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ARTICLE INFO ABSTRACT

Arfid_e history: This study provides insight into the key variables that drive sun-induced chlorophyll fluorescence (SIF) emanat-
Received 23 December 2014 ing from vegetation canopies, based on a global sensitivity analysis (GSA) of the Soil-Canopy Observation of
Received in revised form 25 May 2015 Photosynthesis and Energy (SCOPE) balance model. An updated version of the SCOPE model was used here
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Available online 11 June 2015 (v1.53) which contains novel leaf physiological modules for determination of the steady state fluorescence

yield: a photosynthesis model coupled with (a) submodels having empirically derived relationships, identified
as TB12 for unstressed and TB12-D for drought conditions and (b) a mechanistic (MD12) submodel based on the-

Is(zﬁg;djéed fluorescence oretical relationships. By inspecting Sobol's total order (main effect and all the interactions) sensitivity index (Sr;)
Global sensitivity analysis rankings, the influential and non-influential variables were determined. Two experiments were conducted for
SCOPE the different leaf physiology modules in SCOPE considering (1) only vegetation variables, and (2) all SCOPE var-
Light transfer iables, i.e., including micrometeorological, aerodynamic and geometry variables.

Scattering Considering TB12-D Sy results using only vegetation input variables, the canopy-leaving broadband
EEE))t(osynthesis (641-800 nm) SIF variability was determined mainly by leaf optical properties and canopy structural variables.

The most important variables were (with decreasing importance) leaf chlorophyll content (Cab), leaf inclination
(LIDFa) and leaf area index (LAI). These three variables alone determined 77.9% of the SIF variability. V o, the
variable related to photosynthetic capacity, determined 11.4% of overall SIF variability, and its importance de-
clined considerably when moving from the first emission peak (SIF.eq; with maximal relevance of 17.9% at
676 nm) to the second emission peak (SIFyg; e.g., 9.6% at 740 nm). Stronger relationships with V., were obtain-
ed when retrieving the full broadband SIF flux and calculating total fluorescence yield (Fy;eiq, determined as the
integral of the hemispherical broadband SIF flux divided by the total absorbed PAR), of which 35% of the
variability was influenced by V¢m,. Using the TB12 submodel, the major drivers of SIF flux were similar to
TB12-D except that V., accounted for very little (<2%) variability. The MD12 submodel identified the compo-
nents of long-term PSII photoprotection and photodamage as the dominant factors for SIF variability: these
two variables alone accounted for 51.4% of the variability of SIF flux and 61% of Fyjeiq, whereas Vp,, explained
only 9.7% and 10.9% of variability in SIF flux and Fyjeiq, respectively.
Analysis of the relative importance of all SCOPE variables revealed that in addition to the key vegetation variables,
micrometeorological variables were important in driving SIF variability, especially incoming shortwave radiation
(Rin) and to a lesser extent air temperature (Ta), atmospheric vapor pressure (ea) and atmospheric CO, concen-
tration (Ca). Their impact further reduced the relative importance of V.
The GSA experiments led to the following conclusions: (1) explicit knowledge of key variables driving the SIF flux
is essential in order to achieve unbiased SIF interpretation related to photosynthetic activity at local and
global scales; (2) information related to photosynthetic activity is found more in the first emission peak (SIF;eq)
than in the second peak (SIFyir), and more in the full broadband SIF emission, which allows calculation of Fyjeiq,
than in individual wavebands.
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1. Introduction

Sun-induced fluorescence (SIF) emitted by photosystems I and II is
one of the three de-excitation mechanisms of energy captured by light
harvesting pigments in plants. It competes with photochemical process-
es and thermal decay (Krause & Weis, 1991). Although the direct link
with photosynthesis is not trivial (Meroni et al., 2009) due to the
variability of thermal decay, SIF emitted by vegetation is seen as a
meaningful indicator of instantaneous plant photosynthetic activity
(e.g., carbon fixation), and possibly gross primary productivity (GPP)
at the ecosystem scale (Porcar-Castell et al., 2014). A major advantage
of the SIF signal is that it is a more physiologically related signal than
reflectance, and moreover it originates uniquely from vegetation.
While much of the broadband reflectance signal reveals rather slow-
changing structural aspects of leaf composition, leaf area and vegetation
canopy cover fraction (Rautiainen et al.,, 2010; Verrelst et al., 2012), SIF
represents a more finely-tuned physiological signal with a diurnal
dynamic (Amoros-Lopez et al., 2008; Flexas et al., 2002; Zarco-Tejada,
Morales, Testi, & Villalobos, 2013). Another dynamic metric is the
well-known Photochemical Reflectance Index (or Physiological Reflec-
tance Index, PRI) (Gamon, Penuelas, and Field, 1992) which is correlat-
ed with the carotenoid xanthophyll cycle.

Although the emitted canopy-leaving SIF flux is relatively small
compared to reflected sunlight (about 1-5% in the near infrared, NIR),
it is a broadband spectrum within the 650-800 nm spectral window
with two emission maxima: in the red around 685 nm and in the NIR
around 740 nm (Baker, 2008; Papageorgiou & Govindjee, 2004). With
the development of hyperspectral sensors, the retrieval of SIF has be-
come a novel area of research (Alonso et al., 2007; Guanter et al.,
2010; Meroni et al., 2009, 2010) aimed primarily at mapping SIF
from site-specific (Damm et al., 2014; Daumard et al., 2012; Moya,
Daumard, Moise, Ounis, & Goulas, 2006; Perez-Priego, Zarco-Tejada,
Miller, Sepulcre-Canto, & Fereres, 2005; Zarco-Tejada, Gonzalez-Dugo,
& Berni, 2012; Zarco-Tejada, Morales, et al., 2013) to the global scale
(Frankenberg et al.,, 2011; Guanter et al., 2012; Joiner et al.,, 2011). Re-
gardless of the applied scales, current retrieval approaches exploit
only one band, which is mostly found in the second fluorescence emis-
sion peak, in the 730-770 nm window.

Using retrievals of NIR fluorescence (SIFyr), a top-down approach
has been followed by the global SIF mapping community, whereby
meaningful interpretations of SIFyk retrievals have been sought, typical-
ly to link SIFyr with GPP through empirical relationships (Frankenberg
etal., 2011; Guanter et al,, 2012, 2014). It is known that SIF is affected
by various factors including chlorophyll content, photochemistry,
non-photochemical quenching, and leaf and canopy optical charac-
teristics which, in turn, are influenced by diverse biological, environ-
mental, and atmospheric factors (Lichtenthaler & Rinderle, 1988;
Malenovsky, Mishra, Zemek, Rascher, & Nedbal, 2009; Porcar-Castell
et al., 2014; Rascher et al., 2009). For example, the broadband SIF flux
propagated through foliage is also subjected to internal absorption
and scattering effects. From a bottom-up perspective, scattering and
re-absorption effects continue through the canopy, potentially exerting
significant effects on vegetation SIF measured remotely. Such drivers of
within-leaf and canopy radiative transfer (RT) fluxes have been largely
unstudied under natural sunlight conditions. Furthermore, the inter-
play of these phenomena with meteorological variables such as solar
irradiance, air temperature, and air humidity or the factors defining
the illumination and observation geometry, are known to affect the ra-
diative transfer of the SIF flux at larger scales (Drusch & FLEX-Team,
2008; Guanter et al., 2010). These effects are qualitatively known, but
their relative importance, taking all variables and their interactions
into account, remains obscure.

The empirical approaches for SIFyr-GPP relations that have hitherto
been used have demonstrated the potential of the SIFy signal. The
need for disentangling the complex interplay between changing surface
properties and meteorological effects from meaningful information

related to photosynthesis nevertheless remains (Damm et al., 2014).
The presently available satellite fluorescence products are limited in
spatial resolution, and therefore not sufficient for this task.

With the purpose of deriving a deeper understanding of SIF and
its relationship to photosynthetic activity at the global scale, the
European Space Agency (ESA) is currently conducting Phase A/B1 eval-
uations of a candidate Earth Explorer mission dedicated to measure-
ment of SIF in terrestrial vegetation. The Fluorescence Explorer (FLEX)
satellite, equipped with a Fluorescence Imaging Spectrometer (FLORIS)
onboard, is proposed to operate in a tandem mission with ESA's
Sentinel-3 satellite, the latter to provide atmospheric and land surface
data needed for atmospheric corrections and accurate SIF characteriza-
tions. Several scientific and industrial studies have been completed by
ESA to establish scientific benchmarks for the FLEX mission. One such
project was the FLEX/Sentinel-3 Tandem Mission Photosynthesis
Study (Mohammed et al., 2014), which investigated the potential of
SIF for quantifying photosynthesis, vegetation health, and stress status.
As part of that study, the SCOPE (Soil-Canopy Observation, Photosyn-
thesis and Energy Balance) model (Van der Tol, Verhoef, Timmermans,
Verhoef, & Su, 2009) has been extended with new leaf fluorescence
modules (resulting in Version 1.53). SCOPE combines the functionality
of a Soil-Vegetation-Atmosphere (SVAT) model with radiative transfer
of reflected and emitted (thermal and fluorescent) radiation, and en-
ables to facilitate the interpretation of SIF retrievals from space towards
estimation of photosynthetic properties, e.g., through inversion of FLEX
SIF data (Mohammed et al., 2014).

