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A B S T R A C T

Chlorophyll fluorescence is widely used as an indicator of photosynthesis and physiological state of plants.
Remote acquisition of fluorescence allows the diagnosis of large field extensions, even from satellite measure-
ments. Nevertheless, fluorescence emerging from chloroplasts, the one directly connected to plant physiology,
undergoes re-absorption processes both within the leaf and the canopy. Therefore, corrections of the observed
canopy fluorescence, taking into account these two re-absorption processes may help to draw accurate inferences
about plant health. Here, we show the theoretical development and experimental validation of a model that
allows to retrieve the spectral distribution of the leaf fluorescence spectrum from that on top of canopy (TOC)
using a correction factor which is a function of both canopy and soil reflectance, and canopy transmittance.
Canopy fluorescence spectra corrected by our theoretical approach and normalized shows 95% correlation with
the normalized fluorescence spectrum at leaf-level, thus validating the model. Therefore, our results provide a
physical explanation and quantification for fluorescence re-absorption within the canopy, a phenomenon which
has only been mentioned but never measured up to the date. From a more general perspective, this new ana-
lytical tool together with the one previously developed by Ramos and Lagorio (2004) allows to obtain the
spectral distribution of chloroplast fluorescence spectrum from that on top of canopy (TOC).

1. Introduction

In photosynthetic organisms, chlorophyll-a excited states, produced
either by direct absorption or by energy transfer, can decay by three
main pathways: electron transfer (which initiates photosynthesis), heat
dissipation and light emission as fluorescence. These three processes are
competitive with each other and, in consequence, an increase in the
efficiency of one of them leads to a decrease in the efficiency of one or
both of the other two. This competition is the key for the existing link
between photosynthesis and chlorophyll fluorescence (Maxwell and
Johnson, 2000).

Thus, analysis of chlorophyll fluorescence from vegetation can give
information on photosynthesis and on the physiological state of plants
(Maxwell and Johnson, 2000; Moya and Cerovic, 2004; Guanter et al.,
2014). This largely contributes to a better understanding of environ-
mental and anthropogenic effects on vegetation physiology and also on
carbon fluxes between plants and the atmosphere, thus providing the
key for the assessment of greenhouse effect and, ultimately, global
warming (Grace et al., 2007). Chlorophyll fluorescence may be studied
from different observation scales: ground, airborne and spaceborne. An

excellent review of the methods and equipment used in each case is
presented by Meroni et al. (2009).

For the remote sensing of chlorophyll fluorescence from vegetation,
passive and active methods have been developed. While passive
methods use polychromatic sunlight excitation (Louis et al., 2005;
Meroni and Colombo, 2006; Guanter et al., 2007), active procedures
use a high energy LASER as irradiation source with LiDAR (Laser
imaging detection and ranging system) technology from an airborne
(Cerovic et al., 1996; Ounis et al., 2016).

The interaction of light with canopies is a subject of great interest in
the remote monitoring of plant health and it was described in literature
by means of radiative transfer models (RTM) which are often used to
describe the propagation of photons through a medium where they are
affected by absorption, emission and scattering processes.
Computational methods are required to solve the mathematical equa-
tions involved in these models. In particular, for remote sensing of
vegetation, several RTM have been developed: PROSPECT simulates
reflectance and transmittance of leaves, from 400 nm to 2500 nm
(Jacquemoud and Baret, 1990); LIBERTY (Leaf Incorporating Biochem-
istry Exhibiting Reflectance and Transmittance Yields) calculates the
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optical properties of conifer needles (Dawson et al., 1998); DLM (dor-
siventral leaf radiative transfer model) (Stuckens et al., 2009) is a
PROSPECT-like leaf optical model which includes leaves asymmetry;
DART (Gastellu-Etchegorry et al., 2012) is a model for remote sensing
images and radiative budget and FLIGHT simulates the observed re-
flectance response of three-dimensional vegetation canopies (North,
1996). Some RTM include fluorescence simulations such as the Fluor-
MODleaf (Pedrós et al., 2010), the Fluspect-B (Vilfan et al., 2016) and
FluorWPS (Zhao et al., 2016) models, which predict fluorescence
spectra.

Different precision levels (from 1 to 3 dimensions) of canopy de-
scription may be found in the RTM. 1D models are the simplest ap-
proaches assuming a horizontal layer of vegetation and they are ap-
propriate for homogeneous canopies. 3D models include canopy
heterogeneity and they are more realistic (North, 1996; Gastellu-
Etchegorry et al., 2012). However, to take into account canopy het-
erogeneity, 3D models require larger amounts of field data compared to
1D models (Ligot et al., 2014).

