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-The major source of Electromagnetic energy that 

earth receives is from the Sun

. Nuclear reactions within the Sun produce a full 

range of electromagnetic radiation

-Electromagnetic energy emissions are generated by 

several mechanisms

. Changes in the energy levels of electrons

. Acceleration of electrical charges

. Decay of radioactive substances

. Thermal motion of atoms and molecules
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Major Regions of the Electromagnetic Spectrum

HighEnergy Light

Gammawŀȅǎ όʴύ<0.03nm

X-Ray 0.03 ς300 nm

Ultra Violet (UV) 300ς380 nm

Visible Light *

Blue 380 ς500 nm

Green 500ς600 nm

Red 600 ς720 nm

Infrared *

Near (NIR) 0.72 ς1.30 ˃ Ƴ

Shortwave (SWIR) 1.30 ς3.00 ˃ Ƴ

Far, Longwave or TIR 4.00 ς1000 ˃ Ƴ

LowEnergy Light

Microwave 1000 ςоллΣллл ˃Ƴ όмƳƳ- 300 mm)

Radio > 3,000,000 ˃ Ƴ
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Earth's atmosphere is a continuously 

changing filter that modifies the 

sunlight that travels through it. 



Types of Remote Sensing

Electromagnetic

Wavelength (mm)

Passive

Systems

Active

Systems

0.1 - 0.4 Ultraviolet (UV)

0.4 ï0.7 Visible

0.7 ï1.4

1.4 ï3.0

Near-Infrared

Shortwave Infrared

3.0 ï1,000Infrared

1,000-

300,000

Microwave

Airborne Cameras

Radiometers

Spectrometers

LIDAR

Radar (SAR)



Atmospheric Effects on Satellite Vegetation 

Reflectance at Low and High Altitude

Journal of Geophysical Research: Atmospheres Volume 116, Issue D18, 

D18308, 30 SEP 2011 DOI: 10.1029/2010JD015488

http://onlinelibrary.wiley.com/doi/10.1002/jgrd.v116.D18/issuetoc


Dominant Controls
water availability 40%

temperature 33%
solar radiation 27%

Total vegetated area: 117 M km2

Limiting Factors of Vegetation Photosynthesis

/ǳǊǘŜǎȅ ƻŦΥ 5ǊΦ aŀǘ 5ƛǎƴŜȅΣ ǿǿǿΦƎŜƻƎΦǳŎƭΦŀŎΦǳƪκϤƳŘƛǎƴŜȅ



Canopy photosynthesis - how is it measured?

o Challenge: lack of comprehensive information on the spatial and temporal variability of 
the critical biophysical traits and environmental parameters that drive photosynthesis 

(e.g., chlorophyll, APAR, LAI)

eddy-covariance towers measure fluxes 
(long term measurements at a specific point)



Linking Vegetation Function & Remote Sensing 

Spectroscopy

Small changesin photosynthesis (GPP) 

cause greatvariationsanduncertainties

in the carbonexchange and balance
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Terrestrial and Ocean Chlorophyll (terrestrial NDVI)

Key application:

omodeling and global and regional climate 

predictions

olocal-regional scale management ïsustainable 

agriculture, ecology, forestry



Linking Plant Physiology and Remote Sensing

Vegetation function (gradient of states)
Å Photosynthetic function (GPP canopy)

- water - stomatal conductance, N, leaf 
chlorophyll and structural compounds 

Å Canopy vigor (photosynthetic biomass)
Å Photosynthetic leaf area and biomass

Å Canopy structure (height, closure)

Environmental conditions
Å Light level 
ÅWater availability
Å Temperature
Å Nitrogen availability 
Å Stress factors (e.g., infestations, pollution)

What are we observing and when?

Vegetation traits and spectra (reflectance and SIF) have:
ü Diurnal cycle, and
ü Seasonal cycle



Why we need Hight Spectral Resolution 

Reflectance? 

Using remote sensing spectroscopy the goal is to improve the 

monitoring of the interactions between surface climate and vegetation 

function, however this requires also measurements at different spatial 

and temporal scales. 

