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1 DESCRIPTION
1.1 Purpose

This document details the algorithms and processes used for creating NEON Level 2 data products NDVI,
EVI, Canopy Xanthophyll Cycle, and Canopy Lignin from Level 1 reflectance data. Data Product Identifiers
are provided in Table 1. Where necessary, this document includes a detailed discussion of appropriate
theoretical background, data product provenance, quality assurance and control methods used,
approximations and/or assumptions made, and an exposition of uncertainty resulting in a cumulative
reported uncertainty for this product.

1.2 Scope

This document describes the theoretical background and entire algorithmic process for creating NEON
Level 2 data products NDVI, EVI, Canopy Xanthophyll Cycle, and Canopy Lignin from Level 1 reflectance
data (RD[03]). It does not provide computational implementation details, except for cases where these
stem directly from algorithmic choices explained here.
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2 RELATED DOCUMENTS AND ACRONYMS

2.1 Applicable Documents

AD [01] | NEON.DOC.000001 | NEON Observatory Design

AD [02] | NEON.DOC.002652 | NEON Level 1, Level 2 and Level 3 Data Products Catalog
AD [03] | NEON.DOC.005005 | NEON Level 0 Data Product Catalog

AD [04] | NEON.DOC.002236 | AOP Overview Document

AD [05] [ NEON.DOC.015015 | AOP Payload Integration Mount Design

2.2 Reference Documents

RD[01] | NEON.DOC.000008 | NEON Acronym List

RD[02] [ NEON.DOC.000243 | NEON Glossary of Terms

RD[03] [ NEON.DOC.001288 | NEON Imaging spectrometer radiance toreflectance algorithm
theoretical basis document

RD[04] | NEON.DOC.001290 | NEON Algorithm Theoretical Basis Document: Imaging Spectrometer
Geolocation Processing

RD [05] [ NEON.DOC.001210 | NEON Algorithm Theoretical Basis Document: NEON Imaging
Spectrometer Level 1B Calibrated Radiance

2.3 Verb Convention

"Shall" is used whenever a specification expresses a provision that is binding. The verbs "should" and

"may" express non-mandatory provisions. "Will" is used to express a declaration of purpose on the part
of the design activity.
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3 DATAPRODUCT DESCRIPTION
3.1 Variables Reported

The primary outputs from the NEON Imaging Spectrometer (NIS) NDVI, EVI, ARVI, Canopy Xanthophyll
Cycle and Canopy Lignin algorithms include:

e NDVIImage File: This is the first band in the ENVI format Vegetation Indices file

e EVIImageFile: Thisis the second band in the ENVI format Vegetation Indices fie

e ARVIImage File: This is the third band in the ENVIformat Vegetation Indices file

e Canopy Xanthophyll Cycle Image File: This is the fourth band in the ENVI format Vegetation

Indices file

e Canopy Lignin Image File: This is the fifth band in the ENVI format Vegetation Indices file
The ENVI file format consists of a flat binary file (*.dat) containing the 4-byte floating point pixel data
values in band sequential (BSQ) interleave with an accompanying human-readable formatted ASCII text
file (*.hdr), (“ENVI Image Files (Using ENVI) | Exelis VIS Docs Center,” n.d.).

3.2 InputDependencies

A NIS Level 1B reflectance dataset is the only required input for creating the NDVI, EVI, Canopy
Xanthophyll Cycle and Canopy Lignin data products.

3.3 ProductInstances

The NEON data products produced directly from these algorithms are:

Table 1. Data Products generated by Algorithmsdescribed in this ATBD.

Data Product Identification Code | DataProduct Name
NEON.DOM.SITE.DP2.30026 Vegetation Indices — Spectrometer
NEON.DOM.SITE.DP2.30020 Canopy Xanthophyll Cycle
NEON.DOM.SITE.DP2.30022 Canopy Lignin

3.4 TemporalResolution and Extent

The NIS vegetationindex algorithms are applied on each AOP flight line, which typically measure
between 5 and 20 km in length and approximately 600 m in width. Flight speeds are typically around
100 knots (185.2 km/hour), and therefore, the time required to acquire flight lines of the lengths stated
will range from 1.6to 6.5 minutes. The integrationtime for the NIS detector arrayis 100 milliseconds, so
a timeintegrated observation is acquired every 100 milliseconds along-track.

