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Canopy RTMs

* RTMs vary in design, complexity, number of input variables, processing speed.

* Not all RTM input variables play an equally important role; they are also
spectrally dependent.

* For the larger majority of RS applications there is no need to vary all variables!

How to identify key RTM input variables, and variables that can be safely set
to default values?

ARTMO'’s GSA toolbox 4/20



Global sensitivity analysis (GSA)

Sensitivity analysis evaluates the relative importance of each input parameter and
can be used to identify the most influential parameters in determining the
variability of model outputs.

1. Local sensitivity analysis: “One-factor-at-a-time” (OAT): changing one input parameter at
a time whilst holding all other at their central values . AOT methods do not cover the
whole input parameter space. - Inadequate for analyzing complex models which may
have many parameters and may be high-dimensional and/or non-linear.

2. Global sensitivity analysis: explores the full input parameter space. The contribution of
each input parameter to the variation in outputs is averaged over the variation of all
input parameters, i.e. all input parameters are changed together.

GSA techniques, which quantify the relative importance of each input parameter to
model outputs, can help set safe default values for those less influential input
parameters.

GSA can greatly simplify model calibration through enabling the most influential
parameters to be targeted for data acquisition and refinement.

ARTMO'’s GSA toolbox 5/20



Variance-based methods - Global sensitivity indices

Variance-based method: the output variance is decomposed to the sum of
contributions of each individual input parameter and the interactions (coupling terms)
between different parameters.

Based on the work of Sobol’, variance-based sensitivity measures are represented as

follows: 1 - zg n ZZSU+ ot S12k

I

in this equation, S, S;,...,S1, _, are Sobol’s global sensitivity indices.:

* The first order sensitivity index S; measures and quantifies the sensitivity of model
output Y to the input parameter X (without interaction terms),
whereas, S;,...,S1,
(interaction terms)

* The total effect sensitivity index S;; measures the whole effect of the variable Xi, i.e.
the first order effect as well as its coupling terms with the other input variables:

5H 5'I ' 51.-.' ' 5'I:I ' 5'I.-.'i

Sobol',. .M., (2001). Global sensitivity indices for nonlinear mathematical models and their Monte Carlo estimates, Mathematics and Computers in Simulation,
55(1-3), 271- 280

ARTMO'’s GSA toolbox 6/20



GSA method of Saltelli et al., 2010:

l",-_ﬂi f':E:I_I LJF|:,.-"|,|J::]I f':ﬂﬁl_lm}

*First order sensitivity: s 1=
' Var(L)
o | f) f'ffl' ] W
*Total sensitivity: o z_ L I\ e, .:'
I Var(L)
Sample distribution:
Random Sobol quasi-random sampling sequence (LPTAU)

Total # of samples= (N +2 )*#sample distribution

variabls
ho]

(&

These methods are hard to use — no GSA code publicly available to RTM analysis

Need for a dedicated toolbox!

Saltelli, A., Annoni, P., 2010, How to avoid a perfunctory sensitivity analysis, Environmental Modeling and Software, 25, 1508-1517.
ARTMO’s GSA toolbox 7/20



Availability of RTMs:

)| ARTMO [v. 3.10] = =

File Models Forward Tools Retrieval Help

Project Description

Project Name:
Comment:

Sensor: |NO SENSOR v

LUT Class by map LUT Class by User

File Models Forward Tools Retrieval Help J
Load Project Leaf — Leaf Sensor Spectral Indices User’s manual
New Project Canopy — Canopy Graphics ~MLRA Installation guide
DB adminstration -+ | Combined — Combined Global Sensitivity | | LUT-based Inversion Disclaimer
Settings Analysis
Model inputs i v I—
‘ RRGSRACI GSA Configuration http://ipl.uv.es/artmo/
Save New DB PROSPECT 5 GSA Results
Load Change DB DLM
Delete 7 LIBERTY
Update 1
,——, l
T 4SAIL
class FLIGHT
Project
Database INFORM
v
SCOPE

ARTMO seems perfectly suited to develop a GSA toolbox.

