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A B S T R A C T

Hyperspectral imaging of solar-induced chlorophyll fluorescence (SIF) is required for plant phenotyping and 
stress detection. However, the most accurate instruments for SIF quantification, such as sub-nanometer (≤1-nm 
full-width at half-maximum, FWHM) airborne hyperspectral imagers, are expensive and uncommon. Previous 
studies have demonstrated that standard narrow-band hyperspectral imagers (i.e., 4–6-nm FWHM) are more 
cost-effective and can provide far-red SIF quantified at 760 nm (SIF760), which correlates strongly with precise 
sub-nanometer resolution measurements. Nevertheless, narrow-band SIF760 quantifications are subject to sys
tematic overestimation owing to the influence of the spectral resolution (SR). In this study, we propose a 
modelling approach based on the Soil Canopy Observation, Photochemistry and Energy Fluxes (SCOPE) model 
with the objective of enhancing the accuracy of absolute SIF760 levels derived from standard airborne hyper
spectral imagers in practical settings. The performance of the proposed method was evaluated using airborne 
imagery acquired from two airborne hyperspectral imagers (FWHM ≤ 0.2-nm and 5.8-nm) flown in tandem on 
board an aircraft that collected data from two different wheat and maize phenotyping trials. Leaf biophysical and 
biochemical traits were first estimated from airborne narrow-band reflectance imagery and subsequently used as 
SCOPE model inputs to simulate a range of top-of-canopy (TOC) radiance and SIF spectra at 1-nm FWHM. The 
SCOPE simulated radiance spectra were then convolved to match the spectral configuration of the narrow-band 
imager to compute the 5.8-nm FWHM SIF760. A site-specific model was constructed by employing the convolved 
5.8-nm SR SIF760 as the independent variable and the 1-nm SR SIF760 directly simulated by SCOPE as the 
dependent variable. When applied to the airborne dataset, the estimated SIF760 at 1-nm SR from the standard 
narrow-band hyperspectral imager matched the reference sub-nanometer quantified SIF760 with root mean 
square error (RMSE) less than 0.5 mW/m2/nm/sr, yielding R2 = 0.93–0.95 from the two experiments. These 
results suggest that the proposed modelling approach enables the interpretation of SIF760 quantified using 
standard hyperspectral imagers of 4–6 nm FWHM for stress detection and plant physiological condition 
assessment.

1. Introduction

Solar-induced chlorophyll fluorescence (SIF) is a weak electromag
netic signal emitted by chlorophyll a that provides useful information 
about plant photosynthetic activity and stress (Lichtenthaler and Rin
derle, 1988; Campbell et al., 2008; Zarco-Tejada et al., 2021). Direct 

measurement of the SIF signal is complex due to its superimposition on 
the reflected solar radiation and small magnitude (1–5 % of total up
welling radiance in the near infrared) (Meroni et al., 2009). Since sensor 
capabilities impact the shape of absorption features commonly used for 
SIF quantification, instruments with sufficient spectral resolution (SR) 
and signal-to-noise ratio (SNR) are required for detecting subtle 
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variations across narrow absorption features for accurate SIF quantifi
cation (Mohammed et al., 2019). Sensors with a sub-nanometer reso
lution are thus recommended for quantifying SIF in precise physical 
units and absolute terms.

SIF signal can be retrieved using a range of platforms, including 
ground-based spectrometers (Cogliati et al., 2015; Hao et al., 2022; Li 
et al., 2020), drones (Chang et al., 2020; Suarez et al., 2021; N. Wang 
et al., 2021; Zarco-Tejada et al., 2012), piloted aircrafts (Damm et al., 
2015; 2022; Poblete et al., 2020; Rascher et al., 2015), and satellites 
(Braghiere et al., 2021; Köhler et al., 2018; Sun et al., 2018). Airborne 
platforms serve as an intermediary scale between field and satellite SIF 
quantifications, enabling a more precise and localised evaluation of 
vegetation health and dynamics, which is particularly critical for het
erogeneous landscapes. Furthermore, the temporal control provided by 
airborne platforms in terms of data gathering throughout crucial growth 
stages, as well as the capability for multi-sensor integration, allows for a 
more comprehensive understanding of the factors influencing plant 
physiological state. For airborne SIF quantification, there are several 
imaging sensors with sub-nanometer resolution capabilities, such as the 
chlorophyll fluorescence imaging spectrometer (CFIS) (Frankenberg 
et al., 2018), the high-resolution airborne imaging spectrometer HyPlant 
(Rascher et al., 2015), the AISA IBIS Fluorescence Imager (SPECIM, 
Spectral Imaging Ltd., Oulu, Finland) (R. Wang et al., 2022), and the 
Hyperspec Solar-Induced Fluorescence Imaging sensor (Headwall Pho
tonics, Fitchburg, MA, USA) (Belwalkar et al., 2022) with SRs of 0.07, 
0.28, 0.245, and ≤0.2 nm, respectively. These sub-nanometer imaging 
sensors can precisely characterise narrow absorption features needed for 
the accurate quantification of SIF in physical units.

Despite their potential, sub-nanometer imaging sensors pose signif
icant challenges that restrict their widespread use for plant physiology 
monitoring, precision agriculture, and plant phenotyping applications. 
Their radiometric calibration is among the most challenging aspects. 
Since these sensors have narrow contiguous bands with a spectral 
sampling interval (SSI) on the order of 10− 1 nm, a sophisticated cali
bration facility is required for accurate characterisation of the detector’s 
spectral response (Brown et al., 2006). The challenge of handling mul
tiple flight lines presents an additional obstacle, primarily due to the 
substantial volume of data generated from a large number of bands, 
typically exceeding 1000 bands, as reported in Rascher et al. (2015) and 
Belwalkar et al. (2022). This vast volume of data complicates the process 
of creating a mosaic from numerous flight lines. Furthermore, these 
sensors have a spectral range limited to the SIF emission region 
(650–800 nm). Consequently, they cannot be used to simultaneously 
estimate plant traits, vegetation indices, and quantify SIF, necessitating 
the integration of an additional sensor into the airborne platform. In 
addition, their weights make these sensors incompatible with drones, 
requiring lightweight aircraft to be used as the aerial platform 
(Frankenberg et al., 2018; Headwall Photonics, 2023; Specim, 2022).

