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1 DESCRIPTION

1.1 Purpose

This document provides an overview of the data included in this NEON Level 1 data product, the quality con-
trolled product generated from raw Level 0 data, and associated metadata. In the NEON data products frame-
work, the raw data collected in the field, for example, Digital Hemispheric Photos (DHPs) and associated field
metadata, are considered the lowest level (Level 0). Raw data that have been quality checked via the steps de-
tailed herein, as well as simple metrics that emerge from the raw data are considered Level 1 data products.

The text herein provides a discussion of measurement theory and implementaƟon, data product provenance,
quality assurance and control methods used, and approximaƟons and/or assumpƟons made during L1 data cre-
aƟon.

1.2 Scope

This document describes the steps needed to generate the L1 data product Digital Hemispheric Photos of Plot
VegetaƟon (NEON.DP1.10017), and associated metadata, from input data. This document also provides details
relevant to the publicaƟon of the data products via the NEON data portal, with addiƟonal detail available in the
file, NEON Data PublicaƟon Workbook for TOS Digital Hemispherical Photos (NEON.DP1.10017) (AD[05]), provided
in the download package for this data product.

This document describes the process for ingesƟng and performing automated quality assurance and control pro-
cedures on the data collected in the field pertaining to TOS Protocol and Procedure: Measurement of Leaf Area
Index (AD[07]). The raw data that are processed in this document are detailed in the file, NEON Raw Data Ingest
Workbook for TOS Digital Hemispherical Photos (NEON.DP0.10017) (AD[04]), provided in the download package
for this data product. Please note that raw data products (denoted by ‘DP0’) may not always have the same num-
bers (e.g., ‘10017’) as the corresponding L1 data product.
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2 RELATED DOCUMENTS AND ACRONYMS

2.1 Associated Documents

AD[01] NEON.DOC.000001 NEON Observatory Design (NOD) Requirements

AD[02] NEON.DOC.000913 TOS Science Design for SpaƟal Sampling

AD[03] NEON.DOC.002652 NEON Level 1, Level 2 and Level 3 Data Products Catalog

AD[04] NEON.DOC.001398
NEON Raw Data Ingest Workbook for TOS Digital Hemispherical Photos
(NEON.DP0.10017)

AD[05] NEON.DOC.001409
NEON Data PublicaƟon Workbook for TOS Digital Hemispherical Photos
(NEON.DP1.10017)

AD[06] NEON.DOC.000914 TOS Science Design for Plant Biomass, ProducƟvity, and Leaf Area Index

AD[07] NEON.DOC.014039 TOS Protocol and Procedure: Measurement of Leaf Area Index

AD[08] NEON.DOC.000913 TOS Science Design for SpaƟal Sampling

AD[09] NEON.DOC.000008 NEON Acronym List

AD[10] NEON.DOC.000243 NEON Glossary of Terms

AD[11]
OS_Generic_TransiƟons
.pdf

NEON Algorithm TheoreƟcal Basis Document: OS Generic TransiƟons

AD[12] Nicl Language.pdf NEON’s Ingest Conversion Language (NICL) specificaƟons

2.2 Acronyms

Acronym DefiniƟon

DHP Digital Hemispheric Photo

DSLR Digital Single Lens Reflex camera

LAI Leaf Area Index

NLCD NaƟonal Land Cover Database

PAI Plant Area Index
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3 DATA PRODUCT DESCRIPTION

The Digital Hemispheric Photos of Plot VegetaƟon data product (NEON.DP1.10017) provides 180 degree images
and field-collected image metadata, which enable ground-based esƟmaƟon of Leaf Area Index (LAI) and/or Plant
Area Index (PAI) at the plot scale. Leaf Area Index is the one-sided leaf area per unit ground area, and Plant Area
Index is similar to LAI but also includes twig and branch area. Photos are acquired with a full-frame DSLR camera
equipped with a fisheye lens, and are provided in RAW image format (specifically .NEF format). Within each plot,
photos of understory vegetaƟon are acquired, with ‘understory’ defined as vegetaƟon typically less than 2 meters
height. Depending on vegetaƟon density and height, understory photos may be acquired with either a downward-
facing or upward-facing camera orientaƟon relaƟve to the ground. In grasslands and short-stature scrublands, the
understory is therefore the only vegetaƟon photographed. When an overstory is present, i.e. vegetaƟon greater
than 2 m height, upward-facing photographs of overstory are also acquired. Upward-facing understory and over-
story images are typically acquired in the crepuscular hours of the day, when direct sunlight is not illuminaƟng the
foliage, and may also be acquired when it is overcast such that the sun does not cast a shadow. Downward-facing
understory images are typically acquired during daylight hours, to beƩer enable differenƟaƟon of plant from non-
plant material during image processing.

