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Abstract

The FLuorescence EXplorer (FLEX) satellite mission, candidate of ESA'S Barth Explorer program,
is explicitly optimized for detecting the sun-induced fluoreseeamitted by plants. It will allow
consistent measurements around theBA687 nm) and @A (760 nm) bands, related to the red and
far-red fluorescence emission peaks respectively, the photocteraitectance index, and the
structural-chemical state variables of the canopy. The sun-iddlwmescence signal, overlapped to
the surface reflected radiance, can be accurately retrievesnploying the powerful spectral fitting
technique. In this framework, a set of fluorescence retrievaritigns optimized for FLEX are
proposed in this study. Two main retrieval approaches were investigatthe optimization of the
spectral fitting for retrieving fluorescence at the oxygen mgdtgm bands; ii) the extension of the
spectral fitting to a broader spectral window to retriéseefull fluorescence spectrum in the range from
670 to780 nm. The accuracy of the retrieval algorithms is assbgsemploying atmosphere-surface
radiative transfer simulations obtained by coupling SCOPE and M@DIbRcodes. The simulated
dataset considers more realistic conditions because it includsdiahal effects, and the top-of-
atmosphere radiance spectra are resampled to the currentcspiecis of theé=LuORescence Imaging
Spoectrometer (FLORIS) planned to serve as the primary instrument aboard FOBEX retrieval
accuracy obtained at the-@ band is strongly affected by directional effects, and bpteiormance is
found in cases where directional effects are lower. Howeverbéle performing algorithms tested
provided similar performance, the RMSE (RRMSE) is 0.044 m¥éihnm™ (6.2%) at the @A band,
0.018 mW nif sr* nm’ (2.9%) at the @B band, and 6.225 mW frsr* (6.4%) for the spectrally
integrated fluorescence emission. The promising results ach@p&u new perspectives extending
fluorescence studies not only in limited absorption bands, but itsrapéethavior in relation to

different plant species, photosynthetic rates and stress occurrences.
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1 Introduction

Satellite remote sensing provides fundamental data to study @amitbnvegetation state variables and
processes. Most Earth Observation missions rely on the anafytsis reflected radiance in the solar
domain to derive bio-physical (i.e. fractional cover (FC), leaandex (LAl)), and bio-chemical
constituents of vegetation (i.e. chlorophyll, water and nitrogenthénlast few years, the remote
sensing of sun-induced fluorescence (SIF) represents a novel @pprgaovide new insight into plant
photosynthetic activity. SIF is a faint light signal releasgdhe photosynthetic apparatus that plant
canopies add continuously to the reflected radiance in the visibleemmenfrared wavelength range.
The strong interest and the various efforts ongoing by sciestfnmunity are prompted by the close
link between SIF and the actual plant photosynthetic rate (Baker, P@@&georgiou & Govindjee,
2004). The exploitation of this signal at continental and global soalexamining the atmosphere-
vegetation carbon exchanges estimations (Guanter et al., 2014t &lee2€©13; Parazoo et al., 2014),
and its parametrization into the Community Land Models (Lee et28l15), represent recent
applications.

In the last few years, global scale maps of SIF in theedregion have been generated by exploiting
high spectral resolution sensors on board current space-borne mission, pdeatbd to atmospheric
chemistry. Joiner et al., (2011), Frankenberg et al., (2011) and Guiaater(2012) produced the first
global maps of far-red SIF by exploiting the data produced byT#€SO Fourier Transform
Soectrometer on board the Japanese GOSAT satellite (Hamazaki et al.,, 2@0% & al., 2009).
Afterwards, global maps of far-red fluorescence have also been pdobye=xploiting theSCanning
Imaging Absorption SpectroMeter for Atmospheric CHartographY (SCIAMACHY) aboard of
ENVISAT (Joiner et al., 2012), and tl@&obal Ozone Monitoring Experiment 2 (GOME-2) flying on
the operational European meteorological (MetOp) satellites (Jetred., 2013). Future advancements

for the far-red SIF region are expected from NASA's OC(@Hankenberg et al., 2014) launched in



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

July 2014, and the forthcominROPOspheric Monitoring Instrument (TROPOMI) to be aboard the
Sentinel-5 Precursor (Guanter et al., 2015). The SIF retriey@atiddims from atmospheric space-borne
satellites are mostly based on the analysis of the absolutking-bf fluorescence in the solar
Fraunhofer lines (740-755 nm). Even though the relative contribution ois3d¢i#er in such narrow
lines compared to broader and deeper telluric oxygen bands, thedwantage of this approach relies
in a simplified radiative transfer modeling of the atmosphseattering and absorption effects in such
spectral windows. The SIF global maps derived from the atmos@ergors can be very useful for a
global assessment of SIF, but their coarse spatial resolutiome@grefew up to tens kilometers) do not
provide optimal data to study terrestrial ecosystems. In faet,heterogeneity of the natural land
surface cannot be properly represented at these spatial @s®lutinost of the cases. Furthermore, the
spectral configurations of the existing atmospheric missioonst{ynbetween 757-775 nm) do not allow
the retrieval of red SIF, thus limiting the analysis to the far-red SIF only.

The FLuorescence EXplorer (FLEX) mission, candidate to th& &arth Explorer program, is currently
under Phase A/B1 study by the European Space Agency (ESAX FLExplicitly optimized for
detecting the SIF emitted by plants at a unique spatial resolot 300 m (ESA, 2015). It will fly in
tandem with the ESA’s Sentinel-3 (S3) (Donlon et al., 2012) to takentye of complementary
measurements from th@cean and Land Color Instrument (OLCI) and theSea and Land Surface
Temperature Radiometer (SLSTR). The FLEX/S3 tandem mission will provide numerous advantages
including an accurate atmospheric correction, the consistent measiseaf both red and far-red
fluorescence peaks, the detection of the photochemical reflectaashex (PRI) (Gamon et al., 1992),
and estimation of bio-physical and bio-chemical canopy parasnéiéirthese sources of information
are essential in this mission for a better understanding aggbrietation of sun-induced fluorescence,

canopy variables and their relationships. Moreover, the canopy teompem@livered by S3 in



95 combination with these information can allow to parametrize photosistheodels to derive higher

96 level products.