In recent years, there has been rapid progress in the use of hyper
spectral imaging sensors with narrow-band SRs in the 4–6-nm FWHM 
range, in conjunction with drones and lightweight aircraft (Aasen et al., 
2018). A variety of compact, lightweight, and low-cost narrow-band 
hyperspectral imaging sensors in the visible and near-infrared spectral 
range (400–1000 nm) are now widely available, such as Specim AFX10 
(5.5-nm FWHM, SPECIM, Spectral Imaging Ltd., Oulu, Finland), Micro- 
and Nano-Hyperspec (5.8- and 6-nm FWHM, respectively, Headwall 
Photonics Inc., Boston, MA, USA), Pika L and Pika XC2 (3.3- and 1.9-nm 
FWHM, respectively, Resonon Inc., Bozeman, MT, USA), and FireflEYE 
185 (8-nm FWHM, Cubert GmbH, Ulm, Baden-Württemberg, Germany), 
among others. These sensors have the capability of retrieving narrow- 
band hyperspectral vegetation indices and estimating numerous plant 
functional traits, which could provide substantial insight into the health 
of the plant. Furthermore, these sensors can be mounted on either 
piloted or non-piloted airborne platforms. These standard narrow-band 
hyperspectral imagers could provide a cost-effective and more opera
tionally viable alternative to sub-nanometer imagers for quantifying far- 

red SIF at 760 nm, hereafter SIF760. Several past studies have demon
strated the utility of relative SIF760 levels derived from standard narrow- 
band imaging sensors for a variety of applications, such as biotic- 
induced stress detection (Calderón et al., 2013; Hernández-Clemente 
et al., 2017; Hornero et al., 2021; Poblete et al., 2021; 2020; Zarco- 
Tejada et al., 2021; 2018), water stress detection (Camino et al., 
2018a; Panigada et al., 2014; Zarco-Tejada et al., 2012), plant pheno
typing (Camino et al., 2019; 2018b; Gonzalez-Dugo et al., 2015), 
nutrient assessment (Longmire et al., 2022; Y. Wang et al., 2022; Watt 
et al., 2020) and its link with gross primary production (GPP) (Damm 
et al., 2015; Zarco-Tejada et al., 2013). More recently, Belwalkar et al. 
(2022) found strong correlations between airborne SIF760 quantified 
from a narrow-band hyperspectral imager with 5.8-nm FWHM and sub- 
nanometer SIF760 acquired concurrently using an airborne sub- 
nanometer hyperspectral imager with ≤0.2-nm FWHM and a ground- 
based spectrometer with 0.065-nm FWHM. Although narrow-band 
quantified SIF760 were larger than sub-nanometer quantified SIF760 
(root mean square error, RMSE = 3.28–4.69 mW/m2/nm/sr), SIF760 
levels quantified from both airborne sensors were strongly correlated 
(R2 = 0.77–0.9) across multiple experimental sites. Thus, we hypothe
sise that spectrally scaling narrow-band SIF760 imaging to finer resolu
tions using physically-based models could facilitate the quantification of 
absolute SIF760 levels at finer spatial resolutions.

Due to the re-absorption and scattering of light within the leaves and 
canopy, plant pigments and canopy structure have strong effects on top- 
of-canopy (TOC) SIF (Dechant et al., 2020; Porcar-Castell et al., 2014; 
Van der Tol et al., 2016; Yang and Van der Tol, 2018; Zeng et al., 2019). 
Previous studies utilising physically-based models successfully accoun
ted for these light re-absorption and scattering effects when downscaling 
SIF from the canopy level to the leaf level (Liu et al., 2019; Romero et al., 
2020; Yang and Van der Tol, 2018). In addition, prior studies have 
demonstrated that SIF spectra and vegetation biophysical and 
biochemical traits can be retrieved simultaneously, either with radiative 
transfer model (RTM) inversion alone (Celesti et al., 2018; Verhoef et al., 
2018) or through RTM combined with machine learning modelling 
(Scodellaro et al., 2022). The widely used RTM Soil-Canopy-Observation 
of Photosynthesis and Energy fluxes (SCOPE) (Van der Tol et al., 2009) 
can model light re-absorption and scattering mechanisms within leaves 
and canopies while taking canopy structure into consideration. Several 
recent studies (Wang et al., 2023; Wieneke et al., 2024; Wu et al., 2024) 
have illustrated the potential of the SCOPE model for the modelling of 
canopy fluorescence. A sensitivity analysis of the SCOPE model revealed 
that canopy structure and leaf optical properties primarily determine 
TOC SIF variability when considering only vegetation parameters 
(Verrelst et al., 2015). Consequently, the interpretation of narrow-band 
quantified SIF760 could be improved by including plant trait information 
derived from RTMs, such as SCOPE. We hypothesise that incorporating 
plant trait information through the SCOPE-based modelling approach 
could potentially aid in the quantification of SIF760 at finer spectral 
resolution from standard narrow-band resolution sensors, enabling 
retrieval of appropriate absolute SIF760 levels in physical units.

Although Belwalkar et al. (2022) demonstrated significant correla
tions between SIF760 quantifications derived from narrow-band and sub- 
nanometer airborne hyperspectral imagers flown in tandem, these 
narrow-band SIF760 quantifications were accurate only in relative terms, 
and their conversion to absolute SIF760 levels in physical units required 
further investigation. Furthermore, several prior studies have demon
strated that sensors with broader spectral specifications overestimate 
SIF760 (Damm et al., 2015; Julitta et al., 2016; Maimaitiyiming et al., 
2020; Nichol et al., 2019). Damm et al. (2011) demonstrated that the 
magnitude of this bias is predominantly influenced by SNR of the in
strument, with SR (≤40 %), SSI (≤12 %), and spectral shift (SS) (≤7%) 
accounting for the remaining errors, respectively. These results high
light the need for further modelling efforts for accurate SIF quantifica
tion in practical applications. Although previous studies have 
demonstrated the impact of the spectral resolution on SIF (Cendrero- 

A. Belwalkar et al.                                                                                                                                                                                                                              International Journal of Applied Earth Observation and Geoinformation 134 (2024) 104198 

2 



Mateo et al., 2019; Damm et al., 2011; Julitta et al., 2016; Liu et al., 
2015), they have mostly focused on modelling efforts and on hand-held 
spectrometer data collected at the near-field scale. There is a lack of 
research focusing on assessing the impact of sensor spectral character
istics on SIF from standard narrow-band imaging sensors under ambient 
field conditions. Studies carried out under such conditions with opera
tional sensors will make progress on the operational use of cost-efficient 
and simpler sensors for fluorescence quantification and photosynthesis 
assessment.