ARTMO'’s GSA toolbox
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Leaf RTMs

ARTMO’s RTMs:

S. Jacquemoud & JP Féret

[ roseecrs alE
I I= e Fie Load extemdl det -
File Load external data ¥
PROSPECT 5
PROSPECT 4
selectlUT Class [Generic class =l
Select LUT Class IGeneric class j — Leaf Structure (N) [14] —l {Cabjig/cm?) [0-100]
 Leaf Structure () [1-4] ~ Chiorophyl (Cab - picr) [0-100] 15 Range I aie 500 T Range ™ Tae
15 I~ Renge [~ Takle 30 I~ Renge T~ Teble G ids (pg/cm®) i Brown Pig

— Water thickness (Cw - cm) [0-0.05]

0.03 I~ Renge [~ Takle

— Dry matter (Cm - gicm® ) [0-0.056]——

0mz

—

I Renge I~ Tabie ] [ Range I Tatic ‘

I~ Renge T~ Teble

0.003

— Water thickness (Cw-cm) [00.05]-

— Dry matter (Cm - g/cm?) [00.05]—

0oz

I™ Range [~ Teble I™ Renge I Table

0K

0K

) LIBERTY
File Load external data

) Dorsiventral Leaf Mod

Fie Load external data

J. Stuckens

JSTeTE|

Help

Dorsiventral Leaf Model - DLM

T. Dawson

Select LUT Class: [6

[_[C1x]

eneric class

MODE [Normalreflectance =

LIBERTY

s

Select LUT Class) [Generis class
Cell Diameter [204100]

Chlorophyll ugfem? [0-150] —— — Water thickness (em?-1) [0-0.05]

002 T Range I 7sbe

Chlorophyll content fagfcm? [0-600]—

Diy matter  g/em?) mu.nﬁ]—’—c;nmennms mg/tm’]i‘

’7 001 [ Renge [ 7ot ‘

s

I Renge [ o6l

200 " Range I Takie ‘

40 I Range [~ 1a0 ‘
Intercellular air space [0.01.0.1]
D 045 I™ Range [~ Tatle ‘

Water content { g/m*) [0-500]

Brown Pigments [0.5]

’7 0 I Renge I 7aie

100 " Range I Tatie ‘

Leaf thickness [110]—

5 " Range [~ Table ‘

— Structure
{. air spaces [0.1] . Pigm. in palisade [0-1]
Lignin & Cellulose { g/m?) [1080] gl gm. in P B0
0.5 I Range [~ Tabic 0.003 I~ Range I~ 7aile
40 I~ Range I~ Table
. total mass in pal. [0-1] ghness factor [02]

Baseline [Fresh: 0.0006 - Dry: 0.0004]

EI 0006 " Renge [~ Table

=
=
=
-

Nitrogen content ( g/m?) [0.32] —

I Renge [~ Tabie

-

oo 1|

1 [~ Range I~ Table ‘

’—Alhmu absorplion [04]

2 I” Range I~ Table ‘

’—Ahaxial scattering [0 -0.99]

0 Rege I 7

0K

0K

Outputs: reflectance & transmittance

Canopy RTMs

) 4SAIL

File:

Load external data  Leaf Spectrum  Dry Soil Spectrum — Wet Soil Spectrum

W. Vehoef
P [ 5

]

4SAIL

Select LUT Class |Generic class

— LAl [010]

I ] r Range ™| Takie

2

— Hot spot effect [0 - 1]

I 0.01 [ Range I | Takie

— Average leaf angle (%) [0 - 90]——

I 30 r Range I~ Table

— Solar zenith angle (%) [0 - 90]——

I n] r Range I~ | Table

— Diffuse/Direct radiation [0 - 100]—

o

r Range I~ Table

— Observer zenith angle () [75 -75]

——

r Range I~ Tiable

— Soil coefficient [0 - 1]

I 0 [~ Range I~ Table

-~ — Azimuth () [0 - 180]

I 0 [~ Range I Tahle

OK |

P.