Chlorophyll fluorescence from plants is characterized by two peaks
at about 685 and 735 nm (Mazzinghi et al., 1994). The red emission
peak is due to the radiative deactivation of excited photosystem II (PSII)
while the far-red emission one has contributions of both photosystems
(PSI and PSII) (Agati, 1998; Pfündel, 1998; Franck et al., 2002; Iriel
et al., 2014). The quotient between the red and far-red maxima fluor-
escence is usually referred to as fluorescence ratio and largely used as
an indicator of the plant physiological state (Wittenberghe et al., 2014;
Rossini et al., 2016). This ratio was connected with the underlying
mechanism of photosynthesis and was reported as an instant monitor of
CO2 uptake by plants (Freedman et al., 2002; Rascher et al., 2009;
Damm et al., 2010). Moreover, fluorescence emerging from chloroplasts
suffers re-absorption processes in the leaf (Agati et al., 1993; Gitelson
et al., 1998; Ramos and Lagorio, 2004; Cordon and Lagorio, 2006). In
turn, fluorescence photons emerging from the leaves undergo addi-
tional re-absorption in the canopy (Porcar-Castell et al., 2014). As a
result, the spectral distribution of fluorescence observed by a remote
sensor is completely distorted by this phenomenon. An important point
in the analysis of chlorophyll fluorescence is that it is actually the
fluorescence of the chloroplasts (and not the “observed” fluorescence
from a canopy) which is directly connected to the physiological state of
the plant. Several groups have previously developed and applied
models to perform corrections for light re-absorption processes in
leaves (Agati et al., 1993; Ramos and Lagorio, 2004; Cordon and
Lagorio, 2006) but, until now, there are no available models that shed
light on these complex processes occurring in canopies.

Rossini et al., 2016 already modeled the fluorescence ratio for dif-
ferent canopies. These authors observed that the ratio between red and
far-red fluorescence peaks was considerably lower at canopy level than
the one measured on single leaves, attributing this fact to the re-

absorption of the red component within the canopy layers. Julitta et al.
(2016) recently published a detailed analysis of the red/far-red fluor-
escence ratio remotely measured by different spectroradiometers. They
compared each result with the leaf level value to detect which spec-
trometer provided the most accurate quantity. They made it clear,
however, that the observed fluorescence ratio for the canopy should be
lower than the observed fluorescence ratio at leaf level, as the red
emission was more affected by re-absorption in the canopy than the far-
red band. Fournier et al. (2012) compared the fluorescence emission of
a natural grass canopy with the leaf level fluorescence spectrum and
they found that the red-to-far-red fluorescence ratio decreased from the
leaf to the canopy level. They attributed this effect to a preferential re-
absorption of the red fluorescence band but no quantitative estimation
of this effect was performed. Another recent work reporting fluores-
cence re-absorption in a canopy was published by Daumard et al.
(2012) who performed passive fluorescence measurements at 687 and
760 nm on sorghum. They effectively observed a decrease in the
fluorescence ratio red/far-red for the canopy compared to the leaf-level.
Again, preferential light re-absorption in the red was correctly argued
but a quantitative support was lacking.

Therefore, although the re-absorption of light within a canopy was
profusely cited or qualitatively described in many works, it was never
quantitatively corrected. The goal of this work was to present a method
to correct active fluorescence measurements by the processes of light
absorption that take place in the canopy, filling an important vacancy
in the literature. More precisely, the scope of the present study was the
development and validation of a model that corrected fluorescence re-
absorption within a canopy and that allowed to retrieve the fluores-
cence spectral distribution at leaf level. Moreover, in combination with
other pre-existing approaches, it allowed to recover the fluorescence
spectral distribution of the chloroplast from that of the plant cover.

2. Model description and deduction

A pictorial description of the canopy physical model is presented in
Fig.1. The physical approach developed in this work considered the
following assumptions:

i) the system is composed by the canopy and the soil, ii) no light is
transmitted through the whole system (canopy + soil), iii) the light
suffers mono-exponential attenuation within the canopy, iv) the plant
canopy is composed by fluorescent units (leaves), v) the fluorescence
emitted by leaves is reabsorbed in the canopy before leaving it, vi) the
re-absorption process also produces a mono-exponential attenuation of
fluorescence within the canopy, vii) fluorescence is emitted iso-
tropically within the canopy, viii) lateral light losses are neglected, ix)
light scattering is taken into account by considering an effective path
length.

The model described here is based on mathematical treatments

Fig. 1. Canopy model. Photon fluxes involved in the in-
teraction between light and canopy, as assumed by our
model. Light attenuation within the canopy was described
by a mono-exponential decay in all the cases.
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previously described in literature for other systems (Agati et al., 1993;
Ramos and Lagorio, 2006).