3.5 SpatialResolution and Extent

The NIS vegetationindex algorithms are applied on each AOP flight line, which typically measure
between 5 and 20 km in length and approximately 600 m in width, at 1000 m flying altitude. The
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Instantaneous Field of View (IFOV) of the NEON Imaging Spectrometer is 1.0 milliradian, which equates
to a ground sampling distance at a nominal flight of 1000 m above ground, of 1 meter at nadir. The
actual ground resolution will vary with flight altitude and cross-trackfield angle.
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4  SCIENTIFICCONTEXT

NEON’s Airborne Observation Platform (AOP) remote sensing payload includes the NEON Imaging
Spectrometer (NIS), a visible-to-shortwave infrared (VSWIR) pushbroom sensor; a small-footprint full
waveform LIiDAR, and a high-resolution digital camera (AD [04]). The instrument payload is mounted
onto a common integration plate, the Platform Integration Mount, or PIM (AD [05]). The entire AOP
remote sensing payload is integrated onto a de Havilland DHC-6 Twin Otter aircraft configured with a
large open downward-looking viewport. The payload is mounted directly on the cabin floor via the seat
rails with the sensors viewing in the nadir direction through an open port. Imaging spectrometer data
acquired with the NISinstrument supports the creation of derived data products which give unique
insightin to the types, abundance, and quality of various land covers, including vegetation (Govender,
Chetty, & Bulcock, 2007 and ).

4.1 TheoryofMeasurement/Observation

Level 1 NIS reflectance data provide reflectance spectra for each pixel in 424 discrete 5 nm bandpasses
for wavelengths from 382 nm to 2512 nm (RD[05]). The unique reflectance spectra of materials onthe
ground are capturedin this data. As full spectral curves are difficult and cumbersome to process and
analyze, applications typically utilize only those spectral regions relevant to the materials or phenomena
of interest andtheir key spectralfeatures. This approach also works well withthe much broader
bandpasses of multispectral sensors. For vegetation, these spectral features and regions include blue
reflectance, the green vegetationreflectance feature and its shoulders, the chlorophyll absorption
featurein the red wavelengths, the near infrared (NIR) shoulder, and the lignin reflectance featurein
the shortwave infrared (SWIR). The regions are shown in Figure 1 in the larger context of the
electromagnetic spectrum as well as how they relate to the commonly used Landsat 7 and 8
bandpasses.

100:
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Figure 1. Portions of the electromagnetic spectrum showing % atmospheric transmission and the bandpasses for
Landsat7 (ETM+) and Landsat 8 (OLl and TIRS) sensors. Landsat 8 OLI Bands 2, 3,4, and 5 correspond to Blue,
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Green, Red and Near Infrared (NIR), respectively. Landsat has used4 to 9 bands, dependingon generation, to
cover the roughly400to 2400 nm portion of the spectrum here, which is covered by the NEON Imaging
Spectrometerwith 424 5-nm-wide bands. (USGS, 2013)

For spectralindices, the reflectance values of those regions are combined using various functions,
typically as normalized ratios of two or more bands. This reduces the data volume to a single value per
pixel directly related to the topic of study and comparable across both space and time and even
between different sensors and datasets. Using ratios canalso help reduce error, as it is inherently a
relative measure and eliminates error common to the absolute measure of the bands involved. Many
such indices are now common in remote sensing and the earth sciences, including but not limited to
(Miura etal, 2011):

¢ Normalized Difference VegetationIndex (NDVI)

e Enhanced VegetationIndex (EVI)

e Atmospherically Resistant Vegetation Index (ARVI)

e Canopy Xanthophyll, or Photochemical Reflectance Index (PRI)

e Canopy Lignin, or Normalized Difference Lignin Index (NDLI)

4.2 TheoryofAlgorithm

Though they differ in the phenomenology on which they focus, all vegetationindices have the same
basic approach of using 2 to 4 spectral bands relatedto reflectance or absorption by specific compounds
and combining those bands in normalized, unitless ratios. The following subsections, one per index
covered in this document, detail the theory behind each index’s particular ratio algorithm. Exact NIS
bands used are alsonamed in eachsection. Currently, NIS bands are selected to most closely matchthe
center of historically used broader multispectral ranges or most closely match the specified band(s) for
the index as specified in the index’s original publication as noted.