Our study extends the prior work of Belwalkar et al. (2022) by 
modelling the effect of SR on airborne SIF760 quantified by standard 
hyperspectral imagers of 4–6 nm FWHM to optimise their interpretation, 
with the intention of addressing the limitations associated with the bias 

observed when looking at the absolute SIF760 levels quantified from 
standard airborne hyperspectral imagers in practical applications. Using 
airborne SIF760 data obtained from a standard hyperspectral imager 
with a 5.8-nm FWHM resolution over plant phenotyping trials as input, 
we developed a model based on SCOPE to estimate airborne SIF760 at a 
finer target resolution. Due to SCOPE’s default spectral characteristics 
and previous experimental results indicating that spectrometers with 
FWHM ≤1-nm can estimate the absolute value of SIF760 (Julitta et al., 
2016), we selected 1-nm FWHM as the target resolution for validation 
purposes.

Fig. 1. Overview of experimental fields at Sites 1 (a) and 2 (b) acquired with the narrow-band hyperspectral imager (composite: 760 (R), 710 (G), and 680 (B) nm). 
The black lines correspond to the average radiance spectra in the O2-A absorption region used for SIF quantification and the average reflectance spectra in the 
400–800-nm spectral region used for plant trait estimation for all plots. Shaded areas in the reflectance and radiance plots represent the ±1 standard deviation of the 
average reflectance and radiance. The background maps depict Google Maps Satellite imagery.
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2. Materials and methods

2.1. Study sites

The study was conducted at two sites in Victoria, Australia (Fig. 1). 
Site 1 was located in Yarrawonga (36◦02ʹ55ʹʹS, 145◦59ʹ02ʹʹ) and was 
planted with several varieties of rainfed wheat grown under various 
physiological conditions and fertilisation treatments. The airborne 
campaign was conducted during grain filling in 2019 (Fig. 1a). Plots 
were 26 m2 (2 m × 13 m) in size and were planted in May 2019. The 
second trial site (Site 2) was managed under irrigated conditions using 
an overhead pivot in Peechelba East (36◦10ʹ04″S, 146◦16ʹ23″E) in 2021. 
A single variety of maize (Pioneer Hybrid 1756) was grown across the 
entire experimental field under different nitrogen fertiliser application 
rates. The growth stage during the airborne campaign corresponded to 
silking (Fig. 1b). Plots measured 36 m2 (3 m × 12 m) and were planted in 
October 2020. The application of different nitrogen fertilisation treat
ments at both study sites resulted in a range of nutrient deficiency and 
stress levels.

At both trial sites, leaf measurements were carried out in the field 
simultaneously with airborne campaigns. Handheld leaf-clip sensors 
(Dualex, FORCE-A, Orsay, France and FluorPen FP110-LM, Photon 
Systems Instruments, Drásov, Czech Republic) were used to measure leaf 
chlorophyll content, nitrogen balance index (NBI), flavonol content, 
anthocyanin content, and steady-state leaf fluorescence yield (Ft). De
tails of leaf-level measurements can be found in Belwalkar et al. (2022). 
A portable weather station (model WXT510, Vaisala, Helsinki, Finland) 
was set up for concurrent readings of meteorological conditions (air 
temperature and air pressure) during the hyperspectral image acquisi
tion over both of the trial sites. The total incoming irradiance (E) was 
measured continuously during flights with a 0.065-nm FWHM HR-2000 
spectrometer (Ocean Insight, Dunedin, FL, USA) set up at each field site. 
The spectrometer at Site 1 was equipped with a CC-3 VIS-NIR cosine 
corrector-diffuser probe, whereas at Site 2, irradiance was measured 
using the radiance (L) reflected from a white reference panel (Labsphere 
Inc., North Sutton, NH, USA). The irradiance measured from the HR- 
2000 spectrometer was calibrated using coefficients derived from a 
uniform calibrated light source and an integrating sphere (Labsphere 
XTH2000C, Labsphere Inc., North Sutton, NH, USA).

2.2. Hyperspectral airborne campaigns

For both airborne campaigns, two hyperspectral imagers were flown 
in tandem on a Cessna 172R aircraft operated by the HyperSens Labo
ratory, the University of Melbourne’s Airborne Remote Sensing Facility, 
to acquire high-resolution hyperspectral imagery over the two study 
sites. The first hyperspectral imager (Hyperspec VNIR E-Series model, 
Headwall Photonics, Fitchburg, MA, USA) captured images in the 
400–1000-nm spectral range with 5.8-nm FWHM resolution, and the 
second hyperspectral imager (Hyperspec Solar-Induced Fluorescence 
Imaging sensor, Headwall Photonics, Fitchburg, MA, USA) operated in 
the 670–780-nm spectral range with ≤0.2-nm FWHM resolution. 
Further technical details of the imaging and flight data can be found in 
Tables 1 and 2.

The radiometric calibration of the two hyperspectral imagers was 
performed by means of an integrating sphere (Labsphere XTH2000C) 
using coefficients derived from the calibrated light source at four 
different illumination levels. We used the MODerate resolution atmo
spheric TRANsmission (MODTRAN) model (Berk et al., 2014) to perform 
atmospheric correction for the VNIR E-Series (narrow-band) imager to 
convert radiance images to reflectance images. Aerosol optical depth 
measurements in the 440-, 500-, 675-, 870-, and 936-nm spectral bands 
obtained from a Microtops II sun photometer (Solar Light Co., Phila
delphia, PA, USA) and meteorological measurements from the portable 
weather station were used for input parameters. Hyperspectral images 
were ortho-rectified using inertial measurement units and GPS data (VN- 

300-VectorNav Technologies LLC, Dallas, TX, USA for the narrow-band 
imager and Trimble APX-15 UAV, Applanix Corporation, Ontario, 
Canada for the sub-nanometer imager) recorded during the flights using 
the Parametric Geocoding & Ortho-rectification for Airborne Optical 
Scanner Data software (PARGE, ReSe Applications Schläpfer, Wil, 
Switzerland). Additional information on data pre-processing and image 
correction can be found in Zarco-Tejada et al. (2016).