Our starting model is based on a homogeneous vegetation cover
which is reached by sunlight and that grows on a thick layer of soil. The
assembly canopy + soil does not transmit light. Consequently, the in-
cident photons reaching the canopy (I0) are partly reflected (IR) and
partly absorbed (Ia) by the system (Eq. (1)). The absorbed light has
strictly two contributions: the photon flux absorbed by the canopy (Iac)
and the photon flux absorbed by the soil or background (Iab) (Eq. (2)).

= +I I I0 R a (1)

= +I I Ia ac ab (2)

The photon flux absorbed by the soil may in turn be estimated by
Eq. (3).

= −I I (1 R ),ab Tc b (3)

where ITc is the photon flux transmitted by the canopy and Rb is the
background reflectance. The factor (1-Rb) represents the fraction of
light absorbed by the soil.

Substituting Eqs. (2) and (3) into Eq. (1) and dividing by I0, Eq. (4)
arises:

= + + −1 R a T (1 R ),c c b (4)

where R is the total reflectance of the system, ac is the fraction of light
absorbed by the canopy and Tc is the canopy transmittance. The frac-
tion of light not absorbed by the canopy may then be written as:

− = + −1 a R T (1 R ).c c b (5)

Let us consider a thin differential layer of canopy dx (Fig. 1) re-
ceiving a photon flux Ix(λ) which comes from the attenuation of the
incident beam I0. This attenuation is supposed to be exponential and is
described by Eq. (6).

= ⋅ − ⋅I (λ ) I (λ ) exp[ α(λ ) x(λ )],x 0 0 0 0 0 (6)

where λ0 is the excitation wavelength, α(λ) is the absorption coefficient
of the canopy and x(λ0) is an effective pathlength at the excitation
wavelength that is affected by the presence of light scattering.

The infinitesimal layer also receives light from below which results
from the attenuation of a back photon flow in the canopy (Fig. 1).

= ⋅ − ⋅I (λ ) I (λ ) exp[ α(λ ) x (λ )],xb 0 b 0 0 b 0 (7)

where the absorption coefficient of the canopy α(λ) was assumed equal
for both descending and ascending photon fluxes.

Traversing the infinitesimal layer both beams suffer additional ex-
ponential attenuation: Ix(λ0)exp[−α(λ0) ⋅dx] and Ixb(λ0)exp[−α(λ0)
⋅dx] respectively. Since the number of photons absorbed by the layer
can be calculated as the number that enters the layer minus the number
coming out, we can write Eq. (8) for the photon flux absorbed by the
layer:

+ − ⋅ − ⋅ + ⋅ − ⋅
= − − ⋅ + − − ⋅
I (λ ) I (λ ) {I (λ ) exp[ α(λ ) dx] I (λ ) exp[ α(λ ) dx]}

I (λ ){1 exp[ α(λ ) dx]} I {1 exp[ α(λ ) dx]}.
x 0 xb 0 x 0 0 xb 0 0

x 0 0 xb 0

(8)

Taking into account that the spectral distribution of photons gen-
erated as fluorescence may be calculated as the fluorescence quantum
yield of the system (ϕF) multiplied by the spectral distribution of
fluorescence g(λ) (normalized to unity area, i.e.: ∫ =g(λ) dλ 1

λ
) and by

the absorbed photon flux, the fluorescence photon flow originated in
the infinitesimal layer, which is emitted isotropically within the ca-
nopy, may be calculated by Eq. (9).

= ⋅ − −

+ − −

dI (λ) ϕ g(λ) [I (λ ){1 exp[ α(λ )dx]}

I (λ ){1 exp[ α(λ )dx]}].
F F x 0 0

xb 0 0 (9)

Eq. (9) may be then approximated to Eq. (10) taking into account
the mathematical rule that when w→ 0, 1 − exp(w) ~−w and

substituting Ix and Ixb by Eqs. (6) and (7). Notice that, as dx is an in-
finitesimal quantity, the linear approximation to the exponential func-
tion exp[−α(λ0)dx] may be assumed valid for any α(λ0) value.

= ⋅ ⋅ + = ⋅ ⋅

⋅ − ⋅ ⋅ + ⋅

dI (λ) ϕ g(λ) [I (λ )α(λ )dx I (λ )α(λ )dx] ϕ g(λ) α(λ )

exp[ α(λ ) x(λ )] [I (λ ) I (λ )] dx
F F x 0 0 xb 0 0 F 0

0 0 0 0 b 0 (10)

Now, to introduce the re-absorption processes affecting the fluor-
escence, we assume that this phenomenon produces an exponential
attenuation of dIF(λ) and that the fluorescence reaching the top of ca-
nopy travels an average effective pathlength x(λ) (Eq. (11)),

= ⋅ ⋅ ⋅ − ⋅ ⋅ +

⋅ − ⋅

dI (λ) ϕ g(λ) α(λ ) exp[ α(λ ) x(λ )] [I (λ ) I (λ )]

exp[ α(λ) x(λ)]dx
F

exp
F 0 0 0 0 0 b 0

(11)

where dIF(λ)exp is the photon flux generated in the thin layer affected
by light re-absorption and x(λ) is the effective optical pathlength that
takes into account the light scattering in the media and it may be ex-
pressed as.