A major benefit of coupling leaf physiological models with leaf and
canopy RT models is that it enables identification and quantification
(ranking) of influential and less influential variables governing the fluo-
rescence signal emitted by the canopy, through a sensitivity analysis.
Elucidating the main drivers of SIF variability can lead to an improved
understanding of the canopy SIF and photosynthesis dynamics, both in
time at a single site and globally. By identifying variables of lesser influ-
ence, models can be greatly simplified, which facilitates inversion appli-
cations. A global sensitivity analysis (GSA) is an excellent method to
quantify the relative importance of each input variable to model outputs
(e.g., SIF), and it can help set safe default values for less influential var-
iables (Saltelli, Tarantola, & Chan, 1999). In the present analysis, the
driving input variables shaping the SIF emission are identified for the
SCOPE model, not only for a single wavelength but for the complete
broadband spectral emission region.

The main objectives here were twofold: first, to summarize the latest
configuration of the SCOPE model (version 1.53); and second, to present
a variance-based GSA quantifying the relative importance of input var-
iables to SIF outputs from the SCOPE model. The GSA analysis has been
separated into two parts. First, a dedicated GSA indicative of a single
scene acquisition is conducted. In this case, only variation of vegetation
variables were considered (whereas meteorological data were kept
constant, representing spatial variability in a small area), thus providing
an improved understanding of SIF propagation through the canopy. Sec-
ond, to bridge the present gap between small scale field studies and
global observations, a more general GSA was conducted that considered
all SCOPE variables. These include micrometeorological and geometry
variables, and taking into account their full range of occurrence globally.
This second analysis contributes to an improved understanding of spa-
tial variability in global SIF maps and of the challenges and needs for
photosynthetic activity monitoring.

2. SCOPE and A-SCOPE models

As summarized by Zarco-Tejada, Catalina, Gonzalez, and Martin
(2013), early modeling work of SIF was carried out within an ESA
study by Miller et al. (2003), in which the vegetation fluorescence can-
opy model FluorMOD was developed (Miller et al., 2005), consisting of
the leaf model FluorMODleaf (Pedrés, Goulas, Jacquemoud, Louis, &
Moya, 2010; Pedrés, Jacquemoud, Goulas, Louis, & Moya, 2004,
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Pedrés, Moya, Goulas, & Jacquemoud, 2008) and the canopy model
FluorSAIL (Verhoef, 2004). FluorMOD was useful for evaluating whether
the fluorescence signal superimposed onto leaf and canopy reflectance
spectra could be discriminated. Subsequent efforts investigated SIF re-
trieval accuracy in response to relevant sensor properties - namely
spectral sampling interval, spectral resolution, signal to noise and spec-
tral shift - and various fluorescence retrieval methods (Damm et al.,
2011). These experimental and modeling advances were foundational
to the development of SCOPE (Van der Tol, Verhoef, & Rosema, 2009;
Van der Tol, Verhoef, Timmermans, et al., 2009), an integrated leaf-
canopy fluorescence-temperature-photosynthesis model.

Within the framework of the Photosynthesis Study (Mohammed
et al., 2014), SCOPE was updated as described below. In addition, a
graphical user interface called Automated-SCOPE (or A-SCOPE) was
built for the updated SCOPE model. This GUI streamlines inputs and
outputs of the simulations, thereby expediting the generation of large
look-up tables (LUT). The A-SCOPE software package is integrated into
an in-house developed ARTMO (Automated Radiative Transfer Models
Operator) platform (Verrelst, Alonso, Rivera Caicedo, Moreno, &
Camps-Valls, 2013) which enables operation of a multitude of leaf and
canopy radiative transfer models.

2.1. SCOPE

SCOPE is a vertical (1-D) integrated radiative transfer and energy
balance model (Van der Tol, Verhoef, Timmermans, et al., 2009). It
calculates radiation transfer in a multilayer canopy, in order to obtain
reflectance and fluorescence in the observation direction as a function
of the solar zenith angle and leaf inclination distribution.

The fate of irradiance and the distribution of absorbed radiation
within the canopy is calculated with the Scattering of Arbitrarily In-
clined Leaves' (SAIL) model (Verhoef, 1984). The distribution of
absorbed radiation is further used in a micrometeorological representa-
tion of the canopy for the calculation of photosynthesis, fluorescence, la-
tent and sensible heat. The fluorescence and thermal radiation emitted
by individual leaves is finally propagated through the canopy, again
with the SAIL modeling concept (Van der Tol, Verhoef, Timmermans,
et al,, 2009).

Apart from the canopy radiative transfer modules, the following
leaf-level modules are relevant:

1. A leaf radiative transfer module that calculates absorbed photosyn-
thetically active radiation (APAR), reflectance and fluorescence spec-
tra as a function of the irradiance spectrum and the leaf composition.
The module calculates excitation-emission probability matrices for
both sides of the leaf.

2. A biochemical module that calculates the photosynthesis rate and
the fraction of absorbed light returning as fluorescence, as a function
of APAR, temperature, relative humidity, the concentrations of CO,
and O,.

The separation of the two modules has the advantage that the effects
of scattering and re-absorption due to leaf structure (module 1) can be
calculated in advance. This calculation does not need to be repeated
when weather conditions change, leading to greater computational effi-
ciency. The relative fluorescence is coupled with the radiative transfer
module in the following way:

F = &Fopsiy + Fopsy) (1)

where F, is the fluorescence spectrum (W m~2pm™~" sr~!) as calculat-
ed with the leaf radiative transfer module for the dark adapted, low light
condition, and ¢ is a fluorescence amplification factor, calculated with
the biochemical routine as the ratio of the steady state (Ft) to the dark
adapted fluorescence (Fo). It links the biochemical routine (which cal-
culates relative fluorescence changes due to weather, but not the

absolute fluorescence in energy units), and the Fluspect model (which
calculates the absolute fluorescence as affected by leaf structure, but
not the weather induced fluorescence variations). The factor € thus ac-
counts for the rapid physiological regulation of fluorescence, whereas
Fo accounts for leaf structure and chemical composition. Note that the
adjustment by means of € is only carried out for the fluorescence contri-
bution of PSII, while the fluorescence of PSI is considered unaffected by
biochemistry. The spectral shapes of Fo have been obtained from Franck,
Juneau, and Popovic (2002), who originally normalized the spectra by
the integral over the fluorescence spectrum. In SCOPE they are re-
scaled such that the spectrally integrated emission of PSII is 5x that of
PSI (when € = 1). As we show later, the assumption of a constant PSI
causes the sensitivity to € (and thus to biochemical factors) to decline
with increasing fluorescence wavelength, since the contribution of PSI
grows with wavelength (Franck et al., 2002).

In the Photosynthesis Study (Mohammed et al., 2014), the following
updates were made to SCOPE:

- In the original version of SCOPE, the leaf radiative transfer model

PROSPECT (Jacquemoud & Baret, 1990) was used for fluorescence,

whereas the fluorescence radiative transfer within the leaf had to

be calculated outside the model, and provided separately as input.

In SCOPE 1.53, the Fluspect model, which is an extension of the

PROSPECT model, was implemented for the calculation of leaf reflec-

tance and fluorescence spectra.

One mechanistic and two empirical modules for € were implement-

ed (see Section 2.1.2).

- Two fluorescence contributions have been distinguished: that from
photosystem I (PSI), and that from photosystem II (PSII). The contri-
bution of PSII responds readily to physiological regulation (i.e., has a
variable €), whereas the contribution of PSI is proportional to the
APAR spectrum and independent of stress factors (i.e., e = 1) insofar
as it is not affected by rapid adjustments in photochemical and non-
photochemical quenching (Porcar-Castell et al., 2014).

This updated SCOPE model has recently been used to retrieve a pho-
tosynthetic property, the carboxylation capacity (Vemo), from satellite
estimates of SIF (Zhang, Liang, Zhou, Wu, & Zhao, 2014; Zhang et al.,
2014).

2.1.1. Inclusion of Fluspect

The Fluspect model calculates fluorescence spectra for the illuminated
(‘backward fluorescence’) and the shaded side (‘forward fluorescence’) of
the leaf, from PROSPECT outputs of leaf reflectance and fluorescence
based on the Kubelka-Munk equation. The model calculates fluorescence
excitation—emission matrices, which express the fraction of incident light
of wavelength i (400-750 nm with 1 nm resolution) resulting in fluores-
cence of wavelength j (640-850 nm with 1 nm resolution). Hence, the
emitted fluorescence for the top and bottom side of the leaf depends on
the irradiance of a leaf (which in turn depends on its position and orien-
tation in the canopy) and the composition of the leaf as described with the
PROSPECT parameters:

Fo=MI (2)

where M is the fluorescence matrix, and I the irradiance vector. Fluspect
produces a separate M for forward and backward fluorescence. Further-
more, in the implementation of Fluspect in SCOPE, separate matrices for
PSI and PSII are calculated. This enables the calculation of fluorescence
in upward and downward direction in the canopy from upward and a
downward irradiance fluxes.