North

C. Atzberger & M. Schlerf

=l (gymeom o on (=] el
File Load external dats  Green Leaf Spectrum  Sensscent Leaf Spectrum  Soil Spectrum  Biark Spectrum
File Settingsmodel Help m
FLIGHT Select LUT Class [Generic tlass =
INFORM [v. 1.00]
Di i Mode of i Number of photons— — Number of bands
Generic class
( i ca ” ® REVERSE thmmsl 10000 ( Bands | ‘
— Solar Angl AOT @ 550 Sail index [0-1]— Canopy geometry
Zenith 24 [~ Renge [~ T2kl ’V 0.08 I Renge [ 7ai ’V 0 I~ Range I~ Taie = S e LR LAl y [0-3]
Azirmuth 1628 I |Rencse [ Teble T T 5| [ Range Table 1 [[]Rangs Table
 Viiew Angle ﬂ 0.01 [~ Range I Teble ’V 1 [ Range I Tabiz — Stem density [ha-1] [0 - 1000 —— — Average leaf angle [deg] [15-75]
Zenith 2121 [ |Range [~ Tabl= VG Crown Shape 300/ [ Range Table 55 [T Range Table
Azimuth 315.20 [~ Range [T Tabe ’7 02 I Range I Table ’7 @ Ellipenid € Cones € Field data — Tree height [m] [0-50] — Crown di; [m] [0 - 10]
20 R Tabl 3 R Tabl
—FGL [ LAD Crown geo parameters (D] Renge e [DRange e
Fraction of green leaves |p‘ﬂnupwe d
22| CRanas [3fTaste e [T Sun-object-sensor geometry
) [0-10] 022 po20p]  0.207 Centre to tap distance 4.923 . -
% Fraction of | | — Solar zenith angle (%) [0 - 90] — Relative azimuth (°) [0 - 180] ———
=0 [20-30) 0152 [30-40) 0.148 Height to first branch _ _
Rettiaining fraction il go to bark! il FE] 30| B Rane able 90| Bl Range aule
4050} | 0001 jsoedp| 0009
6070 004 oo 0015 ax a8 — Observer zenith angle (°) [0 - 90 —— — Fraction of diffuse radiation [0-1]—
(oro0] oS T G REEE 0/ [[]Range Table 0.1 []Range Table
30 I Renge ™ Table o | m

Outputs: directional reflectance

ARTMO's GSA toolbox
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(W. Verhoef, C. vd Tol, F. Magnani)

Combined: SCOPE ... .

Load external data Save Load £
) scope_gul_moti12 ol ) scope_gui_mod7 -oixj| Canopy geometry
Load external data  Save Load ~ Load external data Save Load ~ LAl [0-10+] e .
- - ( . 1
Leaf - Biochemical [Von Cammerer-MD12] — Soil boundary layer resistance [s m-1] [5-30]
Photosynthetic pathway [c5 =] Leaf parameters 3 [MRangs [ Table
maximum carboxylation capacity [0 200]—— Stress factor to reduce Vemax [0 -] . 10/ ["'Range [ Table
e e R —Green L —Vegetation height (h) [m] [0.05 - 100]
e e — Leaf Structure (N) [1-3]—— Chlorophyll {Cab - pg/cm?) [0-100] — Within canopy layer resistance [s m-1] [0-20]
Ball-Berry stomatal conductance [2 20— — mean annual temy [te] -
05 I Range [ Table
I 14 [ Range [ iable I 40 [~ Range [ 7abie 0 [ Range [ Table
8 [ Range [ Tebie 15 [ Range I Table " Leaf width [m] [0_01 ) 2] X
Rdparam [.001 -0.1] heta [0 1] — Water thickness (Cw - cm) [0-0.5] — Dry matter (Cm - g/cm? ) [0-0.05] [ 01 s I~ Tabi — Leaf boundary resistance [s m-1][5-20]——
. ange able
( k] s e il iR M ‘ 0.009 I Range [ 7abke 0.012 [ Range [ 7abie I 10 [~ Range [ Table
L kNPOs [s-1] Leaf Inclination distribution function—
’7 1 [ Renge [ Teble 0 [ Renge [ Table ‘ — Senescent material [0-0.3] 3 001 Erectophie :l Leaf drag coefficient [about 0.127h] I 03
Broadband thermal reflectance - Piagiophile
Extinction coefficient for Vomax [0 08— . pem g — I 0 [ Range [ 7sbke Sraadband thermal ransmitance 001 Extremophile Roughness length for momentum [about 0.65%h] 0246
00308 I Renge [\ 7atie efficiency at phatosystem level - T ——— e
Uniform

