SPECTROSCOPY @ LEAF & CANOPY SCALES

Remote Sensing of Vegetation Function and Photosynth
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Sources of Ener g

-The major source of EI . gn
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Major Regions of the Electromagnetic Spectrum

HighEnergy Light

Gammaw | € a &0.03nm
X-Ray 0.03¢ 300 nm
Ultra Violet (UV) 300¢ 380 nm

Infrared *

Near (NIR) 0.72¢1.30> Y
Shortwave (SWIR) 1.30¢3.00> Y
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Spectral Irradiance (W/m2/nm)
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Transmittance (percent)
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Types of Remote Sensing

Electromagnetic Passive Active
Wavelength ifm) Systems Systems
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Atmospheric Effects on Satellite Vegetation

Reflectance at Low and High Altitude

Maximal reflectance bias at low (500 m) elevation
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Maximal reflectance bias at high (4000 m) elevation
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http://onlinelibrary.wiley.com/doi/10.1002/jgrd.v116.D18/issuetoc

Limiting Factors of Vegetation Photosynthesis

Temperature -

&

Radiation —Water — —

Total vegellm edn ar e Paminant Controls

water availability 40%
temperature 33%
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Canopy photosynthesis how is it measured?
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Linking Vegetation Function & Remote Sensing
Spectroscopy

Mean annual GPP [gC/mz/yr]

Snmall chargesin photosynhesis(GPP)
causegreat vanationsanduncertainties
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Linking Plant Physiology and Remote Sensing
What are we observing and when?

Vegetation traits and spectra (reflectance and SIF) have:

u Diurnal cycleand R

U Seasonal cycle

“PHOTOSYNTHESIS”
WATER + LIGHT = CHEMICAL ENERGY

Vegetation function §radient of stateg gty 2 // >

A Photosynthetic function (GPP canopy) '
- water - stomatal conductance, N, leaf
chlorophyll and structural compounds

A Canopy vigor (photosynthetic biomass)

A Photosynthetic leaf area and biome

A Canopy structure (height, closyre

3. Carbon dioxide 4. Sugars and Carbo-
enters leaf through hydrates leave leaf
stomata

CHEMICAL ENERGY + CARBON DIOXIDE = SUGAR

Environmental conditions = Heat
A Light level fCo T
A Water availability

A Temperature

A Nitrogen availability

A Stress factors (e.g., infestations, poIIutlon)




Why we need Hight Spectral Resolution
Reflectance?

Usi ng remote sensingl mpreac\t & otsh
monitoring of the 1 nteracti on:
funcgt ihoorwever this requires al
and tempor al scal es.

P. Townsend

Canopy processes, functional traits and
structure vary at different rates
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Spectra=Trait
Spectra=Trait
Spectra=Trait

Genotype Genotype Genotype

Phot oesigidtitur nal and seas onaflm var | at
fCanopy chlorophyl | édsesdapbotbdbsyghtihe
Objectives:

1: Identify optimal spectral resolutioto characterize vegetation function and its diurnal and season
dynamics

2: Determine thé r | tnteMfréguencyto remotely measure the key characteristics of vegetation
function (e.g. photosynthetic pigments; LAI; leaf chemistry, mass, area; canopy structure)

3: Determine the optimapatial scaleto assess the variation in the functional traits, across
vegetation types, disturbances, and a range of anthropogenic drivers.




Orbital (@ ~ 700 km) Global spatial extengystematicrepeat for
time series (TS)
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Spectral Measurements Required
for Global Ecosystem Function Assessments

21st Centiirv Snectrosconic Measiirements
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Di fferences
hyperspectr al

bet ween

RS

Multispectral Measurements
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Multi-spectral imaging is insufficient to accurately derive the required terrestrial surface compositiona

parameters.

