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Background

Signal acquired by spectrometers: R SPECEIUM
z 4
L' F(A) 5
R A R(A =
AP‘P( ) L(;{-) ( ) Li(ﬂ) E
g
o 0O
. < 650 780
L'(2) = R(A)L*(A) + F(A) Wavelength [nm]
Top of canopy total radiance

Canopy reflectance
at-surface downwelling radiance
Fluorescence signal
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Our targets:

1- Retrieving of F spectrum from Rapp

2- Estimation of other fluorescence-related variables DNl: @ l b& &«g esa — Cq
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Background

Signal acquired by spectrometers: R spectrum
app
z b
L' F(A) 5
Rapp(2) = R(2) + =
arr L'(2) ~ L' E
8
é |
o 0 _
S 4 .
650 780
L'() = RL' D) + F(4) Wavelength [nm] Leaf Area Index (LAI)
Top of canopy total radiance Chlorofyll Content (Cab)
Canopy reflectance
at-surface downwelling radiance F Quantum Yield (Fge)
Fluorescence signal
Absorbed Photosynthetic
Active Radiation (APAR)
(SOLUTION: D)
F and F at photosystem
_ _ level (Fre)
Machine Learning + Phasor Approach =
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Standard Phasor Approach

Sub-images

~

[}

Normalized Intensity

650 780
Wavelength [nm]

Kln hyperspectral images, each pixelb
associated to a single spectrum
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Standard Phasor Approach

/ Discrete Fourier \

Sub-images
| 0.03 Transform (DFT)
) - 1 21'rkn
*u;; O Zn 1Rappcos( )
g g = ReAk =
g DFT 1Rapp
3 —2mk
A ﬁ ‘ N apps ( 11\-][11)
. S s =ImA;, =
: ' ‘ g ZN R(lipp
3¢ ' g 0 ‘
=t 650 780 0 _
(a) % Wavelength [nm] N =# Rapp points
0 G 0.001 \k= harmonic (k = 1) J
/-Each spectrum is transformed in a\
single point (g,s) on the phasor plot.
- (g,s) position is dependent on the
spectrum functional shape.
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Standard Phasor Approach

/ Discrete Fourier \

Transform (DFT)

>N _ R cos
© g = ReA, = ! Np (
DFT S Y- 1Rapp

—2mkn
‘ g 1RappS ( N )
s =ImA, = = -
Yn= 1 Rapp

650 780 0 ‘ _
(a) % N =#R,,, points

Wavelength [nm]
0 G 0.001 \k= harmonic (k = 1) J

Transforming phasor approach in a predictive model:

Sub-images

0.03
21'rkn

~

)

Normalized Intensity

[}

/- Each spectrum is transformed in a\
single point (g,s) on the phasor plot.

#1 Training set of R_ . spectra, simulated through a RT model

app

- (9,3) ZOSINCTRLS dependent on the #2 R,,, divided in spectral windows (windowed phasor approach)
spectrum functional shape. #3 Statistical-based retrieval phase
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Novelty #1: R,,, simulations for Training set

RT model Input Data RT model Output Data
Solar Zenith Angle (SZA) . e
Leaf Area Index (LAI) Scope* + MODTRANS Rapp F & Frespectra, Absorbed
RT model Photosynthetic Active

Chlorophyll Content (Cab)

Fluorescence Quantum Yield (Fge) Radiation (APAR)

Dataset: 3x10° different scenarios (R,,,)
/Each Rapp IS associated to: LAl + Cab + APAR + Fge \
+

] 1] 40 =
* Van der Tol et al. LA [0 8] E £
(2019). The scattering and > - Cab [0 80] . F160nm N;ﬁ <
re-absorption of red and - Fqge [0.010 0.024] E £
near-infrared chlorophyll - SZA [2060] s %
fluorescence  in  the - APAR E F oo Frcreonm| o
models  Fluspect and . F 0 Freesrom | 1O W
SCOPE. Remote Sensing of - F 640 wavelength [nm] 800
Environment. RC
** Berk et al. (2011). MODTRAN 5.2.1
User's Manual. Air Force Research fé"ﬁ“‘g X .
Laboratory, Space Vehicles Directorate, Air ] »‘gs‘ (E g L 7 ( ]W
Force Materiel Command, Hanscom AFB, 2 VB . AL/UabSS\ &\\g@esa == SF:“?,‘,,-: r )
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Novelty #2: Windowed phasor approach

Sub-images

Cab [pg/m?] 20

/ Discrete Fourier \

Transform (DFT)
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/ ] 1 i APAR [W/m?] 350 ae 0.024
- This property is valid for every 003 | :
. . . 0.03
considered variable. |
|
- Ry, Sbectra with near projection L, | /
positions are associated to similar 0| / 0 -
parameter values. 0 G 0.0010 0 G 00010
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Novelty #2: Windowed phasor approach

Cab [pg/m?]