2.1.2. Update of leaf physiological modules

Several new leaf physiological routines have been introduced for
two purposes: (1) to improve the description of fluorescence quenching
mechanisms and (2) to improve the comparability with existing global
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land surface models. The stomatal model of Cowan and Farquhar (1977)
has been replaced by the more widely used model of Ball, Woodrow,
and Berry (1991). Two alternative representations of photosynthesis
can be selected, based either on the models of Farquhar, von
Caemmerer, and Berry (1980) (for C3 species) and Von Caemmerer
(2013) (for C4 species), or on the model by Collatz, Ball, Grivet, and
Berry (1991), Collatz, Ribas-Carbo, and Berry (1992) that is also used
in land surface models such as the Community Land Model, CLM
(Bonan, 1996) and the Simple Biosphere 2 model, SiB2 (Sellers et al.,
1996). A relevant feature, the carboxylation capacity at optimum tem-
perature, V.o, has been allowed to vary with depth in the canopy fol-
lowing Sellers, Berry, Collatz, Field, and Hall (1992); potential electron
transport rate (Jmo) has been assumed to be proportional to Ve
(Leuning, 1997), and both are scaled in response to leaf temperature.

For fluorescence yield (Fyieiq), alternative descriptions have been
formulated. Two of these (Van der Tol, Berry, Campbell, & Rascher,
2014), referred hereon as TB12 and TB12-D, are expressions for the
Fyiela calibrated to a number of datasets collected in field and laboratory
experiments. These modules describe the relationship between photo-
chemical yield and fluorescence yield empirically for nonstressed,
ideal conditions under variable light and CO, concentrations (TB12),
and for variable drought levels under high light conditions (TB12-D).
The third MD12 module (Dayyoub, 2011; Magnani et al., 2009) has a
more explicit parameterization of fluorescence quenching mechanisms.
In its most recent development (Mohammed et al., 2014), the module
also incorporates the effects on photosynthesis and fluorescence of sea-
sonal changes in PSII photoinhibition and sustained, dark-adapted NPQ
(Porcar-Castell, 2011). The MD12 module is not limited to the empirical
calibration of the TB12 models, and is therefore able to reproduce
intermediate conditions using (compared to the TB12 models) two ad-
ditional variables, those being rate constant of sustained thermal dissi-
pation (kNPQs) and the fraction of functional reaction centers (qLs)
(Porcar-Castell, 2011).

2.1.3. Model outputs at leaf and canopy level

The coupled Fluspect and leaf physiological module provides leaf re-
flectance and SIF spectra at two sides of the leaf of PSI and PSII (Fig. 1).
With varying input, the magnitude of the leaf SIF changes (Fig. 2). Chlo-
rophyll content (Cab) has a profound effect on the shape of the spectra,
whereas other factors, such as irradiance and photosynthetic capacity,
affect the overall level, and have an additional small effect on the
spectral shape due to the variable PSII yield (variable €). The canopy
radiative transfer module further calculates the top-of-canopy (TOC)
SIF radiance in the observation direction. A new feature in version
1.53 (compared to the original version) is that the hemispherically
integrated SIF flux is calculated as well, in analogy to thermal radiation.

3. Global sensitivity analysis

Sensitivity analysis (SA) evaluates the relative importance of each
input variable in a model and can be used to identify the most influential
variables affecting model outputs (Saltelli et al., 1999; Wainwright,
Finsterle, Jung, Zhou, & Birkholzer, 2014). SA can be applied with radia-
tive transfer (RT) models to identify the key determinants of outputs
such as fluorescence, reflectance, etc. Less influential variables can also
be identified and be safely set to default values under relatively wide
ranges of conditions (Cariboni, Gatelli, Liska, & Saltelli, 2007). In general,
SA methods may be categorized as either local or global. Local SA
methods often are referred to as “one-factor-at-a-time” (OAT), because
they involve changing one input variable at a time while holding all
others at their central values, then measuring variation in the outputs.
A drawback of OAT methods is that they are informative only at the cen-
tral point where the calculation is executed and do not encompass the
entire input variable space. Thus, local SA methods are inadequate for
analyzing complex models having many variables, and they may be
highly dimensional and/or non-linear (Nossent, Elsen, & Bauwens,

2011; Saltelli & Annoni, 2010; Yang, 2011). The SVAT model SCOPE
would be a typical example of a complex RT model necessitating use
of a global SA approach.

Unlike local SA, global SA explores the full input variable space. The
contribution of each input variable to the variation in outputs is aver-
aged over the variation of all input variables, i.e., all input variables are
changed together (Saltelli et al., 1999). The most popular variance-
based methods include the Fourier Amplitude Sensitivity Test (FAST)
(Cukier, Fortuin, Shuler, Petschek, & Schaibly, 1973; Xu & Gertner,
2007), the Sobol' method (Sobol', 1990), and a modified version of the
Sobol' method proposed by Saltelli et al. (2010). Global SA studies
have been applied to several different RT models to disentangle input-
output relationships. One of the first global SA studies was applied to
the PROSAIL (PROSPECT & SAIL) model using an extended version of
FAST (Bowyer & Danson, 2004). Similarly, the sensitivity of the 11 vari-
ables of a PROSPECT-based Dorsiventral Leaf Model (DLM) was assessed
based on Sobol's method (Stuckens, Verstraeten, Delalieux, Swennen, &
Coppin, 2009). Recently, Mousivand, Menenti, Gorte, and Verhoef
(2014) used Saltelli's method to analyze the sensitivities of a full SVAT
model based on the coupling of SLC (Soil-Leaf-Canopy) with the at-
mospheric model MODTRAN. Altogether, all these studies analyzed
variability in leaf or canopy reflectance outputs (or propagated to
top-of-atmosphere (TOA) radiance in the case of Mousivand et al.
(2014)). In this paper we applied a variance-based global SA to
SCOPE reflectance and, for the first time, to SIF outputs. Saltelli's
method (Saltelli et al., 2010) was used, which has been demonstrat-
ed to be effective in identifying both the main sensitivity effects
(first-order effects) (the contribution to the variance of the model
output by each input variable) and total sensitivity effects (the
first-order effect plus interactions with other input variables) of
input variables (Song, Bryan, Paul, & Zhao, 2012). A GUI toolbox
with the equations of Saltelli has been created within the ARTMO
framework (http://ipl.uv.es/artmo/). The so-called ‘GSA toolbox’ is
freely available and enables the user to autonomously apply GSA ex-
ercises to available RTMs.

3.1. Variance-based global sensitivity analysis

In general, variance-based SA methods aim to quantify the amount
of variance that each input variable contributes to the unconditional
variance of the model output. In the Sobol' technique, these amounts,
caused either by a single variable or by the interaction of two or more
variables, are expressed as Sobol' sensitivity indices (Nossent et al.,
2011). A description according to Song et al. (2012) follows. Formally,
given a model Y = f(X), where Y is the model output, X = (X;,
X5,...,Xk) is the input parameter vector. A variance decomposition of f
suggested by Sobol' (1990) is:

k k k
WW:ZHW+ZMZ;mW~+Ww 3)

where X is rescaled to a k-dimensional unit hypercube Q, Q% =
[X|0<X; <1, i=1,..k}; V(Y) is the total unconditional variance; V;
is the partial variance or ‘main effect’ of X; on Y and given by V; =
VIE(YIX;)]; and Vj; is the joint impact of X; and X; on the total variance
minus their first-order effects.

Here, the first-order sensitivity index S; and total effect sensitivity
index St; are given as (Saltelli et al., 2008):

_ Vi VIE(YIX)))
S= vy T vy )
and
STi: SI‘FZ#IS[]‘FIW (5)


http://ipl.uv.es/artmo/

12 J. Verrelst et al. /| Remote Sensing of Environment 166 (2015) 8-21

1 T T
LV
051
0 1 1 1 1
0 500 1000 1500 2000 2500
wavelength (nm)
—'; 6 :
e upward
o — downward
£ 4r 8
g
(]
2 2 J
3
o L )
S 0 == ) L
2 600 650 700 750 800 850

wavelength (nm)

Fig. 1. Top: Simulated leaf transmittance (gray) and reflectance (black) spectra. Bottom:
simulated leaf SIF spectra for typical midday conditions. Dashed lines indicate the PSI con-
tribution, whereas solid lines indicate total SIF (PSI + PSII contributions).

where X_; denotes variation in all input parameters and X;, S; is the
contribution to the total variance by the interactions between
parameters.