Leaf area index is a useful proxy variable for numerous other variables of ecological interest including plant
biomass, plant producƟvity, forage quality, carbon balance, ecosystem energy flux, plant density, and the hetero-
geneity of plant cover. LAI is also used widely as a key input variable to models that seek to predict ecological pro-
cesses such as carbon cycling. Together with LAI data generated from NEON’s airborne remote-sensing plaƞorm,
LAI data derived from ground-collected Digital Hemispherical Photos can contribute to conƟnental scale esƟmates
of LAI.

3.1 SpaƟal Sampling Design

Digital Hemispheric Photos of plot vegetaƟon are collected at all NEON terrestrial sites. At most sites, DHPs are
collected from a subset of n=20 Distributed Plots. Distributed Plots are randomly posiƟoned within each NaƟonal
Land Cover Database (NLCD) class, with representaƟon within each NLCD class set as proporƟonal to its represen-
taƟon at the site; NLCD classes with less than 5% representaƟon are excluded from sampling. AddiƟonally, Dis-
tributed Plots must be separated by a minimum of 55 m, plot centers must be > 50 m from large paved roads and
buildings, plot edges must be > 10 m from dirt roads and plots may not be intersected by streams > 1 m wide (see
AD[08] for more details). NEON also collects DHPs from n=3 Tower Plots at each site. NEON Field OperaƟons staff
are responsible for selecƟng which 3 Tower plots are sampled, based on logisƟc feasibility and sensiƟvity of the
vegetaƟon to repeat sampling (Figure 1).
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Figure 1: RepresentaƟon of a NEON site with Distributed and Tower Plots; note that the actual Distributed Plot
number (n=20, max) and Tower Plot number sampled (n=3) is a subset of those depicted in the schemaƟc.

Within each plot, DHPs are collected from photo points that are arranged according to the shape of a square
cross, oriented in alignment with the cardinal axes, and with points spaced every 4 meters (Figure 2). Cross-
shaped and square-shaped arrangements of points produce LAI esƟmates with the lowest coefficients of varia-
Ɵon (Majasalmi et al. 2012), and cross-shaped arrangements of points are also employed by the European VA-
LERI project to validate satellite derived LAI products (Garrigues et al. 2002). Regardless of plot type (Distributed
vs. Tower), plot size (20m x 20m or 40m x 40m) or vegetaƟon stature, the spacing of NEON photo points is consis-
tently 4 m along the cardinal axes, and the cross layout of points is always centered on the plot centroid. When
acquiring DHPs, technicians extend the camera approximately 1 m perpendicular to the cardinal axis at a given
photo point, and the exact photo locaƟon is chosen to maintain a minimum distance of 50 cm between the lens
and any foliage elements.
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Figure 2: NEON Distributed Plot showing the locaƟon and spacing of DHP collecƟon points relaƟve to plot center.
Spacing and number of points is the same in NEON Tower Plots, regardless of Tower Plot size.

3.2 Temporal Sampling Design

Distributed Plots are sampled every 5 years, and within an ‘on’ year, DHP collecƟon occurs within a one month
window targeted to coincide with a NEON AOP remote-sensing flight over the site. Ground collecƟon of DHPs
and the AOP flight are both Ɵmed to co-occur with the window of peak greenness, according to a 10 y average
of MODIS-EVI phenology index Ɵmecourse data at each site. Tower Plots are sampled annually on a 2 week bout
interval, from leaf-out to senescence.

3.3 Sampling Design Changes

• 2016-2018: During the first 3 sampling years, distributed plots were scheduled on a 3-year sampling rota-
Ɵon, rather than 5 years.

3.4 Variables Reported

All variables reported from the field or laboratory technician (L0 data) are listed in the file, NEON Raw Data In-
gest Workbook for TOS Digital Hemispherical Photos (NEON.DP0.10017) (AD[04]). All variables reported in the
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published data (L1 data) are also provided separately in the file, NEON Data PublicaƟon Workbook for TOS Digital
Hemispherical Photos (NEON.DP1.10017) (AD[05]).

Field names have been standardized with Darwin Core terms (http://rs.tdwg.org/dwc/; accessed 16 February
2014), the Global Biodiversity InformaƟon Facility vocabularies (http://rs.gbif.org/vocabulary/gbif/; accessed 16
February 2014), the VegCore data dicƟonary (https://projects.nceas.ucsb.edu/nceas/projects/bien/wiki/VegCore;
accessed 16 February 2014), where applicable. NEON TOS spaƟal data employs the World GeodeƟc System 1984
(WGS84) for its fundamental reference datum and GEOID09 for its reference gravitaƟonal ellipsoid. LaƟtudes and
longitudes are denoted in decimal notaƟon to six decimal places, with longitudes indicated as negaƟve west of
the Greenwich meridian.