Sub-images

80 Transform (DFT)

2nkn
ReA Zn 1Rappcos(
‘ ZN 1Rapp

—21kn
glRapps( N )

N
Z R(llpp

650 780 0 )
(a) % . N =#R,,, points

Wavelength [nm]
0 G 0.001 0 \k=harmonic(k=1) /

~

)

s = ImAy =

Normalized Intensity

[}

/-Each (g,s) projection color-codes f$
the parameter value associated to the
related R,,,

- Relative positions on the phasor plot
change in each spectral window.
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Novelty #3: Retrieval Phase

Cab [ug/m?] g4

R spectrum O
app 5P 0.03 PRl

2 7 / AN
g | /
g | DFT / | @Y \
s S e—Q .,
g | \ I
3 | -~ \\ / é

| 7’
= 650 780 0

Wavelength [nm] s
0 0.001 O
- A circle of radius r is considered f

-
N

around the analyzed (g,s) point,
including only the training set points,
whose distance isd <.

Radius (/10?)
o
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Novelty #3: Retrieval Phase

Cab [ug/m?]

80 -
R, spectrum
L P 0.03 |4
g | — ‘
g DFT s | @
£ %
S 0
= 650 780 0 \
Wavelength [nm]
0 G 0.001 O
- For each window, a different phasor 1_2*

plot is obtained.

o
=

Radius (/10?)
o
[e0]

- Reciprocal position of (g,s) points
changes in the phasor plots, strongly
mitigating the ill-posed problem.
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Novelty #3: Retrieval Phase

Rpp SPECETUM ®
. el TN Ranking
e | \
E | DFT / d \ Training Spectrum Occ D
s J .
] Ny, Training #1 0+0 0+0
[$] |
£ | ™ \ / .
S 0 N ’ Training #2 0+1 0+2.3
= 650 780 S==- -
Wavelength [nm] o Training #3 0+0 0+0
-/Occ. and D are computed for% N N _
spectral windows. _ , _ r _J1ifdi=sr
Occ. = o = a o = .
=1 i=1
N = # of selected spectral windows
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Novelty #3: Retrieval Phase

R. .. spectrum

app - —

- 1 P - -~ N .

27 - ;7@ \ Ranking

T DFT / ®

IS ' \ Training Spectrum Occ D

e

8 ® | Training #1 0+1 0+1.8

s | \

o ) ,’ Training #2 1+1 2.3+3.4

= 650 780 > ~ ” ..

Wavelength [nm] . = - Training #3 0+0 0+0
-/Occ. and D are computed for % N N _

spectral windows. Occ. — za, D= z "V o = 1if di=sr

. ! dl L ' O lf dl > r
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Novelty #3: Retrieval Phase

R. .. spectrum
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Algorithm Validation

40 LAI 401 I:760nm 40 I:RC 760nm
< Cab < Feg7nm = Fre 687nm
3230 APAR .30 2230
L L wl )
220 Fge 2 20| 2 20;
(0 (0'd } o’
& 104 % 10 1 2 10.
0L i i i . oL, i @ o ° 0- } ¢ & o .
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F (760 nm) 1.0+0.8 -
Frc (687 nm) 0.9+0.7 ; NA- » ;
Fre (760 nm) 0.9+0.7 z »’i\‘ % ~Labs. 5\3}&&\& eSa SﬁqCIE «r IW
BIGOGCA DiSAT i European Space Agency taa ISTITUTO DI BIOMETEOROLOGIA

Consiglio Nazionale delle Ricerche

| 1L]
[
1

- =W 411 = 11l O e Bl EE 2= E — B L » THE EUROPEAN SPACE AGENCY



Algorithm Validation

LAl = 1 Cab = 10 Fge = 0.010
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Field Measurements

Observatoire de Haute-Provence Braccagni

FRANCE
— | FLoX
1COS m
tower
------ FOV 25°
Both Canopy and Tower-level
= experimental data have been
>
2 analyzed
Oak trees, March-October 2018
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Canopy-level Field Measurements

