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CClI+ Vegetation Parameters is part of the ESA Climate Change Initiative. It aims at the identification,
development and improvement of algorithms for the consistent retrieval of vegetation ECVs LAI and
fAPAR from mukplatform and multimission satellitedata and interact with the user community to

match their requirements. The work plan includes three cycles, in which different data sources are
O2YO0AYSRI GKS f3I2NAGKYAQ aO0OASYUGAFAO YR 2LISNI
incorporated.

TheProduct Validation anthtercomparison RepoifPVIRpresents the quality assessment results of

the CDRHAL of VP_CCILAI and fAPARroducts retrieved from SPOT/VGT and PRGBAnput data
(20002020)using the OPTISAIL radiative transfer motleé daaset was generated over latitudinal
North-South transect and over a selection of sites for bptbduct intercomparison (LANDVAL) and
direct validation (DIRECT V2.1, GBOV, AMMAoses The methodology is described in theoduct
validation plarfVRCCI_D1.3 PVP_VI]..ih agreement with the CEOS LPV best practices for validation
of LAl products. Two main validation approaches are defined: direct validagonc@mparison of
satellite products with irsitu measurements) and indirect validation (or product intercomparison).
Several criteria of performance are evaluated, including completeness, spatial consistency, temporal
consistency, error evaluation (Accuaga Precision and Uncertainty) and conformity test.

This validation exercise, performed over a limited dataset (global sampling of sites and latitudinal
transect), demonstrated good overall quality ®P_CCLAI and fAPAR product. The product
completeness was better than other existing reference produbtzause of a better tolerance of
OPTISAIL fahin cloud contamination in the retrieval. Reliable values and good spatial consistency

are found with CGLS M&roducts, except over equatorial areas and some northern regiattsn

CRDHA. domains VP_CCILAI and fAPAR temporal variations are consistent with reference products
such asCGLS V2, NASA MOD15A2H C6.1 and VNP15A2H C1 and ground observations from DIRECT
V2.1, GBOV V3 and AMMA. The direct validation using DIRECT V2.1, GBOV V3 and AMMA showed
slightly worse accuracy and overall uncertainty than other satellite references, except in the
comparison with GBOV V3 for nforest cases where/P_CCkhows the bessagreement. The
comparison with satellite references shows, as expected, lower values foVBALCCprovides

effective LAl whilst referenceare true LAI) and good agreement for FAPAR (RMSD=0.09 compared
with CGLS V2 and RMSD=0.12 compared with MOD1682Hand VNP15A2H CXtP_CQprovides,

in overall, better intraannual precision than VNP15A2H C1 (i.e., high stability at short time scale) and
worse than CGLS V2 (expectedhasis a smoothed product). The intannual precision o¥/P_Cdb

similarto that found for CGLS V2 and slightly better than VNP15A2H C1.

The main limitations of th&/P_CQiroducts are:
- Stripe lineartefactsand some patial inconsistencies over northern regions (Européh
abrupt changes showing unexpected highlueg and equatorial areaglower values)
probably due to cloud/snow contamination.
- These spatial inconsistencies asdated tovery noisy profile®bserved ovelEBF and some
outliersnot identified by the quality flag
It should be noted that p_chismre or RETR_LOW_QUALTY additional flags could be partiytaseful
identify (and filter) most of these outliers as a consequence of more restrictive screening (i.e., worse
completeness)Ly Ol &S 2 Teelectedtl KBRBEK 26 RS dzNyy&a Y2NB NBadGNRO
outlier identification is better, but more valid data is also removed. RETR_LOW_QUALITY is also useful
to identify most of theoutliers,but the product completeness is considerably wonsanmoving ahigh
number of useful retrievals as well
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AD Automatic Differentation

AMMA Analyse Multidisciplinaire de la Mousson Africaine

ANN Artificial Neural Network

APU Accuracy, precision, uncertainty

ATBD Algorithm Theoretical Basis Document

B mean Bias

BRDF Bidirectional Reflectance Distribution Function

BRF Bidirectional Reflectance Factor

CAL/VAL CALibration/VALidation
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CClI Climate Change Initiative