4.2.1 Normalized Difference Vegetation Index (NDVI)

The Normalized Difference VegetationIndex (NDVI) is a measure of dense green vegetation. It has been
a widely popular vegetationindex for over 40 years (Mercanti, 1974). Values of NDVIrange from -1to 1,
with greenvegetation concentrating in the range of 0.2to 0.8. Two advantages behind the theory of
NDVI are that it combines a normalized difference formulation and uses the highest absorption and
reflectance regions of chlorophyll. Inpractice, this has been found to make NDVI very robust over a wide
range of conditions. In regions of dense vegetationand high LAI, however, it can produce saturated
values. The ideal NDVI algorithm is given in equation Eq. 1. NIS1 bands at 648.2 nm (channel 54) and
858.6 nm (channel 96) are used for Red, and NIR respectively. These bands correspond to the center of
the multispectral bandpasses used for NDVI historically (Mercanti, 1974).

(NIR — Red) Eq.

NDVI= TNIR + Red) 1

Page 6 of 36



Title: NEON NDVI, EVI, Canopy Xanthophyll Cycle, and Canopy Lignin Algorithm Theoretical

n e e’ n Basis Document Date: 03/25/2022

Operated by Battelle [ nFON Doc. #: NEON.DOC.002391 | Author: D. Hulslander Revision: B

|

4.2.2 Enhanced Vegetation Index (EVI)

The Enhanced Vegetation Index (EVI) was developed as a standard MODIS product (Huete, Justice, &
Van Leeuwen, 1999). Its design aims to improve the NDVI by optimizing the vegetationsignal in higher
LAl regions in which NDVI frequently saturates. The blue region of the spectrumis used in EVI to help
compensate for soil background signals as well as to reduce atmosphericinfluences (e.g. aerosol
scattering). EVI, like NDVI, is a normalized ratio and therefore alsoranges in value from -1 to 1. The ideal
EVlalgorithmis given in Eq. 2. NIS1 bands at 467.8 nm (channel 18), 648.2 nm (channel 54), and 858.6
nm (channel 96) are used for Blue, Red, and NIR respectively.

(NIR — Red) Eq.
*
(NIR + 6 *Red — 7.5 * Blue + 1) 2

EVI =125

4.2.3 Atmospherically Resistant Vegetation Index (ARVI)

The Atmospherically Resistant Vegetation Index (ARVI) is an enhancement to NDVI designed to make it
relatively more resistant toatmospheric factors, including atmospheric aerosol levels (Kaufman & Tanre,
1992). It uses reflectance values from the blue region of the spectrum to correct red reflectance values
for atmospheric scattering effects. ARVIis most usefulin geographic regions of high atmospheric aerosol
content, e.g. tropical regions experiencing high soot levels associated with agricultural burning
operations. The ideal ARVI algorithmis given in Eq. 3. NIS1 bands at 467.8 nm (channel 18), 648.2 nm
(channel 54), and 858.6 nm (channel 96) are used for Blue, Red, and NIR respectively.

NIR — [Red — y(Blue — Red)] Eq.

ARVI = NIR + [Red — y(Blue — Red)] 3

The gamma constant is a weighting constant whose value is set depending on aerosoltype and degree
of atmospheric compensation. When atmospheric correction has been performed, a value of 1 for
gamma is commonly used. NEON adjusts L1 data for atmospheric effects (including aerosols) using
ATCOR prior to calculating ARVI (RD[03]).

As a normalized ratioindex, the value of ARVIranges from-1 to 1, with higher pixel values
corresponding to healthier and greener vegetation.

4.2.4 Canopy Xanthophyll (PRI)

Canopy Xanthophyll, or Photochemical Reflectance Index (PRI), is a reflectance ratio index that is
sensitive to changes in carotenoid pigments, particularly xanthophyll pigments, in live foliage (Gamon,
Penuelas, & Field, 1992). Carotenoid pigments are proxies for photosynthetic light use efficiency, or the
rate of carbon dioxide uptake by foliage per unit energy absorbed. As such, it is usedin studies of
vegetation productivity and stress. Applications include vegetation health in evergreenshrublands,
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forests, and agricultural crops prior to senescence. PRI ranges from -1 to 1, with greenvegetation pixels
ranging from -0.2 to 0.2. The ideal Canopy Xanthophyll algorithmis given in Eq. 4. NIS1 bands at532.9
nm (channel 31) and 568.0 nm (channel 38) are used for ps3; and ps7g respectively.

PRI =P531— Ps70 Eq.