=loix] ) Angular geometry =101 x| =101 x|
Load external data  Save Load LY
Lol = ibe e Laes - Load external data Save Load Y

Soil Parameters

—ID_soil Angular geometry Weather conditions

— Incoming shortwave radiation [W m-2]—— — Incoming longwave radiation [WW m-2] ——
:2:::22:5:::5 IW r Range [~ Table m r Range [~ Table
=l — Solar zenith angle () [0 - 90]——

Preview A A
_I I— _ — Air temperature [oC] — Air pressure [hPa]
— Soil resistance for evaporation 30 I- Range I_ able

[200-5000 s m-1] | I 20 r Range I~ [ Table I 1000 I Range I~ Table

500/ Eanoe RSl ir=bic — Observer zenith angle (%) [0 - 90]-

Volumetric soil moisture content [0.01 - 0.7]— — Atmospheric vapour pressure [hPa]——— — Wind speed [m s-1]
’7 025 [ Range [ Table ‘ 0 I- Range I- able I 15 I Range [~ | Table I 2 [ Range [~ Table
Sroadband sol reflecance i the hermalrange | 0.0 — Relative azimuth (°) [0 - 180]——; — CO2 concentration in the air [ppm]——— — 02 concentration in the air [ppm]

Wolumetric heat capacity of the soil [J m-2 K-1] 1180
<pecific mass of the soi [kgm3) | 1800 I a0 I_ Range I_ Tahle I 380 [~ Range [~ Table I 209 [~ Range [~ Tabke
Heat conductivity of the soil [J m-1 K-1] 1.55
m m Measurement height of meteorological data [m] I 10 “

SCOPE is an energy balance model and provides over 50 outputs, grouped according to:
aerodynamic, fluxes (e.g. PAR), radiation, reflectance, spectrum, surface temperature, fluorescence.

More about SCOPE see Fluorescence session
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GSA Conflguratlon

-
. GSA configuration . = ihJ
Save Load k]

Project PRO4SAIL_1000
Type 5l |satteli ¥ | subsamples 1000
RT model Sensor
45AIL-Prospect 4 b Default NO SENSOR -
— RTM input settings
Group Select Parameter m
Canopy - 1 Leaf Structural Parameter -
Parameter 2 chlorophyll a+b contenti... |
3 equivalent water thickne... 1.000|=
Total Leaf Area Index i 4 dry matter content in g/c... 1.000
Extrernal Parameters 5 Total Leaf Area Index
Empty [4] Leaf angle distribution
Range 7 . rE:rwffuse.l'dwect light .
min max Distribution
0 10 | Sobol - Delete selected | | Delete al
WAl Add parameter |
— RTM outputs
Group Select Parameters Gral
Canopy b 1 Directional reflectance Canopy
Parameter
Directional reflectance - " o 5
Add output | Delete selected | | Deleteall |
Run

ARTMO- Tools = Global Sensitivity

Analysis

| amm—
<[ GSA Configuration 4
GSA Results

Give a Project name

Select GSA (saltelli (2010), EFAST, Sobol)
# Subsamples

Select RTM. Option to select a
Sensor.

Select RTM input variables,
boundaries and sampling
distribution.