Following Saltelli et al. (2010) to compute S; and Sy, two indepen-
dent input parameter sampling matrices P and Q with dimension
(N, k) were created, where N is the sample size and k is the number of
input parameters. Each row in matrix P and Q represents a possible
value of X. The variable ranges in the matrices are scaled between 0
and 1. The Monte Carlo approximations for V(Y), S; and S; are defined
as follows (Jansen, 1999; Nossent et al., 2011; Saltelli et al., 2010):

£@,(£(P§) ~f ;)

P 1 N
S=x2, ) ®)
and
2
_ (i)
S — iZN M 9)
T = 2N £aj=1 V(Y)

where -*- is the estimate; ]‘0 is the estimated value of the model output;
Pg represents all columns from P except the i-th column which is from
Q, using a radial sampling scheme (Campolongo, Saltelli, & Cariboni,
2011; Saltelli & Annoni, 2010). To compute S; and Sy; simultaneously, a
scheme suggested by Saltelli (2002) was used which reduced the
model runs to N(k + 2).

To sample the Pand Q matrices the Sobol' quasi-random sampling
technique (Sobol', 1967) was used. This sequence helps to distribute
the sampling points as uniformly as possible in the variable space
to avoid clustering, and increases the convergence rate (Saltelli
et al., 2008). Therefore, the use of these sequences enhances the
convergence of the Monte Carlo integrals. Whereas the Monte
Carlo integration, and thus the Sobol' SA, normally converges at a
rate of 1/+/n, the Sobol' quasi-random sampling enhances this to al-
most 1/n (Kucherenko, Rodriguez-Fernandez, Pantelides, & Shah,
2009; Nossent et al., 2011).

4. Experimental setup

Because SCOPE v1.53 is equipped with over 30 input variables
(Table 1) and offers a wide range of output products (organized accord-
ing to fluxes, radiation, reflectance, spectrum, surface temperature, SIF,
vertical profiles), all types of input-output sensitivity studies can be
conducted. Here, the focus was only on SIF output, i.e., the SIF broad-
band signal from 641 to 800 nm and the derived product Fyiejd. Fyield
was calculated as the integral of the hemispherical SIF broadband signal
divided by the total absorbed PAR by the plants (APAR). Fyieiq Serves to

- 1 N
fo= N Z jzlf (P); (6) normalize SIF radiance, which is known to be strongly associated with
incoming and absorbed irradiance (e.g., Meroni et al., 2011; Srivastava,
Greppin, & Strasser, 1995). This makes it possible to relate fluorescence
O 2 22 to photochemical yields in order to ascertain photosynthetic efficiency
viy) = NZ}:1 (f(P)f) fo 7) (Louis et al., 2005).
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Fig. 2. Sensitivity of upward (top) and downward (bottom) leaf SIF to chlorophyll content (left), irradiance (middle) and optimum carboxylation capacity (right).
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Table 1

Variables and parameters of the SCOPE model. Inputs apply to all three leaf physiological submodels (TB12-D, TB12 and MD12), unless indicated otherwise.
Input Interpretation Unit Min Max Default
Soil
Iss Soil resistance for evaporation [200-5000 s m™ ] 200 5000 500
SMC Volumetric soil moisture content [0.01-0.7] 0.01 0.7 0.25
Leaf optical
N Mesophyll structural parameter in prospect [—] 1 25 14
Cw Water content in PROSPECT gcm 2 0 0.1 0.009
Cdm Dry matter content in PROSPECT gcm—? 0 0.05 0.012
Cs Senescence factor in PROSPECT [—] 0 0.9 0
Cab Chlorophyll content in PROSPECT pg cm 2 0 80 40
Leaf physiology (TB12-D, TB12, MD12)
m Ball-Berry stomatal conductance parameter [—] 2 20 8
kv Extinction coefficient for a vertical profile of Vcme [—] 0 0.8 0.64

(maximum value of V¢, occurs at the top of the canopy).

Rdparam Parameter for dark respiration (Rd = Rdparam * Vo) [—] 0.001 0.03 0.015
Vemo maximum carboxylation capacity (at optimum temperature) pmol m~!s™! 0 200 30
Leaf physiology (MD12 only)
KkNPQs Rate constant of sustained thermal dissipation (Porcar-Castell, 2011) - 0 10
qLs Fraction of functional reaction centers (Porcar-Castell, 2011) - 0 1 1
Aerodynamic
rbs Soil boundary layer resistance sm™! 5 30 10
rwc Within canopy layer resistance sm~! 0 20 0
rb Leaf boundary resistance sm™! 5 20 10
Micrometeorologic
p Air pressure hPa 300 1090 970
u Wind speed ms! 0 50 2
Oa 0, concentration in the air ppm 0 220 209
ea Atmospheric vapor pressure hPa 0 150 15
Ca CO,, concentration in the air ppm 50 1000 380
Ta Air temperature °C —10 50 20
Rin Incoming shortwave radiation W m—2 0 1400 600
RIi Incoming longwave radiation Wm~2 0 400 300
Canopy
Iw Leaf width m 0.01 0.1 0.1
LIDFa LIDF parameter a, which controls the average leaf slope [—] —1 1 —0.35
LIDFb LIDF parameter b, which controls the distribution's bimodality [—1 —1 1 —0.15
LAI Leaf area index m?m~2 0 7 3
hc Canopy height m 0.1 2 1
Geometry
VZA Viewing zenith angle Degree 0 10 0
RAA Relative azimuth angle Degree 0 180 0
SZA Sun zenith angle Degree 0 60 30

On the input side, two different GSA strategies were pursued:

(1) The first strategy was suited to acquisitions over a single site with
relatively consistent ecosystem attributes, as would be done, for
example, by an airborne imaging spectrometer (e.g., Damm
et al., 2014; Guanter et al., 2010). For a site-specific acquisition
it is assumed that micrometeorological conditions are spatially
constant within an acquisition, so they may be kept to default
values. Also the sun-target-viewing geometry is constant and
thus kept to default values. Hence, only variables directly related
to vegetation are included in the analysis, that is, leaf physiolog-
ical, leaf RT, and canopy variables.

(2) A second strategy was used that included all SCOPE variables,
i.e., soil, leaf, physiological, aerodynamic, micrometeorological,
and canopy variables. For these variables the full ranges expected
to occur on Earth are used. The analysis can contribute to an im-
proved understanding of remotely sensed acquisitions at Earth's
global scale (e.g., Frankenberg et al., 2011; Joiner et al., 2011).
(Near-nadir sensors are assumed.)

These two types of GSAs can help to bridge the existing gap between
small scale field studies and global studies by identifying the key

variables determining SIF observations at both scales. For both situa-
tions, Saltelli's method was applied for both TB12-D and MD12 mod-
ules, for C3 plants. Additionally, for the purpose of comparing the
different leaf physiological modules (TB12-D and MD12), both
sustained NPQ and PSII photoinhibition (kNPQs and qLs, which are rel-
evant for seasonal changes) in the MD12 were kept fixed at their default
values (in the TB12 modules, the NPQ is modeled empirically, and
hence, no variation in parameters describing sustained NPQ is possible).
This analysis allowed verification of whether both models delivered the
same outputs. To cover the full range of vegetation conditions, the var-
iable ranges (i.e., minima and maxima) were derived from the literature
(Mousivand et al., 2014) and by expert knowledge (see Table 1). These
ranges were then sampled according to Sobol's quasi-random sequence
generator. Regarding the output products, in addition to SIF, the TOC re-
flectance was analyzed as a quality control. The spectral sampling of the
simulations was adjusted to 1 nm, so for reflectance output a total of
2101 contiguous spectral bands were sampled between 400 and
2500 nm and for SIF output 160 contiguous spectral bands between
641 and 800 nm.

For each analysis, (N(k + 2)) model simulations were run, where N
is the sample size and equals 2000, and k is the number of input vari-
ables and equals 14 variables for TB12-D and 16 for MD12 for the local
situation (only vegetation variables). This produced 32,000 and 36,000
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simulations, respectively. For the global situation (all SCOPE variables)
30 for TB12-D and 32 for MD12 were considered, producing 64,000
and 68,000 simulations, respectively.

Prior to applying GSA to SCOPE SIF outputs, the validity of the meth-
od had to be assessed. This was done by calculating GSA over SCOPE's
surface bidirectional reflectance outputs. The impact of input variables
to reflectance outputs is well understood, and a GSA has been applied
previously to PROSAIL models (e.g., Bowyer & Danson, 2004). In order
to gain insight into the actual influence of a given variable, both the
main effect (S;) and the interaction effects have to be considered. There-
fore, only total order index results (Sy;) are shown. Due to the interac-
tions, the sum of all Sy; is greater than 1, and its magnitude varies as a
function of wavelength. In order to compare the relative importance
of Sy, for each variable across the 400-2400 nm VNIR region, Sy; was
normalized as a percentage.