CDR Climate Data Record

CDRP Climate Data Record Package

CEOSI(PV) Committee on Earth Observation Satellites (Land Product Validatiagnaub)

CGLS Copernicusslobal Land Service

Cl Clumpinghdex

CRDP Climate Research Data Package
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DBF Deciduous Broadleaf Forest

DIRECT Database of 3x3 km LAl and fAPAR data for validation

EBF Evergreen Broadleaf Forest

EOS EarthObservation Satellite

ESA European Space Agency

ESU Elementary Sampling Unit

fAPAR fraction of Absorbed Photosynthetically Active Radiation

FCOVER  Fractional Cover

FPAR Fraction of absorbe@&hotosynthetically Active Radiation

GBOV GroundBased Observations for Validation

GCOS Global Climate Observing System

GSD Ground Sampling Bance

HER HERbaceous

IER LyadAaiddzi RQ9O2y2YAS wdzNT £ S

ILCA International Livestock Cemt for Africa

IUPAC International Union of Pure andlpplied Chemistry

JCGM Joint Committee for Guides in Metrology

JPSS Joint Polar Satellite System

LAI Leaf Area Index

LANDVAL Land validation sites

LP Land Product

LPV Land Product Validation
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MAD Median AbsoluteDeviation
MAR Major axisregression
MD MedianDeviation
MODIS Moderate resolution imaging spectrometer
MSI Multi-Spectral Instrument
N Number of samples
NASA National Aeronautics and Space Administration
NLF NeedleLeaf Forest
NNT Neuronal NeTwork
OF Other Forests
OLIVE OnLine Validation Exercise
OLS Ordinary Least Squares
PAR PhotosyntheticallyActive Radiation
PROBA/ PRoject for OiBoard Autonomy/egetation instrument
PROSPECT PROperties of leaf SPECTtra
PUG Product User Guide
PVASR ProductValidation Algorithm Selection Report
PVP Product Validation Plan
R Correlation coefficient
RM Reference measurement
RMSD Root Mean Square Deviation
RTM Radiative transfer model
SAVS Surface Albedo Validation Sites
SBA Sparse vegetated and Bateeas
SCF_QC Five level confidence score
SHR SHRublands
SNPP Suomi National Polasrbiting Partnership
SPOT {eadG8YS t2dzNJ t QhoaSNBIF GA2y RS fI
STD Standard deviation
TOC Top Of Canopy
TSGF Temporal $oothingGap Flling
VIIRS Visible/Infrared Imager Radiometer SUY&IP
VGT VEGATATION instrument onboard of SPOT4 & 5
VP Validation Plan
WGCV Working Group on Calibration and Validation
WMO World Meteorological Organization
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The purpose of this document is to present the validation resuldrRfCCLAI and fAPAR products.

The quality assessment is conducted over a climate data record 2) dataset(CRDH)
retrieved from SPOT/VGT and PRABIAput data. Thealidationdataset was limited to a latitudinal

North-South transect and over a selamti of sites for both product intercomparison (LANDVAL) and

direct validation (DIRECT V2.1, GBOV, AMMA) purposes.

The validation methods and datasets are described in seétide validation results are presented

in section3, whilst sectior8.6.2provides the conclusions of this study.
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Union of Pure and Applied ChemistiyPAL Walter de Gruyter GmbH.
https://doi.org/10.1515/ci.2008.30.6.21

ATBD Algorithm Theoretical Basis Document of LAI/fAPAR/FCOVER RRCQHAction

cGLs pay | 1km V2in the Copernicus Global Land Service.

2 - —| https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1 ATBD_L|
m-V2 11.41.pdf

QAR Quality Assessment Report of LAI/fAPAR/FCOVER PRO@&Mction 1km V2 in

aGLs pByv \ the Copernicus Global Land Service.