Green et al. 2011



Spectroscopy Use f or

VSWIR Reflectance SpectroscopyR, %; feature analysis and indices/VIs):

A VNIR: chlorophyll and nitrogen content (red edge; PLSR)

A NIR: water content, specific leaf area (SLA) (NDWI)

A SWIR: lignin, cellulose, N, Phenolics

A VSWIR: photosynthetic function (PRI, PLSR), water content (liquid water), canopy vigor anc
structure (features, derivatives D705/D714
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Factors Determining the Reflectance of
Vegetation Canopies in the Near Infrared (NIR)

. Leaf radiative propertigsleaf type, shape and size
Broadleaf, needle leaf
Shiny, hard: American holy, tulip poplar, etc.
Shiny, soft: persimmon, glossy buckhoetg
Haliry: sagebrush,
Simple: elms, birches, aspens, beeches, maples, etc.
Compound: ashes, locusts, sumacs, walnuts, etc.

. Canopy structure and cover
Mature old growth: Fully developed canopy structure
Intermediate secondary successional stage
Initial secondary successional stage: Even aged young saplings



Deri ving Canopy Tr al
Refl ecdVREhReEXampl e

No prior knowledge g
A Continuous spectra E
- reflectance 8
- Fluorescence (SIF) g |
- derivatives, derivative VIs e s e o) -
Wavelength € nm) I
A Spectral features (e.g., PRISM)LD P i
- continuum removal ° D=y
https://pubs.usgs.gov/of/2011/1155/ :
< 10 : 1oF :
Some prior knowledge 21T 10w §
A Discrete Vegetation indices (VISE ¢ L Fiim057
A Temperature estimates V. — | o
A Models- PLSR, RTMo 02— ——— o A

GO0 630 700 730 E(H)

Wavelength € nm)
0% N, feature FWHM = 129.33, Area = 93829
100% N, feature FWHM = 141.92, Area = 102911
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https://pubs.usgs.gov/of/2011/1155/

Vegetation trats, which can be monitored
by VNIR Spectroscopy

chlorophyll (C_,)

I The most importanphotosynthetipigments
i Indicator of vegetation stresshlorophyll contentecease

change of gC,
Acarotenoids(Car)

i Light-collecting protectivepigmentsi participation

on light transfer

I senescence (natuyal stresg increase of Car/g;

Aanthocyanins

I protectionagainst UV radiation
i In newleaves Xpartof senescence

Anitrogen content
Awater

I Stresscondition health,drougthwat e r

Courtesy af

Dr. L. Kupkovand JanaAlbrechova Charles Univ. Prague
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Epidermal Cell

Leaf surface magnfied by 10x and 40x showing empidermal cells and

guard cells of stomata, which allow for gas exchange for photosynthesis.




Rednd Bl ue Shift of
Absorpti on Edge

- As leaves mature, the amount of chlorophyll in the foliage increases and the
absorption edge of the chlorophyll shifts towards longer NIR wavelength
- As plant stress in plant tissue increases, the absorption edge shifts toward

shorter wavelength
Utilized in stress mapping (esp. geloemical stress) mapping of vegetation

Red edge (RE) shift toward _
Blue shift of the red edge
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Near IR Grass > Broadleaf > Coniferous
High Reflection due to Spongy Mesophyll Tissues
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Mid IR (band 5,7 of Landsat)

Low reflectance Low reflectance
absorption by absorption by plant
chlorophyll & soil moisture

RELFECTANCE —¥

VISIBLE NEAR INFRARED MID INFRARED

RELFECTANCE RELFECTANCE RELFECTANCE
CONTROLLED BY CONTROLLED BY CONTROLLEDBY

LEAF PIGMENTS CELL STRUCTURE WATER CONTENT .



NSWI R Spectroscopy

bi ochemi cal comp

A Water ol ' | | -
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Reflectance

Spectroscopic Estimates of Leaf/Canopy Water

T T T T T T T T T T T T T

Reflectance Spectro for Different Leaf Water Content

Features sensitive to Vegetation Water
: Content:

1 A R1240

1 A R1649

Mo Added Water -

08 Cry Leaf + Woler (odded in 10% increments) —

In-sensitive bands: 860 nm and 819 nm
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A Greenetal., 1991 & Roberts et al. 1997 :.ND“ N —_—_— \J
A Canopy Relative Water Content 02}@ (R819 + R1649)
A Serrano et al. 2000
A Foliar Water Potential ool .
A Stimson et al. 2005 T 05 ‘1.'0'“_'—' T 45 20 o5

Wavelength (um)



Structur al

A Cellulose

Bl oc he mi

I Cellulose is a common material in plant cell walls
I Cellulose is the most abundant form of living terrestrial biomass (R.L.