Some variables described in this document may be for NEON internal use only and will not appear in downloaded
data.

3.5 SpaƟal ResoluƟon and Extent

The finest spaƟal resoluƟon at which Digital Hemispheric Photos of Plot VegetaƟon will be tracked is that of the
pointID within a given plotID (Figure 2), resulƟng in the following spaƟal hierarchy from finest to coarsest resolu-
Ɵon:

pointID (ID of point within plot) Ý plotID (ID of plot within site) Ý siteID (ID of NEON site) Ý do-
mainID (ID of NEON domain)

The basic spaƟal data included in the data download include the laƟtude, longitude, and elevaƟon of the centroid
of the plot where sampling occurred, plus associated uncertainty due to GPS error and plot width. Shapefiles of
all NEON Terrestrial ObservaƟon System sampling locaƟons can be found here: NEON Terrestrial Field Sites.

To derive a more precise esƟmate at which each DHP was acquired within a plot, there are two opƟons:

1. Use the def.calc.geo.os funcƟon from the geoNEON package, available here: https://github.com/
NEONScience/NEON-geolocation, or

2. Follow these steps to perform the same calculaƟon:
a. Add the appropriate lat/long or easƟng/northing offset associated with the pointID to the coordi-

nates of the plot centroid based on the (Table 1).
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Table 1: Offset of pointIDs from the plot centroid

pointID EasƟng offset (m) Northing offset (m)

N2 0 2

N6 0 6

N10 0 10

E2 2 0

E6 6 0

E10 10 0

S2 0 -2

S6 0 -6

S10 0 -10

W2 -2 0

W6 -6 0

W10 -10 0

b. Increase coordinateUncertainty by an appropriate amount (suggested amount of 2 m) to account for the
fact that: i. Technicians typically place the camera 1 m perpendicular to the cardinal axis, in either direc-
Ɵon, at a given pointID; and i. Technicians use calibrated pacing to idenƟfy pointID locaƟons within the plot
relaƟve to the plot centroid.

3.6 Temporal ResoluƟon and Extent

The finest resoluƟon at which temporal data are recorded is the date and Ɵme at which DHP collecƟon com-
menced (startDate) and was completed (endDate) within a plot for a given sampling bout (eventID). The temporal
hierarchy within the data is therefore:

date (date a plot was photographed) Ý eventID (bout-level idenƟfier)

The exact Ɵme of image acquisiƟon is also recorded by the DSLR and embedded in Exif data for each image, but
NEON cannot guarantee that each camera’s clock was accurately and consistently set to local Ɵme at the Ɵme of
image acquisiƟon.

The NEON Data Portal provides data in monthly files for query and download efficiency. Queries including any
part of a month will return data from the enƟre month.

3.7 Associated Data Streams

Measurements of LAI from NEON’s remote sensing plaƞorm can be found in the LAI - spectrometer - flightline
(NEON.DP2.30012) and the LAI - spectrometer - mosaic (NEON.DP3.30012) data products.
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3.8 Product Instances

For Distributed Plots, DHPs are collected one bout per site x 9-10 sites per year x 20 plots per site x 12 points per
plot. Approximately 2/3 of NEON sites are forested, and at these sites both understory and overstory DHPs are
collected at each point. The remaining 1/3 of NEON sites are short-stature vegetaƟon, and only support collecƟon
of understory images. This sampling scheme generates approximately 3600 DHPs from Distributed Plots per year
across the enƟre Observatory.

For Tower Plots, DHPs are collected annually on a 2 week interval from leaf-out to senescence, resulƟng in approx-
imately 14 bouts per site per year x 3 plots per site x 12 points per plot. Assuming Tower Plots at a given site are
similar to Distributed Plots in terms of supporƟng collecƟon of understory and overstory images, this sampling
scheme generates approximately 39,816 DHPs from Tower Plots per year across the enƟre Observatory.

In some years, sampling frequency and density may have differed from these numbers. See Sampling Design
Changes secƟon above for details.

3.9 Data RelaƟonships

A unique sampleID is generated in the dhp_perbout table each Ɵme DHPs are collected from a plot within a bout.
Because 12 images per plot per bout (understory only) or 24 images per plot per bout (understory + overstory)
may be collected, we expect either 12 or 24 child records with a unique subsampleID in the dhp_perimagefile
table for each unique sampleID. There may be fewer than the expected number of DHPs per plot per bout
if all images did not meet protocol requirements, or could not be matched with field-collected metadata. To
link each DHP in dhp_perimagefile with data collected at the plot level, users should join dhp_perbout and
dhp_perimagefile on sampleID. Duplicates and/or missing data may exist where protocol and/or data entry ab-
beraƟons have occurred; users should check data carefully for anomalies before joining tables.

dhp_perbout Ý One record (sampleID) expected per bout (eventID)

dhp_perimagefile Ý Either 12 or 24 records (subsampleIDs) expected per sampleID

3.10 Special ConsideraƟons

3.10.1 Understanding ‘eventID’

DHPs collected every 5 years in Distributed Plots contain ‘00’ in the eventID. For example: ‘dhp.2018.00.BART’
idenƟfies DHPs collected from Distributed Plots in 2018 at the NEON D01 BART site.