97 The FLUORescence Imaging Spectrometer (FLORIS) to fly aboard the FLEX satellite consists obtw

98 spectrometers explicitly designed to provide systematic hightesn spectral radiance observations

99 (0.3 nm) around the £A (760 nm) and @B (687 nm) absorption bands together with the continuous
100 spectral coverage in the visible to near-infrared spectrum (500-780<n3nnm). The technical
101 specifications of FLORIS, in terms of spectral coverage, se@solution (SR), spectral sampling
102 interval (SSI) and signal to noise ratio (SNR), are weltesuior retrieving fluorescence by using
103 spectral fitting methods (Mazzoni et al., 2012; Mazzoni et al., 2008zdMma et al., 2010; Meroni et al.,
104 2010). These methods make use of proper mathematical functions to isgoulty model the surface
105 reflectance and fluorescence at different wavelengths withictreap@indows confined to the oxygen
106 absorption bands. However, FLORIS not only permits retrieving Stifeatvo narrow @bands with
107 high accuracy, but it also offers a continuous spectral coveraggehe entire spectral region where the
108 fluorescence emission occurs. Taking advantage of this, spedtiad fapproach can be further
109 improved and tested over broader spectral windows with the aietovbering the entire fluorescence
110 emission spectrum. This could represent a relevant advancemeniséesun-induced fluorescence
111 spectrum is a complex function which mainly depends on the spetifssien of photosystem | (PS
112 and photosystem Il (Ry and the successive re-absorption/scattering effects thataidooth leaf and
113 canopy levels. The variability of SIF spectrum at leaf levelralation to different plant species,
114 environmental conditions and plant's stress occurrence are documengggitin (1998) and Van
115 Wittenberghe et al., (2013). Therefore, the possibility of retrgevire fluorescence spectrum opens
116 novel and promising perspectives to have a better understanding of deraresin relation to

117 photosynthesis and other canopy state variables.
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In this framework, the main aim of this study is to develop antingesSIF retrieval algorithms
optimized for FLORIS, and suitable for similar high-resolution sesjsbased on Spectral Fitting
Methods. The specific objectives consist in: i) optimizing exisBFMs in confined spectral windows
around the @absorption bands; and ii) developing a novel retrieval algorithmhwdliows estimating
SIF spectrum. The paper is structured as follows: section Zilmkes¢he FLEX mission providing
technical details on the FLORIS instrument. Section 3 describasdiaive transfer equations used,
the SIF retrieval algorithms developed, and the metrics usedviduating the retrieval accuracy.
Section 4 shows and discuss the results with emphasis on the impatiogphere-surface directional
effects. Section 5 describes a number of indices that can bedlé&wwn FLEX. The main findings of

the study are summarized in section 6.

2 TheFLEX/S3tandem mission

The FLEX satellite is expected to fly in tandem with the ®ehB in a Sun-synchronous orbit at an
altitude of about 815 km to deliver imagery at 300 m spatial resolwith a swath of 150 km (ESA,
2015). The revisit time will be 27 days at the Equator and more fiegequisitions (~19 days) over
high latitudes due to orbital overlaps. The lifetime foreseenhef mission is 3.5 years. The
FLuORescence Imaging Spectrometer (Kraft et al., 2012, 2013), on board of FLEX, is a pushbroom
imaging spectrometer designed to detect canopy fluorescedce=thectance within a spectral range
between 500 and 780 nm. The current configuration of the FLORIS instrumenst€onis two
spectrometers: i) thélarrow Band Spectrometer (NBS) which provides high-resolution radiance in
defined spectral ranges around the/Oand Q-B absorption bands, ii) théfide Band Spectrometer
(WBS) characterized by a broader spectral coverage from 50@Gonm, with a lower spectral
resolution. The spectral bands are then resampled according toeddafining scheme providing the

proper SR, SSI and SNR over the different spectral ranges. Jillag characteristics expected for a



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

typical spectral radiance observation by FLORIS are repontethble 1. The required SNR values
synthetized in the table refer to the spectral bands, theréi®rexpected actual values will be higher

after the spectral binning.

<Table 1>

The combination of NBS and WBS spectra will provide both the high SRufmmescence retrieval at
the Q bands, and a broader spectral coverage, at the same time (Biglihis particular combination
of variable SRs, SSI, and the binning-scheme will provide an unprecédgNt, which is one key

factor ensuring accurate retrieval of SIF.

<Figure 1>

3 Materialsand Methods

3.1 Radiativetransfer simulations

A dataset of radiative transfer (RT) simulations has beeraligitcreated to develop the retrieval
algorithms and to assess their performances. It consists oédtence, reflectance and total upward
radiance at top of atmosphere (TOA) and bottom of atmosphere (BS3&mad to be equivalent to
TOC, top-of-canopy) calculated by coupling tBeil Canopy Observation Photosynthesis Energy
balance (SCOPE) (Van Der Tol et al., 2009) with thEDerate resolution atmospheric TRANsmission
(MODTRAN) RT models. In particular, the forward model used retiasthe four-stream radiative
transfer theory (Verhoef & Bach, 2007, 2012) with the addition of thextdand diffuse fluorescence
fluxes (Verhoef et al., 2014). It represents an accurate, effiared relatively simple way to describe
the radiative transfer interactions of the Earth’s surfacessgghere system. The surface-atmosphere

7
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RT interactions and the subsequent propagation to the top of the atmogpféyeue defined in the

following radiative transfer equation, Eqg. 1.

E? cosb,

TOA _
L Sl

S +9F_+
L T ° 1-T4Pug

(1T +T Ty)EcosE, /n+SF,
1=T4Pu

I Tl Es COSE (T + TP ) ES €OSE, I 1+ SIF,
e o Fgo |Too Eq. 1

Tdo

LT94 is therefore composed of three additive terms &liees on the right-hand side of Eq. 1) which
are referred to as the atmospheric path radiahedarget’s surface radiance and the adjacencyteffe
respectively. The surface reflectance is modellgdfdur terms:r,, is the target bi-directional
reflectance factor (BRF)y,, the target hemispheric-directional reflectancedia¢HDRF), o, the
spatially filtered directional-hemispherical refi@ece factor (DHRF) of the surrounding;; the
spatially filtered bi-hemispherical reflectance (BF) of the surrounding (c.f. Nicodemus et al., (197
for a description of used reflectance quantitief)e termpg, is the atmospheric bi-directional
reflectance ang,, is the spherical albedo at the bottom of the aphee. The termy, is the direct
atmospheric transmittance in the direction of the, s,, is the direct atmospheric transmittance in the
direction of viewing,t,; the diffuse atmospheric transmittance for solaridence, andry, the
directional atmospheric transmittance for diffuseidence. The quantit§? is the extra-terrestrial solar
spectral irradiance on a plane perpendicular testimeays, and, is the local solar zenith angle (SZA).
SIF; is the sun-induced fluorescence radiance of tigetan the observer’'s direction amd/F,; the

hemispherical fluorescence flux of the surroundingse RT simulations consider a homogenous 1-D
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target in the horizontal plane, and the over bdicates the spatial filtering of the terms relatedhe
infinitely extended surrounding area.

Strictly, Eq. 1 is only valid for monochromatic ration because the atmospheric quantiies paq.

Tssy Toor Tsa, @anNdty, are strongly modulated by narrow absorption lidaes to various gases in the
atmosphere, and therefore they are strongly coectlia spectral regions where many absorption lines
are present. Consequently, the mean value of aiptad these quantities over a finite spectralrivae
(i.e. integration of radiance in the sensor speti@ads) is not equal to the product of the mednesm

of the individual quantities. Hence, the productstte different atmospheric quantities needed are
formed and stored at high spectral resolution (dgeflet al., 2014), before the convolution to thesee

spectral band. The set of atmospheric transfertimme required by Eq. 1 is summarized in Figure 2.

<Figure 2>

Based on these transfer functions, Eq. 1 can bettemwas (EqQ. 2).