We used the normalised difference vegetation index (NDVI) as a 
thresholding strategy to identify vegetational pixels within each plot, as 
described in Belwalkar et al. (2022). Mean radiance from both narrow- 
band and sub-nanometer imagers and reflectance spectra from the 
narrow-band imager were calculated for each plot by averaging all 
selected vegetation pixels, excluding the boundary pixels (Belwalkar 
et al., 2022). Differences in radiance spectra corresponding to the 
selected validation plots acquired from the two hyperspectral imagers 
were visually identified as a function of fertilisation treatments (Fig. 2). 
The average radiance spectra from the narrow-band hyperspectral 
imager (Fig. 2a and b) were used to quantify SIF760 using the O2-A band 
in-filling approach, employing the Fraunhofer Line Depth (FLD) principle 
(Plascyk, 1975) and a total of three spectral bands (3FLD) (Maier et al., 
2003), named here as SIF760-3FLD. The irradiance measured from HR- 
2000 spectrometer was convolved assuming a Gaussian band spectral 
response function of 5.8-nm FWHM resolution to match the spectral 
characteristics of the narrow-band hyperspectral imager. The ‘in’ E and L 
were selected as the E/L minima in the 755–765-nm spectral region, 
while the ‘out’ E and L were selected as the weighted mean of E/L local 
maxima in the 750–759-nm and 771–780-nm spectral regions, respec
tively. When applied at the pixel scale, the selection of exact minima and 
maxima is likely to be impacted by noise. However, in the current study, 
the 3FLD approach was not applied at the pixel scale, but rather at a plot- 
scale on mean narrow-band radiance spectra derived by spatial aggre
gation, thereby reducing the noise levels. In case of multiple local 
maxima within the spectral regions, the local maximum closest to the 
‘in’ band was selected (Cendrero-Mateo et al., 2019). The airborne 
SIF760-3FLD was further corrected using non-fluorescent soil targets 

Table 1 
Spectral characteristics of hyperspectral imagers.

VNIR E- 
Series 
(Narrow- 
band)

Solar-Induced Fluorescence Imaging 
(Sub-nanometer)

Spectral range 400–1000 
nm

670–780 nm

Number of spectral 
bands

371 2160

Spectral sampling 
interval (SSI)

1.626 nm 0.051 nm

FWHM 5.8-nm ≤0.2-nm
Number of un-binned 

spatial pixels
1600 1600

Signal-to-noise ratio 
(SNR)

>300:1* >300:1*

Field of view 66◦ 23.5◦

* Applicable only for plot-level mean radiance/reflectance computation.

Table 2 
Details regarding hyperspectral image acquisition.

Site 1 Site 2

Acquisition dates 9th October 2019, 15:40 – 
16:30 (local time)

20th January 2021, 11:40 – 
12:20 (local time)

Flight altitude (above 
ground level)

400 m (VNIR imager) 
900 m (Fluorescence 
imager)

1200 m (both imagers)

Mean spatial 
resolution

0.2 m (both imagers) 0.7 m (VNIR imager) 
0.3 m (Fluorescence 
imager)
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identified in the imagery and then normalised using a reflectance-based 
angular normalisation approach (Hao et al., 2021) to account for at
mospheric and directional effects as described in Belwalkar et al. (2022).

2.3. Modelling methods

2.3.1. Theoretical assessment of spectral resolution effects on SIF760 
quantification using SCOPE

The SCOPE model (version 2.0) (Yang et al., 2021) was used to ac
count for the effect of the sensor’s spectral resolution on SIF760 quan
tification. A local sensitivity analysis was used to investigate how 
individual plant traits and fluorescence emission efficiency (∊F) inde
pendently affect SIF760-3FLD quantifications from narrow-band hyper
spectral imager used in this study. This differs from previous modelling- 
based studies (Damm et al., 2011; Liu et al., 2015) that varied multiple 
plant traits simultaneously. In simulations for Stage 1, the plant traits: 
leaf chlorophyll content (Ca+b), leaf area index (LAI), and leaf inclina
tion distribution function (LIDFa) were selected for analysis based on 
their association with SIF variability in a global SCOPE-sensitivity study 
(Verrelst et al., 2015). SCOPE simulations at the default 1-nm FWHM 
and 1-nm SSI were generated by randomly varying input parameters 
drawn from a uniform distribution within the following ranges: Ca+b 
(10–50 μg/cm2), LAI (1–5 m2/m2), LIDFa (− 0.8–0.8), and ∊F 
(0.01–0.03). A total of 1000 simulations were obtained for each trait 
while remaining SCOPE input parameters were set at their default 
values. SCOPE simulations were then convolved to match the SR, SSI, 
and band centres of the narrow-band hyperspectral imager, assuming a 
Gaussian band spectral response function. SIF760-3FLD was quantified 
from simulated irradiance and TOC total upwelling radiance at 5.8-nm 
FWHM resolution following the same methodology outlined in Section 
2.2, and then compared to SIF760 directly simulated by SCOPE model at 
default 1-nm FWHM (SIF760-simulated) across simulations. The outcome of 
local sensitivity analysis would provide insight into the relative 

influence of the most significant SCOPE parameters on absolute SIF760, 
as quantified by a coarser resolution sensor.

2.3.2. SIF760 estimation at 1-nm FWHM from narrow-band hyperspectral 
imager

As summarised in Fig. 3, we first estimated plant traits from the 
narrow-band imager-derived mean airborne reflectance spectra ob
tained from each plot. Keeping ∊F fixed, we then utilised the estimated 
plant traits to model TOC SIF using the SCOPE model in forward mode. 
The SCOPE simulated spectra at the default 1-nm FWHM were 
convolved to match the spectral configuration of the narrow-band 
imager, enabling the computation of 5.8-nm FWHM SIF760-3FLD. Subse
quently, 5.8-nm FWHM SIF760-3FLD was utilised in conjunction with 
SCOPE simulated 1-nm FWHM SIF760 to develop a prediction model for 
estimating SIF760 at 1-nm FWHM. The prediction model was then 
applied to the narrow-band imager derived 5.8-nm FWHM SIF760-3FLD 
and the estimated airborne SIF760 at 1-nm FWHM was compared to sub- 
nanometer imager derived reference SIF760 at 1-nm FWHM.

The optical radiative transfer routine of the SCOPE model (RTMo) 
was used to invert the TOC reflectance spectra from the narrow-band 
imagery for biophysical and biochemical traits. Numerical Optimisa
tion (NO) (Van der Tol et al., 2016; Yang et al., 2019) was used in the 
model inversion procedure to minimise a cost function estimating the 
differences between the observed and modelled TOC reflectance in the 
400–800 nm spectral region. NO iteratively executes the RTMo model, 
implementing minor modifications to the free parameters within their 
permissible range (as specified in Table 3), until the cost function is 
minimised. Due to variations in meteorological conditions, crop type, 
and irrigation regime between the two study sites, distinct ranges and 
initial values were selected for specific traits. The estimated biophysical 
and biochemical traits were: leaf chlorophyll concentration (Ca+b), leaf 
carotenoid concentration (Cca), leaf anthocyanin concentration (Cant), 
leaf dry matter concentration (Cdm), leaf water concentration (Cw), leaf 

Fig. 2. Average plot-level radiance spectra obtained from narrow-band (a, b) and sub-nanometer imager (c, d) showing the variability across the selected validation 
plots at the two study sites due to different nitrogen treatments. The inset shows the O2-A absorption feature in the 750- to 780-nm region.
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senescence parameters (Cs), leaf area index (LAI), leaf structure 
parameter (N) and leaf inclination distribution function parameters 
(LIDFa and LIDFb). Average leaf angle (ALA) was calculated from the 
modelled LIDFa (ALA = 45 − 360× LIDFa ×

1
π2) (Verhoef, 1998). 