Canopy processes, functional traits and 

structure vary at different rates

ÅPhotosynthesis ïdiurnal and seasonal variations

ÅCanopy chlorophyll and photosynthetic biomass ïseasonal changes

P. Townsend

Objectives:

1: Identify optimal spectral resolution to characterize vegetation function and its diurnal and seasonal 

dynamics

2: Determine the órightô time/frequency to remotely measure the key characteristics of vegetation 

function (e.g. photosynthetic pigments; LAI; leaf chemistry, mass, area; canopy structure)

3: Determine the optimal spatial scalesto assess the variation in the functional traits, across 

vegetation types, disturbances, and a range of anthropogenic drivers. 



Orbital (@ ~ 700 km)

Space station(@ 400 km)

Low - Mid - High Altitude (@ 500 m ς5 km)

¦!± όϪ мл ςмнл Ƴύ

Automated/Fixed Tower (@ 10 - 120 m)

[ŜŀŦ πŎŀƴƻǇȅ όϪ Ϥ мл Ƴύ
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Global spatial extend, systematicrepeat for
time series (TS)

{Ǉŀǘƛŀƭ ŎƻǾŜǊŀƎŜ ϧ ¢{
ǎƛǘŜ ϧ ǊŜƎƛƻƴ

leaf ςcanopy ςsite
consistent TS

{Ǉŀǘƛŀƭ ŎƻǾŜǊŀƎŜΣ ǊŜǇŜŀǘ

canopy/site, TS

Spatial coverage



Cǳƭƭ ǊŀƴƎŜ ƛƳŀƎƛƴƎ ǎǇŜŎǘǊƻǎŎƻǇȅ ƛǎ ǊŜǉǳƛǊŜŘ ǘƻ ƳŜŀǎǳǊŜ ŎƻƳǇƻǎƛǘƛƻƴΣ ŎƘŜƳƛǎǘǊȅΣ ƘŜŀƭǘƘ ŀƴŘ ŎƘŀƴƎŜ ƻŦ ŜŎƻǎȅǎǘŜƳǎΦ 

21st Century Spectroscopic Measurements

Spatial 1000 m

мллл Ƴ

5 m

Spectral Measurements Required

for Global Ecosystem Function Assessments



Multi-spectral imaging is insufficient to accurately derive the required terrestrial surface compositional 
parameters.

Green et al. 2011

Multispectral Measurements

Differences between multispectral and 

hyperspectral RS data



VSWIR Reflectance Spectroscopy(R, %; feature analysis and indices/VIs): 
Å VNIR: chlorophyll and nitrogen content (red edge; PLSR)

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

Å SWIR: lignin, cellulose, N, Phenolics

Å VSWIR: photosynthetic function (PRI, PLSR), water content (liquid water), canopy vigor and 

structure (features, derivatives D705/D714

Spectroscopy Use for Vegetation Function 
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. Leaf radiative properties ïleaf type, shape and size

Broadleaf, needle leaf

Shiny, hard: American holy, tulip poplar, etc.

Shiny, soft: persimmon, glossy buckhorn, etc

Hairy: 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

Factors Determining the Reflectance of 

Vegetation Canopies in the Near Infrared (NIR)
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Deriving Canopy Traits with Continuous 

Reflectance ïVNIR Examples
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O% N, feature FWHM = 129.33, Area = 93829 

100% N, feature FWHM = 141.92, Area = 102911

r = 0.98

Fit r2= 0.97

O% N

100% N

No prior knowledge
ÅContinuous spectra 

- reflectance

- Fluorescence (SIF)

- derivatives, derivative VIs

ÅSpectral features (e.g., PRISM)
- continuum removal

https://pubs.usgs.gov/of/2011/1155/

Some prior knowledge
ÅDiscrete Vegetation indices (VIs)

ÅTemperature estimates

ÅModels - PLSR, RTMo

https://pubs.usgs.gov/of/2011/1155/
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chlorophyll (Cab)
ï The most important photosyntheticpigments

ï Indicator of vegetation stress ïchlorophyll content decrease, 

change of Ca/Cb

Åcarotenoids(Car)
ï Light-collecting, protectivepigments ïparticipation 

on light transfer 

ï senescence (natural) x stress ïincrease of Car/Cab

Åanthocyanins
ï protectionagainst UV radiation

ï In newleaves X part of senescence

Ånitrogen content

Åwater
ï Stress condition, health, drougth, water intakeé

Vegetation trats, which can be monitored 

by VNIR Spectroscopy

Courtesy of: 
Dr. L. Kupkovaand Jana Albrechova, Charles Univ. Prague
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- 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. geo-chemical stress) mapping of vegetation