Select RTM output: multiple
variables at once can be analyzed.

The following RTM combinations have been implemented:

PROSPECT4, PROSPECT5, DLM, LIBERTY,

Leaf + canopy: PROSPECT4-SAIL, PROSPECT5-SAIL, LIBERTY-SAIL, PROSPECT4-INFORM,
PROSPECT5-INFORM, LIBERTY-INFORM, SCOPE

ARTMO's GSA toolbox
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GSA results ““T“"°*T°°'S*2:;?3;?“5“15

B oA results S GSA Configuration
Delete ° < GSA Results
Project |PROSAIL_500 - * Project name

——— * GSA & RTM info
GSA type Saltsli subsamples 500
RT model 45AIL-Prospect 4 Sensor MO SENSOR

1 2 3 a * Overview of input variables,

1 |Leaf Structur... 1 4 Sobol - . .

2 |chiorophylla.. 0 100 Sobol = boundaries and samplmg

3 |equivalent w... 1.0000e-04 0.0500 Sobol H H H

4 |dry matter co... 1.0000e-04 0.0500 Sobol 1 d|Str|bUt|On
Output Directional reflectance ¥ | GSA metric Total 5l - * SeIeCt OUtPUt varlables to

[] Bar figure Normalized Visua“ze or export.
Epor| I || ©  Select first or total order
e — sensitivity indices.

FRO!
PROSPECT4_500,
PROSPECT4_500,

Sensitivity indices results are stored in MySQL database. That allows fast
visualizing or deleting of earlier results.

Speed bottleneck is the RTM (e.g. SCOPE) — GSA results fastly generated.

ARTMO’s GSA toolbox 12/20



S;: Leaf: PROSPECT-4/5 (1000#) 5 <3 min

PROSPECT-4
Il | eaf Structural Parameter Tra nsm itta nce

Reflecta nce I chiorophyll a+b content in pg/cm?
I equivalent water thickness in g/cm?2 or cm

I dry matter content in g/cm?

Total Sl [%)]

=)
n
<
=
o
[

0 600 800 1000 1200 1400 1600 1800 2000 2200 2400 ?00 600 800 1000 1200 1400 1600 1800 2000 2200 2400
P RO S P ECT_ 5 Wavelength [nm]

Wavelength [nm]
Il Lcaf Structural Parameter

chlorophyll a+b content in pg/cm?
equivalent water thickness in g/cm2 or cm
dry matter content in g/cm?

[ Icarotenoids in ug/cm?2

I brown pigments in g/cm?

Total Sl [%)]
Total Sl [%)]

200 600 800 1000 1200 1400 1600 1800 2000 2200 2400 0 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Wavelenath [nm]

Wavelenath [nm]
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S5+ Canopy: PROSAIL (10004)

PROSPECT-4 +SAIL

Il L eaf Structural Parameter
Il chiorophyll a+b content in pg/cm?

Directional Reflectance

[ dry matter content in g/cm?
[ Total Leaf Area Index
[ ILeaf angle distribution
[piffuse/direct light

[ IHot spot

I Soil Coefficient

Il Solar Zenit Angle

Il Azimut Angle

Total Sl [%)]
Total SI [

200 600

1200 1400 1600 1800 2000 2200 2400
Wavelength [nm]

0 600 800 1000

100

[l Leaf Structural Parameter
I chiorophyll a+b content in ug/cm?

N\ —— [ dry matter content in g/cm?
[_Icarotenoids in pg/cm?
I brown pigments in g/cm?
[ Total Leaf Area Index
[ ILeaf angle distribution
[ IDiffuserdirect light
[ Hot spot
[ Soil Coefficient
Il Solar Zenit Angle
Il Azimut Angle

Total Sl [%)]

?00 600 800 1000 1200 1400 1600 1800 2000 2200 2400 00 600
Wavelength [nm]

ARTMO'’s GSA toolbox

I equivalent water thickness in g/cm? or cm

PROSPECT-5 + SAIL

I equivalent water thickness in g/cm? or cm

<5min

Hemispherical Reflectance

800 1000 1200 1400 1600 1800 2000 2200 2400

Wavelength [nm]

1200 1400 1600 1800 2000 2200 2400

Wavelength [nm]

800 1000
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S PROSAIL with Sensor option

e.g., Sentinel-2:

120 T

100

I | caf Structural Parameter

I chiorophyll a+b content in ug/cm?
I cquivalent water thickness in g/cm? or cm
I dry matter content in g/cm?