Assuming the sensor view angle remains spatially constant for a single 
narrow-band imagery and in the nadir direction, the solar zenith angles 
were computed to be 54.8◦ for Site 1 and 26◦ for Site 2 based on the time 
and place of the imagery acquisition. Furthermore, based on MODTRAN 
simulations and the portable weather station data, the direct and 
diffused irradiance as well as meteorological parameters (air tempera
ture and air pressure) specific to each study site were computed for 
executing the RTMo model. The ’lsqnonlin’ function in MATLAB 
R2022b (MATLAB; Optimisation Toolbox; MathWorks Inc., Natick, MA, 
USA) was employed to update parameter values at each iteration step, 
and the iteration process concluded when the cost function improve
ment reached below a threshold of 10-4. We conducted additional 
analysis to assess the reliability of the estimated plant traits. This anal
ysis was performed on a nitrogen fertilisation validation block consisting 
of twenty plots with five distinct nitrogen treatments at Site 1 (T1: 0 kg 
N/ha, T2: 46 kg N/ha, T3: 92 kg N/ha, T4: 138 kg N/ha, T5: 184 kg N/ 
ha). We evaluated the estimated Ca+b using the mean leaf-level mea
surements categorised by N fertiliser treatment (Fig. S1a in Supple
mentary data). In the absence of field measurements, the structural 
parameter LAI could only be compared to the related narrow band 
index, the Enhanced Vegetation Index (EVI). (Fig. S1b in Supplementary 
data).

The SCOPE model was run in forward mode using the estimated 
plant traits and the meteorological parameters (air temperature and air 
pressure) specific to each study site as inputs, as well as the MODTRAN 
simulated diffused and direct solar radiation. All inputs, except for ∊F 
were set to their default values according to SCOPE. The value of ∊F was 

Fig. 3. Overview of the methodology used for estimating SIF760 at 1-nm FWHM from the narrow-band airborne hyperspectral imager.

Table 3 
The ranges, standard deviations (sd), and initial values of free parameters used 
in numerical optimisation approach.

Parameter Range Initial value Assumed sd Unit

Site 1 Site 2 Site 1 Site 2 Site 
1

Site 
2

Ca+b 20–60 40–80 35 40 10 30 μg/ 
cm2

Cdm 0–20 0–20 10 1 20 20 mg/ 
cm2

Cw 0–20 0–20 1 10 6 6 mg/ 
cm2

Cs 0–0.4 0–0.4 0.1 0.001 0.2 0.2 –
Cca 0–25 1–20 10 10 2 4 μg/ 

cm2

Cant 0–8 0–8 0.1 5 12 12 μg/ 
cm2

N 1–3 0.5–2 1.5 1.5 0.75 0.75 –
1–exp 

(–0.2LAI)
0.1–0.7 0.1–0.8 0.45 0.55 0.6 0.2 m2/ 

m2

LIDFa +

LIDFb

− 1–1 − 1–1 − 0.35 − 0.35 0.4 0.6 –

LIDFa–LIDFb − 1–1 − 1–1 − 0.2 − 0.35 0.4 0.6 –
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modified to 0.014, representing a 40 % increase compared to the default 
value of 0.01 for dark-adapted leaf. This adjustment was made based on 
the premise that this value accurately reflects the steady-state fluores
cence during daylight hours (Van der Tol et al., 2014). As with other 
simulations, the default 1-nm SR outputs were convolved to match the 
spectral resolution of the narrow-band hyperspectral imager using 
Gaussian spectral response function. The convolved 5.8-nm FWHM 
resolution SCOPE simulated radiance spectra were compared to the 
narrow-band imager derived airborne radiance. Furthermore, the depth 

of O2-A absorption feature and near-infrared reflectance of vegetation 
(NIRv) (Badgley et al., 2017) were quantified from the simulated and 
airborne spectra. Such comparison enables the assessment of the con
sistency between simulated and airborne spectra. We calculated the 
depth of the O2-A absorption feature based on the radiance difference 
between the left shoulder wavelength and the wavelength at the bottom 
of the absorption feature (Belwalkar et al., 2022). The wavelength 
within the 750–755 nm range that exhibited the highest radiance was 
identified as the left shoulder wavelength.

Fig. 4. Effects of ∊F and leaf biochemical and structural traits on the relationship between SIF760-3FLD quantified at 5.8-nm FWHM and SIF760-simulated at 1-nm FWHM 
directly simulated by SCOPE. Traits include Ca+b (a-c), LAI (d-f), LIDFa (g-i), and ∊F (j-l). Five distinct values corresponding to one of the remaining three parameters 
were assigned for each varying parameter (for example Ca+b in a-c), thereby producing a family of curves. All other SCOPE input parameters were left at their default 
settings. The dashed red line depicts the 1:1 line.
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Using the convolved 5.8-nm FWHM simulated radiance and simu
lated irradiance spectra corresponding to both study sites, SIF760-3FLD 
was computed following the same methodology as outlined in section 
2.2. We evaluated a linear regression model for estimating 1-nm SR 
SIF760 from the 5.8-nm FWHM narrow-band spectra. The linear model 
corresponding to each site was developed by using convolved 5.8-nm SR 
SIF760-3FLD as the independent variable and 1-nm SR SIF760-simulated as 
the dependent variable. The linear model independently developed for 
each study site using the simulated 5.8-nm SR SIF760-3FLD and 1-nm SR 
SIF760-simulated datasets was subsequently utilised to estimate airborne 
SIF760 at 1-nm FWHM from narrow-band imager quantified SIF760-3FLD. 
The performance evaluation of the linear regression models for both 
sites was conducted using sub-nanometer-resolution airborne hyper
spectral imagery acquired concurrently with narrow-band resolution 
imagery. The sub-nanometer resolution radiance spectra corresponding 
to the selected validation plots (as in Belwalkar et al., 2022) were 
convolved to the default SCOPE spectral characteristics to compute 1- 
nm SR SIF760-3FLD, which served as a reference to validate the esti
mated 1-nm SR SIF760 from the 5.8-nm FWHM resolution narrow-band 
hyperspectral imager. The computation of 1-nm SR SIF760-3FLD from 
the convolved sub-nanometer-resolution airborne spectra was carried 
out following the same procedure as outlined in Section 2.2 for quan
tifying SIF760-3FLD from the narrow-band hyperspectral imager. Plot- 
level 1-nm SR SIF760 estimated from linear regression models was 
compared to the sub-nanometer derived reference SIF760-3FLD using co
efficient of determination (R2), root mean square error (RMSE), and 
normalised root mean square error (nRMSE) as evaluation metrics. The 
nRMSE was computed as the ratio of RMSE and mean of reference SIF760- 

3FLD.