2 - ~— | https://landcopernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1 QAR LA
m-PROBAV-V2 11.40.pdf



http://climate.esa.int/media/documents/VP-CCI_D2.1_ATBD_V1.3.pdf
http://climate.esa.int/media/documents/VP-CCI_D4.2_PUG_V1.2.pdf
http://climate.esa.int/media/documents/VP-CCI_D2.4_PVASR_V1.1.pdf
http://climate.esa.int/media/documents/VP-CCI_D1.3_PVP_V1.1.pdf
https://library.wmo.int/opac/doc_num.php?explnum_id=3417
https://doi.org/10.1515/ci.2008.30.6.21
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_ATBD_LAI1km-V2_I1.41.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_ATBD_LAI1km-V2_I1.41.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_QAR_LAI1km-PROBAV-V2_I1.40.pdf
https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1_QAR_LAI1km-PROBAV-V2_I1.40.pdf
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ATBDBVIIRS | Algorithm Theoretical Basis Document for VIIRS LAI and FPAR, VNP15 LAI/
ATBD Version 1.1, 17th April 2018.
https://lpdaac.usgs.gov/documents/125/VNP15 ATBD.pdf

ATBD MODIS leaf area index (LAI) and fraction of photosynthetically active radiatio
MOD15 absorbed by vegetation (FPAR) product (MO@1&lgorithm Theoretical Basis
Document, Version 4.0, 30th April 1999, NASA Goddard Space Flight Centet
Greenbelt, MD, 20771.

https://modis.gsfc.nasa.gov/data/atbd/atbd _mod15.pdf

ATBDBGBOY | GroundBased Observations for ValidatieAlgorithm Theoretical Basis
LP3LP4LP5 | Document- Vegetation Products: LP3 (LAI), LP4 (FAPAR) and LP5 (FCOVER
https://gbov.acri.fr/public/docs/products/2009/GBOV-ATBD-LP3-LP4-LP5_v3.0
Vegetation.pdf

CAN_EYE V6.4.91 USER MANUp@dated October, 10th 2017
CAN_EYE_U| https://www6.paca.inrae.fr/can
eye/content/download/3052/30819/version/4/file/CAN_EYE_User_Manual.pdf

Leaf Area Index (LAB defined as the total onsided area of all leaves in the canopy within a defined
region, and is a nedimensional quantity, although units of [m2/m2] are often quoted, as a reminder
of its meaningGCOS00, 2016. The selected algorithm in the ©@Hgetation Parameters project
uses a 1D radiative transfer model, and LAI is uncorrected for potential effects of crown clumping. Its
value can be considered as effective LAI, notably the Lparameter of a turbiemedium model of

the canopy that would let the model have similar optical properties as the tfiDesBuctured canopy

with true LAI(Pinty et al., 2006) Additional information about the geometrical structure may be
required for this correction to obtain true LANilson, 1971)which involves the estimatioaf the
clumping index, ClI, defined as the ratio between the true and effective LA(Hseg, 2021jor a
review of methods to estimate CIJ.

Fraction of Absorbed Photosynthetically Active Radiation (fAPARXefined as the fraction of
Photosynthetically Active Radiation (PAR; solar radiation reachingutface in the 40000 nm
spectral region) that is absorbed by a vegetation can@@0O<00, 2016. In contrast to LAI, fAPAR

is not only vegetation but alsédumination dependent. In the C@kgetation Parameters project we
refer to fAPAR as the whitgky value (i.e. assuming that all the incoming radiation is in the form of
isotropic diffuse radiation). Total fAPAR is used and no differentiation is madedetlive leaves,
dead foliage and wood.

Uncertaintyis a measure to describe the statistically expected distribution of the deviation from the
true value. Here, it is given as the physical value, which corresponds to the-gégameter of a
gaussian disibution.