[ Total Leaf Area Index

[ lLeaf angle distribution

[ |Diffuse/direct light

[ THot spot

[ soil Coefficient
I solar Zenit Angle

I Obsener zenit Angle
I ~zimut Angle

Save Load

Project

Type SI |Satteli

¥ | subsamples | 1000

RT model

Sensor
4SAIL-Prospect 4 v

Sentinel-2

— RTM input settings
Group

NO SENSOR
Floris \
okei

Landsat 7 TH
Landsat 7 ETH+
SPOT-4 VI
SPOT-4 HRVR
CHRIS Mode-3
oD
MERIS

Canopy

Parameter

Total Leaf Area Index

Extrernal Parameters
Emply
Range
min max  Distribution o
[} 10 |lseo | [Semre
Sentinel3 SLSTR
Al Add p .t

— RTM output
Group

Canopy
Parameter

Hemispherical reflectance

Delete selected Delete al

I

80

Total Sl [%]

0
443 490 560

705 740 783 842 865 945
t Wavwelength [nm]

1610 2190

L)

With ARTMO’s Sensor module, GSA can be applied to RTMs for any kind of optical sensor (within 400-

2400 nm range).

ARTMO'’s GSA toolbox
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5+ SCOPE: 25 vars; #1000; Fluxes (1/2)

Total SI [%]

Total Sl [%]

100

90

80

70

60

100

90

80

70

60

50

40

30

20

10

Total net radiation

3 L L L

6 variables: 94.8%

1

Net radiation of the soil

~ 5 variables: 93.5%

B LA

i Chl Cld LIDFa

0 5 10 S 15-_- 20

ARTMO's GSA toolbox

25

m
Vecmo
Chl
cd

LAI
LIDFa

Il E=/-Beny stomatal conductance parameter []

-Extinction coefficient for Vcmax in the vertical (maximum at the top). 0 for uniform Vemax []
I aximum carboxylation capacity (at optimum temperature) [umol m-2 s-1]

Il Respiration = Rdparam*Vemcax []

I Chiorophyll AB content [ug cm-2]

I Carotenoid content [ug cm-2]

I Ory matter content [g cm-2]

[ eaf thickness parameters [[]]
leaf water equivalent layer [cm]

scenecent material fraction [fraction]
Leaf area index [m2 m-2]
leaf inclination []
variation in leaf inclination []
leaf width [m]
azimuthal difference between solar and observation angle [deg]
solar zenith angle [deg]
air pressure [hPa]
air temperature [T]
I atmospheric CO2 concentration [ppm
I =trospheric O2 concentration [per mille]
I 2trospheric vapour pressure [hPa]
I > roadband incoming longwave radiation (2.5-50 um) [W m-2]
Il b roadband incoming shortwave radiation (0.4-2.5 um) [W m-2]
-wind speed at height z [m s-1]

Net radiation of the canopy

100

90

80

70

60

50

Total SI [%)]

40

30

20

10

L L

5 variables: 95.9% ]

T

- LAI-
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V)
-

Total Sl [%]

Total SI [%]

Fraction of absorbed PAR

SCOPE: 25 vars.; #1000;

100 T T

LAI

w B )] o] ~ o] ©
o o o o o o o
I I I ] I I I

N
o
I

,_\
o

I
(@]
=

o

r

10

o
[&)]