5. Results
5.1. GSA reflectance results

Sobol's total order sensitivity index (Sy;) results on surface reflec-
tance across the 400-2400 nm region are given in Fig. 3. Despite the
large number of SCOPE input variables (32 in the case of MD12, 30 in
the case of TB12-D), the STi results revealed that only a relatively
small number of variables drive the TOC bidirectional reflectance. It
must be noted that SCOPE is essentially an energy-budget model
whereby radiative transfer of reflectance, modeled with PROSPECT
and SAIL, is only a part of the calculations. Hence, the majority of vari-
ables related to micrometeorology and plant physiology have no impact
on reflectance. Uninfluential variables include the soil variables ‘soil re-
sistance for evaporation’ (rss), ‘volumetric soil moisture content’ (SMC),
and all of the biochemical and meteorological variables. SMC does not
contribute to reflectance due to the fact that we used a fixed soil reflec-
tance as input. As expected, only leaf, canopy and geometry variables
exerted an impact on reflectance. Reflectance results are unaffected by
the choice of the leaf physiological module, and Sy; results match earlier
PROSAIL GSA results (Bowyer & Danson, 2004). The similarity provides
confidence that the applied GSA method is valid.

The structural variable leaf area index (LAI) was the main driver of
the variation in reflectance. LAl governed over 55% of variation in reflec-
tance at wavelengths longer than 1400 nm, and over 70% beyond
1880 nm. Its dominance may be explained by the fact that LAl is the
main indicator of the presence and density of vegetation and deter-
mines radiation interception by the canopy. Even a small variation in
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LAI causes some change in the observed radiance, especially for low
LAl values (Mousivand et al., 2014). Apart from LAI, spectral features
in the visible part were controlled primarily by leaf pigment chlorophyll
content (Cab) and senescent material fraction (Cs). The 400-700 nm
spectral window is the photosynthetically active radiation for plants
with Cab as the main absorbing pigment. Beyond ~700 nm the effect
of Cab and the senescence factor gradually disappears due to the fact
that Cab and other leaf pigments are transparent to infrared radiation.
Leaf mesophyll structure (N) parameter and dry matter content
(Cdm), on the other hand, influence the NIR spectra (700-1300 nm),
with Cdm driving over 40% of the variability between 770 and
950 nm. Water content (equivalent water thickness (Cw)) had negligi-
ble impact on the visible and near-infrared spectral features, but it influ-
enced the shortwave infrared considerably because of radiation
absorption by leaf water. Cw accounted for over 30% of the output var-
iance between 1150 and 1410 nm and increased to more than 50% be-
tween 1340 and 1390 nm. Another important structural variable was
the leaf inclination distribution factor (LIDFa). As for LA, it was influen-
tial throughout the whole spectral range, with a contribution of over
20% between 720 and 1150 nm. The remaining structural variables
leaf width (lw), LIDFb, and vegetation height (hc) had only a marginal
impact on reflectance (together about 2%). The other key variable in
driving reflectance was solar zenith angle (SZA). Its influence was rela-
tively stable (between 1 and 7%) across the 400-2400 nm spectral win-
dow. View zenith angle (VZA) and relative azimuth angle (RAA) had
negligible impact (<0.3%), although it should be noted that only near-
nadir instruments were targeted, with a VZA of up to 10° only.

5.2. GSA fluorescence results: vegetation variables only

5.2.1. Fluorescence

Whereas the above GSA served to decompose reflectance based on
all SCOPE variables, in this section only vegetation variables were in-
cluded. Such an exercise is relevant to small-scale local studies,
e.g., using acquisitions from airborne imaging spectrometers. Given its
importance for monitoring photosynthetic activity, of interest is how
much of the SIF variability is explained by maximum carboxylation ca-
pacity (Vemo) and how much by other leaf and canopy variables.
Inspecting the Sy; results of SCOPE with the semi-empirical TB12-D
module (Fig. 4a) it was observed that four key variables drive SIF: chlo-
rophyll content (Cab), Vcmo, and the structural variables LIDFa and LAL
These four variables explained on average 89.3% of the SIF variability
across the 641-800 nm spectral window. The remaining 10.0% was ex-
plained by the fraction of senescent material (Cs), dry matter content

m Cab m kv Rdparam mVcmo
u HOa ea mCa mTz
m hc mVZA B RAA mSZA

T — | ——
90

400 500 600 700 800 9S00 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400
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Fig. 3. GSA total sensitivity index (Sr;) for SCOPE reflectance. The variables with a St; > 1% are boldfaced; variables without any impact on reflectance are written in gray.
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Fig. 4. GSA total sensitivity index (Sy;) for SCOPE broadband SIF (641-800 nm) given only varying vegetation variables and the submodels TB12-D (a), TB12 (b) MD12 (c) and simplified
MD12 without MD12-specific variables (kNPQs, qLs) (d). The variables with a Sy; > 1% are boldfaced; variables without any impact on reflectance are written in gray. The vertical bars
indicate the most important SIF wavelengths: the SIF;q and SIFyr emission peaks (685 and 740 nm), and the O,-A absorption region (760 nm).

(Cdm), vegetation height (hc), the Ball-Berry stomatal conductance pa-
rameter (m), and leaf width (Iw). The remaining variables - leaf thick-
ness (N), leaf water content (Cw), extinction coefficient for V¢, (kV),
respiration (Rdparam), and LIDFb - exerted negligible influence on
SIF, explaining on average only 0.6%. In the TB12-D module only 11.4%
of SIF was explained by Vo, @ key determinant of photosynthetic ca-
pacity. However, the relative contribution of V., was not constant,
with greater relevance in the first emission peak than the second emis-
sion peak. Its maximal contribution, 17.9%, was found at 676 nm. This
suggests that in heterogeneous canopies, over 80% of the observed SIF
variability may be due to variations in leaf and canopy biochemical
and structural properties and their interactions rather than to variations
in photosynthetic capacity. Moreover, the contribution of V., to SIF de-
graded steadily at longer wavelengths. At the peak of SIF..q (685 nm),
Vemo explained 16.4%. Its contribution was considerably weaker in the
second emission peak, accounting for only 9.6% of SIF variability at
740 nm, and it was further reduced to 9.3% at 760 nm (the O,-A absorp-
tion region). At 795 nm, V., No longer exerted any influence on the SIF
signal.

When the TB12 (calibrated for non-stressed plants) leaf physiologi-
cal module (Fig. 4b) was used instead of TB12-D (calibrated for plants
under variable levels of drought stress), SIF was even less influenced
by variations in V. On average, Vo contributed 1.10%, with a maxi-
mum of 1.83% at 676 nm. Variations in the fluorescence amplification
factor, &, are small in the absence of stress induced sustained NPQ
(Van der Tol et al., 2014). Hence, variations in light absorption by
green pigments (i.e., variations in leaf composition and canopy

structure) influence SIF more than variations in the fluorescence yield
(as modulated by physiological regulation) when this submodel is uti-
lized. In fact, the SIF variability for unstressed C3 canopies was, on aver-
age 88.9%, and governed by only three key structural variables, those
being Cab (33.0%), LIDFa (37.4%) and LAI (18.5%).

Using the MD12 module in SCOPE (Fig. 4c) instead introduces
two additional MD12-specific variables, namely the fraction of active
PSII reaction centers (qLs) and the rate constant for sustained non-
photochemical quenching (kNPQs), resulting from the photoprotective
retention of zeaxanthin even after dark-adaptation (Oquist & Huner,
2003). Both features have been observed to change over the season in
response to cold (Gilmore & Ball, 2000; Porcar-Castell, 2011) and
drought conditions (Baraldi et al., 2008), with important implications
for SIF emission.

As expected, these two variables strongly determined the SIF flux:
the rate constant of sustained thermal dissipation (kNPQs) and the frac-
tion of functional reaction centers (qLs) together accounted for 51.4% of
the SIF variability. Because of the dominance of the MD12-specific vari-
ables, V.o governed an average of 9.7% of the SIF variability. Apart from
these leaf physiological variables, the same key leaf and canopy struc-
tural variables, i.e., Cab, LIDFa, LAI, and canopy height (hc) were influen-
tial upon the SIF flux, but to a lesser extent than with TB12-D (together
26.9%) due to the relative dominance of kNPQs and qLs.

The parameterization of ranging photodamage and photoprotection
in MD12 clearly causes greater variability of the fluorescence yields. In
order to compare the SCOPE sensitivity between MD12 and the TB12
modules, the sensitivity analyses has been repeated with the two
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MD12-specific variables fixed (Fig. 4d). This enables a comparison of the
model sensitivity with the same variables used in alternative physiolog-
ical modules. With the simplified MD12 module, the same driving vari-
ables were found as before with TB12-D. But the influence of the
biochemistry variables was stronger than for TB12-D, with V., ac-
counting for an average of 15.6% and the Ball-Berry stomatal conduc-
tance parameter (m) an average of 4.8% across the 641-800 nm
spectral window, as a result of the different formulation of photosynthe-
sis in MD12 (based on the Farquhar and von Caemmerer model, rather
than the Collatz model as in TB12 and TB12-D). V1,0 had maximal influ-
ence at 676 nm (22.5%), and its relevance steadily decreased thereafter.