Accurach & (G KS RS3INBS 2F (KS aO0ft2aSySaa 2F (GKS | ANBS
I GNHzS @I f dzS IECMiRE ComBionky,dridiiracyRépresents systematic errors and

often is computed as the statistical mean bias, i.e., the difference between the-thortaverage

measured value of a variable and the true value. The digom average is the average of a suffidien

number of successive measurements of the variable under identical conditions, such that the random

error is negligible relative to the systematic error. The latter can be introduced by instrument biases

or through the choice of remote sensing retrieveheamegGCO&00, 2016.


https://lpdaac.usgs.gov/documents/125/VNP15_ATBD.pdf
https://modis.gsfc.nasa.gov/data/atbd/atbd_mod15.pdf
https://gbov.acri.fr/public/docs/products/2021-09/GBOV-ATBD-LP3-LP4-LP5_v3.0-Vegetation.pdf
https://gbov.acri.fr/public/docs/products/2021-09/GBOV-ATBD-LP3-LP4-LP5_v3.0-Vegetation.pdf
https://www6.paca.inrae.fr/can-eye/content/download/3052/30819/version/4/file/CAN_EYE_User_Manual.pdf
https://www6.paca.inrae.fr/can-eye/content/download/3052/30819/version/4/file/CAN_EYE_User_Manual.pdf
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Precision2 NJ NBLISF GFoAftAde Aa (GKS adOft2aSysSaa 2F GKS
YSIadNBYSyida 2F (GKS alyYS YSIF&ada2NFyR OF NNASR 2 dzi
[JCGM, 2014

UncertaintyAd | Aa LI NI YSGSNE | 2a20AF0SR gA0GK GKS NBA&dA
RAALISNBRAZ2Y 2F (GKS @ fdzSa (GKIFG O2dzZ RCGMBAOR2 Yy | 6f &

Uncertainty includes systematic and random errors.
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The validation procedure, described in tpeoduct validation plan YRCCI_D1.3 PVP_V].Was

defined to be consistent witthe CEOS LPV LAl validation protdEeirnandes et al., 2014¥hich is

also suitable fofAPAR productsThis protocol was developed thanks poecursor studies on the
validation of LA{Camacho et al., 2013; Fang et al., 2012; Garrigues et al., 2008; Weiss et aand007

the On Line Validation Exercise (OLIVE) (@éiss et al., 2014hosted by CEOS CAL/VAL portal
(http://calvalportal.ceos.org/web/oliveé Besides, recommendations of the Global Land Service
reviewers have been included to complement the CEOS LPV LAI validation protocol. The proposed
methodology relies on direct validation and product intercomparison approaches.

- The direct validationsicomputed against ground data set (DIRECT V2-4¢alpd according
to the CEOS LPV recommendatiqiRgrnandes et al.,, 2014; Morisette et al., 2006he
confiden@ in the reference grounttased map derived from empirical transfer functions
depends on performances of the transfer functions that should be quantified with appropriate
uncertainty metricsOther existing datasets, such as GBOV and AMMA are psedding
multi-temporal valuable information.

- Intercomparisons with similar remote sensing products (i.e., indirect validation) can
determine whether the products behave similarly in space and time on a global scale and
allow us to identify differences b&een products to be investigated in more detail in order to
diagnose product anomalies and devise algorithm refinements. The LAND VALidation
(LANDVAL) network of sit@suster et al., 2020; Sanch&apero et al., 2023, 202B3) usal for
sampling global conditions in the intercomparison with similar satellite products. The
LANDVAL network is composed of 720 sites, of which 521 sites are from Surface Albedo
Validation Sites (SAVS 1(Dpew et al., 2016)The LANDVAL sampling is complemented with
20 desert calibration siteb.acherade et al., 201ahd additional sites in order to cover under
sampled regions and biome types. To allow comparison between the products, the same
temporal and spatial supports are used. These analyses are achieved per aggregdted la
cover class based on the 8 generic classes: Evergreen Broadleaf Forest (EBF, 9.6% of LANDVAL
sites), Deciduous Broadleaf Forest (DBF, 7.5%), Needfd-orest (NLF, 11.3%), Other Forests
(OF, 8.8%), Cultivated (19.5%), Herbaceous (21.3%), Shrubl&t¥3 éhd Sparse and Bare
areas (SBA, 13.8%).

The following criteria are analysed: product completeness, spatial consistency, temporal consistency
and error evaluation, which involves Accuracy, Precision and Uncertainty (AdPdjidition, the
conformity test matching theGCOS uncertaintgquirementsis also performed.