SIF4(t7 + t137q0)
1—-T4qts3

to + tyalsq tioTsqa + t117ad
1T0A = ¢, |t, + tar, + 9 T lig Sdrdo 107sd T t11 dd]+t6SIFS " [ Eq. 2

1—-T4qt3 1—T4qt3

The corresponding upward radiance at the bottomtrabspherd?94 is calculated using a scheme in
which some transfer functions represent single-(kggndts) instead of two-way transmittances:

t5 + tlzm SIth3TdO] Eq 3

LBOA =t |t,r,, + =—="r +SIE, + |——
1|%4"so 1_Tddt3 do s 1_rddt3
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Eq. 3 can also be used to calculate the upwellatiance from the White Lambertian Reference
(LYIRY panel by setting the reflectance terms from thgeta,, andr,, equal to one and the target
fluorescence equal to zero. This quantity represtrd global (direct and diffuse) incoming radiaate

ground level including the adjacency effects frdma surrounding.

t t SIFt
IR = ¢ |, + 2 + t127saq Fats Eq. 4
1-T4ats 1-7r4at3

The ratio of LB%4 and L"!R, as measured by ground-based measurements, isutface apparent
reflectance(pqpp), Which includes both reflected and fluorescencdiarece (Eq. 5). The surface
reflectance free of the fluorescence contributipn, (Eq. 6), represents the reference value of the

retrieval algorithms.

LBOA
Papp = TWIR Ea. S
LBOA — SIF, Eq. 6

p = [WLR

The four surface reflectance tern§$F, andSIF, spectra were simulated by using version 1.40 ef th
SCOPE model. The RT calculations in the solar-céfte domain are performed in SCOPE with a
spectral sampling and resolution of 1 nm over tB8-2400 nm range. The atmospheric transfer
functions were instead derived from the MODTRTANR.B. code (Berk et al., 2011). Different
atmospheric conditions (i.e., visibility, humiditgerosol type, profile etc.) were simulated at I'cm
spectral sampling over the 400-50000 nm rangetlandtmospheric transfer functions were calculated

by using the MODTRAN Interrogation Technique (M(Merhoef & Bach, 2012).

10



223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

In summary, the database consists of 31 cases a®dulwith different soil, leaf, canopy and
atmospheric parameters (Table 2). The values reghort the column labeled “medium” are used to
simulate case n° 19, which refers to a typical agenin terms of vegetation and atmospheric
parameters. The other cases are deviations fronypiheal scenario and they are obtained by changing
mostly one parameter at a time. In particular,chses 1-18 are deviations of surface parameterkg wh
cases 20-31 correspond to deviations of the atnesgpbonditions, including SZA. The MODTRAN
simulations were done independently, but the SCQ@REameters were set-up consistently with
MODTRAN at corresponding values (indicated in TaBlen the column ‘Coupling’). It should be
noted that this novel RT dataset includes a funadah@dvancement, since for the first time, it uutEs

a realistic modelling of the canopy-atmospheredtioeal effects by considering the four reflectance
terms and their coupling with the atmospheric fiomg. Nadir viewing was used for all the
simulations, which is close to reality for the dagteobservations. The resulting spectra were obred
with the FLORIS-NBS and FLORIS-WBS instruments s$g#cresponse functions, and they were
binned according to the current specifications pled by ESA. A Gaussian distributed noise, of which
the variance was linearly related to thE’L intensity at the different wavelengths, was addethe
TOA radiances (Verhoef et al.,, 2014) to simulate tmoise levels expected for FLORIS. The
variabilities of surfacep, SIF and the TOA radiance simulated in the FLORIS apnfition are
depicted in Figure 3.

The FLEX/S3 tandem mission will allow the explaitat of the additional data available from Sentinel-
3 (e.g., in the blue and the cirrus bands) to pl®va highly accurate atmospheric correction. The
mission configuration is well suited to considertveo-step retrieval approach which considers a
preliminary correction of the atmospheric effecowed by the decoupling of the SIF and refleceanc
The two successive steps are executed independstatiing from the TOA radiance to calculate the

canopy fluorescence and reflectance. Specifictlig, TOA is converted to the BOA radiance by the

11
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atmospheric correction calculations, and then theréscence and reflected radiance are decoupled
from the BOA spectra. This approach has the adganm&a limited number of model parameters to be
estimated in the two distinct retrieval processless providing stable results. In this way, therses

and the magnitudes of the retrieval error for ttecgpheric correction and the following fluoreseenc
retrieval can be better quantified and understttochust be noted that the retrieval of the atmosphe
parameters, which includes a detailed coupling betwthe FLEX and S3 data, is not considered in this
work. A slightly simplified, but still relatively@urate, forward propagation model (Eq. 7) for A
radiance is considered in this study as baselinesifaulating the correction of atmospheric effects
(Verhoef et al., 2014). The right-hand side of Egontains a linear combination of the four retecte

terms and the two fluorescence terms in the numerat

t1(tgTso + toTao + tioTsa + t117aq) + teSIFs + t;SIF,

LTOA ~ |t,t, + —
12 1—t37r4q

Eqg. 7

The atmospheric correction applied is based oraiseimption of a uniform and Lambertian surface
with a reflectance and a fluorescent radiance SIF. The atmospheriection is applied considering

the following quantities:

Ly =tity Eq. 8
gp = tl(tsrso + toTgo + t10Tsa + t11m) Eq. 9
tSIF = teSIF, + t,SIF, Eq. 10
S =t Eq. 11

where the path radiance for a black surface with atbedo L, is given by the, t, product (Eq. 8)g
is the gain factor to obtain TOA radiangeis the “effective” reflectance, i.e. a weightecdege of the

four reflectance terms (Eq. 9F is the “effective” transmitted fluorescence (E),land S is the

12
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atmospheric spherical albedo (Eq. 11). With thesmtities, the simplified atmospheric forward model

can be rewritten as:

Eq. 12

The surface apparent reflectan®g,. (i.e. reflectance and SIF contributions) after @dpheric
correction (under the assumption of z&B) can be obtained by solvipgfrom Eq. 12 folSF = 0, and

turns out to be given by

__ g p+tSIF
ac  g+StSIF

Eq. 13
The resultingR,. is practically equal to a weighted average offthe surface reflectance factors, with
a small contribution due to fluorescence from taeyet and the surrounding. The contribution from
fluorescence will be relatively larger in atmospbeabsorption bands, sindeis less attenuated by
absorption thang. After the atmospheric correction, considering @erfect knowledge” of the
atmospheric transfer functions, the best availafgproximation for the radiance of the white

Lambertian reference is given by Eq. 14.

LWLR — tl(t4 + tS)
1—SR,,

Eqg. 14
Finally, the BOA radiance is obtained from Eq. 36dombining Eq. 13 and Eq. 14. This means that
LB%4 derives directly from.7%4 once the atmospheric parameters are known. Inathys the noise in
LT94 is also propagated inf§%4.