Crawford 1981). = —— S

A ngnln 0.50 Protein

I 10% to 40% by dry
weight

I Ligninis a large
macromolecule with
molecular massin 2
excess of 10,000 amg. 0.30

I Structural component
of plant cell walls

I Lignin concentration in 920
litter has strong
Influence on ecosystem
processes 0.10

0.40

ectance

Cellulose

Kokaly, REMOTE SENS. ENVIRON. 75:15371 161 (2001)

Wavelength (um)
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A By dry weight, very low abundan

A

N |

In leaves, only 0-8%
Present in important biochemical

t

1.00

0.98

rogen

constituents of plants L. Rirogen < 1.01% 1
i Chlorophyll s ot 3
i Protein £ o p ]
Linked by field studies to rates of o | .
ecosystem functioning (carbon vas [ df_sample77

fixation) and widely used in L N e BT
ecosystem models 2.00 2.05 2.10 2.15 2.20

Wavelength (pm)

Analysis of feature depths and areas were derived
using the USGS PRISM tools (Kokaly et all. 2011)
https://pubs.usgs.gov/of/2011/1155/

Ribulosel,5-bisphosphate carboxylase/oxygenaseatalyzes
the first major step of carbon fixation.

RuBisC@ the most abundant protein in leaves (maybe the
most abundant on Earth).

HT


http://en.wikipedia.org/wiki/Image:Rubisco.png

Prediction Results Using Calibration Data Set — Nitrogen
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Results: AVIRIS Maps

=

- Ash/Charcoal
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Kokaly et al .,




Feature depths and areas wer Bolelt y2atkldl. usi ng
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Analysis of spectral shape (full spectrum and/or
absorption features) for vegetation characterization

A Absorption feature analysi$etracorder

I Clark, et al. (2003)J.GeophysResearch 108 (E12}150
5-44
i PRISM/USGS, Kokaly 2011
A Multiple Endmember Spectral Mixture Models:

I Roberts, et al. (1998 emote Sens. Environ. 65:2879

A Monte Carlaspectralunmixingmodet

I Asner and Heidebrecht (2008}.1J. Remote sensing 23:
39393958




Synergy between Multispectral and Hyperspectra

TOC Reflectand@o, modeled with SCOPE)
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SR (Simple ratio): correlation with
chlorophyll content or leaf area index
NDVI: correlation with chlorophyll
content or leaf area index

PRI (Photochemical Reflectance Index):
correlation with photosynthetic efficiency

Vegetation Indices (VIs) Provide Tool to
Compare the Functional Status of Vegetation

SR =

reflectance
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0.2 4
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VIs Require Prior Knowledge of the Limiting
Factors and the Related Vegetation Tralts

EVI: Enhanced Vegetation Index [- ZE l —
(similar to NDVI including blue . —]
reflectance)

Red Edge Indices (quantify the
slope of red absorption) s L[5 8

NDNI: Normalized Difference }
Nitrogen Index (Nitrogen
absorption at 1510 nm)

NDLI: Normalized Difference Lignin welleniange (]

e R =N :"."'u]

trale Refle
F
l"i—.-._ - l-3
o
e

Index (Lignin absorption at 1754
nm)
CAI: Cellulose Absorption Index (cellulose absorption at 2000 — 2200 nm)
PSRI: Plant Senscence Index (correlates with senescence and fruit
ripening)
CRI1 / CRI2: Carotenoid Reflectance Index (yellow spectral region,
correlates with carotinoid / chlorophyll ratio)

ARI1 / ARI2: Anthocyanin Reflectance Index (yellow and red spectral
region, correlates with anthocyanin / chlorophyll ratio)

NDWI: Normalized Difference Water Index (canopy water content)



6. RE bands importance for canopy Chl Vls

i

EO-1 Hyperion, OPE3
Cl,,= (R815/R705 1)

NASAAL CLUG@O01

Importance of RE Bands for Chl Detection with Vis
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Space -batepél I te an
Hyperspectr al Ref | ec