Ps31t Ps7o 4

4.2.5 Canopy Lignin (NDLI)

Canopy Lignin, or Normalized Difference Lignin Index (NDLI), estimates the relative amounts of lignin
contained in vegetation canopies. Leaflignin concentration and canopy foliage biomass are the
determining factors for vegetationreflectance spectra at 1754 nm. NDLI uses leaflignin concentration
and canopy foliar biomass, as combined in the 1750 nm range, as a means for predicting total canopy
lignin content. NDLI is most frequently use for ecosystem analysis and detection of surface plant litter.
NDLI is a relatively new index in remote sensing and the earth sciences and considered somewhat
experimental (Serrano, Penuelas, & Ustin, 2002).

The ideal NDLI algorithm is given in Eq. 5. NIS1 bands at 1680.1 nm (channel 260) and 1755.3 nm
(channel 275) are used for piggp and p1754 respectively.

1 1
NDLI = log (P1i54) — log (Plfso) Eq.
log (P1754) + log (Pleso) >

4.3 SpecialConsiderations

While the equations for these indices are well settled and agreed upon, the exact wavelength ranges or
bandpasses tobe used in eachare largely undetermined. Most vegetationindex products are
constrained to the larger bandpasses of the multispectralinstruments for which they are developed, e.g.
Landsat and MODIS “blue”, “red”, and “NIR” bands. Historically, researchers using hyperspectral
instruments such as AVIRIS have chosen either single bands closest to the band centers of the popular
multispectral bandpasses mentioned above, or have used a weighted resampling of a number of the
hyperspectral bands to mimic the broader multispectral bandpasses (Vane, 1988).

The NIS instrument, however, provides a new level of flexibility in choosing which spectral bands to
choose in calculating band indices and ratios. Where a multispectral sensor may offer one band for
“NIR”, NISwill offer a selectionfrom 1 to tens of bands that may be used, excluded, or combined in
various ways.
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For current implementation of vegetationindex products, NEON will be using single NIS bands closest to
the band centers of the relevant traditional multispectral bands. NEON will be optimizing the
combination of NIS channels in production implementation of these indices. The combination of
channels will be chosen to best capture the spectralfeatures required for eachindex, e.g. the

chlorophyll absorptionin the red region, rather than mimicking other sensors. Indices calculatedto
match other sensorindex products will be produced separately.
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5 ALGORITHMIMPLEMENTATION

The processing of the NIS reflectance data to the vegetationindices data is achieved in the steps shown
in the left column of Figure 2. The engineering grade NIS vegetationindex algorithms have been
implemented in IDLand use the ENVI API for data access and processing.

Inputs: NEON Imaging Spectrometer L1 Orthorectified Surface Directional Reflectance data product
(NEON.DOM.SITE.DP1.30006).

The IDL code for performing the calculations of vegetationindices is in Appendix .

As each of the three NIS instruments is individually made, the matching of spectral bands to pixels will
not be identical. To ensure compatibility of vegetationindex products across the sensors, the bands
used for calculating the indices are chosen to be those closest to the centers as defined in the literature.
The desired band centers used for the indices are:

Table 2. Common names for bandsusedin vegetation indices and their optimal center wavelengths.

Band Name Index/Indices using this band Desired band center (nm)
Blue EVI, ARVI 470

PRI1 Canopy Xanthophyll (PRI) 531

PRI 2 Canopy Xanthophyll (PRI) 570

Red NDVI, EVI, ARVI 650

NIR NDVI, EVI, ARVI 860

Lignin 1 Canopy Lignin (NDLI) 1680

Lignin 2 Canopy Lignin (NDLI) 1754

After the band centeris mapped to a specific pixel, additional pixels around the central wavelength pixel
are co-added and weighted to meet the desired spectral bandpass for the given spectral band. Optimal
bandwidths for the bandpasses vary from one vegetationindex to the next. NIS5 nm bandpasses allow
for very precise targeting of the spectral features required for eachindex and in some cases, e.g. NDLI,
arethe standardin researchand industry. Other indices, e.g. NDVI, EVI, and ARVI, were designed for the
much broader bandpasses found in orbital multispectral sensors suchas MODISand Landsat. NEON will
be investigating and implementing combining multiple NISbands in to wider bandpasses for use in these
indices. Early indications are that combining several NIS bands may provide a more robust and cross -
sensor compatible product while helping to minimize uncertainty.
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6  UNCERTAINTY

As the vegetationindex products described in this document are all entirely derived from L1 NIS surface

reflectance data combined in normalized ratios, their uncertainties are therefore entirely dependent on
the uncertaintyin the L1 reflectance data and the combinations and ratios of bands used in eachindex.
Additional sources of errors or uncertainties will be included in analysis as they are identified during the

course of observatory construction and operation. There are a number of sources of uncertainty
contributing to the reflectance data product uncertainty, as shown in Figure 2. The detailed analysis of
uncertaintyin the reflectance datais discussedin the L1 Reflectance ATBD. The reported uncertainty
values from the L1 Reflectance ATBD are used here. A summary of them is in

Table 3.

