Ren, S., 2018. Diurnal Response of Sun-Induced
Fluorescence and PRI to Water Stress in Maize Using a Near-Surface Remote Sensing
Platform. Remote Sens. 10 (10), 1510. https://doi.org/10.3390/rs10101510 (Basel).
Yang, J., Tian, H., Pan, S., Chen, G., Zhang, B., Dangal, S., 2018a. Amazon drought and
forest response: largely reduced forest photosynthesis but slightly increased canopy
greenness during the extreme drought of 2015/2016. Glob. Change Biol. 24,
1919–1934. https://doi.org/10.1111/gcb.14056.
Yang, P., Prikaziuk, E., Verhoef, W., van der Tol, C., 2021. SCOPE 2.0: a model to
simulate vegetated land surface fluxes and satellite signals. Geosci. Model Dev. 14,
4697–4712. https://doi.org/10.5194/gmd-14-4697-2021, 2021.

13

