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INTRODUCTION

sun-induced Chlorophyll fluorescence is an electromagnetic
signal emitted in the red and near-infrared regions by the
vegetation chlorophyll in response to the absorption of
photosynthetically active radiation. this low signal (1–5%
of the reflected radiation in the near- infrared) is directly
emitted by the photosynthetic apparatus. in the last decades,
several researches have demonstrated the potential use of
fluorescence to monitor photosynthesis and the functional
status of vegetation (Corp et al., 2003; maier et al., 2003;
meroni & Colombo, 2006, buschmann, 2007; Campbell et
al., 2007; 2008; damm et al., 2010; Zarco-tejada et al., 2012,
2013; panigada et al., 2014). in recent years, the increasing
number of scientific studies attests the growing interest of

the remote sensing community (meroni et al., 2009,
frankenberg et al., 2014, Hand, 2014) at different scales of
investigations. Recently, member states of the european
space Agency (esA) have selected fleX (fluorescence
eXplorer, esA, 2015) as the eighth earth explorer mission,
upon recommendation from the earth science Advisory
Committee. the fleX mission aims to provide global maps
of vegetation fluorescence at 300 m spatial resolution, which
can be used to infer photosynthetic activity of natural and
managed ecosystems. this information is critical to gain
understanding of carbon exchange between the biosphere and
the atmosphere and to improve predictions on how vegetated
ecosystems contribute to the carbon and water cycles.
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AbstRACt – Remote sensing of sun-induced Chlorophyll fluorescence is a research field of growing interest with the potential to provide an improved
tool for monitoring plant status and photosynthetic function. the new satellite mission of the european space Agency (the fluorescence eXplorer,
fleX) will provide the possibility to estimate canopy fluorescence from space at global level. However, remote sensing techniques allow
measurement of the emitted fluorescence flux but do not provide a direct assessment of the fluorescence yield, which is the key variable linked to the
physiological status of the plant.
in this study, we investigate the impact of canopy structure on chlorophyll fluorescence by analysing the fluorescence emission in a thinning
experiment in a corn field. it is shown that fluorescence and apparent fluorescence yield are well related with leaf area index and vegetation fractional
cover, but when fluorescence is divided for a spectral vegetation index (considered as a proxy of structural parameters) the correlation is lost. this
means that fluorescence indexes should be considered to take into account spatial and temporal variability of biophysical parameters for satellite
studies and promising for plant status applications.
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However measuring plant fluorescence is challenging and
algorithm development, as well as dedicated experiments at
field and at airborne level, are mandatory for demonstrating
the feasibility of measuring this emitted signal using remote
sensing instruments (e.g. Rascher et al., 2009; 2015). 
to tackle this need, different field and airborne activities for
the measurement of fluorescence are currently conducted
under the fleX umbrella (e.g. Colombo et al., 2014; Rossini
et al., 2015). in addition, numerous modelling studies aiming
at the development of innovative retrieval algorithms for
space applications, are also under investigation (e.g. Cogliati
et al., 2015).
there are some fundamental challenges in plant status
assessment using solar induced fluorescence. besides plant
physiological status, other factors that alter the fluorescence
signal are bidirectional effects, background response,
atmosphere and variability of structural parameters. in
addition, fluorescence responds to changes in the incoming
radiation and changes in space due to the variability of canopy
parameters. in this context, there is a need to have
fluorescence quantities independent from leaf amount
and canopy parameters (such as leaf angle distribution
or clumping). it is therefore extremely important to
develop algorithms for minimizing the effects of green
biomass/chlorophyll on the recorded signal. in fact, the
intensity of the fluorescence signal at canopy level depends
both on the efficiency of the photosynthetic apparatus
and from the chlorophyll content. therefore, in order to
correctly interpret the fluorescence signal as an indicator of
photosynthetic efficiency a normalization of the signal for
the chlorophyll content of the investigated target is needed.
Canopy with different photosynthetic efficiency and
chlorophyll content can in fact lead to the same fluorescence
signal. 
the maximum rate of carboxylation is a key control
parameter of photosynthetic capacity. However, according to
the recent Global sensitivity Analysis of the soil Canopy
observation, photochemistry and energy fluxes (sCope)
model (verrelst et al., 2015), it drives only a relatively small
portion of the fluorescence signal. broadband incoming
shortwave radiation, leaf chlorophyll content, and leaf area
index (lAi) are major drivers of fluorescence emission
intensity. therefore, if variations in the spatial and temporal
domains of these drivers are not properly accounted for,
remotely sensed fluorescence flux could be not properly
interpreted. 
to investigate how fluorescence is sensitive to biomass, we
conducted a progressive cutting experiment in a corn field in
the framework of the esA-Cesfles2 campaigns in
marmande (france). spectral measurements were performed
on an undisturbed corn canopy and at the same time on corn
plot subjected to thinning (i.e., artificial lAi reduction) with
the objective of developing and testing fluorescence indices