EO-1 Hyperion & DESIS: Using hyperspectral remote sensing to
compare vegetation function (i.e., GPP and Cab) between specie
and across the seasons, for sites representing diverse functional

types
A Evaluation of stability of the spectral time series

U Calibration sites */ deserts
U Vegetationi Key field data (e. g. flux sites, instrumentedsitu field
collections)
A Characterization of canopy function
U Using established bimdicators: VIs, features, spectral sensitivity
analysis to derive empirical models to map productivity

U Using integrated leatanopy models with the spectra to derive canopy
bio-physical and biechemistry parameters and estimate productivity

* CEOS REFERENCE SITES for Validation of Reflectance and Evaluation of Vegetati
Products (super sites)
https://Ipvs.gsfc.nasa.gov/LPV_Supersites/LPVsites.htm



EO-1 Hyperion Scenes and Selected FLUX Sites

Site Name (code)

Ecosystem Type

Duke forest, NC, US (Dkl1,
Dk2, DK3)

Grassland, Deciduous
broadleaf, Loblolly pine

Corn, C4; Hyperion&HLS

Howland, ME, US
(US-Ho2)

black spruce

Konza Prairie, KS. US
(US-KFS, KFB, Kon)

Grassland, tallgrass prairie
C4/C3

Lincoln, NE, US
(Ne-1, Ne-2, Ne-3)

Soybean/Corn rotation;
Hyperion&HLS

Mongu, Zambia, Africa
(ZM-Mkt)

Kalahari/Miombo Woodlan

Park Falls, WI, US
(US-Pfa)

Mixed, Deciduous hardwoo
forest

Skukuza, South Africa
(ZA-Kru)

Grassland savanna steppe

GPP (LSMeans and StErr, pmol m-2 s-1)

Variation of GPP
300+ images

———

7 PFTs:
} { Hardwoods, Conifers,
} Miombo woodland,

Savanna, Tallgrass
prairie, Crops C3&C4

US-DK1, gr

US-KFB,4b

Sites (in order of productivity)

> 9,500 Hyperion scenes have been collected over FLUX sites

37



Workflow for Processing and Analysis
Using reflectance timseries to capture the seasonal variability in GPP

spectral
consistency
+ -
repeated
coverage

EO-1 Hyperion: Sp
Estimated NEP 2
(umol m2 s7') oy

o NN .12

Seasonal time
series (Hyperion
and HLS)

Canopy

------ » reflectance

(R, 0-1)

Hyperion Spectral
..... » features & VIs,

HLS VIs

FLUX tower measurements
Field leaf & canopy traits

,|Canopy GPP (NEP, T°C, etc.)

Cab, LAI, Cw, Cdm

ectral Time eries for

N

Mongu, Zambia
Y &

> X
o W

Relationships
between flux GPP or

field Cab & spectra

(Fs and VIs)

MODELS
Statistical (PLSR)
Bio-physical (SCOPE)

A Spectral features (SF)
A Vegetation indices (NDVI,
TVI, SR and Gl

ANEPNet Ecosy.
Producti gdal) (
AGPPGross Pri
Producti sl (

Empirical and biophysical

models

1)PLSR - Partial Least
Squares Regressions

2)Regressiormodels with
Feature area (FA) and Vs

3)Biophysical,integrated
leaf+canopymodel SCOPE



EQG1 Hyperion Level Surface Reflectance
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EQ1 Hyperion Reflectance
Time Series at Calibration Sites

Evaluating the consistency/stability of derived reflectance
from Hyperion

Railroad Valley Playa
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Hyperion Chlorophyll Indices and GPP

Campbell et al. 2013
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Normalized SBIs (scaled 0-1)
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The Hyperion Vis, Normalized 0-1, Associated with GPP
are Related to a Suite of Bigphysical Traits

Example fronSkukuzdZA-Kru)

o NDVI : ®
R? = 0.6468 )
e NDWI L
R? = 0.7481 o® e
A Phytochrome e Sy A
R2 = 0.7082 . 0
Ao Chlorophyll (G32) LY A5 . )
R? = 0.7843 o X, R
2 E?fggf,s? g X E
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Spectr al Par amet R2toGEP
FA680 (PRISM) 0.82 *
G32=(R7506R445)/(R700R445) 0.78 *
FD680 (PRISM) 0.75*
NDWI=(R819-R1649)/(R819+R164 0.74
Phyt=(R724R654)/(R724+R654) 0.71
NDVI = (TM4-TM3)/(TM4+TM3) 0.65

e

Key bio-physical parameters

1. canopy chlorophyl
2. water content

3. but alsgphytochromelignin and

cellulose
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Midday GPP estimated using a partial least squares regression (PLSR) mod
with Hyperion seasonal timeseries, for eight globally distributed sites
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Standardized PLSR coefficients