13
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LBOA = R [WIR Eq. 15

It should be noted that the two-step procedure ridest above was applied in the numerical
experiments discussed in this paper. However, erbtsis of Eq. 12 one could also develop a single
step approach, in which measured TOA radiances dvbel fitted using Eq. 12 with atmospheric
transfer functions and modeled spectral curvesudhse reflectance and fluorescence as inputs. In a
single step approach no atmospheric correctioridhbe carried out, only atmospheric characterimatio
and the assumptions usually made for correctiomogghes (i.e. uniform and Lambertian surface,

homogeneous atmosphere, etc.) are no longer negessaling to greater flexibility and robustness.

3.2 Fluorescenceretrieval
Once the TOA radiance from FLORIS is converted t0ABafter the atmospheric correction, the
radiance spectra are now composed of the addiowéributions of fluorescence and sun reflected

radiance (Eq. 16).

LBOA(Q) = pLWLR(Q) + SIF (1) Eq 16

The decoupling of the two terms is then achievedusing the spectral fitting approach. Basically, it
consists in the optimization of the fit between mléetl and measured spectra of both fluorescence and
reflectance by adjusting the mathematical functiossd to describe SIF and spectral behaviors
within the defined spectral window. The parametdrthe mathematical functions used for SIF and
are estimated through a least square nonlineaediiting optimization technique that minimizes the
cost function in Eq. 17. The MATLAB function LSQCMEFIT was used to perform the optimization.
This routine allows to include upper and lower bdsirfor model parameters excluding solutions

without a physical meaning (i.e. negative SIF phd

14
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min E(LBOA (1) — SIF(A) — p(A)LWLR (/1))2 Eq. 17

The usage of a large number of spectral bands ley mdvantages allowing estimation of a larger
number of model parameters that describe the sppadriables behavior, and reduce the impact of
instrumental noise. A source of error in these &iffieval methods could be due to the wrong
assumptions (i.e. linear, polynomial) about spédtnactions used in modelling SIF apd In general,
the use of functions with a larger number of patanseincreases the modelling capability of the
spectral variable of interest. It is usually reqdirfor modelling broader spectral windows, andsit i
particularly relevant to account for sharp spedeatures within the considered spectral rangeth@en
other hand, it could lead to undesired problems tlata over-fitting (i.e., the fitting model doestn
describe the variable of interest but the randororgror ill-posed numerical inversions. For these
reasons, an optimal balance between model paraneteectral window, and retrieval accuracy is
needed and it is assessed in this study.

The spectral fitting method has been applied imimeow spectral range provided by the FLORIS-NBS
(hereafter named SFM according the terminologyiaity proposed in Mazzoni et al., (2012); Meroni
et al., (2010)) to retrieve fluorescence in cordirspectral windows centered at thelfands, while a
novel spectral fitting based algorithm aimed at risteieval of the full fluorescence emission spattr

and a series of derived products is hereafternetdp asSpecFit.

3.2.1 Fluorescenceretrieval at the O, bands (SFM)
The high resolution spectra around the twg adsorptions from the FLORIS-NBS instrument are
particularly indicated for the retrieval of SIF I®xploiting spectral fitting methods (SFM). The

rationale behind the exploitation of narrow spdatgions, characterized by strong absorptionsdess

15
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in the higher contribution of SIF with respect be total radiance. For this reason, the SFM algast
are focused on the detection of SIF at theb@nds or, at least, in relatively narrow regiormuad the
main absorption features. The use of such fittimgdaws permits to reduce the impact of instrumental
noise (which is higher in the absorption bandsyl emexploit additional absorptions features nearby
(i.e. the solar Fraunhofer lines in the 740-759mamge). The modelling of SIF apdas a function of
wavelengths is simpler in relatively narrow spdataamges, but less spectral information is usethé
decoupling. This is particularly true at the-® band where reflectance is a smooth functionJeviiis
more difficult at Q-B due to the rising of the red-edge reflectanndatt, the @B band is very close

to the red-edge transition and it is located adjate the maximum of the fluorescence emission peak
(684-685 nm). Such behavior makes the modellinghef spectral functions difficult in this region.
Moreover, the typical radiance levels for vegetasedfaces in the red spectrum (i.e., chlorophyll
absorption) are generally much lower than in thermefrared (around the £A band) and
consequently the SNR is worse. On the other h&redralative contribution of SIF to the total radian

is larger in this spectral region. To evaluatdladise aspects, two different spectral windows cedtat

the main oxygen absorption bands (Table 3) weresidered for evaluating these factors. In this
setting, narrow spectral windows within the FLORBS spectrum are exploited to retrieve SIF by

SFM.

< Table 3>

A total of 54 combinations of spectral functionsrevéested to predict fluorescence and reflectance
(Table 4). Thep models are based on polynomial functions (P), bdge (L) polynomials, and
piecewise cubic spline (S) with different knot®.(i.2, 4, 6 knots). The SIF is represented witth bot

polynomial (P), Legendre (L) and spline (S) funoto(for models IDs 1-9) and by using Gaussian,
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Lorentzian and Voigt profiles (for model IDs 10-18he models 1-9 for each class are obtained by
combining functions with a different polynomial erd(i.e., from i'to 3¢ degree) or number of knots
for the cubic splines. The models 10-18 were okthiny considering polynomials for reflectance and

Gauss, Lorentz and Voigt profiles to model fluosrs.

<Table 4>

3.2.2 Retrieval of thefull fluorescence spectrum (SpecFit)

With this approach we extend the spectral fittiaghhique over the entire spectral region where the
fluorescence emission occurs. It relies on thersiga of the radiance spectrum in the red to fdr-re
spectral region for estimating the full fluorescengpectrum in the 670-780 nm range. Also this
approach takes advantage of the spectral configaraf FLORIS instrument. In particular, the high
resolution spectra around the ®ands from FLORIS-NBS are joined in the red-edgehe lower
resolution spectra from FLORIS-WBS in order to abtaontinuous spectral coverage. The idea
underlying this algorithm is almost the same as #pectral fitting described earlier, but the
mathematical functions used to predict SIF arsghectral behaviours in such a broader spectralawn
are more complex.