independent of canopy structural parameters.

MATERIALS AND METHODS

Spectral data acquisition and processing

fluorescence measurements were obtained by using a
portable spectrometer oceanoptics HR4000 operating in the
range 707-805 nm, full width at Half maximum (fwHm)
0.1 nm (hereafter named Cf, Chlorophyll fluorescence).
this spectrometer was employed for the estimation of the
chlorophyll fluorescence in the oxygen A band, while a
second spectrometer operating in the range of 198-1120 nm,
fwHm 2.8 nm (hereafter named fs, full spectrum), was
instead used for the computation of the photochemical
Reflectance index and other optical vegetation indexes.
prior to the field campaign both spectrometers were
calibrated with known standards (wavelength calibration and
radiance calibration). A calibrated white reference panel
(50x50 cm 90% reflectance, optopolymer GmbH, Germany)
was employed to estimate the incident irradiance.
measurements were acquired on the 23rd of April 2007 on a
corn field, using bare fibers and viewing the target from
nadir. we employed the field spectroscopy technique referred
to as ‘single beam’ (milton and Rolling 2006): target
measurements are ‘sandwiched’ between two reflectance
standard panel measurements made a few seconds apart. the
radiance of the reference panel at the time of the target
measurement is estimated by linear interpolation. this
technique is based on the assumption that incident
irradiance varies linearly between the two reference panel
measurements. for every spectral acquisition, 4 and 15 scans
(for the Cf and fs spectrometers, respectively) were
averaged and stored as a single file. Additionally, a dark
current measurement was collected for every subset of
acquisitions (usually 4). spectrometers were housed in a
peltier thermally insulated box (model nt-16, magapor,
Zaragoza, spain) keeping the internal temperature at 25°C in
order to reduce dark current drift.
spectral data were acquired and processed with dedicated
software developed by the remote sensing laboratory of the
university of milano-bicocca: 3s for field acquisition and
oo_idl for processing (meroni & Colombo 2009).
processing of raw data included: i) correction for
Charge-Coupled device (CCd) detector non linearity, ii)
correction for dark current and dark current drift, iii)
wavelength calibration and linear resampling, iv) radiance
calibration and v) incident radiance computation by linear
interpolation of two white reference measurements and
correction for the known white reflectance.
the spectrometric system was installed on top of a two floors
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scaffolding tower targeting the corn field from a distance of
2.2m. A circular area of the canopy with 49 cm radius was
observed by the spectrometers. the rotation of a mast
mounted horizontally on a tripod (placed on the top
floor) permitted to observe, with spectrometer bare fibers,
either the white reference panel or the corn plant samples
(figure 1).

After the basic processing, the radiance upwelling from the
target, and the target HCRf (Hemispherical Conical
Reflectance factor), was obtained. 

Computation of fluorescence and fluorescence yields

fluorescence (fs) was computed from the Cf spectrometer
data considering a linear variation of reflectance and
fluorescence according to meroni & Colombo (2006).
lin@750 nm is the incident radiance measured in the range
747.22-758.76 nm. nf is the normalized fluorescence, i.e.
the ratio between estimated fluorescence and the radiation
incident in a nearby restricted spectral range not including
the absorption line (i.e., in the continuum, 747.22-758.76
nm). therefore, nf= fs/lin @750 nm.