Empirical models — PLSR, 7 PFTs

R tools for PLSR models Singh et al. 2015



Midday GPP estimated using a partial least squares regression (PLSR)
model with Hyperion seasonal timeseries, for individual PFTs
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Chlorophyll feature area (FA) capturing the dynamics in
photosynthesige.g., canopy chlorophyll, Chl = Cab)

150 - growing season Chlorophyl |l Featur
< 2=0.65 .
%’ | e © TS‘ )
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= 25 § o ) )
5 / % associated with canopy chlorophyll and

0 senescence GPP for allPFTs
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GPP(umoI N2 Sl) Ime series are require to capture the

dynamics in GPP across the season

Empirical modelg Simple regressions

Feature depths and areas were derived using the USGS PRISMKokégy(et all. 2011) https://pubs.usgs.gov/of/2011/1155/



Relationship Between Chl Feature Area ancl VI

Chlrophyll VI (Cl)
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=0.00x?-0.02x + 1.34

150

NASA17-LCLUC170013

Species R?

corn 0.96
grass + tallgrass prairie |0.87
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HW, DF and Park Falls |0.95
grassland savanna 0.88
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Hyperion Spatial Distribution Maps, Capturing th
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Upscaling from Leaf to Canopy with RS Models

1. Empirical models - direct canopy-integrated, relating RS to field data

- Statistical analyses to establish a relationship between the targeted biochemical parameter and a spectre
parameter (e.gspectral indices, derivativey.

- Multiplying the leaf content by the corresponding canopy biophysical parameter (e.g., han@ass)

2. Physical (RTMo) and integrated bio-physical models(e.g.,ProSAIL, SCOPE)

- enploy invertedradiative transfer models (RTMo, e.g., PROSPECGTEAFMOD, SAIL) to estimate the
biochemical content at the leaf level.

- RT modeling simulates theansfer of radiation in the canopy by computing the interaction between a plant

solar radiation.
- Integrated biephysical model$ combine modules simulating the biochemistry &1d/o, leaf and canopy
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PROSPECT Model

PROSPECT is a radiative transfer model describing leaf level reflectance and
transmittance based on leaf structure and light absorption characteristics of the lea
biochemical content

It is frequently used to provide leaf reflectance and transmittance inputs to SAIL
(PROSAIL)

PROSPECT describes describes leaves as a number of plates separated by air spact
The number of plates (N) is the number of compact layers representing the avere
number of air/cell wall interfaces within the mesophyll

Jones and Vaughn 2010
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PROSPECT: A model of leaf optical properties spectra

Radiative transfer model based of a gener al
of plant leaves from 400 nm to 2500 nm. Scattering is described by a spectral refractive index (r
and a parameter characterizing the leaf mesophyll structure (N). Absorption is modeled using
pigment concentratior((,,), water content,), and the corresponding specific spectral absorptior
coefficients K,,,and K,). The parameters K,_,, and K, have been fitted using experimental data
corresponding to a wide range of plant types and status.

Modeling of leaf optical properties: http://photobiology.info/Jacg_Ustin.html

PROSPECT: http://opticleaf.ipgp.fr/index.php?page=prosfiemn http://photobiology.info/ )

A OPTICLEAF The database on leaf optical properties

12-02-2020 Model prospect results

reflectance
Wavelength = I-trarsmittance

ooooooooooooooooooooooooooooooooooooooooooo
ooooooooooooooooooooooooooooooooooooooooooo
FYRHLTBERRBBEETAES 0B NITBNBERREBEREESES s8R

download the parameter file
download the resuilt file
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http://photobiology.info/Jacq_Ustin.html
http://opticleaf.ipgp.fr/index.php?page=prospect

Reflectance
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