5.2.2. Fluorescence yield

The canopy level fluorescence yield, Fyielq (hemispherical fluores-
cence normalized by absorbed PAR of the plants), was subject to essen-
tially the same driving variables as the broadband fluorescence profiles.
For the TB12-D module, the driving variables were Cab (25.4%), Vemo
(25.0%), Cs (21.5%), Cdm (11.5%) and LAI (8.3%) (Fig. 5). The structural
variable LIDFa now exerted only 3.65% influence over variability,
which was of similar influence as vegetation height (hc) (3.2%). The
lower sensitivity to LIDFa can be explained by the fact that for Fyjeiq
we used the hemispherically integrated flux, which is much less influ-
enced by the leaf inclination distribution than the fluorescence in a sin-
gle (observation) direction.

Generalizing the results to physiological, leaf optical and canopy var-
iables, the leaf optical variables determined 58.5% and the structural
variables 15.3% of Fy;eiq variability. Fyielq was 25% driven by the photo-
synthetic variable V¢n,,. The variables N, kV, Rdparam, and Iw were
non-influential. When replacing TB12-D by TB12, then the influence of
leaf physiological variables was suppressed by the same driving leaf op-
tical (65.4%) and canopy structural variables (32.0%).

Comparing those results against MD12, while keeping the MD12-
specific variables fixed, the same drivers were identified, albeit with
greater importance attributed to V¢m, (30.1%) and m (8.9%), as well as
the structural variables LAI (11.7%) and hc (6.6%). These increases in rel-
ative importance were at the expense of the leaf variables Cs (which
was halved), and Cdm and Cab (which were each lower by 25% com-
pared to TB12-D).

Evaluation of MD12 with its full complement of variables revealed
once again the dominance of kKNPQs and qLs as drivers of Fyjeq. Together
they determined 61.0% of Fyjeiq variability. Other influential variables
were m (11.0%), Vemo (10.9%), Cab (3.9%), LAI (3.7%) and hc (2.7%).
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5.3. GSA fluorescence results: all SCOPE variables

The analysis was repeated for TB12-D and MD12 including all SCOPE
variables — including micrometeorological, aerodynamic and geometry
inputs (Fig. 6). Such quantification is relevant to global SIF acquisitions
where all these variables might be expected to influence the SIF signal
and thus affect spatial SIF patterns.

Essentially the same patterns as with vegetation-only variables were
revealed, but their influences were now more suppressed due to the ad-
ditional influence of key micrometeorological variables. Broadband in-
coming shortwave radiation (Rin) was one of the most dominant
variables, since Fy is proportional to the absorbed PAR. Of secondary in-
fluence were air temperature (Ta), atmospheric vapor pressure (ea),
and atmospheric CO, (Ca) concentration, which all affected SIF variabil-
ity through &. Also solar zenith angle (SZA) played a role.

Rin had a dominant influence throughout the whole 641-800 nm
spectral window, because both Fy of PSI and PSII are proportional to
absorbed radiation. Irradiance had an additional effect on ¢ of (only)
PSIL The influence of irradiance was therefore dominant in the first emis-
sion peak, where the PSII SIF has the largest contribution. All other
micrometeorological variables only affected ¢ of PSII, and hence, their
contribution to SIF was limited to wavelengths lower than 785 nm.
When the MD12 module was used, these micrometeorological variables
(particularly ea, Ta, Ca) had considerably stronger influence than when
TB12-D was used. Again, this is due to the larger variability of € in the
MD12 module, largely as a result of the inclusion of the effects of
photodamage and photoprotection. For TB12-D the overall effect of
these micrometeorological fluctuations accounted for only 9.3% of SIF
variability, compared to 23.8% for MD12. Other driving variables of SIF in-
cluded Cab, LIDFa, LAI, LIDFb and hc. For TB12-D their summed average
contribution to SIF variability was 49.8%, compared to 14.8% for MD12.
The MD12-specific variables KNPQs and qLs contributed 27.3% to the
SIF variability. The photosynthetic variable V., contributed an average
of only 2.2% (TB12-D) or 0.8% (MD12), respectively, to the full SIF signal.
It is important to note that leaf physiological variables again exerted more
influence in the first emission peak than in the second.

Non-influential variables were rss, SMC, N, Cw, kV, Rdparam, rbs,
rcw, tb, u, Rli, lw, VZA, and RAA. Their summed averaged contribution
was less than 1.7%.

Regarding Fyieiq (results not shown), besides the earlier identified
driving vegetation variables (see Fig. 5), the same micrometeorological
variables (Rin, Ta, ea, Ca) played a role in determining its variability.

.

Rdparam Vcmo Iw LIDFa  LIDFb LAI hc kNQs qls

Fig. 5. GSA total sensitivity index (Sy;) for SCOPE Fluorescence yield flux given only varying vegetation variables and the submodels TB12-D, TB12, simplified MD12 without MD12-specific
variables (KNPQs, qLs) and MD12. Note that TB12-D, TB12 and Simplified MD12 S,; results are distributed over 14 variables (Sum Sy; = 100%) while for MD12 over 16 variables.
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Fig. 6. GSA total sensitivity index (St;) for SCOPE broadband SIF (641-800 nm) given all SCOPE variables and the submodels TB12-D (a), and MD12 (b). The variables with a Sy; > 1% are
boldfaced; variables without any impact on reflectance are written in gray. The variables with a St; > 1% are boldfaced; variables without any impact on reflectance are written in gray.

Also here Fyieja Wwas more strongly related to Vm, than were single SIF
wavelengths: 7.57% for TB12-D and 1.92% for MD12.

6. Discussion

The main goal of this research was to disentangle and quantify the
relative importance of the key variables that drive the broadband SIF
signal emanating from vegetation canopies, as modeled through the
fluorescence SVAT model SCOPE. A variance-based global sensitivity
analysis (GSA) was applied to SCOPE SIF outputs. The output variance
was decomposed into the sum of contributions of each individual
input variable and the interactions (coupling terms) between different
variables. Several GSA experiments were conducted in order to bridge
the scaling gap between single scene and global SIF observations, i.e.,
varying first vegetation variables only and then varying all SCOPE vari-
ables (including micrometeorological, aerodynamic and geometry vari-
ables). Results are discussed with interpretations in a local and global
context.

6.1. Varying only SCOPE vegetation variables: interpretation in a
local context

By inspecting the SCOPE vegetation-only variables that drive leaf SIF
emission flux propagated through the canopy, it was clear that leaf pho-
tochemistry variables only partially governed top-of-canopy SIF emis-
sion. Regardless of the chosen leaf physiological module, Sy; results
revealed that canopy SIF was driven largely by leaf chlorophyll content
(Cab) and vegetation structure, the latter described by LAI, LIDFa and to
a lesser extent vegetation height (hc). These four variables alone
accounted for over 67% of the variability in SIF when considering only
vegetation variables. This part of the variability is related to the absorp-
tion of PAR by chlorophyll in the vegetation, and re-absorption of the
emitted SIF;eq. Vemo, the variable that indicates leaf photosynthetic ca-
pacity, drove at most up to 22.5% of the SIF emission when measured
at 676 nm where its contribution is maximal (Fig. 4d). This part of the
variability is related to the distribution of the absorbed PAR over heat
dissipation, photochemistry and fluorescence. Hence, most of the vari-
ability of SIF is caused by variations in absorbed PAR, whereas a part
of the variation is driven by variations in fluorescence emission efficien-
cy, as quantified by the variable .

The emission efficiency of fluorescence ¢ is proportional to the exci-
tation lifetime, which is in turn inversely proportional to the efficiency
of all de-excitation processes together. The two main ones, competing

with SIF, are photochemistry (resulting in electron transport and ulti-
mately in photosynthesis) and energy-dependent heat dissipation
(Baker, 2008). The two processes result in the so-called photochemical
and non-photochemical quenching (i.e., reduction) of SIF. The sensitiv-
ity of SIF to biochemical regulation therefore largely depends on the ca-
pacity of plants to adjust these two de-excitation pathways in response
to environmental conditions (Van der Tol et al,, 2014). Despite the com-
plex interactions between the two processes, novel models have been
proposed over the last few years to capture the relationship between
SIF and photochemistry alone, as captured in the more data-driven
TB12 modules and in the more process-based MD12 module, as applied
here. Despite the different approaches, both models capture the same
general features of the relationship, in good agreement with experi-
mental evidence (Flexas et al., 2002; Rosema, Snel, Zahn, Buurmeijer,
& Van Hove, 1998): (i) a negative association between photochemical
and fluorescence yields under limiting (low) light conditions, with fluo-
rescence yield increasing with light; and (ii) a positive association
between the two yields under high-light conditions (i.e., when
photosynthesis is predominantly limited by CO, availability), as a result
of the feedback on lumen pH and build-up of non-photochemical
quenching (Avenson, Cruz, & Kramer, 2004). In contrast with the
data-driven TB12 modules, however, the MD12 module predicts the re-
lationship between the two yields under light-saturated conditions to
be modulated by photosynthetic dark reactions (and therefore by sto-
matal closure or ancillary environmental conditions).