3. Results

The sensitivity of the relationship between SCOPE-derived SIF760- 

3FLD at 5.8-nm FWHM and SIF760-simulated at 1-nm FWHM to ∊F and leaf 
biochemical and structural traits is presented in Fig. 4. Overall, SIF760- 

3FLD increased with increasing values of Ca+b, LAI, LIDFa, and ∊F for all 
scenarios; however, the relationship between SIF at 1- and 5.8-nm SRs 
varied widely across simulations. Narrow-band SIF760-3FLD tended to be 
overestimated as plant trait parameters increased, with a non-linear 
response to changing Ca+b (Fig. 4a–c) and LAI (Fig. 4d–f), but a linear 
response to varying LIDFa (Fig. 4g–i) and ∊F (Fig. 4j–l).

Fig. 5 shows the comparison of the modelled reflectance obtained via 
NO approach and the narrow-band imager derived measured reflectance 
for the two study sites, along with the residuals (the measured minus 
simulated spectra). In general, NO approach accurately reproduced the 
reflectance with RMSE in the range of 0.0049–0.01. Nevertheless, there 
were noticeable differences between the modelled spectra and those 
derived from the narrow-band images. In particular, the modelled 
reflectance peak at the wavelength of 550 nm in the green spectral 

region exhibited excessive sharpness, particularly in relation to Site 2 
(Fig. 5b). This phenomenon can be attributed to the absorption spectra 
of carotenoids and chlorophyll, which are utilised as input in the Flus
pect model (Van der Tol et al., 2016).

The ranges of values for the three important plant traits (Ca+b, LAI, 
and ALA) estimated via NO approach for the validation plots are shown 
in Fig. 6. The substantial differences in estimated plant traits between 
the two study sites can be attributed to differences in crop type, irriga
tion regime, and meteorological conditions. All three estimated plant 
traits were more variable at Site 1 than at Site 2, as expected, given the 
use of multiple cultivars and a wider range of nitrogen treatments. Using 
the NO approach, the estimated Ca+b for the N treatment validation 
block at Site 1 showed good agreement with leaf-level Ca+b measure
ments (R2 = 0.71; RMSE = 1.25 µg/cm2, Fig. S1a in Supplementary 
data). It also precisely captured the trends observed in the leaf-level 
measurements for different N treatments, indicating the reliability of 
the NO approach. Furthermore, the estimated LAI exhibited a strong 
significant relationship (R2 = 0.97; p < 0.001, Fig. S1b in Supplementary 
data) with EVI, indicating that the NO approach effectively retrieved the 
structural plant traits. The resulting plot-scale spatial variability asso
ciated with the estimated Ca+b and LAI within the entire experimental 
field at Site 1 is depicted in Fig. 7.

The convolved TOC radiance spectra at 5.8-nm FWHM simulated 
using SCOPE forward modelling and the measured airborne at-sensor 
radiance from the narrow-band imager for Site 1 within the 400- to 
800-nm region matched reasonably well (Fig. 8a–d). The depth of O2-A 
absorption band and NIRv quantified from the simulated and the 
measured airborne spectra yielded strong significant relationships (R2 =

0.95–0.99; Fig. 8e and f). For Site 2, similar agreement was found among 
the at-sensor radiance spectra obtained from the two airborne hyper
spectral imagers and the convolved TOC radiance spectra at 5.8-nm 
FWHM simulated using SCOPE forward modelling within the 
670–780 nm region (Fig. 9). For both sites, discrepancies were observed 
for the simulated TOC radiance within the O2-A absorption region. 
Specifically, a consistent underestimation of the O2-A band depth cor
responding to the simulated radiance was observed when compared to 
the O2-A band depth derived from airborne at-sensor radiance. This 
outcome is anticipated as the O2-A band depth increases with sensor 
altitude (Daumard et al., 2015; Ni et al., 2016).

The results of the forward SCOPE model simulations using the esti
mated plant traits as inputs revealed a substantial linear relationship 
between 1-nm SIF760 and 5.8-nm SIF760-3FLD for the simulated datasets 
(R2 = 0.99; nRMSE = 45.5 %; slope = 0.541; offset = 0.026 for Site 1 and 
R2 = 0.92; nRMSE = 52.1 %; slope = 0.427; offset = 0.455 for Site 2, 
respectively). The slope and offset of this linear relationship between 
simulated SIF datasets corresponding to both study sites were subse
quently applied to the 5.8-nm FWHM airborne narrow-band SIF760-3FLD 
to estimate airborne SIF760 at 1-nm FWHM (Fig. 10). SIF760-3FLD quan
tified from the narrow-band imager were overestimated compared to the 

Fig. 5. Comparison of spectra obtained from SCOPE model inversion and image average spectra for Site 1 (a) and Site 2 (b). The right y-axis shows the residual which 
is computed as the difference between measured and modelled reflectance.
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1-nm SR reference (RMSE = 2.23 mW/m2/nm/sr for Site 1 and RMSE =
2.12 mW/m2/nm/sr for Site 2) due to the spectral characteristics of the 
narrow-band imager. Nevertheless, narrow-band SIF760-3FLD were 
significantly correlated with the high-SR reference at both Site 1 (R2 =

0.93, p < 0.001; Fig. 10a) and Site 2 (R2 = 0.95, p < 0.001; Fig. 10b). The 
RMSEs for narrow-band SIF760 estimates scaled with the linear model 
were less than 0.5 mW/m2/nm/sr. The linear model overestimated 1-nm 
SR SIF760 at Site 1 (nRMSE = 24.9 %; Fig. 10c) and slightly under
estimated it at Site 2 (nRMSE = 7.77 %; Fig. 10d). A plot-scale visual
isation of scaled linear model estimates from the narrow-band 
hyperspectral imager for the entire field at Site 1 is shown in Fig. 11.