= ⋅x(λ) x(λ ) f(λ),0 (12)

where the function f(λ) reflects the wavelength dependence of the
scattering coefficient.

Replacement of Eq. (12) into Eq. (11) and integration of both Eqs.
(10) and (11), between x = 0 and the maximum mean effective optical
pathlength = X(λ0), leads to Eqs. (13) and (14) respectively:

= = + − − ⋅I (λ) I (λ) ϕ g(λ)[I (λ ) I (λ )]{1 exp[ α(λ ) X(λ )]}.F F
corr

F 0 0 b 0 0 0

(13)

IF(λ) represents the fluorescence intensity free from light re-ab-
sorption processes and is renamed as corrected fluorescence intensity
IF(λ)corr to consider this feature.

= + − − + ⋅

⋅
+

I (λ) ϕ g(λ)[I (λ ) I (λ )]{1 exp[ α(λ ) α(λ) f(λ)

X(λ )]} α(λ )
α(λ ) α(λ)f(λ)

F
exp

F 0 0 b 0 0

0
0

0 (14)

As Eq. (13) derives from Eq. (10), where no light re-absorption is
considered, and Eq. (14) comes from Eq. (11) that includes re-absorp-
tion, the ratio between both equations (Eq. (15)) gives the correction
factor for this process.

=
− − ⋅ ⋅ +
− − + ⋅

=

I (λ) /I (λ)
{1 exp[ α(λ ) X(λ )]} [α(λ ) α(λ)f(λ)]
{1 exp[ α(λ ) α(λ)f(λ)X(λ )]} α(λ )

χ(λ, λ ),

F
corr

F
exp 0 0 0

0 0 0

0 (15)

where χ(λ, λ0) represents the correction factor that takes into account
light re-absorption processes within the canopy.

In fact, the product between the experimental fluorescence spec-
trum and the correction factor yields the fluorescence spectrum free
from re-absorption distortion.

Following Eq. (12), the product f(λ)X(λ0) in Eq. (15) is equal to X
(λ) which represents the effective average pathlength at different wa-
velengths. Consequently, the product between the absorption coeffi-
cient and the effective average pathlength α(λ) ⋅X(λ) may be con-
sidered as the effective absorption spectrum of the canopy, and the
fraction of light non-absorbed by the canopy (ξ(λ)) may be estimated
as:

= − ⋅ξ(λ) exp[ α(λ) X(λ)] (16)

From Eqs. (15) and (16), an expression of the correction factor as a
function of the fraction of non-absorbed light by the canopy may be
written (Eq. (17)):

= ⎡
⎣⎢

+ ⎤
⎦⎥

⋅⎡
⎣⎢

−
−

⎤
⎦⎥

χ(λ, λ ) 1
ln ξ(λ)
ln ξ(λ )

1 ξ(λ )
1 ξ(λ )ξ(λ)

.0
0

0

0 (17)

As ξ(λ) may be estimated as R + Tc (1 − Rb) (see Eq. (5)), χ(λ,λ0)
may be easily estimated from measures available experimentally.

J.M. Romero et al. Remote Sensing of Environment 204 (2018) 138–146

140



3. Materials and methods

3.1. Canopy-level measurements

Radiance, reflectance and transmittance spectra of plants were
performed by means of a spectroradiometer ASD FieldSpec Pro FR
(Analytical Spectral Devices Inc., Boulder, USA), using a sensor field of
view (FOV) of 23° (Fig. 2). The spectral range of this equipment varied
between 350 nm to 2500 nm and its spectral resolution was 3 nm in the
range 350–1000 nm with a sampling interval of 1.4 nm. In the zone
between 1000 and 2500 nm of the electromagnetic spectrum, the
spectral resolution was 10 nm with 2 nm of sampling interval.

To record the canopy emission, fluorescence emitted by a Ficus
benjamina plant was recorded when excited by a 3 W blue LED lamp
(λmax = 460 nm, see emission spectrum in Fig. 4) with a photon flux of
50 ± 10 μmol/m2 s. In all the cases, photon fluxes were measured by a
photodiode connected to a multimeter (SR45–Fieldmaster, Coherent
Inc., Santa Clara, CA 95054 USA). The F. benjamina plant was placed in
a matte black wooden box (60 cm × 60 cm× 120 cm) with the lamp
and with an optic fiber inside, which was connected to the ASD spec-
troradiometer. In the upper part of the box, a small opening was made
through where the wires of the blue LED lamp and the optic bare fiber
of the spectroradiometer ASD were introduced. The distance between
the tip of the optic fiber and the upper leaves of the plant was 50 cm,
which led to a sampling area of 22 cm diameter approximately.