Completeness corresponds to the absence of spatial and temporal gaps in the data. Missing data are
mainly due to cloud or snow contamination, poor atmosphermditions or technical problems
during the acquisition of the images and is generally considered by users as a severe limitation of a
given product. It is therefore mandatory to document the completeness of the product ttiee.
distribution in space antime of missing data).

- Global maps of missing values for the period under study are displayed.

- Distribution of gaps as a function of the season is also analysed.


http://calvalportal.ceos.org/web/olive
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Spatial consistency refers to the realism and repeatability of the a@pdistribution of retrievals over
the globe.
A first qualitative check of the realism and repeatability of spatial distribution of retrievals and the
absence of strange patterns or artefacts (e.g., missing values, stripes, unrealistic low valuesnetc.) ¢
be achieved through systematic visual analysis of all global maps based on the expert knowledge of
the scientist.
The spatial consistency can be quantitatively assessed by comparing the spatial distribution of a
reference validated product with the pdoct biophysical maps under study. Two products are
considered spatially consistent when the residuate within uncertainty requirements of the
variable. The residuabis estimated assuming a linear trend between two products (Y =a&; b +
then the residual can be written ag8= Y- a X- b, which represent the remaining discrepancies
regarding the general trend between both products. In this way, systematic trends are not considered,
depicting more clearly patterns associated to the sgadistribution of retrievals.
- The methodology for visual analysis includes the visualization of zoom owveoatibental
areas, selected tiles or areas of interest at full resolution, and the visualization of animations
of global maps at eeduced (14 pixels) resolution.
- Global mapgover the whole transectnd histograms of residuals, at a reduced(fixels)
resolution, between the product under study and reference products are analysed in order to
identify regions showing spatial incgistencies for further analysis (e.temporal profiles).

The realism of the temporal variations and the precision of the products were assessed over-the 720
site LANDVAL network plus additional sites with availability of ground urerasnts (.e., DIRECT
V2.1,GBOW3 AMMA).
- The temporal variations of the product under study are qualitatively analysed as compared to
reference products and available ground measurements.

Accuracy, Precision and Uncertainty (ARtd) evaluated by several metricgablel) reporting the
goodness of fit between the products and the corresponding reference dataset.

Commonly, accacy represents systematic errors and often is computed as the statistical mean bias
(B). Precision represents the dispersion of product retrievals around their expected value and can be
estimated by the standard deviation (STD) of the difference betwetrieved satellite product and

the corresponding reference estimates. Uncertainty includes systematic and random errors and can
be estimated by the Root Mean Square Deviation (RMSD). In addition to these metrics, other statistics
are useful to evaluate thgoodness of fit between two datasets including linear model fits. For this
purpose, Major Axis Regression (MAR) is computed insié@uldinary Least Squares (OLS) because

it is specifically formulated to handle error in both of the x and y variaplesper, 2014)In case of

LAI, CEOS LPV recommends RMSD as the overall performance statistic to evaliztersoy,adue

to limitation in the temporal availability of ground datas¢fernandes et al., 2014} should be noted

that strong and/or multiple outliers affect the classical metrics described aboveB@md STD)in

such cases using the medideviation (MD)instead of the meaiiasto estimate systematic error and

the median absolute deviatiofMAD)as a measure of precision is more suitable.

Note that two aspects of the precision should be also evaluabegér-annual and intreannual
precision(Fernandes et al., 2014)

- Scatterplots and validation metric¥dble2) versus references are produced.
- Histograms of product values per main biome type are evaluated over LANDVAMI sites.
analysis is complemented with violin plots of Bias per biome.
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Intra-annual precision(smoothness) corresponds to temporal noise assumed to have no
serial correlation within a season. In this case, the anomaly of a variable from the linear
estimate based on its neighbours can be used as an indication ofinimaal precisionlt can

be characterizeqWeiss et al., 2007s follows: for each triplet of consecutive observations,
the absolute value of the difference between the center P(dn+1) and the corresponding linear
interpolation between the two extremes P(dn) and P(dn+2) is computed:

) 0OA O0A — A A Eq.1

The distribution of the intrdt Yy dzt £ LINBOA&AA2Y A& |yl fe&dasSR:
guantitative indicator of the inteannual precisioifFernandes et al., 2014; Wang et al., 2019)

by R

Henceli KS t 26SNJ YSRAIY 27F tannddgrediSan.y (GKS KAIKSNI |

Anomalies of an upper and lower percentile of variable are indicatorntef-annual
precision i.e.,dispersion of variable values from year to yéaernandes et al., 2014l can

be assessed providing a bpbot of anomalies for a given product between consecutive years
per bins and its median valuedNote that cultivated sites are not considered in this analysis
due to the nonnatural variability in this land cover type due to agricultural practices (e.g.,
crop rotation). In addition, Evergreen Broadleaf Forest sites are neither considered in the
analysis sioe they are typically affected by cloud coverage for most of the products, and
values are filled in case of products using-§lipg techniques.

Tablel: Validation metrics for product validation

Statistics Comment

N

B
MD
STD
MAD
RMS

MAR

Table2
study.
It shoul

Number ofsamples. Indicative of the power of the validation

Mean Bias. Difference between average values of x and y. Indicative of accuracy and «
Median deviation between x and y. Best practice reporting the accuracy.

Standard deviation of theair differences. Indicates precision.

Median absolute deviation between x and y. Best practice reporting the precision.

Root Mean Square Deviation. RMSD is the square root of the average of squared erro

D between x and y.

Slope and offset of the Major Axis Regression linear fit. Indicates some possible bias

Correlation coefficient. Indicatagescriptive power of the linear accuracy test. Pearson
coefficient is used.

summarizes the validation criteriused for the quality assessment of the products under

d be noted that the validation is mainly focused on 2RQ25 period as it covethe transition

SPOT/VGT to PROBAIn case of/P_CCISPOT/VGT input data is used until 1Qtiiober 2013, both
SPOT/VGT and PROBAlata sources are used from mttober 2013 to early June 2014, and
PROBAY is used from early June 2014 onwards. The period is extended to the whole climate data

record
exercis

(20082020) for some analysis (spatial consimty, direct validation)T'he algorithm selection
e YRCCI_D2.4 PVASR Memonstrated almost identical validation results for SPOT/VGT

and PROBX periods.

Table2: Summary of validation methodology VP_CQdroduct
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Qqahty Reference Covgrage Results

Criteria /period

Product (n(f)(rilf_iﬁe\é)z LANDVAL - Distribution of gaps (maps, temporal variations
completeness /2012-2015 gap PS, P

VNP15A2H C1

Expert knowledge TRANSECT -Visual inspection of maps

Spatial /2000-2020
consistency CGLS V2 /;(I?:'LA‘ZNZSOI:ELET -Distribution ofresiduals.
CGLS V2 LANDVAL o . _
VNP15AZH C1  /2012-2015 -Qualitative irspection of temporal variations.
DIRECT V2.1 DIRECT o . .
CGLS V2 SITES ;Sr:;‘gt?at:\:/ea:?;ir:)encs“on of the realism of the
MOD15A2H C6.1 /2000-2020 '
Temporal GBOV V3
consistency GBOV SITE! -Qualitative inspection of the realism of the
CGLS V2 /2013-2020 temporal variations
VNP15A2H C1 '
AMMA o . .
AMMA SITES -Qualitative inspection of the realism of the
CGLS V2 /2005-2016 temporal variations
MOD15A2H C6.1 '
DIRECT Scatterplots and validation metrics. Conformity
DIRECT v2.1 SITES test. .
/2000-2020 -Analysis fqr CGLS VAEOD15A2H C6.1 for
benchmarking
- Scatterplots and validation metrics. Conformity
Error evaluation GBOV V3 GBOV SITE! test. Analysis per biome types.
(direct validation) /2013-2020 -Analysis for CGLS V2/&IP15A2H C1lfor
benchmarking
- Scatterplots and validation metrics. Conformity
AMMA AMMA SITES test.
/2005-2016 -Analysis for CGLS V2 & MOD15A2H C6.1 for
benchmarking
- Overall scatterplots and validation metrics.
Conformity test.
Ertorevaluaion  COLSV2 |\ \ual piote of bias, scatierpots and validaton mevics.
(product VNP15A2H C1 ' '

/2012-2015 -Intra-annual precision (Histograms of the
aY22GKySaad aSRALY + |
-Inter-annual precision (median absolute anomal
of 95" percentile and % percentile).

intercomparison) MOD15A2H C6.1

Satellite products must be compared over a similar spatial support area and temporal support period.