Seasonal Trends

p -]
(v
(@]
o

| 8 : 4501 . 25 : )
€ 60, : T { i € o M = a8 Vegetation Status A
5 . b, E :+ fm 220 4
2401 o Ed R ! x| v gt DOY 57 - 146 : Forage growth
} ! < 150 o1.5 ; ¢
S 20 ,” <2 i g " o } +h{' | .
0L o ¢ ** ! 0 * 1.0 i _ 150
50 100 150 200 50 100 150 200 50 100 150 200 50 100 150 200 DOY 146 — 150: Alfalfa growth
DOY DOY DOY DOY DOY 150: cut of Alfalfa
\ DOY 150 — 192: Alfalfa growth J
E F G H_
E 5l = 100 | E 9
2 f# t ;’; {Eé 5 80 E 2 a H
%1 *f } E b h E 60 ; #;*} g— ! 1 } h ( : \
R 22 } S 4w N } 2 5 ' Data Processing
ED t E . : & 20 : £ - ;
aY] . ! g0{ ¢ , 5 o I e ol.e* i P
“ 50 100 150 200 “ 50 100 150 200 o 050' 160 150 200 uf.’: 50 100 150 200 Each point is the
Doy bov - DOY boY mean = std. dev. of 40R,,,,
acquired at solar noon £ 15min

Trends are comparable to the experimentally monitored \ J
vegetation status
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Canopy-level Field Measurements

Seasonal Trends

AlfaAlfa: day 146

4 )

6 7.57 « SFM (687nm) : Vegetation Status
= |RRMSE%: 7.7% = * Speckit ((16?67;;;3‘1) |
= £6.0, S | DOY 57 - 146 : Forage growth
B 4_ a 4 5 SpeckFit (760nm) E
o qu Te]® Tropesed{iRim) DOY 146 — 150: Alfalfa growth
E/ 5 §’3.0- I . 2 DOY 150: cut of Alfalfa
< 4 = 8 R DOY 150 — 192: Alfalfa growth
E E1.5 SR AR - ~
) 310 680 720 760 800 00 50 i.!1('30 1;50 200

DOY 4 )

Wavelength [nm]

i-qp-Male F trends are compatible with SFM* and SpecFit** results

Data Processing

Each point is the
mean * std. dev. of 40 R,

* Cogliati et al. (2015). Retrieval of sun-induced fluorescence using advanced

acquired at solar noon £ 15min

J

spectral fitting methods. Remote Sensing of Environment. % DEGLI STUDI .

** Cogliati et al. (2019). A Spectral Fitting Algorithm to Retrieve the Fluorescence 2 VP AL’abS\ &\\& -@Sa 34’:“95
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Canopy-level Field Measurements

Daily Trends
A B C D
1 2
_ 80 iH H‘H*H*PH 81 & igﬂii 400 f;;;z;;* ) F ) HH;{ §
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S tmtgistedn £° L S 0 4l O e 3 b Results
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8 20 3,0t £ 100 = - Cab, LAl and Fge constant trends
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0 0 TITIXIYIY] 0 0!
7 9 11 13 15 17 7 9 11 13 15 17
£ DOY Hour[UTC] " Sovhour ute) S ! D90Y1|-1|ou:?UT1(‘:5] ﬂH DOY Hour [UTC] - APAR trend dependent on cos(SZA)
E 3 ES =100 =8
5 > 4 = 80 56 - Midday depression detected for some F and Fg.
R T O N ;
£ s 3 £, pectra
R &Mﬁﬁgmﬁ Lo T i
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E 25 E 4 £ 80 £e
t Es ) E O E° Data Processing
R = = z
% 10 E’ E_,E ® £ ) Each point is the
COSw  m s 0 1 B s 8% o i w2 i g% f0 W @ 1 mean * std. dev. of R,
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* Campbell et al. (2019). Diurnal and Seasonal Variations in Chlorophyll
Fluorescence Associated with Photosynthesis at Leaf and Canopy Scales. Remote
Sensing.
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Main Achievements

i-o-Male is the first algorithm to successfully and simultaneously retrieve:

- Fluorescence Quantum Yield
- Fluorescence spectrum at photosystem level

Moreover, it also estimates:
- Fluorescence spectrum at canopy level

- Crucial biophysical parameters (LAl, Cab, APAR)

Experimental analysis are performed in real time (< 2ms per spectrum), from Top-of-Canopy level measurements (1-3m)
to Tower-level acquisitions (~100m — not shown)
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Future Perspectives

- Exploitation of 3D Radiative Transfer Models

- Wide training set to simulate more experimental scenarios (e.g. varying LIDF)

- Application to hyperspetral images and satellite-level measurements
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Tower-level Field Measurements
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