Red edge (RE) shift toward 

longer NIR wavelength

Redand Blue Shift of the Chlorophyll 

Absorption Edge

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 

absorption by plant 

& soil moisture

Low reflectance 

absorption by 

chlorophyll
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NSWIR Spectroscopy of Vegetation 

biochemical composition

ÅWater

ÅNitrogen (in 
chlorophylls and 
proteins)

ÅLignin and 
Cellulose 

ÅNon-
Photosynthetic 
Vegetation

Kokaly, REMOTE SENS. ENVIRON. 84:437-456 (2003)
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Spectroscopic Estimates of Leaf/Canopy Water

Å Leaf/Canopy Liquid Water Thickness
Å Gao & Goetz, 1994

Å Canopy Equivalent Water Thickness
Å Green et al., 1991 & Roberts et al. 1997

Å Canopy Relative Water Content
Å Serrano et al. 2000

Å Foliar Water Potential 
Å Stimson et al. 2005

Features sensitive to Vegetation Water 
Content:
Å R1240
Å R1649

In-sensitive bands: 860 nm and 819 nm
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Structural Biochemical Compounds 

Å Cellulose
ïCellulose is a common material in plant cell walls

ïCellulose is the most abundant form of living terrestrial biomass (R.L. 
Crawford 1981).

Kokaly, REMOTE SENS. ENVIRON. 75:153ï161 (2001)

Å Lignin
ï10% to 40% by dry 

weight

ïLignin is a large 
macromolecule with 
molecular mass in 
excess of 10,000 amu.

ïStructural component 
of plant cell walls

ïLignin concentration in 
litter has strong 
influence on ecosystem 
processes



Cellulose

Lignin
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Nitrogen

Å By dry weight, very low abundance 
in leaves, only  0.5-4% 

Å Present in important biochemical 
constituents of plants

ïChlorophyll

ïProtein

Å Linked by field studies to rates of 
ecosystem functioning (carbon 
fixation) and widely used in 
ecosystem models 

Ribulose-1,5-bisphosphate carboxylase/oxygenase,  catalyzes 
the first major step of carbon fixation.
RuBisCOis the most abundant protein in leaves (maybe the 
most abundant on Earth).

Analysis of feature depths and areas were derived 

using the USGS PRISM tools (Kokaly et all. 2011) 

https://pubs.usgs.gov/of/2011/1155/

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


Kokaly and Clark, REMOTE SENS. ENVIRON. 67:267ï287 (1999)



Results: AVIRIS Maps

Green
Vegetation

Mineral/Ash

Mineral - 1mm

Mineral - 2mm

Dry Conifer

Dry & Green
Conifer

Straw matting

Ash/Charcoal

Straw matting 
& Green grass

Curtesy of: Kokaly et al., RSE



AVIRIS

Dry Grass

AVIRIS

Dry Pine

Kokaly et al., Remote Sensing of Environment

Feature depths and areas were derived using the USGS PRISM tools (Kokalyet all. 2011) 

https://pubs.usgs.gov/of/2011/1155/



Analysis of spectral shape (full spectrum and/or 

absorption features) for vegetation characterization

ÅAbsorption feature analysis, Tetracorder:

ïClark, et al. (2003) . J. Geophys. Research 108 (E12): 5-1 to 
5-44

ïPRISM/USGS, Kokaly 2011

ÅMultiple Endmember Spectral Mixture Models:

ïRoberts, et al. (1998) Remote Sens. Environ. 65:267ς279

ÅMonte Carlo spectralunmixingmodel:

ïAsner and Heidebrecht (2002) Int. J. Remote sensing 23: 
3939ς3958
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Sentinel-2 MSI

Landsat-8 OLI 

Digital Globe 
WV-3

Planet Rapid 
Eye

Synergy between Multispectral and Hyperspectral 

Reflectance, MS Vis 
(https://www.indexdatabase.de/db/i.php)



Creditto Uwe
Rascher

Vegetation Indices (VIs) Provide Tool to 

Compare the Functional Status of Vegetation

/ǊŜŘƛǘǘƻ ¦ǿŜ
wŀǎŎƘŜǊ



Creditto Uwe
Rascher

VIs Require Prior Knowledge of the Limiting 

Factors and the Related Vegetation Traits

senescence and fruit



ü Using R715 nm instead of R705nm  reduces the sensitivity the 

chlorophyll VI, which is most pronounced at high chlorophyll

levels. The result is reduced ability to detect the changes during 

initial senescence, when chlorophyll level is high.