The piecewise cubic spline was selected to repmdie reflectance signature in the red to far-red
spectral region. The two red and far-red SIF emmsspeaks were modelled using different
combinations of Gaussian, Lorentzian and Voigt ifgsf Generally, the fitting of the red peak is
simpler because almost all of the contributionug ¢lo the PHonly; PS only contributes to the red-
edge tail of the first (red) emission peak (Fraetkal., 2002). This fact results in an almost sabl
position and width of the red peak. On the contrdrg modelling of the far-red peak is more difficu

because there are both,P&d P$ contributions, and these two act differently. Degiag on the
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378 relative contribution of fluorescence emitted by BSPS, the wavelength of the maximum emission
379 shifts over several nanometers (i.e., up to 5-6 ang) in some cases the peak shows an asymmetric
380 behavior. Two different implementations were coastd to achieve an accurate fitting of the full SIF
381 spectrum: i) the Lorentzian and Gaussian functivese used to model red (684 nm) and far-red (740
382 nm) peaks, respectively; ii) two Voigt functionstivian asymmetry parameter were used for both
383 peaks. The first implementation method has the rstdge of being more robust because a total of 6
384 parameters are used (i.e. 3 for each emission petakyever, it must be noted that Lorentzian and
385 Gaussian functions do not provide as much flexibito obtain accuracy in modelling the peaks’
386 spectral profiles, as do the Voigt functions. Utiioately, the computation of the Voigt functiortirme

387 expensive due to the convolution between the Gamssid Lorentzian functions. This point is critical
388 when the functions must be computed several tim#gnithe iterative optimization process. For this
389 reason the so-called pseudo-Voigt function, congpatea weighted combination of the Lorentzian and
390 Gaussian functions, was selected for modelling esehof the two fluorescence emission peaks. The
391 first term of the pseudo-Voigt function represetits Lorentzian contribution, while the second term
392 represents the Gaussian contribution. The full §tission spectrum is therefore the sum (Eq. 18) of
393 the two pseudo-Voigt functions. The pseudo-Voigtctions were used to model the red (Eqg. 19) and
394 far-red (Eq. 20) peaks respectively. The far-redkpacludes also an additional parameter (Eq. @1) t
395 account for the peak asymmetry as proposed in &t&Brauns, (2008).

396
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SIF(A) = SIFsar_rea(A) + SIFyeq(2) Eq. 18

7 (A= 29)?
SIFreq(A) = fT + (1—f) pexp <—W> Eq. 19

¢) +1

( o(d) )
A —2p)?
SIFfar—red(/D = f# + (1= f)pexp <_W> Eg. 20
( o(d) ) 1

O_asym(/l) = 20 Eqg. 21

(1+exp(a(d—2p))

3.3 Error estimation

A number of statistical indicators were used toleai@ the performance of the retrieval algorithmsa i
consistent way. The accuracy was assessed by copplae reference simulated SIF gndgainst the
retrieved values at differeit The statistical indexes considered in this stadythe Root Mean Square
Error (RMSE) (Eg. 22) which quantifies the amouptvthich an estimation differs from the assumed
true value of the quantity, and the Relative RM&RIMSE) that represents the percentage of error
with respect to the actual values (Eq. 23). Theolaits difference (Slfw) between simulated and
retrieved fluorescence (Eq. 24) provides informmation whether retrieved fluorescence is
underestimated or overestimated. Finally, a comspariwas conducted of the coefficient of

determination @) between simulated and retrieved values.
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o JZ’i:l(SIF(A)n— SIF, o (1))? cq. 22

n (SIF(A) — SIF,. (D))
i ()

n

Eq. 23

RRMSE = * 100

SIFqir; = L SIF, o ()dA — L SIF(A)dA Eq. 24

4 Resultsand Discussions

4.1 Fluorescence at the O, bands

Although different spectral ranges were testedadat shown), the broader range indicated in Table
was the most efficient for the retrieval of fluaremce. This is probably due to the additional
information content in the broader spectral windae., inclusion of solar Fraunhofer lines), andret
same time, reducing the impact of instrumental endig using a larger set of spectral channels. The

overall accuracy for the 31 cases in shown in FEgur
<Figure 4>

The overall accuracy depends on the performancéseaspectral functions used for representing SIF
andp in the numerical inversion. As observed in presistudies, the reflectance around theAX®and

is generally smooth and most polynomials and Legepdlynomials of % and & order and piecewise
cubic splines produce a suitable fit of the retiace spectra (Mazzoni et al., 2012; Meroni e28l1,0).

On the other hand, it can be observed that polyabfanctions do not produce as accurate results in
modelling the fluorescence spectrum when compargueak-like functions (i.e., Gaussian, Lorentzian

and Voigt). In fact, the SFM versions 1-9 resuliethrger RMSE values, with the only exception Igein
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the piecewise cubic spline at the-® band. In summary, better accuracy was achiewethe SFM
version “18-Spline” which makes use of piecewiséicuspline and Voigt functions to model
reflectance and fluorescence respectively.

A different situation happened at the-B band, where sharp variations of both reflectanod
fluorescence occur. The piecewise cubic spline thiedVoigt spectral functions enabled SIF to be
retrieved with a proper accuracy at the Bdband using the SFM version “18-Spline”. Since game
functions provided higher accuracy in both theAOand Q-B bands, the “18-Spline” should be
considered as the best candidate for further imgiheation for FLEX. The further analysis hereafter
refers to this specific SFM version.

The analysis of the retrieval performances fordifierent RT simulations is fundamental assesdeg t
sensitivity of the retrieval algorithm to specifgarameters in the forward model. The retrieval
accuracies for each one of the different 31 RT &trans (Figure 5) are not significantly affectetiem
surface or atmospheric parameters are modifiedtHQ-A band, an average RMSE lower than 0.1
mwWm?sr'nm* (RRMSE% < 8) was found for almost all cases, whth exception of simulations 15-18
and 31 where significantly better performances wexend with RMSEs < 0.025 mWfsrnm?
(RRMSEs% < 1). These cases represent extreme Liaes40.5 and 6.0 ffim? for cases 15 and 16
respectively), leaf angle distribution (planoplaled erectophile for cases 17, 18 respectively)vang
low solar zenith angles (case 31). The light peietn within the canopy, and the successive
interaction with soil, are key factors which causest of the canopy directional effects. In fact,
low/high LAI values or erectophile/planophile leavdistributions determinate that light rays mostly
interact with soil/canopy only. On the contrarytenrmediate cases show larger directional effects
caused by a larger mixing between the differentcaiopy contributions. The S index shows that
in the best cases the SIF values a®\and are generally underestimated by aboutrfdMm?srnm

! which is a reasonable error in line with the neisgequirements. The results obtained at th&@or
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the different RT simulations are more similar, ahd RMSE is generally lower than 0.05 mV¥sn

'nm* (RRMSEs% < 4) and a slight underestimation is ofesk

<Figure 5>

The agreement between the simulated and retrielfedr&lp spectra for one of the better result (case
17) and for one of the worst results (case 30)samvn in Figure 6. It can be observed that for the
worst case, the true reflectance is not smootheaQ-A band but it presents oscillations. The latter ar
produced by the coupled canopy-atmosphere diredtieifiects when the four reflectance terms from
SCOPE are coupled with the atmospheric functiorabtain the total canopy reflectaneeThis effect
produces most of the error in the retrieval of t&ectance spectra and consequently the SIF vatrie

results are a bit underestimated at thedO

<Figure 6>

This effect can be also observed by evaluatingdifferent reflectance terms simulated in SCOPE.
Figure 7 shows the variability of the four refleata terms for cases 17 and 30. The four reflectance
terms simulated with SCOPE are more similar forechg and for all the other cases where better
retrieval performances were found. On the contrdrg, variability observed for case 30 indicates a
canopy with a strong anisotropic reflectance, widabses difficulties in the fluorescence estimation
This is explained by the fact that the depth of almospheric absorption depends on the path-length
followed by photons from the sun via the grounth® sensor. The shortest and most direct photdn pat
through the atmosphere corresponds to the sunttsegsor route. Therefore thg corresponds to the