Moreover, another advantage gained with the MD12 module is that
long-term changes in the photosynthetic apparatus in response to stress-
ful conditions are taken into account, in particular PSII photodamage and
zeaxanthin retention and photoprotection. The relevance of these pro-
cesses is increasingly recognized for vegetation growing under natural
conditions (Baker & Oxborough, 2004; Demmig-Adams & Adams,
2006). Although we are not yet in a position to model long-term re-
sponses to environmental conditions, it is important to assess their rele-
vance in modulating leaf and canopy SIF radiance, which could provide
a tool for their remote-sensing assessment.

The TB12(-D) modules describe the adjustment of de-excitation
processes using a fit to experimental data; thus a number of empirical
coefficients take fixed values. In contrast, the MD12 module allows
more degrees of freedom, and this explains the difference in sensitivity
between the models. However, the parameter values are hard to know
a priori because the way in which the biochemical regulation varies is
still largely unknown. We expect that when the problem is well
constrained (irradiance and optical properties of the vegetation, which
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have a large effect on SIF, are known), then the remaining variability of
observed SIF could be used to evaluate the biochemical adjustment spa-
tially by inferring the excitation lifetimes after tuning the model to mea-
surements. However, we have not tested this and such analysis is
beyond the scope of the current paper.

Chlorophyll content (Cab) and canopy structure have two different
effects on SIF. On the one hand, they determine the absorption of PAR
by photosystems, the main driver of photosynthesis. Leaves with a
higher Cab concentration absorb more light and hence produce a higher
SIF intensity within the leaf (Vogelmann & Han, 2000). On the other
hand, emitted SIF is also scattered and SIF,.4 reabsorbed within the can-
opy. Since within-leaf light scattering occurs in all directions, SIF will be
emitted from both leaf sides (Louis, Cerovic, & Moya, 2006) and propa-
gated throughout the canopy (Van Wittenberghe, Alonso, Verrelst,
Moreno, & Samson, 2015; Van Wittenberghe et al., 2013). Both effects
are simulated by SCOPE. Internal reabsorption of fluoresced light in
leaves and canopy occurs intensively in the red, due to the Cab absorp-
tion peak near 680 nm (Buschmann, 2007; D'Ambrosio, Szabo, &
Lichtenthaler, 1992). Specifically, SIFq emitted from the lower canopy
region will have a high chance of interception by Cab pigments located
in the surrounding canopy. Also, as light intensity decreases with cano-
py depth, the SIF signal intensity will decrease accordingly. This implies
that the canopy-leaving SIF..4 signal mainly originates from SIF fluxes
emanating from the upper layers of relatively dense canopies. The sec-
ond emission peak in NIR (with maximum around 740 nm), on the
other hand, is located in the transition zone between highly absorbed
red fluxes and highly scattered NIR fluxes (750-1400 nm) (Pfiindel,
1998). Multiple scattering and absorption effects between different
layers of foliage occur within a canopy, and these effects are influenced
by plant density and architecture, typically characterized by LAI, leaf ori-
entation (LIDFa), and vegetation height. Thus, the SIFyr (second emis-
sion peak) will be highly scattered according to vegetation structural
properties (Knyazikhin et al.,, 2013).

Altogether, canopy structure (i.e., plant architecture and density)
will determine the amount of light penetrating through the upper
layers and also reabsorption and scattering effects. Within the canopy,
SIF;eq of lower canopy layers is partly reabsorbed, whereas SIFyg is
scattered and contributes to the diffuse upward flux. Vegetation struc-
ture, therefore, imposes a significant impact on canopy-leaving SIF sig-
nals (Fournier et al., 2012; Miller et al., 2005). Its relative importance
has been quantified here using SCOPE. Our global sensitivity analysis
(GSA) confirmed that chlorophyll content, leaf and canopy structure
play important roles in the SIF signal exiting the canopy. Hence, spatial-
ly explicit knowledge of key biochemical and biophysical variables is
necessary in order to achieve objective interpretations of remotely
sensed SIF observations.

We further found that the relative importance of the main variable
driving photosynthetic activity, V¢mo, Was not constant within the SIF
641-800 nm spectral window, likely due to the increasing contribution
of PSI at longer wavelengths (see also Porcar-Castell et al., 2014). Vo
was most influential in driving the SIF signal near the first emission
peak, reaching a maximum at 676 nm, then decreasing towards the
NIR until it disappeared at 795 nm. This gradual decline with wave-
length is caused by the increasing relative contribution of PSI SIF,
which has a constant ¢ and is independent of V. It should hereby be
emphasized that the leaf physiological modules only affect the fluores-
cence yield of PSII (&), while the radiative transfer and Fy level of SIF in
SCOPE is independent of the leaf physiological module applied. The
choice of the physiological module may therefore still affect the relative
sensitivity of canopy structural variables, compared to biochemical vari-
ables, even though the absolute effect of the structural parameters on
SIF is unaffected. With respect to field studies that have used the 0,-A
Fraunhofer line at 760 nm, results obtained here with S; for the two
TB12 and MD12 leaf physiological submodels suggest that the relative im-
portance Vo at 760 nm is only about 60% of its maximal contribution at
676 nm. This confirms experimental results by Cheng et al. (2013), who

found that SIF,q retrievals at 688 nm had a stronger link with observed
GPP than SIFyg (i.e., 757.86 nm, 760.86 nm and 772.67 nm). Our GSA
also demonstrated that the influence of Ve, is more dominant for Fyieiq
than for SIF radiance at a single wavelength. This is encouraging for future
imaging spectrometers that strive to reconstruct the full SIF signal to en-
able calculating Fyieja.

The awareness that effects of leaf and canopy structure can seriously
compromise the ability to estimate photosynthetic activity implies that
utmost care is required in interpreting the SIF signal. Various small-scale
field studies have demonstrated that variable results across vegetation
types and conditions can be obtained in using SIF to estimate net photo-
synthesis or GPP (Damm et al., 2010; Zarco-Tejada, Morales, et al., 2013;
Cheng et al., 2013). Apart from Cheng et al. (2013), these studies relied
on SIFyr to establish relationships with GPP. Our GSA suggests that
most of the variability found in SIFyr (and possibly also in GPP) is related
to variations in Cab and vegetation structure as expressed by LAI and leaf
inclination distribution. Experimental airborne studies have attempted to
ascertain the potential propagated impact of these variables on SIFyr
(e.g, Damm et al., 2010, 2014), or the temporal SIF dynamics of a structur-
ally homogenous evergreen canopy (Zarco-Tejada, Morales, et al., 2013).
Both studies revealed that varying vegetation properties, atmospheric
conditions or sun angles in diurnal setup can be critical when interpreting
SIF retrievals. But the impact of all these factors together had been left un-
studied. By considering all interactions in this modeling study, the key
variables that drive SIF emanating from vegetation canopies have been
theoretically identified and quantified.

However, several limitations must be taken into account. It must
be noted that the effect of surface heterogeneity in the horizontal di-
rection could not be addressed with the (1D) model SCOPE. The layer
concept of the model does not allow for assessing the effects of mul-
tiple scattering between, for example, tree crowns. Also, in the pres-
ent study full minimum-maximum ranges of variables were used. It
is evident that in the field scale not all of the variables vary over such
large ranges; the relative contribution of each parameter may differ
in each experiment. For example, variations in leaf inclination and
leaf area within an agricultural field may be much smaller than be-
tween fields. In contrast, soil induced variations in photosynthetic
parameters (soil moisture, fertilization) may not follow field bound-
aries. At the same time, changing atmospheric or illumination con-
figuration (e.g., stronger light conditions) may affect biochemical-
SIF relationships (Van der Tol et al., 2014, see also next section). A
GSA proved to be useful to estimate the role of biochemical and
structural variables in the SIF signal. But ideally the analysis is com-
bined with a priori ranges of the local variability of inputs in order
to reveal the site-specific driving variables.

6.2. Varying all SCOPE variables: interpretation in a global context

When taking all scope variables into account, apart from the afore-
mentioned vegetation variables, micrometeorological variables, espe-
cially incoming shortwave radiation (Rin) - and to a lesser extent air
pressure (Ta), atmospheric CO, concentration (Ca), and atmospheric
vapor pressure (ea) — influenced the SIF flux. Solar zenith angle also
had a role, albeit to an even lesser extent (<1%). Altogether, decomposi-
tion of the SIF signal into its driving variables suggests that in heteroge-
neous conditions, which is the default case for observations of large land
areas of the globe, over 97% of the canopy SIF variability is not caused by
variations in the leaf photosynthetic capacity (Vcmo), but rather by other
leaf, canopy and micrometeorological effects and their interactions. This
implies that along with retrieving SIF it is important to characterize
driving variables (Cab, LA, LIDFa, Rin) in order to accurately relate SIF
and canopy photosynthesis in a given situation.