The dynamic range of a VI is important ïusing a red-edge band 

higher on the RE shoulder (695-720 nm) reduces the sensitivity 

of the VI. 

SCOPE Reflectance 
Chl  1-60 µmol/cm2, LAI = 3

Importance of RE Bands for Chl Detection with VIs

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

NASA  17-LCLUC17-00136. RE bands importance for canopy Chl VIs



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

Å Evaluation of stability of the spectral time series
ü Calibration sites */ deserts

ü Vegetation ïKey field data (e. g. flux sites, instrumented, in situ field 
collections)

Å Characterization of canopy function

ü Using established bio-indicators: VIs, features, spectral sensitivity 
analysis to derive empirical models to map productivity

ü Using integrated leaf- canopy models with the spectra to derive canopy 
bio-physical and bio-chemistry parameters and estimate productivity

* CEOS REFERENCE SITES for Validation of Reflectance and  Evaluation of Vegetation 

Products (super sites)

https://lpvs.gsfc.nasa.gov/LPV_Supersites/LPVsites.htm

Space borne -Satellite and ISS 

Hyperspectral Reflectance Time Series
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EO-1 Hyperion Scenes and Selected FLUX Sites

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



Workflow for Processing and Analysis 
Using reflectance time-series to capture the seasonal variability in GPP

ÅNEP -Net Ecosystem 

Production (Õmol m-2s-1)

ÅGPP-Gross Primary 

Production (Õmol m-2s-1) 

ÅSpectral features (SF)

ÅVegetation indices (NDVI, 

TVI, SR and Cl705)

Empirical and biophysical 

models

1)PLSR - Partial Least 

Squares Regressions

2)Regressionmodels with 

Feature area (FA) and VIs

3)Biophysical, integrated 

leaf+canopymodel SCOPE

spectral 

consistency 

+ 

repeated 

coverage
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Atmospheric CORrection(ATCOR)

Accurate spectral time series -

cal/val, veg. physiology and canopy 

chemistry (nadir acquisition)

Fast response - geology, vegetation 

and land cover characterizations
(also off-nadir acquisitions)

Accurate -geology, vegetation 

and land cover characterizations 
(near-nadir acquisitions)

Radiance (L1R)

For rugged terrain, geo-coded 

data & Digital Elevation Model 

(DEM)

SENTINEL -2 

ATCOR

S6 based, Bo-Cai Gao
new version, Dave Thompson

Proprietary

USGS/EROS

w ό҈ύ
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EO-1 Hyperion Reflectance 
Time Series at Calibration Sites

Evaluating the consistency/stability of derived reflectance 
from Hyperion
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GPP

The Hyperion VIs, Normalized 0-1, Associated with GPP 

are Related to a Suite of Bio-physical Traits

Spectral ParametersR2 to GEP

FA680 (PRISM) 0.82 *

G32=(R750-R445)/(R700-R445) 0.78 *

FD680 (PRISM) 0.75 *

NDWI=(R819-R1649)/(R819+R1649) 0.74

Phyt=(R724-R654)/(R724+R654) 0.71

NDVI = (TM4-TM3)/(TM4+TM3) 0.65

Example from Skukuza(ZA-Kru)

Key bio-physical parameters

1. canopy chlorophyll 

2. water content

3. but also phytochrome, lignin and 

cellulose

9ƳǇƛǊƛŎŀƭ ƳƻŘŜƭǎ ς{ƛƳǇƭŜ ǊŜƎǊŜǎǎƛƻƴǎΣ ƴƻǊƳŀƭƛȊŜŘ ±Lǎ όлπмύ



Midday GPP estimated using a partial least squares regression (PLSR) model 

with Hyperion seasonal time-series, for eight globally distributed sites



Midday GPP estimated using a partial least squares regression (PLSR) 

model with Hyperion seasonal time-series, for individual PFTs



Chlorophyll feature area (FA) capturing the dynamics in 

photosynthesis (e.g., canopy chlorophyll, Chl = Cab)

Chlorophyll Feature Area (FA)