Table 3. Summary of expected reflectance uncertainties due to site and observing conditions, data acquisition

Data Quality Surface Type Atmospheric p Error (%
Conditions reflectance)
Ideal Well characterized, low | Well characterized, spatially 2%
complexity and temporally consistent,
clear
Medium Moderately complex, Some spatial and temporal 5%
moderately well variation, moderate haze and
characterized aerosol
Low Highly complex and/or Poorly characterized, highly 1+ 10%
poorly characterized variable, anomalous
conditions

procedures, instrumentationnature, and data processingrequirements.
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Potential
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Level 0 | Digital Numbers (DN) Uncertainty

+ Calibration Uncertainty

Radiance Calibration \ Systematic Error
' ' Band Separation

(DN to Rad)
TOA Radiance
Level 1A
SYe ™ (RDI04], RDIOS)) Sl
Thin (cirrus) clouds
+ Water vapor
Atmospheric Correcti ot
mospheric Correction | z
(ATCOR) Goviocation
* Surface Model

| Surface Reflectance
Level 1B (RD[03])

v

VI Calculation

v

Vegetation Indices
Level 2 (NDVI, EVI, ARVI, PRI)

Figure 2. End-to-endanalysis of vegetationindex uncertainty including sources of uncertainty in upstream
processing and systems contributing to the reflectance datainput required for calculating vegetation indices.
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6.1 Analysis of Uncertainty

Propagationand accumulation of uncertainty from sources in to the vegetationindex products canbe
modeled using the “law of propagation of uncertainty” (NCSL, 1997, Taylor and Kuyatt, 1994). This
approach handles only random errors, does not consider systematic biases, and assumes statistical
independence in the errors. Systematic errors and biases are addressed in the processing of the raw NIS
datato the surface reflectance values used here (RD[03], RD[04], RD[05]). As has been done with MODIS
vegetationindices, we use the framework of vegetationindices being a quantity of interest ybased on a
function combining estimates of n other quantities as shown in Eq. 6 (Huete et al., 1999).

y = f(x,%x5,..,%,) Eq.
6

An uncertainty propagation equation, Eq. 7, can be basedon afirst-order Taylor series expansion of Eq.
6, where u is uncertainty (Huete et al., 1999).

= Zn:zn:a—fa—fu(xi,xj)z i(:—){l) 2(x1)+22 Z o afu(xl,x]) Eq7.

i=1j=1 i=1 i=1j= l+1

From Eq. 7 a set of uncertainty propagation equations designed for reflectance calibration uncertainties
in atmospherically corrected vegetationindices can be createdand are shown in their respective
sections below (Miura et al., 1999). Uncertainty estimations for surface reflectance values have been
developed during AOP construction and will be rigorously monitored and revised during operations via
lab and field calibration and validation activities. Preliminary comparison of simulated and observed
uncertainty supports the use of this approach, as seen in Figure 3 below.

Simulated and observed NDVI uncertainty over senescent grass
250 T T

Observed uncertainty
standard confidence limit
200

e Simulated uncertainty
standard confidence limit

Count

-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Sample NDVI residual

Figure 3. Preliminary comparison of uncertainty predicted by model simulation to uncertainty measured in actual
NIS imagery.
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In each of the following subsections, uncertainty values are calculated across the range of all possible
combinations of input reflectance values and the results presented as surfaces. Some of these surface
show certain combinations of reflectance values canresult in uncertainty increasing very rapidly. The
combinations of values that result in uncertaintyrising asymptotically are where two or more of the
bands have reflectance values approaching 0.0 or 1.0. While this is theoretically possible, e.g. extremely
dark shadows or extremely bright surfaces, it is very unlikely in real world data or practical use cases and
would occur only over areas where vegetationindices would be inappropriate or not useful.