shortest photon path and the shallowest absorpigmth. Reflectance factors involving diffuse fluxes
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like ther,,, r;q andr,,; correspond to the reflection of sky radiation bg target or to hemispherically
reflected radiation by the surroundings. Theseabsays associated to longer photon paths through th
atmosphere, and therefore to deeper absorptioribelf,, term is higher than the other reflectance
terms, shorter photon paths receive more weighth Wgéss deep atmospheric absorption, which
contributes to the in-filling and therefore SIF Mok underestimated. If the other reflectance teasnes
higher thanr,, then long photon paths receive more weight, dudeep atmospheric absorption, which
will work as the negative of infilling. The in-filg by fluorescence can therefore be confused thgh
apparent positive or negative in-filling causeddrgctional effects. These effects should be carsu

in further retrieval algorithms because they havarge impact on the overall accuracy. For example,
the spectral fitting approach can be improved a®rgig both direct and diffuse canopy reflectance.
Alternatively, Verhoef et al., (2014) proposes thenerical inversion of a simplified version of SAIL

canopy RT model to represent the different direct diffuse reflectance terms.

<Figure 7>

A typical example of the reflectance and fluoreseeretrieval at the £B band is shown in Figure 8.

Although fluorescence and reflectance have a mamptex behaviors in the spectral window

considered, the Voigt and the piecewise cubic sgdlimctions are able to fit accurately the two sa¢c

components. The directional effects seem to bediggsficant in this region probably due to the &w

magnitude of oxygen in this absorption band.

<Figure 8>
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4.2 Full Fluorescence spectrum

The SpecFit approach is supposed to provide the full fluoraseeemission spectrum by combining the
FLORIS-NBS and —WBS radiance observations. The murabknots to be used in the piecewise cubic
spline to accurately fit the surface reflectangmatures has been initially evaluated by consideaim
increased number of knots (Figure 9). The restltsvsthat 15 knots can properly model the refleaanc
in the broad spectral region consideredSnecFit. In those cases of reflectance signatures with low
chlorophyll content or LAI values (i.e., charactex by a weaker red-edge transition), 12 knots geem

be enough, but in order to assure higher accurémied! the considered cases 15 knots are praferre

<Figure 9>

The RMSE and RRMSE at the-®, O,-B and for the entire full SIF spectrum are showifrigure 10.

The average RMSE is generally lower than 0.15 mWsiinm™ (RRMSE 10%), and slightly better
performances are found for cases 15-18 and 31.eTiesslts are somewhat close to those found at the
O>-A band by the SFM approach in narrower spectraddaws. In fact, the overall accuracy is similar
(at least only slightly worse due to the broadexcs@al window), and more accurate results are found
for cases characterized by weaker directional effetherefore, the results suggest that the surface
atmosphere directional effects at theZADband also have a large impact on the retriegatieacy of

SoecFit algorithm.

<Figure 10>

In spite of the difficulties in modeling and SIF in a broader spectral window, the retdespectra

well represent the target (i.e. input from SCOPHe full SIF spectrum retrieval results for onelod
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better cases (case 17) and for the worst (caseai@Yyeported Figure 11. The reflectance is well
modelled in the entire spectrum and it is clos¢ht target spectrum. Also the spectral behavior of
retrieved fluorescence is similar to the target,ibisome cases slight underestimations occurrestlyno
driven by the directional effects at the-® band. It must be noted that the different shapiethe
fluorescence strictly depend on the different redatcontributions of PSand P$ to the total

fluorescence spectrum and on the leaf chloroployitent.

<Figure 11>

4.3 Comparison of theretrievals

The scatterplot between target and retrieved Sl&egaallow a final performance evaluation of the
different retrieval algorithms proposed. The twtriexal approaches show an overall good agreement
at 760 nm, 687 nm, and for the spectrally integraigectrum for all 31 cases (Figure 12). The slapes
760 nm are slightly different from the 1:1 line datine intercepts have slightly negative values #nat
due to the general underestimation of SIF at theA(band caused by the surface-atmosphere

directional effects.

<Figure 12>

A comprehensive summary of the retrieval perforneanelative to both retrieval methods is reported
in Table 5. The goodness of fit in terms of theuatd ¥ are 0.97-0.98 for the ©A band. The RMSE
(RRMSE) 0.037 mW fAsr! nm* and 0.044 mW tsr! nm™ (7.4% and 6.2%) respectively for SFM
and SpecFit. For the G-B, the retrieval performances at 687 nm are gdyelsetter, the slope

parameter is closer to 1.0, thiagr0.99, and the general RMSE (RRMSE) 0.018 mV¥ it nm*
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(3.0%). It must be noted that results obtainedhatoxygen absorption bands §yecFit are a bit better
than SFM. This is because the applied fitting cwdaroader spectral window reduces the directional
effects, and instrumental noise, which have a lighpact within the strong absorption bands. Fall
the results achieved I8pecFit for the spectrally integrated SIF values in th8-880 nm spectral range

show an overall RMSE (RRMSE) of 6.225 m\W sr" (6.4%).

<Table 5>

The overall results presented here are analogahsrespect to the earlier works based on the sgectr
fitting methods (M. Mazzoni et al., 2012; M. Meraatial., 2010) at the {bands. The piecewise cubic
spline and Voigt spectral functions, employed tedut reflectance and fluorescence respectivelyewe
also identified as best candidates in the previmosk by Mazzoni et al.,, 2012. However, the
guantitative comparison is difficult because théiative transfer simulations used are very différém
fact, the four-way RT forward model used in thisrkvorcludes a more realistic representation of the
surface directional effect which allowed us to @&eldirectional effects as the major source oframro
the retrieval, especially at the,® band. For such reason, only those cases whianacterize low
directional effects (cases 15-18, 31) should b us¢he comparison with earlier studies. Furthe®emno
the instrument specifications in terms of speategiolution, sampling interval, and SNR assumed in
previous works were generally better. The comparisdh the results achieved from other methods
(Frankenberg et al., 2011; Guanter et al., 201@n&ar et al., 2012, 2014; Joiner et al., 2011yvene
more difficult because the retrieval errors repbrédso include the additional uncertainty assodiate
with atmospheric compensation. The comparison ¥itho et al., (2014) is also difficult because the
results reported are in absolute values (i.e., RM8Eich are dependent on the specific dataset of

radiative transfer simulation used.
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5 Fluorescencederived indicesfrom FLEX mission

A number of products are planned to be deliverethfthe FLEX mission. The Level 1 products will
consist of calibrated and geometrically correctpotdf-atmosphere radiances. The Level 2 products
will be the surface fluorescence maps and derinelicés for vegetation status monitoring. Level 3
products will regard spatial mosaics (regional,toc@mntal and global scale) and temporal composites
(monthly, seasonal and annual). The Level 4 wilthee higher level products after the assimilation o
fluorescence and canopy variables within dynamieggetation models for the generation of gross
primary productivity maps.