With the box closed, several measures were made. At first, white
reference spectra were collected by recording the light reflected by a
Spectralon® panel (Labsphere Inc., North Sutton, USA). The fluores-
cence spectra (between 600 and 800 nm) induced in plants by the blue
light were computed from the plant radiance. Collection was done with
the plant in ten different positions and ten spectra were acquired each
time. As the radiance was recorded with the ASD spectroradiometer,
the units for the fluorescence spectra were W m−2 nm−1 sr−1. These
units were converted into number of photons (counts) for the sub-
sequent comparison with the fluorescence spectra recorded by standard
fluorometry. Kautsky effect was evaluated in order to make it sure to
measure fluorescence spectra in steady state. Plants were dark-adapted
for 15 min, and then the blue LED lamp was turned on. Radiance
spectra were then immediately recorded every 10 s until constant shape
in the fluorescence spectral distribution (see Fig. 3).

Total reflectance and canopy transmittance as well as background
reflectance were obtained by irradiating with a halogen lamp (Philips
lamp Spotone 150 W, 230 V). Reflectance spectra, i.e. the proportion of
the incident radiation that is reflected by plant surface at each wave-
length, were calculated as the ratio between plant radiance and the
incident light which was determined by means of the Spectralon® panel.
As it was done with fluorescence, ten spectra in ten different plant
positions were recorded. To obtain transmittance spectra, the optical
fiber was placed under the plant in different positions and radiance was
registered each time. Then, transmittance spectra were calculated by

performing the ratio between this radiance and the incident light. For
the background reflectance the radiance from the soil was divided by
the incident light flux. Canopy transmittance and background re-
flectance were registered ten times in a unique plant position, due to its
low variance.

3.2. Leaf-level measurements

In order to obtain leaf fluorescence spectra, 15 plant leaves were cut
right after measuring radiance in the box and their spectra were im-
mediately obtained. Measurements were performed on the adaxial face
using groups of six leaves to avoid transmission of light through them.
Leaf fluorescence spectra were recorded with a steady-state fluorometer
QM4-CW (Photon Technology Inc., London, Ontario, Canada) in the
spectral region between 600 and 800 nm and corrected by the detector
response to different wavelengths. Excitation wavelength was 460 nm,
the excitation slit width was set to 8 nm, the emission slit width was
adjusted enough to record an adequate signal (2 nm) (Fig. 2). Under
these conditions, photon flux was 60 ± 10 μmol/m2 s, similar to the
photon flux used in the measurements made in the box. Care was taken
to assure that leaf and canopy spectra were measured in steady state
(Lichtenthaler et al., 2005), as variable fluorescence (Kautsky effect)
was observed upon turning on the blue light (see Fig. 3).

Reflectance spectra of leaves were recorded by means of a Shimadzu
3101 spectrophotometer equipped with an integrating sphere. Barium
sulfate was used as a standard to adjust the 100% reflectance level.
Again, measurements were performed on the adaxial face using groups
of six leaves to avoid transmission of light through them (a necessary
condition to apply the model that corrects light re-absorption artifacts
at leaf level) (Ramos and Lagorio, 2004; Cordon and Lagorio, 2006).

3.3. Data analysis

Spectra were processed using Python programming language (Zelle,
2004) together with NumPy numerical package (van der Walt et al.,
2011). Statistical analysis was conducted by the Infostat software (Di
Rienzo et al., 2011). Figures were designed and created by the Inkscape
program (Bah, 2009). Canopy fluorescence spectra were corrected by
Eq. (15), taking into account Eqs. (17) and (5). Resulting fluorescence
spectra were additionally corrected according to Ramos and Lagorio
(2004), in order to obtain the fluorescence spectra of chloroplasts.

4. Model validation

The model was validated by comparing corrected canopy fluores-
cence spectra with leaf fluorescence spectra. The validation process
required the experimental collection of canopy fluorescence spectra
which, to our knowledge, had never been recorded before. In fact, most
of the works reporting remote detection of chlorophyll fluorescence
involve the Fraunhofer and telluric line discrimination methodology

Fig. 2. Chart displaying the performed measurements.
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which only allows obtaining one or two points of the spectrum (Joiner
et al., 2012; Porcar-Castell et al., 2014). Fig. 4 shows an example of the
experimental canopy spectrum obtained from the radiance of the plant
measured by a spectroradiometer calibrated with a white reflectance
standard. Even though the fluorescence spectrum is obtained with some
noise due to its low intensity, it is reasonably retrieved from the ra-
diance measurements.