6.1.1 NDVI Uncertainty

As NDVIinputs are exclusively L1 NIS directional surface reflectance, NDVI uncertainties are entirely
dictated by the reflectance values and uncertainties. Because NDVI is a normalized ratio of two bands,
as shown earlierin Eqg. 1, NDVI uncertainty varies across the allowed range of NDVI from -1 to 1. The
equation for NDVI uncertainty as derived from Eq. 7 is show in Eq. 8 (Huete et al., 1999).

ONDVI\? ANDVI\?
o= o+ (322
ucal( ) apNIR Ucal (pNIR) + apred Ucal (pred) Eq.
ONDVIONDVI ( ) 8
— )
apNIR apred cal\PNIR)Pred
where
ONDVI _ 2Pred Eq.
0PNIR (Pnir + Prea)? 9
aNDVI _szIR
= Eq. 10
0Preq (Pnir + Prea)? q
aNDVIaNDVI _4pNIRpT€d
= Eq.11

0pNIR OPred B (Pnir + Prea)*

From the above equations, it can be seen that errorin the NDVI will vary with both the error of the input
reflectance and with the actual reflectance values. Errorin NDVI has been calculated for all
combinations of Redand NIR reflectance values from 5% to 95% for 2%, 5%, and 10% error in those
values. The surface plots for the errors are in Figure 4, Figure 5, and Figure 6.
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Figure 4. Error in NDVl as a function of input reflectance values with 2% uncertainty.
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Figure 5. Error in NDVl as a function of input reflectance values with 5% uncertainty.
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Figure 6. Error in NDVl as a function of input reflectance values with 10%uncertainty.

6.1.2 EVI Uncertainty

As EVI inputs are exclusively L1 NISdirectional surface reflectance, EVI uncertainties are entirely dictated
by the reflectance values and uncertainties. Because EVI is a normalized ratio of three bands, as shown
earlierin Eq. 2, EVI uncertainty varies across the allowed range of EVI from -1 to 1. The equation for EVI

uncertainty as derived from Eq. 7 is show in Eq. 12 (Huete et al., 1999).

where

JEVI\> IEVI\* AEVI \?
w2 (BVD) = (5— ) w2 (o) + (5——) 42 (rea) + (5—) 12Ppiae)
PNIR Pred Pbiue
+26EVI 0EVI ( )+26EVI O0EVI ( )
—u , —u ,
9Pn1r OPreq cal \PNIR)Pred PR OPbive cal\PNIR'Pblue
+2 OEVI OEVI ( )
= u ’
apred apblue cal \Preds Pblue
OEVI (1+ C1)prea — CoPpue + L
0PNIR " (pnir T C1Prea — C2Ppiye + L)?
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JEVI _ —{(1 + C)pnir— CoPpie + L} Ea.14
0Pred " (pnir + C1Prea — CoPpme +L)? 9-
OEVI _ C,(pnir — Pred) Eq.15
0Pbiue " (pnir t CiPrea — CaPpue + L)? Q-

From the above equations, it can be seen that errorin the EVI will vary with both the error of the input
reflectance and with the actual reflectance values. Errorin EVI has been calculated for all combinations
of Redand NIR reflectance values from 5% to 95% for 2%, 5%, and 10% error in those values with the
Blue reflectance fixed at 5% with uncertainty values equal to those for Red and NIR. As blue reflectance
increases, there are many points where input reflectance values can combine such that EVI becomes
undefined due to the construction of its denominator. The surface plots for the uncertaintyare in Figure

7, Figure 8, and Figure 9.

SE B
o
normalized units)

828 g
EVI Uncertainty (

Figure 7. Error in EVlas a function of varying NIR and Red input reflectance values, Blue reflectance of 5%, and all

reflectance values with 2% uncertainty.
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Figure 8. Errorin EVlas a function of varying NIR and Red input reflectance values, Blue reflectance of 5%, and all

reflectance values with 5% uncertainty.
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Figure 9. Error in EVlas a function of varying NIR and Red inputreflectance values, Blue reflectance of 5%, and all
reflectance values with 10% uncertainty.