The spectral fitting based algorithms proposedhis work form part of the entire processing neefded
converting Level 1 to Level 2 products. A synthefmwchart of the retrieval scheme for FLEX,
starting from the top of atmosphere radiance (Lédyalip to the surface reflectance and fluorescence
spectrum (Level 2a) is summarized in Figure 13.mentioned earlier, the atmospheric correction
process relies also on the S3 data that provideabé# information to constrain the atmospheric
parameter retrieval. The resulting bottom of atnhe@se radiance is thus decomposed into its reflected

and fluorescence components.

<Figure 13>

Finally, a number of indices can be routinely dedivirom the full fluorescence spectrum facilitating
the exploitation of the spectral information. Irdé@tbn to fluorescence values at the l6ands (Slks7nm
SIF60nm Which are useful for comparing SIF maps derivieninf FLEX with maps derived by others
methods and sensors (usually centered at 687 @hdriily a number of other parameters informative of

plant’s activity and physiological status can béraoted at characteristic wavelengths (Table 6). Fo
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example, the SIF radiance at the maximum of the @émission peaksm@xSIFes MaxSikarred, the
wavelength where the maximum of the emission peaksirs (naxieq, MaXiar-red, the radio between

the red and far-red emission pealatiOSIF), and the spectrally integrated SIF emissiots(F).

<Table 6>

6 Conclusions

The development and testing of fluorescence redtialgorithms suitable for the FLEX mission, and
for general application in future space missiorsyehbeen investigated in this study. Two major
spectral fitting approaches have been considejaleiretrieval at the £absorption bands; and ii) the
retrieval of the full fluorescence emission spetirny a novel algorithm. The algorithms have been
tested on a state-of-the-art dataset of RT sinmulatiresampled according to the current technical
specification of the FLORIS space-borne sensor.tih@ffirst time, the RT calculations include a more
realistic coupling between the canopy and atmospladeectional effects. The latter resulted in afe
the major sources of error in the retrieval. Intigatar, the retrieval at the £A band was severely
affected by the directional effects, while the gam at Q-B band showed less sensitivity. Therefore,
further studies are needed to better understandjaactify the impact of directional effects on théal
error budget and the opportunity of applying thé $étrieval scheme at TOA level (where the
directional effects are larger) will be evaluatddevertheless, the results presented suggest the
possibility of retrieving red SIF with a high levef accuracy from the FLORIS sensor. The use of
mathematical functions able to accurately model &i8p spectral behaviors, combined with the SR
and SNR provided by the FLORIS sensor permittegwieving red SIF with a high level of accuracy.
The performance of the nov8becFit retrieval algorithm is similar (and sometimes &gtthan those

obtained with SFM at the A and Q-B bands. The promising results achieved open rexapectives
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for further investigating the full fluorescence spam in relation to plant species and traits asialy
environmental conditions, structural and physiatagivariables, photosynthetic rates and stress
occurrences. The proposed algorithm can be fudp&mized to retrieve SIF from high-resolution del
spectroscopy measurements (Cogliati et al., 2008p @t al., 2010; Daumard et al., 2012; Meroni et
al., 2008; Rossini et al., 2010) providing grouraséd measurements useful to interpret satellitetem
sensing observations.

However, the results presented here for both ttreeval approaches, cannot be representative of the
true total error budget as expected from FLEX frem TOA radiance to canopy SIF) because an a-
priori atmospheric correction was used. However, RhEX End-to-End Simulator under development
will enable a complete understanding of the retiiearror (from TOA radiance to surface reflectance
and fluorescence), and the mission performancebearealistically investigated. Further instrument-
related effects, such as smile, band broadeningstmag-light, factors known to affect the retrieval
accuracy and which are neglected in this studys Thibecause they will be minimized by sensor
design, high-quality optics, and by controlling tbleanliness during the instrument manufacturing
phase.

In summary, we have demonstrated the potentiaktiweve the full spectrum of fluorescence from
hyperspectral observations which can open new @gifmns for better understanding of the terrestrial

environment and ecosystem function.
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FIGURE CAPTIONS

Figure 1: Typical spectra of top of atmosphere radianceedsatied by the FLORIS-WBS (gray) and
NBS (blue) (stacked for clarity), sun-induced flescence (red) and reflectance (green) are shown in
the upper plot. Details of the high-resolution FUSRBS spectra at the B (left) and Q-A (right)

are depicted in the bottom plots.

Figure 2: Atmospheric transfer functions used in the forwaraldel for calculating top of atmosphere
radiance (left table), the angular brakets repregenspectral convolution to the sensor spectiablb.
Typical spectra of the atmospheric transfer fumgiased in the forward radiative transfer model are

shown in the 500-780 nm spectral range (rigth plot)

Figure 3: Range of variations of reflectance (left), fluaesce (middle) and at sensor radiance

radiance (rigth) of the 31 simulated cases.

Figure 4. Average RMSE over the 31 simulated cases at th& @eft) and Q-B (right) bands for the
broader spectral window. The colors refer to thresor classes of functions: i) polynomial (red); ii
Legendre polynomial (blue); and iii) piecewise aubplines (green). The different SFM versions (]1-18
are on the abscissa. The box center is the metlianedges the 35and 7% percentiles and the
whiskers extend to the most extreme data pointe. §dale limit settled at 1 mW msr* nm* to

highlight results with higher accuracies, whileger RMSE are grouped on top.

Figure5: SIF retrieval accuracy in terms of RMSE (top), REBEA (middle) and Sifr (bottom) at the
O2-A (blue) and @B (red) bands by means of SFM version 18-S. Cas&8 and 20-31 consider

variation of surface and atmospheric parametepetaely.
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Figure 6: Results achieved by using SFM at theOband. The spectra for one of the better results
(case 17), and for one of the worst results (c8geae shown on the left and right, respectivélye
upper plots show the reflectance quantitiesis the target reflectance (blug)spp is the apparent
reflectance (green), amngs; the retrieved one (red). The lower plots showténget (blue) and retrieved

(red) SIF.

Figure 7: Four reflectance termsgyi(blue), o (green), & (red), kq (gray) in the visible to near-infrared

for the database cases 17 (left) and case 30)rigth

Figure 8: Spectral fitting retrieval at theB band for case 17. Left plot shows the tafgé@blue), the
apparentpap, (green) and the retrievese (red) reflectance. The right plot shows targetugpland

retrieved (red) SIF spectra.

Figure 9: Optimization of the piecewise cubic spline usedfiiting surface reflectance. The left plot
shows the RMSE for simulations 1-18 (where surfesidectance has been changed) considering
different knots numbers (3-20 knots). The righttgloows a typical fitting of surface reflectangg by

using piecewise cubic spline with 15 knats,(;n.)-

Figure 10: Retrieval accuracies in terms of RMSE (top), RRNIS@ottom) at the ©A (blue), G-B
(red) and for the full fluorescence spectrum (gyemrhieved by SpecFit algorithm. The cases 1-19

consider variation of surface parameters, whiles@0-31 variations of atmospheric parameters.