4. Discussion

In precision agriculture, plant phenotyping studies, and other high- 
throughput applications, the complexity and operational costs of sub- 
nanometer airborne imaging sensors make alternative sensors 
appealing, if SIF can be measured accurately. Previous theoretical work 
using the SCOPE model has evaluated the most critical parameters 

affecting SIF via global sensitivity analysis (Verrelst et al., 2015). Our 
study builds on this theoretical work by considering how narrow-band 
sensors affect SIF retrieval and by validating theoretical quantifica
tions against high-resolution experimental field data. Extending recent 
work by Belwalkar et al. (2022), we evaluated a novel modelling 
methodology to accurately quantify SIF760 at 1-nm FWHM from stan
dard narrow-band-resolution imaging sensors using SCOPE RTM.

The impact of SR on SIF was theoretically assessed using the SCOPE 
model, with ∊F and leaf biochemical and structural traits being inde
pendently varied. The results illustrated a trait-dependent link between 
the 1-nm FWHM SIF760-simulated and 5.8-nm FWHM SIF760-3FLD. Non- 
linear variations were observed in relation to Ca+b and LAI, while 
linear variations were observed in relation to LIDFa and ∊F (Fig. 4). The 
results suggest that coarser resolution SIF760 levels can be scaled to 1-nm 
FWHM by considering the impact of ∊F and leaf biochemical and 
structural traits on the interrelationship between SIF760 at different SR 
using a suitable mapping function. The selection of this mapping func
tion is dependent on the traits being varied. By simultaneously varying 
the four parameters drawn from a uniform distribution within the same 

Fig. 6. Ranges of variation for the leaf biochemical and structural traits estimated from the narrow-band hyperspectral imagery at the two study sites: Ca+b (a), LAI 
(b), and ALA (c).

Fig. 7. Maps of estimated Ca+b (µg/cm2) (a) and LAI (m2/m2) (b) at plot scale depicting the within-field variability at Site 1.
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ranges as in Fig. 4, we found a strong linear relationship (R2 = 0.93; 
RMSE = 0.62 mW/m2/nm/sr) between the 1-nm FWHM SIF760-simulated 
and 5.8-nm FWHM SIF760-3FLD (Fig. S2 in Supplementary data). This 
result further demonstrates the feasibility of scaling coarser resolution 
SIF760 to a finer resolution for a diverse range of most significant plant 
traits impacting SIF.

Leaf biochemical and structural traits, as well as sun-target geome
try, are the primary drivers of TOC SIF and reflectance, which undergo 
comparable radiative transfer processes within leaves and canopies 
(Yang et al., 2019). As a result, the biochemical and biophysical impacts 
of vegetation on canopy SIF can be characterised by combining RTM 
with canopy reflectance (Van der Tol et al., 2019; Yang and van der Tol, 
2018). Prior studies (Van der Tol et al., 2016; Wang et al. 2023; Yang 
et al., 2019) have demonstrated that the parameters estimated from 
reflectance can replicate a large portion of the SIF variability, and the 

uncertainty in simulated SIF is impacted by the accuracy of the reflec
tance fitting. In our study, the modelled reflectance closely aligned with 
the airborne reflectance at both study sites, with RMSE ranging from 
0.0049 to 0.01 (Fig. 5), consistent with Wang et al. (2023) and Yang 
et al. (2019). The low RMSE between the modelled and measured 
airborne reflectance demonstrates the reliability of the inverted traits 
and the robustness of the inversion methodology. In addition, the vali
dation of estimated Ca+b using the leaf-level readings (Fig. S1a in Sup
plementary data) and the estimated LAI using EVI (Fig. S1b in 
Supplementary data) indicated that the inversion methodology well 
captured the observed leaf-level trends associated with different N 
treatments, thereby confirming the accuracy of the estimated plant 
traits. Furthermore, to reduce the ill-posedness of the inversion, we 
restricted the ranges of certain parameters based on the variations in 
meteorological conditions, crop type, and irrigation regime between the 

Fig. 8. Comparison of radiance spectra obtained from the narrow-band imager (a, b) and simulated spectra (c, d) obtained from SCOPE forward mode simulation 
(using the estimated plant traits) for Site 1 in the 400- to 800-nm region, and in the SIF emission region, respectively. Relationship between depth at the O2-A 
absorption feature (e) and NIRv (f) quantified from the simulated and airborne spectra for Site 1. The simulated spectra were obtained after convolving the original 1- 
nm FWHM SCOPE spectra to the spectral characteristics of the narrow-band imager using Gaussian convolution. ***p-value <0.001.
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two study sites. For instance, Ca+b was confined to 20–60 μg/cm2 for Site 
1 and 40–80 μg/cm2 for Site 2 (Table 3).

Our results revealed that the SIF760 quantified from broader SR 
hyperspectral imager (5.8-nm FWHM) using the proposed modelling 
approach aligned well (R2 = 0.93–0.95; RMSE = 0.203–0.425 mW/m2/ 
nm/sr; Fig. 10) with SIF760-3FLD quantified at 1–nm FWHM from the sub- 
nanometer airborne imager flown in tandem and used for validation 
across two plant phenotyping experimental sites showing nutrient stress 
variability. Our findings support the operational viability of using 
standard, commercially accessible, low-cost narrow-band hyperspectral 
imaging sensors to obtain accurate absolute SIF760 levels in phenotyping 
trials of homogeneous and uniform canopies.

TOC SIF is affected by various factors including plant pigments, 
canopy structure, incident solar radiation, meteorological conditions, 
and sensor spectral configuration. The RTM-based methodology pro
posed in this study facilitates the comprehensive evaluation of all these 
factors for the accurate SIF quantification. Considering that the afore
mentioned factors affecting SIF vary by location, it is very challenging to 
develop a generalised model applicable to all sites. Furthermore, the 
requirement for precise parameterisation to estimate plant traits unique 
to each site makes the proposed modelling approach inherently site- 
specific. Nevertheless, the overall methodology is relatively straight
forward to apply to other sites with homogeneous crop canopies. The 
study demonstrates the relationship between sub-nanometer and 
broader band SIF760, offering insights and methods that are applicable 
across a diverse range of study sites.

It is possible to obtain an approximation of ∊F from narrow-band 
imagery using SIF760 and NIRv-based approaches (Dechant et al., 
2020; Zeng et al., 2022). However, the higher SIF760 levels quantified 
from narrow-band imaging sensors would invariably result in over
estimation of ∊F estimates. It is not feasible to estimate accurate ∊F 
directly from narrow-band imagery, as the SCOPE model necessitates an 
accurate value of ∊F for precise SIF modelling. Therefore, we opted to 

keep ∊F constant in the absence of leaf-level fluorescence parameters 
that could be used to precisely determine ∊F. Nevertheless, narrow-band 
derived ∊F estimates can still be used to examine the relative physio
logical variability within the field, particularly for stress detection 
studies. Future studies will involve the measurement of fluorescence 
parameters at the leaf level to determine accurate ∊F, which can be 
utilised to generate a more accurate SIF760 from narrow-band imaging 
sensor.