The S results here suggest that the set of driving variables that affect
SIF may complicate the interpretation of current global fluorescence
maps. While first efforts have been presented by researchers utilizing
data from atmospheric monitoring satellites (Frankenberg et al., 2011;
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Guanter et al.,, 2012; Joiner et al., 2011), they have relied on the NIR
Fraunhofer lines in the ~740-770 nm window. Given that the second
peak of the SIF emission is more strongly influenced by leaf and canopy
structure than is the first emission peak, it bears the consequence that
spatial variations in vegetation structure impose non-trivial influences
on the spatial variations of SIFyr observations. Relationships between
SIFnir and GPP have been found by linear regression (e.g., Frankenberg
et al,, 2011; Guanter et al.,, 2012, 2014), and Guanter et al. (2012) sug-
gested that these relationships likely are biome-dependent due to pho-
tochemical and canopy structural properties. Our results have actually
quantified these variables and suggest that the main drivers of these re-
lationships include Rin, Ta, Cab, LAI, and LIDFa. Several of these key var-
iables (e.g., Rin, LAI) can be readily obtained globally with relatively
high accuracy (e.g., Baret et al., 2013; Zhang, Guanter, et al., 2014). For
other surface variables (e.g., Cab, LIDFa) operational retrieval schemes
are only in their infancy (e.g., Verrelst, Rivera, Moreno, & Camps-Valls,
2013).

Although we did not consider GPP in the present analysis, the SCOPE
model shows that the drivers of GPP largely overlap with the drivers of
SIF. It is possible that the correlation between GPP and SIF found globally
in other studies is due to a sensitivity of both to these driving variables.
In fields where these main drivers are known, the unexplained variabil-
ity in SIF could be attributed to V¢, (Zhang, Guanter, et al,, 2014).

Given the impact of micrometeorological effects, as well as physio-
logical and structural influences on the TOC SIF signal, it will require ef-
fective strategies to disentangle the information content related to
photosynthetic activity from that of vegetation structure in order to ar-
rive at unbiased GPP estimations. Two strategies to address these issues
may be envisaged: (1) exploitation of the full SIF emission, i.e., including
both SIF..q and SIFyg emission features; and (2) use of jointly derived
biophysical variables in order to account for structural effects. SIF;eq
and SIFy have different features: SIF,.q being less scattered and more
sensitive to PSII photochemistry, and SIFyr being less re-absorbed. De-
tection of these two signals in combination with reflectance based esti-
mates of pigments, could reveal phenological changes in canopies: the
relations among Cab, V., and LAI within fields and during the season
leading to improved understanding of plant physiological responses to
environmental drivers. Additional biophysical variables may be assimi-
lated into SIF-photosynthesis relationships (Verrelst, Alonso, et al.,
2013). Another point is that the larger the pixel size the higher the prob-
ability of encountering considerable variability due to leaf, canopy or
micrometeorological effects within a given pixel. This is a strong argu-
ment for striving for a high spatial resolution in order to reduce
within-pixel uncertainties.

In light of that argument, there are challenges for measurement of
SIF from space, particularly for sensors with spatial footprints in the
order of several or tens of kilometers (e.g., TANSO-FTS on board
GOSAT, GOME-2 on MetOp, SCTAMACHY on EnviSat which was in oper-
ation until 2012, and TROPOMI which will be on board Sentinel-5P). In
addition, sensors with restricted spectral range (e.g., 0CO-2) or relative-
ly low spectral resolution (e.g., 5-10 nm) would not be able to capture
the red or NIR peaks nor the full SIF spectral emission. In comparison,
the Fluorescence Explorer (FLEX) has been designed specifically to cap-
ture the SIF emission with sufficient spatial and spectral detail to allow
retrieval of the red and NIR bands as well as other relevant features such
as non-photochemical energy dissipation and canopy temperature. The
FLEX mission is currently being evaluated as a candidate for the
European Space Agency's Earth Explorer 8 mission program. FLEX, a
small satellite flying in tandem with ESA's Sentinel-3, would be
equipped with an imaging spectrometer (FLORIS) specifically designed
to capture the full broadband SIF signal, including both emission peaks,
and also the ability to derive Fye1q. The spectral range of capture by
FLORIS would be 500 to 780 nm at high spectral resolution (up to
0.3 nm) in the regions of the SIF peaks. With a continuous spatial reso-
lution of 300 m, FLEX would provide bi-weekly global coverage of a va-
riety of land management types and size classes (Kraft et al., 2013;

Moreno, Asner, Bach, et al., 2006). The visible part of the spectrum
(500-677 nm) also allows for the concurrent estimation of chlorophyll
absorption and xanthophyll pigments (e.g., PRI). Relevant surface (e.g.,
LAI) and meteorological information will be available from Sentinel-3
to facilitate signal correction (Kraft et al., 2013), supply inputs to models
such as SCOPE, and support interpretation of SIF. This novel and spatial-
ly continuous dataset at high resolution is foreseen to allow monitoring
of the Earth's vegetation vitality and to link SIF with photosynthetic car-
bon uptake with a greater degree of confidence.

7. Conclusions

The SCOPE model (v1.53) was used here to simulate the canopy-
leaving sun-induced chlorophyll fluorescence (SIF) spectrum in four
steps: (1) the distribution of irradiance within the canopy, (2) the leaf
SIF response to irradiance as a function of leaf composition, (3) physio-
logical regulation of the fluorescence yield of photosystem II as a func-
tion of micrometeorological drivers and carboxylation capacity, and
(4) propagation of the emitted SIF through the canopy. Modifications
of the originally published version of SCOPE (Van der Tol, Verhoef,
Timmermans, et al., 2009) included introduction of the leaf fluorescence
model Fluspect, the addition of several leaf physiological modules for
estimating fluorescence quenching in different stress conditions, and
separate treatment of the two photosystems, PSI and PSIL

To quantify the relative importance of each input variable on vari-
ability of model SIF outputs, a variance-based global sensitivity analysis
(GSA) based on Saltelli's method was applied. The method efficiently
quantifies the relative effects of input variables on model output, as
well as interactions between variables, through use of the Sobol' total
order sensitivity index (Sy;). The pursued strategy consists of first con-
sidering only vegetation variables, and then considering all SCOPE vari-
ables including micrometeorological and geometry variables. It led to
the following conclusions:

Varying only SCOPE vegetation variables:

* Driving leaf optical and canopy structural variables were as follows:
chlorophyll content (Cab), leaf inclination distribution factor
(LIDFa), and leaf area index (LAI). These three variables determine
the large majority of variability in SIF.

» Using an empirically calibrated model for fluorescence quenching
(TB12-D) with only 4 fluorescence variables, the driving biochemical
variable was the carboxylation capacity at optimum temperature,
Vemo. On the whole, Vo explained 11.4% of the broadband SIF vari-
ability and 25% of the Fy;eia. Consequently, the S results suggest that
in heterogeneous canopies three quarters or more of the observed
fluorescence variability is not due to variations in photosynthetic ca-
pacity, but rather to variability in leaf optical and canopy structural
properties.

Using a mechanistic model for fluorescence quenching (MD12), driv-

ing variables were the rate constant of sustained thermal dissipation

(kNPQs) and the fraction of functional reaction centers (qLs). When

keeping the MD12-specific variables fixed the model behaved similar-

ly as TB12-D with somewhat more emphasis on V,, (overall SIF flux

of 15.6%; Fyjeia: 30.1%).

The influence of the photosynthetic capacity variable V., was not

constant across the spectral domain. Vo had its greatest influence

in the first (red) emission peak region, with a maximum at 676 nm.

Two reasons for this finding could be (1) the more direct link of the

red peak to PSII, and (2) because of re-absorption the signal that es-

caped the canopy was less prone to multiple scattering.

Varying all SCOPE variables:

The same vegetation variables were important as on the local scale,
but also the following micrometeorological variables were found to
be significant drivers of the broadband SIF flux: most of all broadband



20 J. Verrelst et al. /| Remote Sensing of Environment 166 (2015) 8-21

incoming shortwave radiation (Rin), followed by air temperature
(Ta). These two variables alone can drive over 30% the broadband
SIF flux. Other influential variables included atmospheric vapor pres-
sure (ea) and atmospheric CO, concentration (Ca).

* Vemo accounted for at most 2.9% in the red emission at 676 nm. This con-
tribution was further reduced in the O,-A absorption region or the solar
Fraunhofer lines around 740-770 nm. Consequently, the S;; results sug-
gest that in heterogeneous conditions, which is inevitable at a global
scale, no more than 3% of SIF variability is directly related to photosyn-
thetic activity. However, both in conducted local and global GSA exper-
iments, Vemo played a more important role in driving Fyieiq.

In general, these findings suggest that it is more beneficial to exploit
the full broadband emission flux than one band in the NIR in trying to
link SIF to photosynthetic properties such as GPP. Key driving variables
need to be taken into account in order to produce unbiased interpreta-
tions of SIF.
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