Figure 11: Retrieval of full SIF spectrum with SpecFit algbm in the 670-780 nm fitting range. The
upper plots show target reflectancéblue), apparent reflectanpg,, (green), and retrieved reflectance
pret (red line). The charts on the bottom show tarpkte) and retrieved (red) SIF spectra. The plots on

the left and right refer to case 17 (i.e., betésuits) and case 30 (i.e., worse result) respégtive
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Figure 12: Comparison between SIF values retrieved by sgdddting at the Q bands (blue circles)
and SpecFit (red squares). The target (SIF) amebvet (SIF) fluorescence values at 760 nm (left),
687 nm (center) and for the integral of the fulF ®mission spectrum (right) obtained on the 31 RT

simulations are shown. The gray dash-dot represeat$:1 line.

Figure 13: Flow chart of the FLEX retrieval scheme from tdpatmospfere radiance to the surface

reflectance, fluorescence, and derived indices.
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Table
Click here to download Table: paper_SpecFit_Table_v3.docx

Table 1: Technical characteristics of the FLORIS spectra in terms of spectral resolution (SR),

spectral sampling interval (SSI), and signal to noise ratio (SNR) for the different spectral regions.

Spectral .

Rzgion Visible SIF g red-edge SIFarre

A (nm) 500-677 | 677-686 | 686-697 | 697-740 740-755 755-759 | 759-762 | 762-769 | 769-780

SR (nm) 3.0 0.6 0.3 2.0 0.7 0.3 0.7

SSI (nm) 2.0 0.5 0.1 0.65 0.5 0.1 0.5
linear from linear from

SNR 245 340 175 425 510 t0 1015 1015 115 115 to 455 1015



http://ees.elsevier.com/rse/download.aspx?id=564592&guid=11ae59a9-a91b-42a1-a92b-b6f625e5183f&scheme=1

Table 2: Surface and atmospheric parameters for SCOPE and MODTRAN radiative transfer

models. The low, standard and high values used in the different cases simulated are reported. The

right column “Coupling” indicates whether the parameters for the two models are coupled.

Values
Case Parameter Unit low medium high Coupling
(case 19)
Surface parameters (SCOPE)
1-2 Soil reflectance 1 2 3 N
i chlorophyll content 2
3-4 (Cab) pg cm 20 40 80 N
5.6 leaf water equivalent om 0.01 0.02 0.03 N
layer (Cw)
i dry matter content 2
7-8 (Cdm) gcm 0.0025 0.005 0.01 N
9-10 senescent material ) 0.05 010 0.20 N
content (Cs)
maximum
11-12 | carboxylation capacity | pmol m?s™ 0 40 100 N
(Vcmax)
13.14 | Stomatal conductance ) 9 5 9 N
(m)
15-16 leaf area index (LAI) 0.5 2 8 N
leaf inclination
17-18 distribution function planophile spherical erectophile N
(LIDF)
Atmospheric parameters (MODTRANS)
20-21 Surface height m 0 400 1200 Y
22-23 Visibility km 5 20 80 N
24-25 Humidity 0.5x 1.0x 2.0x Y
26-27 Aerosol Type maritime rural urban N
28-29 Profile mid-latitude | mid-latitude tropical v
winter summer
30-31 Solar zenith angle deg 30 45 60 Y




Table 3: Spectral windows at O,-B and O,-A bands tested with different spectral fitting algorithms.

spectral | O,-B Ox-A
window | [nm] [nm]
1 686-691 | 759-769
2 686-696 | 750-780

Table 4: Combinations of mathematical functions tested in the SFM algorithms to retrieve SIF and

p.
Polynomial Legendre Spline
ID p SIF ID p SIF ID p SIF
1-P  Linear Linear 1-L  Linear Linear 1-S | Linear Linear
2-P  Quadratic Linear 2-L  Quadratic = Linear 2-S | Quadratic = Linear
3-P | Cubic Linear 3-L | Cubic Linear 3-S | Cubic Linear

4-P  Linear Quadratic 4-L  Linear Quadratic 4-S | Linear Quadratic
5-P | Quadratic = Quadratic 5-L | Quadratic Quadratic 5-S  Quadratic Quadratic
6-P | Cubic Quadratic 6-L  Cubic Quadratic 6-S | Cubic Quadratic

7-P | Linear Cubic 7-L | Linear Cubic 7-S  Linear Cubic

8-P  Quadratic Cubic 8-L  Quadratic Cubic 8-S | Quadratic = Cubic

9-P | Cubic Cubic 9-L  Cubic Cubic 9-S  Cubic Cubic
10-P  Linear Gaussian 10-L  Linear Gaussian 10-S ' Linear Gaussian
11-P  Quadratic = Gaussian 11-L  Quadratic = Gaussian 11-S  Quadratic Gaussian
12-P  Cubic Gaussian 12-L  Cubic Gaussian 12-S ' Cubic Gaussian
13-P  Linear Lorentzian 13-L  Linear Lorentzian 13-S Linear Lorentzian

14-P  Quadratic Lorentzian 14-L  Quadratic Lorentzian 14-S Quadratic Lorentzian
15-P  Cubic Lorentzian 15-L.  Cubic Lorentzian 15-S  Cubic Lorentzian
16-P  Linear Voigt 16-L  Linear Voigt 16-S Linear Voigt
17-P  Quadratic Voigt 17-L  Quadratic = Voigt 17-S  Quadratic = Voigt
18-P  Cubic Voigt 18-L  Cubic Voigt 18-S Cubic Voigt



Table 5: Comparison between SFM and SpecFit algorithms at 760 nm, 687 nm and for the integral
of the full fluorescence emission spectrum (670-780 nm) for the 31 cases. The retrieval accuracy in
terms of: slope (c;) and intercept (c,) of the linear model, r? adjusted, RMSE ([mW msr*nm™] and

[mMW m?sr'] for values at the O, bands and spectral integral respectively), and RRMSE% are

reported.

SFM760nm SFMeg7nm SpecFit7gonm SpecFitsg7nm SpecFityn
C1 0.935* 0.978* 0.956* 0.956* 0.936*
Cy -0.007 0.035 -0.012 0.081* 1.663
o 0.98 0.99 0.97 0.99 0.97
RMSE 0.037 0.018 0.044 0.018 6.225
RRMSE% 7.4 3.0 6.2 2.9 6.4

* p-values < 0.05




Table 6: List of indices derived from the full fluorescence spectrum.

Derived products

Unit

Specification

S I I:760nm

mW m2srinm?

Fluorescence at 760 nm

SIFeg7nm mW m2srinm? Fluorescence at 687 nm

mMaxS1Fesr-req mW msrinm™ Fluorescence at the maximum of the far-red peak
maxSIF g mW m2srinm? Fluorescence at the maximum of the red peak
MaX\ar-red nm Wavelength of the maximum for far-red peak
maXeq nm Wavelength of the maximum for red peak
ratioSIF - MaxSIFeq / MaxSIFsr.req

IntSIF mW m?sr? Integral of the full SIF emission
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Figure 11 (size 1.5-column)
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Figure 12 (size 1.5-column)
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Figure 13 (size single-column)
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