6.1.3 ARVI Uncertainty

As ARVl inputs are exclusively L1 NIS directional surface reflectance, ARVI uncertainties are entirely
dictated by the reflectance values and uncertainties. Because ARVI is a normalized ratio of three bands,
as shown earlierin Eq. 3, ARVl uncertaintyvaries across the allowed range of ARVIfrom -1to 1. The

equation for ARVI uncertaintyas derived from Eq. 7 is show in Eg. 16 (Huete et al., 1999).

dARVI\? dARVI\* dARVI\?

ugal(ARVI) = (6 NIR) ugal (pNIR)+ (M) ugal (pred) + (m) ugal(pblue)
0ARVIOARVI 0ARVIOARVI Eq. 16
3 omin 0 P_d Ucqr (PNIR Prea) + 2 9 ourn W Ucai(PNIR Pbive)

re ue
0ARVIOARVI
ap d apbl Ucal (pred'pblue)
re ue
where
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0ARVI 2
= Pro Eq. 17
dpnir (Pnir + Prp)

ARVI  =2(1+7)puir
= > Eq.18
apred (pNIR + prb)

JARVI 2YPn1r
= > Eq.19
0ppive  (Pnir + Prp)

From the above equations, it can be seen that error in the ARVI will vary with both the error of the input
reflectance and with the actual reflectance values. Errorin ARVI has been calculated for all combinations
of Redand NIR reflectance values from 5% to 95% for 2%, 5%, and 10% error in those values with the
Blue reflectance fixed at 5% with uncertainty values equal to those for Red and NIR. As blue reflectance
increases, there are many points where input reflectance values can combine such that ARVI becomes
undefined due to the construction of its denominator. The surface plots for the uncertaintyare in Figure

10, Figure 11, and Figure 12.
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Figure 10.Errorin ARVl as a function of varying NIR and Red input reflectance values, Blue reflectance of 5%, and

all reflectance values with 2% uncertainty.
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Figure 11.Errorin ARVl as a function of varying NIR and Red input reflectance values, Blue reflectance of 5%, and

all reflectance values with 5% uncertainty.
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Figure 12. Errorin ARVl as afunction of varying NIR and Red input reflectance values, Blue reflectance of 5%, and
all reflectance values with 10% uncertainty.

6.1.4 Canopy Xanthophyll Uncertainty

As Canopy Xanthophyll (PRI1)inputs are exclusively L1 NIS directional surface reflectance, Canopy
Xanthophyll uncertainties are entirely dictated by the reflectance values and uncertainties. Because
Canopy Xanthophyll is a normalized ratio of three bands, as shown earlier in Eq. 4, Canopy Xanthophyll

uncertaintyvaries across the allowed range of Canopy Xanthophyll from -1 to 1. The equation for PRI
uncertainty as derived from Eq. 7 is show in Eq. 20 (Huete et al., 1999).

PRI > APRI\?
uczal (PRI) = (6p531) ugaz(P531)+ (m) u?az(Psm)
‘o dPRI QPRI o ) Eq.20
o .
5,05316p570 cal 531570
where
OPRI 2P570 Eq.21

0ps31  (Psz1t Psz0)?
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OPRI —2ps531
= Eq. 22
0ps70  (Ps31+ Ps70)? |
OPRI OPRI —4ps531P570
= Eq.23

0ps310Ps570 (P51 + Psz0)*

From the above equations, it can be seen that errorin the PRI will vary with both the error of the input
reflectance and with the actual reflectance values. Errorin PRI has been calculated for all combinations
of ps70 and psa1reflectance values from 5% to 95% for 2%, 5%, and 10% error in those values. The

surface plots for the errors are in Figure 13, Figure 14, and Figure 15.

Py 0.8

Figure 13. Errorin PRI as afunction of input reflectance values with 2% uncertainty.
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Figure 14.Errorin PRI as afunction of inputreflectance values with 5% uncertainty.
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Figure 15. Errorin PRI as afunction of input reflectance values with 10% uncertainty.

6.1.5 Canopy Lignin Uncertainty

As Canopy Lignin (NDLI) inputs are exclusively L1 NIS directional surface reflectance, Canopy Lignin

uncertainties are entirely dictated by the reflectance values and uncertainties. Because Canopy Ligninis
a normalizedratio of three bands, as shown earlierin Eq. 5, Canopy Lignin uncertainty varies across the
allowed range of Canopy Lignin from -1 to 1. The equation for NDLI uncertainty as derived from Eq. 7 is

show in Eq. 24 (Huete et al., 1999).