DHPs collected on a 2 week bout interval in Tower Plots contain ‘01’, ‘02’, ‘03’, etc. in the eventID, and the num-
ber sequence corresponds to the bout number. For example: ‘dhp.2018.01.BART’ idenƟfies DHPs collected from
Tower Plots during bout 01 in 2018 at the NEON D01 BART site. Gaps in the bout number sequence indicate a
bout was missed.

3.10.2 Downloading DHPs

There are two mechanisms end-users may employ to download DHPs:
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1. In the ‘basic’ download package, links to the cloud-storage locaƟon for each DHP are provided in the im-
ageFileUrl field.

a. From the dhp_perimagefile table, determine which DHPs are desired.
b. Use a script to programmaƟcally read and save desired images from each imageFileUrl locaƟon.
c. DHPs downloaded directly via the imageFileUrl link are named according to imageFileName.

2. In the ‘expanded’ download package, DHPs are provided in a .zip file for each selected record. Please note
that:

a. Packaged .zip files will likely be quite large, and require significant Ɵme to download.
b. To facilitate parsing of downloaded files, DHPs are re-named when downloaded via this mechanism

to the value specified in dhp_perimagefile downloadFileName.
c. File names specified in imageFileName are no longer relevant.

3.10.3 DHP Processing

All NEON DHPs require addiƟonal processing in order to generate Leaf Area Index or Plant Area Index data. DHPs
typically appear very dark because exposure in the field is opƟmized to avoid blowing out the highlights, which
can result in significant underesƟmaƟon of LAI in upward-facing images. As such, processing steps may include
exposure opƟmizaƟon in the ‘shadow’ and ‘black’ region of the histogram, followed by conversion to another im-
age format (e.g., JPG). To esƟmate LAI, opƟmized DHPs are typically classified by pixel into ‘plant’ or ‘leaf’, and
‘non-plant’ material. This step may be accomplished either programmaƟcally with an algorithm, or manually via
specialty soŌware.

• Example soŌware to opƟmize Nikon RAW image exposure and convert to JPG: Nikon ViewNX 2
• Example soŌware to analyze DHPs for LAI: Can-Eye

4 DATA QUALITY

4.1 Data Entry Constraint and ValidaƟon

Many quality control measures are implemented at the point of data entry within a mobile data entry applica-
Ɵon or web user interface (UI). For example, data formats are constrained and data values controlled through
the provision of dropdown opƟons, which reduces the number of processing steps necessary to prepare the raw
data for publicaƟon. An addiƟonal set of constraints are implemented during the process of ingest into the NEON
database. The product-specific data constraint and validaƟon requirements built into data entry applicaƟons and
database ingest are described in the document NEON Raw Data Ingest Workbook for TOS Digital Hemispherical
Photos (NEON.DP0.10017), provided with every download of this data product. Contained within this file is a field
named entryValidaƟonRulesForm, which describes syntacƟcally the validaƟon rules for each field built into the
data entry applicaƟon. Data entry constraints are described in Nicl syntax in the validaƟon file provided with ev-
ery data download, and the Nicl language is described in NEON’s Ingest Conversion Language (NICL) specificaƟons
(AD[12]).

Data collected prior to 2017 were processed using a paper-based workflow that did not implement the full suite
of quality control features associated with the interacƟve digital workflow.
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4.2 Automated Data Processing Steps

Following data entry into a mobile applicaƟon of web user interface, the steps used to process the data through
to publicaƟon on the NEON Data Portal are detailed in the NEON Algorithm TheoreƟcal Basis Document: OS
Generic TransiƟons (AD[11]).

4.3 Data Revision

All data are provisional unƟl a numbered version is released; the first release of a staƟc version of NEON data, an-
notated with a globally unique idenƟfier, is planned to take place in 2020. During the provisional period, QA/QC
is an acƟve process, as opposed to a discrete acƟvity performed once, and records are updated on a rolling basis
as a result of scheduled tests or feedback from data users. The Change Log secƟon of the data product readme,
provided with every data download, contains a history of major known errors and revisions.

4.4 Quality Flagging

The dataQF field in each data record is a quality flag for known errors applying to the record. Please see below for
an explanaƟon of dataQF codes specific to this product.

fieldName value definiƟon

dataQF legacyData
Data recorded using a paper-based workflow that did not implement
the full suite of quality control features associated with the interacƟve
digital workflow
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