Upon measuring the required parameters for the calculation of the
factor χ(λ,λ0), the corrected canopy spectrum was obtained (see
Fig. 5). As seen in Fig. 6A, a very good agreement was found between
the normalized corrected canopy spectrum and the normalized ex-
perimental fluorescence spectrum at leaf level. Moreover, the correla-
tion between the leaf level and the corrected canopy fluorescence va-
lues is shown in Fig. 6B, where the slopes of the obtained and expected
relationships differ less than 5%. We compare normalized spectra be-
cause it is not expected to have an agreement between leaf spectrum
and the corrected canopy spectrum in physical units (absolute in-
tensities), given that the absolute values depend on the canopy biomass.
Once the distortion by light re-absorption processes is eliminated, the
spectral shape (or distribution) is expected to show agreement in both
cases. Regarding the red/far-red peak ratios, they are also corrected by
the proposed model, leading to the following values: leaf = 0.98 ±
0.14 (n = 15), canopy = 0.60 ± 0.08 (n = 10) and corrected ca-
nopy = 0.91 ± 0.13 (n = 10). Even though the model presented here
was validated on Ficus benjamina plants, further work on extending its
validity to other species, different canopy structures, and degrees of
heterogeneity would be fruitful.

5. Influence of different factors

Furthermore, we have analyzed the influence of the different factors
affecting light re-absorption correction. To achieve this, the

experimental spectra for total reflectance, background reflectance and
canopy transmittance were multiplied by a factor (F) varying from 0 to
10. Values for F leading to spectra with no physical meaning (re-
flectance or transmittance higher than 1) were not considered. The
χ(λ,λ0) function was then obtained by using the spectra calculated with
each F value and plotted as a function of wavelength. In Fig. 7B and C it
may be observed that the canopy correction factor χ(λ,λ0) was not
affected appreciably by the effect of altering the reflectance of the
background or the canopy transmittance. On the other hand, the cor-
rection factor is very sensitive to variations in the total reflectance
(Fig. 7A). In fact, as the total reflectance increased (blue to green col-
ours for curves) χ(λ,λ0) value decreases. The higher the χ(λ,λ0) value,
the greater the importance of re-absorption. In Fig. 7 it is shown that
light re-absorption is more significant in the red than in the far-red
region as expected. A value equal to 1 for χ(λ,λ0) would represent a
hypothetical case where no light re-absorption is taking place. Ac-
cordingly, χ(λ,λ0) values are closer to 1 in the far-red region, where
light re-absorption processes are almost negligible.

6. From canopy to chloroplasts

As it is possible to retrieve the fluorescence spectra of chloroplasts
from those at leaf-level by measuring leaf reflectance (Ramos and

A B
Fig. 3. Kaustky effect. Variable fluorescence
effect observed upon blue light illumination
after 15 min dark adaptation; both at leaf
(A) and canopy level (B). Time intervals are
shown using a colour scale. Note the dif-
ferent timescales and fluorescence units at
each level. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of this
article.)

Fig. 4. Canopy fluorescence spectrum. Example of the radiance registered by the ASD
spectrometer while measuring in the box. Incident light radiance obtained from the white
100% reflectance standard (black line) showing a single peak at λ = 460 nm. Plant ra-
diance (blue line) displaying reflection of incident light and chlorophyll fluorescence
spectrum between 650 and 800 nm (inset). Note that the inset arises from an enlargement
of the scales of the axes. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. Measured and calculated parameters. Black lines represent the average value and
grey shadows the standard error (n = 10). Note the different scales in each graph.
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Lagorio, 2004), we were able to predict the chloroplast spectrum
starting from that of the canopy (Fig. 8).

The fluorescence ratio (red/far-red) observed at the TOC may also
be corrected by the χ(λ) factor developed in this work and by γ(λ),
applied for the first time to leaves by Ramos and Lagorio (2004). In fact,
by dividing the spectral distribution of leaf fluorescence by the function
γ(λ), the spectral distribution of fluorescence for a chloroplast is re-
trieved. This correction function is calculated by Eq. (18)

=
+

⋅
+

+
⋅ +
⋅ +

γ(λ, λ ) 1

1

1

1
.0

F(R )
F(R ) 2

F(R ) (F(R ) 2)
F(R ) (F(R ) 2)

λ
λ

λ λ
λ0 λ0 (18)

The function γ(λ) depends both on the excitation (λ0) and emission
(λ) wavelength and is obtained from the remission function F(Rλ) (Eq.
(19)) which is calculated from the reflectance of an opaque sample
(Transmittance = 0) as:

= −F(R ) (1 R )
2R

.λ
λ

2

λ (19)

The function γ(λ) is derived from a two flux model based on the
Kubelka-Munk theory of diffuse reflectance (Lagorio et al., 1998). In
this approach, the following assumptions were taken into account: i)
the luminescence quantum yield and the normalized emission spectrum
of the fluorophore are independent of the excitation wavelength, ii) a
fraction of the emitted photons are re-absorbed by the components of
the sample and photons absorbed by the emitting species may lead to
re-emission. The re-emitted photons may be further re-absorbed and so
forth, iii) the system behaves as a homogeneous ideal scattering and
absorbing material, iv) no radiation is transmitted through the sample,
v) the sample is irradiated by monochromatic light, vi) emission is
produced in each volume element and it is decomposed into two-
photon flows having the same magnitude but opposite directions.

The correction derived from this approach leads to the following
expression (Eq. (20)) for the quotient between the fluorescence ratio in
a chloroplast and the fluorescence ratio in the TOC (FRchl/FRTOC):

⎜ ⎟
⎛
⎝

⎞
⎠

= = ±FR
FR

χ /γ
χ /γ

3, 86 0, 14.chl

TOC

(685) (685)

(740) (740) (20)

It is interesting to note the magnitude of this correction when
drawing physiological conclusions from the fluorescence ratio. As
shown here and in Fig. 6, a fluorescence ratio of 0.6 at canopy level
implies a ratio of more or less 1 at leaf level and 2.3 at chloroplast level.
It would be of great relevance to determine how fluorescence ratio
changes between these three levels in different plant species and ca-
nopy structures.

A B
Fig. 6. Model validation. (A) Leaf, canopy and corrected canopy
fluorescence spectra are shown in black, blue and green, respectively.
Spectra are normalized at the red peak (λ = 686 nm). Shadows in-
dicate the standard error. (B) Correlation between the canopy fluor-
escence data corrected by light re-absorption (average, n = 10) and
leaf fluorescence data (average, n = 15). Red line stands for the best
linear fit (y = (0.97 ± 0.02) ∗ x + (0.05 ± 0.01), R2 = 0.94) and
black line represents the 1:1 curve. Each spectrum was normalized at
λ = 686 nm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

B

C

A

Fig. 7. Influence of different factors on the re-absorption correction for canopy fluores-
cence. Influence of total reflectance spectra (A), background reflectance (B) and canopy
transmittance (C) on the correction factor χ. Each original spectrum is multiplied by a
factor F ranging from 0 to 10 (shown in logarithmic colour scale).
Note: For A there are not red curves in the plot because F values close to 10 led to total
reflectance values higher than 1, which do not have physical meaning.

Fig. 8. Chlorophyll fluorescence spectra, from canopy to chloroplasts. Experimental ca-
nopy fluorescence spectrum (blue line), retrieved fluorescence spectrum at leaf level
using the model presented in this work (green line) and retrieved fluorescence spectrum
at chloroplast level from the corrected canopy spectrum using the model described by
Ramos and Lagorio (2004) (black line). In this figure R, Rb, Tc and Rl stand for total
reflectance, background reflectance, canopy transmittance and leaf reflectance (stacked
of six leaves) respectively (n = 10). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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7. Considerations and limitations for the model implementation
in remote sensing

With regard to the application of the model in remote sensing, it is
useful at this point to discuss the availability and/or accessibility of the
inputs needed to calculate the correction factors χ(λ) and γ(λ). Even
more, it is interesting to think about the potential limitations that could
arise.

To retrieve the spectral distribution of fluorescence at leaf level
from that of the canopy, χ(λ) should be calculated and consequently R,
Tc and Rb are required. The reflectance for the total system (R) is easily
measured from the remote observation of the canopy.

With respect to canopy transmittance (Tc), even though it cannot be
estimated from remote sensing measures, it can be reasonably calcu-
lated by a 1-D radiative transfer model as PROSAIL (Jacquemoud et al.,
2009). In the case of an unidentified vegetable cover, parameters for a
standard plant canopy can be used as input for the calculation of ca-
nopy transmittance (Jacquemoud et al., 2000). Moreover, if a known
vegetable cover is being measured, more specific parameters can be
entered in the model in order to simulate canopy transmittance. Fur-
thermore, as our light re-absorption model shows low sensitivity to
changes in canopy transmittance (as shown in Fig. 7), using transmit-
tance spectra with moderate deviations from the real one, should not
have great impact on the calculated correction factor.