Average canopy temperature

2 variables: 98.2% -

[— [ e

r

15

20

100 T T

- 7 variables: 99.3%
80—
70—
60—
50—~

40~

20~
10
O*‘_-‘-:_L‘___'—"J—‘

3

30~ |_A_|

3

20

25

Fluxes (2/2)

Total SI [%]

Total SI [%]

Total absorbed PAR by leaves

100 T T
o 3 variables: 99.3% 1
80 -
70—~ -
60l Rin |
50 - .
40~ LAI 1
30 -
20 -
10 Chl i
0 - L ‘ :
0 5 10 15 20 25
Average soil temperature
100 T T T T
- 5 variables: 95.3% T
80— -
70— -
60— -
50 -
40+
30
20+ LAI
10—

0

More about GSA SCOPE see Fluorescence session (0O10A)

ARTMO's GSA toolbox
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Applications & further development

* GSA useful tool to gain insight into radiative transfer fluxes and model

performances, e.g. for a specific sensor setting. -o,
e.g., Sentinel-2/3,
SPOT, EnMAP....

* GSA enables to configure simplified models for retrieval of specific outputs

(e.g. SIF)
- » [

* Further development: GSA of imported data (to analyze models outside the

ARTMO framework) °0
e.g., 65,
MODTRAN, DART,...

ARTMO'’s GSA toolbox 18/20




Conclusions

e GSA a useful tool to identify RTM key and non-
influential variables.

* A new GSA toolbox implemented into ARTMO. It
calculates Sobol’s first and total order sensitivity
indices for a variety of RTMs.

* Depending on the RTM, not only insight in driving
variables along spectral domain, but also of fluxes.

* GSA toolbox soon publicly available:
http://ipl.uv.es/artmo/

ARTMO'’s GSA toolbox



MODTRAN
6S

Graphics

SAIL
Scene
Generator S
Tools Canopy INFORM
RTMs
Global
sensitivity
Emulator analysis
(GSA) Spatial FLIGHT
resampling

Thanks

Dimensionality
reduction ,
Active
learning
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DLM

Reflectance of the front leaf

90

80

70

60

50

Total SI [%]

40

30

20

10

200

1200 1400 1600
Wavelength [nm]

600 800 1000 1800 2000

Transmittance of the front leaf

90

80

70

60

50

Total Sl [%)]

40

30

20

10

200

1200 1400 1600 1800 2000

Wavelength [nm]
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600 800 1000

2200 2400

2200

Reflectance of the back leaf
90
80
60

50

Total SI [%)]

40

30

20

10

1000 1200

0 600

800

1400

Il Chiorophyll a+b content in pg/cm?
Il Equivalent water thickness in cm-1
I Carotenoids a+b content in ug/cm?
[ IBrown pigments

[ 1f. air spaces

[ 1f. Pigm. in palisade

[Jf. total mass in pal.

I roughness factor
I Abaxial scattering
Bl Dry matter content in g/cm?

1600 1800 2000 2200 2400

Wavelength [nm]

Total SI [%]

2400 200 600 800 1000 1200 1400

Transmittance of the back leaf

2400

1600 1800 2000 2200

Wavelength [nm]




LIBERTY

B | caf thickness

N Chlorophyll content [mg.m-2]

[ |water content [g.m-2]
L] Lignin and cellulose content [g.m-2]

120 : : | I Nitrogen content [g.m-2] :
I /. bino absorption

100

80

Total S| [%]
(o))
o

40

20

0
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Wavwelength [nm]
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SCOPE Fluorescence & photosynthesis
analysis

Total Sl [%)]

Total fluorescence emitted at the top Net photosynthe5|s of the canopy
100 0 . . i 100
w4 variables: 94.0% i o 10 Varlables 99. 2%
801~ 80 -
701 700~
60|~ . s 60¢
sol- Rin | é sol-
40~ ° st
30 30~
il Cd Lﬁ' oL Vcmo LAl Ta .
10}- Chi 1o/m I.Res"’ Ca €a Rinpg
% 5 o 1 20 25 % 5 w1 Jzo
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