LAI reduction experiment

two non-overlapping areas were observed from nadir thanks
to the rotating must positioned at the scaffolding tower top
floor. one area was undisturbed while the other was

95fluoResCenCe yield And CAnopy stRuCtuRe

figure 1. sampling set-up at the corn field.
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progressively thinned during a two and a half hour
experiment. thinning started at 10:20 utC with the removal
of 2 ‘columns’ of plants and continued with successive
‘column’ removal (3 plants at a time) until thinning the last
plants at 12:35 utC when the last two ‘columns’ were
removed leaving bare soil in the area observed by the
spectrometers.. 
Hemispherical photographs were acquired with a niKon
8400 Coolpix digital camera equipped with a fC-e9 8mm
fisheye lens converter in order to estimate lAi and vegetation
fractional Cover (fc). each lAi and fc were obtained
along a transect, diagonally crossing the plantation rows.
plantation rows were spaced of about 80 cm while along the
row, the plants spacing was about 20 cm. the transect length
(1.4 m), and the spatial interval between ground samples
(0.35 m) were fixed, and a single lAi and fc value was
obtained by averaging four samples (four images) collected
along the transect. the computation of the effective lAi and
fc was conducted by using the Can_eye software (martinez
et al., 2004).

RESULTS

Spectral data 

the difference between the data collected with the two
spectrometers is illustrated in figure 2.

figure 2. spectral data gathered with a single data acquisition from the
two spectrometers. fs spectrometer covers without noise the range
400-1000 nm while the Cf spectrometer covers the range 720-805 nm.
incident radiance is in blue (light blue) for fs (Cf) spectrometers.
the radiance upwelling from the canopy is red (yellow) for the fs (Cf).
the corresponding reflectance is in green (light green) for the fs (Cf)
spectrometers. it is evident the fluorescence peak at 760 nm,
superimposed on the reflectance curve.
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Canopy fluorescence at different thinning

the experiment was conducted around solar noon in order
to have only a moderate variation in the incident solar
irradiance and fluorescence (under such conditions, leaf
physiology should not change during the experiment,
although this may be not completely true). An example of
the digital images collected at different thinning is shown in
figure 3. G1 represents the undisturbed plot (control), while
the Z to o pictures depict the progressive thinning  applied
(Z being the initial conditions and o the final stage when
almost only bare soil was seen by the spectrometer). that is,
we used this scheme to acquire data in a progressive thinning
experiment in which we removed 6 plants at each time.
lower graphics of figure 3 show the decrease of lAi and fc
during the experiment. Although lAi and fc may not be
exactly computed in correspondence to the area observed by
the spectroradiometer, the decreasing trend operated by the
subsequent cutting is clear (figure 3).
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figure 3. Hemispherical photos collected upward at each thinning step and its effect on fc and lAi. Red and blue dots refer to control
(undisturbed) and treatment (progressively thinned) areas, respectively. Graphics use “dayfract” which is the fraction of the day in local solar time
(e.g. local solar noon, 12:00, is dayfract 0.5 and utC 11:00).
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indices variation, as shown in the vegetation indices (data not
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shown). After the removal of the central plants in e the value
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of lAi dramatically decreases and the spectral measurements
can be regarded as that of bare soil. Also the spectral
measurements after the removal of the most external plants
refer to bare soil, as demonstrated by the same values of
optical indices. As expected the observed reflectance was
affected by thinning (figures 4).