R² = 0.65

R² = 0.77

0

25

50

75

100

125

150

-5 0 5 10 15 20 25 30 35 40 45 50

C
h
lo

ro
p
h
yl

l 
F

e
a
tu

re
 A

re
a

 (F
A

 
6
8
0
 n

m
) 

GPP (µmol m-2 s-1) 

VThe 680 nm feature area (FA) is 

associated with canopy chlorophyll and 

GPP for all PFTs

VTime series are required to capture the 

dynamics in GPP across the season

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

7 PFTs

Hyperion
Skukuza(ZA-Kru)

senescence

growing season

Empirical models ςSimple regressions



Relationship Between Chl Feature Area and Clre VI

NASA  17-LCLUC17-0013
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Hyperion Spatial Distribution Maps, Capturing the 
Seasonal Range of CO2 Absorbed by the Vegetation

н

-5 25

)

GPP



1. Empirical models - direct canopy-integrated, relating RS to field data
- Statistical analyses to establish a relationship between the targeted biochemical parameter and a spectral 

parameter (e.g., spectral indices, derivatives).

- Multiplying the leaf content by the corresponding canopy biophysical parameter (e.g., LAI orbiomass)

2. Physical (RTMo) and integrated bio-physical models (e.g., ProSAIL, SCOPE)
- employ inverted radiative transfer models (RTMo, e.g., PROSPECT, LEAFMOD, SAIL) to estimate the 

biochemical content at the leaf level.

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

solar radiation.

- Integrated bio-physical models ïcombine modules simulating the biochemistry and RTMo, leaf and canopy

Upscaling from Leaf to Canopy with RS Models 
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.ƛƻπǇƘȅǎƛŎŀƭ ŀƴŘ w¢aƻƳƻŘŜƭǎ

Ҍ Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ŀ ƎƻƻŘ ǇŀǊŀƳŜǘǊƛȊŀǘƛƻƴ ǳƴƛǾŜǊǎŀƭ 
ǳǎŜ όǇƻǎǎƛōƭŜ ǘƻ ǳǎŜ ŦƻǊ ƳǳƭǘƛǇƭŜ ŀǊŜŀǎύ

ᵄ  IŀǾŜ ǘƻ Ǌǳƴ ǘƘŜ ǎƛƳǳƭŀǘƛƻƴǎ ǎŜǇŀǊŀǘŜƭȅ ŦƻǊ ǘƘŜ 
ŘƛŦŦŜǊŜƴǘ ŎŀƴƻǇƛŜǎΣ ǎƭƻǇŜǎ ƻǊƛŜƴǘŀǘƛƻƴ ŀƴŘ 
ƛƴŎƭƛƴŀǘƛƻƴ

ᵄ   ±ŜǊȅ ŘƛŦŦƛŎǳƭǘ ŎƻƳǇǳǘŀǘƛƻƴŀƭƭȅ 

ᵄ   DŜƴŜǊŀƭƛȊŜŘƳƻŘŜƭ ƻŦ ǊŀŘƛŀǘƛƻƴ ǎǇǊŜŀŘƛƴƎ ƴŜŜŘ 
ƴƻǘ ŀƭǿŀȅǎ ŘŜǎŎǊƛōŜ ǎƘŀǊǇƭȅ ǘƘŜ ǎǇŜŎƛŦƛŎ ŎƻƴŘƛǘƛƻƴǎ 
ǘƘŀǘ ǿŜǊŜ ƭƻŎŀƭƭȅ ƛƴ ǘƘŜ ǘƛƳŜ ƻŦ ǘƘŜ Řŀǘŀ ŀŎǉǳƛǎƛǘƛƻƴ
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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 leaf 

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 spaces

The number of plates (N) is the number of compact layers representing the average 

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 generalized ñplate modelò that represents the optical properties 

of plant leaves from 400 nm to 2500 nm. Scattering is described by a spectral refractive index (n) 

and a parameter characterizing the leaf mesophyll structure (N). Absorption is modeled using 

pigment concentration (Ca+b), water content (Cw), and the corresponding specific spectral absorption 

coefficients (Ka+b and Kw). The parameters n, Ka+b, and Kw have been fitted using experimental data 

corresponding to a wide range of plant types and status. 

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

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

http://photobiology.info/Jacq_Ustin.html
http://opticleaf.ipgp.fr/index.php?page=prospect
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Factors Affecting Leaf Reflectance / 

Absorption