Regarding the estimation of soil reflectance (Rb), two different al-
ternatives may be available. Provided there is a portion of land free of
plant cover, its reflectance may be remotely measured and used as input
in the model, whenever this portion may be considered equivalent to
that underneath the canopy. In the case this option is not available; a
standard soil reflectance for this region can be used, since it has been
shown here to have a low impact on fluorescence correction. The
United States Geological Survey (USGS) spectral library (Kokaly et al.,
2017) or the ASTER spectral library of the National Aeronautics and
Space Administration (NASA) (Baldridge et al., 2009) may be useful in
this case.

To reach the chloroplast level, it is additionally necessary to esti-
mate the function γ(λ) which in turn depends on the leaf level re-
flectance. When only measures at TOC are available, it would still be
possible to apply the leaf-level correction using as an approximation
reflectance spectra of leaves taken from spectral libraries such as
LOPEX93 database (Hosgood et al., 1995) or ANGERS dataset (Féret
et al., 2008). Another possible alternative would be to simulate the
reflectance spectra of the leaves from radiative transfer models such as
PROSPECT or PROSAIL. It should be noticed that, to apply the γ(λ)
correction function, strictly the reflectance of a thick layer of leaves
must be known. When this value is not experimentally available, it is
still possible to calculate the remission function to be used in Eq. (18)
from reflectance and transmittance of a single leaf, using the pile of
plates model (for details see Cordón and Lagorio, 2007).

Another important point to be discussed is the canopy architecture.
Several recent works reported that chlorophyll fluorescence observed
by remote sensing was affected by the canopy structure and viewing
geometry (Liu et al., 2016; Migliavacca et al., 2017; Pinto et al., 2017;
He et al., 2017). In the presented model (from leaf level to canopy) a
homogeneous canopy was assumed. The species F. benjamina, used in
this study, met these requirements and the model accurately predicted
the spectral distribution of fluorescence at leaf level from that of the
canopy. Lack of homogeneity in a canopy could however affect the
applicability of the model.

Studies on different canopies to establish more precisely the good-
ness and universal applicability of the model are relevant for future
work. These works should include variations in canopies architecture
(planophile vs erectophile), differences in the amount of biomass or leaf
area index and introduction of heterogeneity factors caused by the
presence of flowers, fruits or senescent material, among others.

Finally, it is important to highlight that in this work, we present the

correction model and its validation for excitation with monochromatic
light. In its present form, the model is suitable for applications in re-
mote sensing using LASER-induced chlorophyll fluorescence.

The model is extensible to polychromatic light by allowing variation
of λ0. Differences appear in the expression for the absorbed photon flux
in Eq. (9), where an integral between the excitation wavelengths λ0(1)

and λ0(2) should be introduced:

∫= ⋅ ⋅ − −

+ − −

dI (λ) φ g(λ) [I {1 exp[ α(λ )dx]}

I {1 exp[ α(λ )dx ]}]dλ .

F F λ

λ
x 0

xb 0 b 0

0(1)

0(2)

Moreover, subsequent equations must be modified accordingly.
Light polychromaticity requires future work for both the mathematical
resolution and the validation process.

8. Conclusions and perspectives

In this work, we have developed a model of a generic canopy, taking
into account the photon fluxes involved in the absorption, emission and
re-absorption processes. Using this approach, the fluorescence spectra
at TOC is corrected by a χ factor which is function of the reflectance
and transmittance of canopy and soil reflectance. By measuring fluor-
escence spectra at both leaf level and canopy level, we have verified
that our model accurately accounts for the re-absorption processes
within the canopy and estimates the leaf spectral distribution from that
of the canopy. Therefore, this model provides the missing link between
fluorescence spectra measured at TOC and leaf fluorescence -which is
the most known and studied level- and quantifies fluorescence re-ab-
sorption in the canopy, a phenomenon that has been mentioned but
never quantified in literature.

Moreover, this model could retrieve fluorescence spectra at leaf or
chloroplast level from a large scale plant cover, when measuring
fluorescence at middle scales with active sensing techniques (Andersen
et al., 2006; Goulas et al., 2014), thus overcoming leaf to leaf hetero-
geneity, which is a problem when trying to diagnose several plants
(Cendrero-Mateo et al., 2016).

Furthermore, as it is possible to retrieve the spectral distribution of
fluorescence of chloroplasts from that at leaf level by measuring leaf
reflectance (Ramos and Lagorio, 2004), we were able to predict the
shape of chloroplast spectrum, starting from that of the canopy. We
have also shown how fluorescence ratio, an important tool in plant
physiology, changes dramatically between canopy, leaf and chlor-
oplasts due to light re-absorption processes. Thus, the new physical
approach presented here contributes extensively to the knowledge of
chlorophyll fluorescence and, more importantly, to the interpretation of
the observed signals from a distance, allowing the retrieval of micro-
scopic information from remote signals.
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