figure 4. Average HRCf (4 consecutive measurements) of: A) manipulation area after progressive thinning and, b) bare soil (when illuminated by
full sun light, red curve, and when illuminated only by the diffuse solar light, black curve). se is the standard error of the measurements.
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the black continuous curve in figure 4 (A) refers to the last
thinning step (o) when the soil background was completely
exposed. the comparison with this curve with that of the bare
soil (a clod removed from the ground was measured in full
sunlight) in different illumination condition (full light and
shadow) confirms the field observation that the area observed
by the sensor was composed by a mixture of sunlit and
shaded soil. this effect is due to the fact that thinning was
limited to few square meters around the sampling area
because of logistic reasons. therefore, after the complete
removal of the plants, the area observed by the spectrometer
was represented by soil surrounded by tall corn plant ‘walls’.
besides cast shadows, another 3d effect arising in this
conditions is that the lateral flux of photons may not be
negligible (i.e. photons scattered by the plants surrounding
the clearing into it and then scattered again by the soil into to
the observation direction).
the treatment fluorescence is decreased of about 30 % at
dayfract=0.52 as a result of thinning steps z, a, b (figure 5).
the steps c and d slightly affect fluorescence, while step e,
which refers to the removal of the plant in the centre of the
field of view, strongly affect the fluorescence (about 70%
decrease).

fluorescence and normalized fluorescence are significantly
related with lAi and fc, as observed in other studies
(e.g. olioso et al., 1992) (figure 6), although with poorer
correlation coefficients than those found using optical indices
(data not shown). under the assumption that the physiological
status of the standing should not change during the
experiment (i.e., should be insensitive to standing lAi), the
observed dependency of fluorescence to lAi indicates the
need to separate the effects of lAi in the fluorescence
retrieval at canopy level. in other words, if we are interested

in describing the plant physiological status (for example for
stress detection or for estimating the light use efficiency) it
would be desirable to have a fluorescence index independent
by lAi or other structural parameters. 
Here we propose to obtain such an index by dividing the nf
by the lAi to get a nf per unit lAi area. figure 6 shows that
using the normalized fluorescence index, obtained dividing
nf by the simple Ratio vegetation index (sR assumed to
be a good proxy of lAi or the fraction of the absorbed
photosynthetically active radiation, fApAR), the correlation
with lAi is lost. it should be noted that this simple
fluorescence index, having at denominator the incident
radiation and fApAR) is also a proxy of the actual
fluorescence yield, the fluorescence emission per unit of
absorbed pAR.

with this exercise we empirically showed that it is possible
to construct a fluorescence index largely insensitive to lAi
variations but with the data at hand we cannot demonstrate
that the proposed index is indeed sensitive to leaf physiological
status. future studies should be aimed to evaluate the
proposed index or other forms of the actual fluorescence
yield (i.e. fluorescence divided by ApAR) as indicators of
the plant status. 

CONCLUSIONS

new instruments, new data and knowledge and a new
generation of retrieval schemes have been recently developed
in the context of the fleX mission. Results obtained from
these studies are promising although challenges and
uncertainties still remain, but they direct towards
demonstrating the capability of this mission in observing the
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figure 5. A) fluorescence at oxygen A band (760 nm) and b)
nf@760nm, normalized fluorescence at 760 nm (i.e. fs/lin). Red and
violet dots refer to control (undisturbed) and treatment (progressively
thinned) areas, respectively. vertical lines above the X axis in A) refer
to thinning steps. spectral measurements in the graphs are the average
of data acquired in each thinning time interval (from 4 to 8 consecutive
measurements). error bars refer to ±1se. 
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environment with new perspectives.
Canopy chlorophyll fluorescence depends on the variation of
individual leaf response inside the canopy, the attenuation of
incident exciting radiation, and the scattering of emitted
radiation toward the sensor. several studies suggest that
canopy structure affects canopy fluorescence. these
structural effects are quite important, they interact with the
other fluorescence variation factors, and they must be taken
into consideration to interpret measurements, especially for
plant status analysis. in this study we designed a field
experiment to evaluate the impact of canopy structure on
solar induced fluorescence.
A simple fluorescence index is presented which takes into
account the structural variations of the canopy. Analysis
shows that canopy fluorescence is strongly affected by leaf
area index and vegetation fractional cover parameters.
However, the use of the fluorescence ratio based on the
knowledge of the simple ratio vegetation index can limit
these effects.
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