ONDLI

2
) uZ (pr1754) + (m

ONDLI

0P 1754
ONDLIONDLI

0P 1754 0 P1680

2
) uZ,(p16g0)

uz,, (NDL) = (
Eq.24

Ucql (P1754»P1680)

where
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1
ONDLI ~2log (5. 0)
0p17ss 1 1 i .22
1 =
P17s4 In(10) (log (P1754) +log (P1680)>
1
ONDLI _ 2109 (5,2)
dprego 1 1 i a0
P1es0 n(10) (log (p1754) + log (p1680)>
1 1
ONDLIONDLI —4log (,01680) (01754)
0P 1754 9 P1680 B 1 1 ' a7
P1754P1680 % (10) (log (p1754) + log (p1680)>

From the above equations, it can be seen that errorin the NDVI will vary with both the error of the input
reflectance and with the actual reflectance values. Errorin NDVI has been calculated for all
combinations of Red and NIR reflectance values from 5% to 95% for 2%, 5%, and 10% error in those
values. The surface plots for the errors are in Figure 16, Figure 17, and Figure 18.
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Figure 16.Errorin NDLIas afunction of input reflectance values with 2% uncertainty.
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Figure 17.Errorin NDLIas afunction of inputreflectance values with 5% uncertainty.
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Figure 18. Errorin NDLIas afunction of input reflectance values with 10% uncertainty.

6.2 Reported Uncertainty

Currently, no uncertainty is reported with the Vegetation Index product(s). In the future, the uncertainty
associated with each pixel will be reported in a separate raster of uncertainty values. The uncertainty
will be obtained from the reflectance errors propagatedthrough the appropriate index formulae as was
done for the surfacesin 6.1. It should be noted that this form of communicating uncertaintyin remote
sensing products differs from the historic approach of providing a single RMSE value for reporting error
in a raster. Although common, the single-value form of reporting uncertainty has faced criticism for not
describing the spatial pattern of uncertainty within the product and for not providing information on the
context of contributing error. NEON, operating in data acquisition, processing, and distribution roles, has
a unique opportunity to create and provide superior and more detailed information on uncertainty
within given data products, such as vegetationindices, to researchers and end users.
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7 VALIDATIONAND VERIFICATION

7.1  Algorithm Validation

As the algorithms are already defined and agreed upon in the remote sensing disciplines, no algorithm
validation activities are planned. If newer, more preferable indices arise they may be added to the NEON
Data Products Catalog, complementing or replacing other vegetationindices as necessary.

7.2 Data Product Validation

Vegetationindex products will be validated against similar data products derived from other well-
established and calibrated sensor programs such as Landsat. NISimagery will be spatiallyaggregated
and spectrallyresampled to matchthe wider bandpasses andlarger 30 m pixels of Landsat data. Not all
NEON vegetationindices can be validated against all other candidate validation datasets. Most
multispectral sensors do not have the required bands for all NEON vegetationindex products.

7.3 Data Product Verification

Data product verification for vegetationindices will be accomplished using directly measuredfield
reflectance spectra. NEON AOP operations include periodic acquisition of field spectra during data

acquisition flights. The field spectra will be used to verify L1 directional reflectance products as well as
vegetationindex products.
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8 FUTURE MODIFICATIONSAND PLANS

A more sophisticated approach for selecting the NIS bands to be used in index calculations is currently in
development. The new approach will use a weighted combination of many NIS bands to optimally cover
the range of the spectral feature of interest. This will result in an implementation of the standard
vegetationindex algorithms in a way making them most comparable between sensors, robust to noise in
individual bands, more robust to atmospheric correction error, and better able to properly capture the
index value for different types of vegetation when the exact location of the spectral feature of interest
differs somewhat from the average.

An additional index, Normalized Difference Nitrogen Index (NDNI) will be added to this ATBD and to the
collection of Vegetation Index (VI) products.

The modeled, predicted uncertainty ranges in this document will be continuously validated against

measured uncertaintyin actual NIS data as it is collected. This document will be updated accordingly
with the results and plots of those comparisons.
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IDL code for generating NEON AOP Vegetation Indices:

; Set up the VI task

Task=ENVITask('Spectrallndices')

; Define inputs

Task.Input_Raster = oRaster
Task.INDEX=['Normalized Difference Vegetation Index', $
'Enhanced Vegetation Index', S

'Atmospherically Resistant Vegetation Index', $
'Photochemical Reflectance Index’, $
'Normalized Difference Lignin Index']

; Define outputs

;ThisOutName =file_dirname(oRaster.URI, /mark_dir) + (strsplit(file_basename(oRaster.URI),".,
/extract))[0]+'_englL2VI.dat'
ThisOutName = OutPath + (strsplit(file_basename(oRaster.URI),".", /extract))[0] +'_englL2VI.dat'
Task.OUTPUT_RASTER_URI=ThisOutName

; Run the task
Task.Execute
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