TOC SIF simulations were carried out by utilising plant traits derived 
from airborne narrow-band reflectance imagery, while keeping the ∊F 
constant. Hence, the observed variability in simulated SIF among the 
plots at both study sites may be solely attributed to differences in the 
absorption of photosynthetically active radiation (PAR) and the re- 
absorption of SIF, while being unaffected by the efficiency of fluores
cence emission. Consequently, the dissimilarities seen between the 
reference SIF760-3FLD at 1-nm and the estimated SIF760 at 1-nm using the 
linear model for the airborne datasets may potentially be attributed to 
variances in plant physiology, which are incorporated into the model via 
the parameter ∊F. For Site 1, the estimated SIF760 values were over
estimated which suggests that the actual ∊F of the plots deviated from 
the predetermined value of 0.014, assuming that the estimated plant 
traits were accurate. In contrast, Site 2 exhibited a better correspon
dence between the calculated SIF760 and the reference SIF760-3FLD, 
indicating that the parameter ∊F for all the plots was close to 0.014.

The effect of sensor noise on the SIF760 scaling methodology pro
posed in this study is important to consider in an operational context, as 
SIF is strongly influenced by sensor SNR. Because the linear model was 
trained on noise-free simulated SCOPE spectra in this study, this method 
is not recommended for pixel-based analysis using sensors with low SNR 
levels. Instead, analyses should be limited to an object-based scale in 
which pixels are averaged across individual areas to minimise the 
impact of SNR. Future research could characterise the effect of sensor 
noise through the addition of noise to the simulated dataset, thereby 

Fig. 9. Comparison of radiance spectra obtained from the two airborne hyperspectral imagers and simulated spectra obtained from SCOPE forward mode simulation 
(using the estimated plant traits) for Site 2.
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enabling the quantification of SIF760 at the pixel scale and the generation 
of SIF760 pixel-level maps from standard narrow-band imaging sensors 
with low SNR. In the current study, the SIF760 scaling approach was 
designed and validated for phenotyping experiments involving nutrient 
variability as part of nitrogen application treatments, causing nutrient 
deficiency and stress. Future research will focus on evaluating the pro
posed scaling approach for canopies subjected to other abiotic stresses, 
such as under water limiting conditions, and under biotic-induced stress 
(see Zarco-Tejada et al. (2021) for the significance of SIF for separating 
biotic from abiotic stress). Such research will be critical for under
standing the potential of standard narrow-band imaging sensors for 
obtaining accurate SIF760 across a wide range of ecosystems.

Although a recent version of the SCOPE model (version 2.0) accounts 
for the vertical heterogeneity of the canopy biophysical and biochemical 
properties, it retains the assumption of homogeneity in the horizontal 
direction (Yang et al., 2021). Thus, our methods based on SCOPE par
ametrisation are most applicable in experimental fields with homoge
neous crop canopies. It will also be important to further investigate the 
scaling approach described in this paper over complex and heteroge
neous canopies, such as forests, and row-structured and grid-based crop 
canopies such as vineyards and tree orchards. Such efforts will require 
the extraction of crown spectra from pure vegetation pixels from very- 
high-spatial-resolution hyperspectral imagery to minimise the impact 
of the structural heterogeneity. Alternatively, three-dimensional canopy 
RTMs capable of directly simulating canopies with tree crowns, such as 
FluorFLIGHT (Hernández-Clemente et al., 2017), the Fluorescence 
model with Weight Photon Spread (FluorWPS) (Zhao et al., 2016), and 
the Discrete Anisotropic Radiative Transfer (DART) model (Gastellu- 
Etchegorry et al., 2017), could be employed. Such studies would be 

relevant for future missions such as the FLuorescence EXplorer (FLEX) 
(Drusch et al., 2017) when attempting to monitor the fluorescence 
emission in forests and heterogeneous crops.

5. Conclusions

We proposed a modelling scheme based on SCOPE for spectrally 
scaling SIF760-3FLD quantified from a standard airborne hyperspectral 
imager of 5.8-nm FWHM to SIF at 1-nm FWHM. Validation was carried 
out using SIF760-3FLD quantified from sub-nanometer hyperspectral im
agery acquired from two experimental fields with different homogenous 
crop canopies. There was strong agreement between estimated and 
reference SIF760, yielding RMSEs lower than 0.5 mW/m2/nm/sr and R2 

of 0.93–0.95. Our findings show that scaling SIF760-3FLD retrievals with 
standard 4–6 nm FWHM hyperspectral imagery to finer spectral reso
lutions using RTM-based modelling methods is feasible and address the 
problem of the SIF760-3FLD overestimation when using hyperspectral 
imagers with FWHM > 1-nm and SSI ≥ 1-nm.

In summary, the need for an accurate quantification of SIF is critical 
from an operational perspective, particularly because sub-nanometer 
hyperspectral imagers are not readily available in agronomic settings 
and for practical purposes. Consequently, it is essential to consider the 
adoption of suitable airborne imaging sensors, as well as the develop
ment of methods based on physically-based models for correctly inter
preting SIF from standard sensors, particularly in cases where they have 
coarser spectral resolutions (greater than 1-nm FWHM). The selection of 
appropriate physically-based models based on the type of ecosystem 
under consideration, especially for complex heterogeneous canopies, 
and the proper modelling approach are additional factors to consider. 

Fig. 10. Relationships between the airborne SIF760-3FLD quantified from the sub-nanometer imager (used here as the reference SIF) and narrow-band imager (5.8-nm 
FWHM) for validation plots corresponding to both sites (a, b). Relationships between the airborne SIF760-3FLD quantified from the sub-nanometer imager and the 
airborne 1-nm SR SIF760 estimated by the linear model (c, d) from the 5.8-nm SR narrow-band airborne spectra for both sites. The reference 1-nm SR SIF760-3FLD was 
obtained by convolving the sub-nanometer resolution spectra to 1-nm FWHM. The red dashed and black solid lines depict the 1:1 line and regression line, 
respectively. ***p-value <0.001.
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Accounting for the aforementioned considerations will facilitate the use 
of accurately quantified SIF from imaging sensors onboard piloted and 
unmanned airborne platforms for the advancement of research on 
photosynthesis, physiological assessment and pre-visual stress 
detection.
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