To allow comparison between the products in case of the error evaluatiensame temporal (20

days, using the closest date) and spatial (3kime., 3x3 pixels in case of CGLS and CCI products and
6x6pixels in case of MOD15A2H C6.1 and VNP15A2H C1) supports are used. Reference NASA products
(e.g., MOD15A2H C6.1 and VNP15A2Ha€: resampled on the Plat€arrée projection over 1/112

which is the CCl and CGLS grid.

This section provides an overview of the retrieval algorithms of the satellite products used in this
exercise Table3 summarizeghe quality flag information of the different productshich isused to
discardpixels flagged as low quality, out of range or ifdal
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Table3: Summary of quality flags used to remove pixels with suboptimal quality of each satellite product.

Product Quality Flag (LSB = bit 0)
CCNP_CCI Bit 8 (RETR_UNTRUSTEDhvcode

Bit 0 (Land/Sea: Sea)
Bit5 (Input status: All reflectance data out of range or invalid)
CGLS Caollectiol Bits6,7,8 (LAI/FAPAR/FCover status: Out of range)
1km V2 (*) Bit 2 (Filled: filled)

(*) Only used in product completeness quality criteria.
Bits5,6,7 of FparLai_QC, which correspond to SCF_QC defreéconfidence score:
NASA MOD15A2}+ -2 Main (RT) method failed due to bad geometry, empirical algorithm used.
C6.1 -3 Main (RT) method failed due to problems other than level 2.
-4 Pixel not produced at all, value could not be retrieved).
Bits0,1,2 of FparLai_QC, which correspond to SCF_QC defreéconfidence score:
NASA/NP15A2H -2 Main (RT) method failed due to bad geometry, empirical algorithm used
C1l -3 Main (RT) metbd failed due to problems other level 2.
-4 Pixel not produced at all, value could not be retrieved).

VP_CCLAI and fAPAR products were derived based on OPTISAIL radiative transfer[Vibodel
CCl_D2.1_ATBD_V10OPTISAIllis an optimisation framework built around the models SAIL4H
(Verhoef et al., 2007PROSPEDI(Féret et al., 2017)TARTESKiles and Painter, 2013n empirical

soil model wih a semiempirical moisture effect, and a cloud contamination modéiey directly
simulateTop Of Canopyl©OQ reflectances for given sets of spectrally invariant parameteigs. LA,

leaf pigments etc.) and scene geometries at given bands. In ordetrieve these parameters for
observed TOC reflectance data, an inversion is made for each pixel. Durind ofjdleis project,
repeatedly clouegcontaminated data was encountered, which was not flagged as such. Therefore, the
cloud contamination modelfdOptiSAIL was activated, which simulates the effect of variable amounts
of thin clouds per observation. This significantly reduces the number of outlier retrievals. The inversion
in OptiSAIL minimises a cost function with data and prior term. It usesegtadformation which is
efficiently provided by adjoint code of the models. These adjoint codes are obtained by Automatic
Differentiation (AD), which allows for quick adaption of the whole system to changes in the models.
OptiSAIL includes an algorithmrmodel the effects of residual cloud contamination after atmospheric
correction; this option has been usedhe model is described with furthereferences and
demonstrated(Blessing and Giering, 202A8)I outputsfor the CRDR. are on the same 1 km regular
lat-lon grid as the TOC reflectance data used for ifp&CCl_D4.2_PUG_V1.

The product validatiois performed over aubset of theclimae data record (2002020 period) based
on SPOT/VGT and PROBERDR). Thevalidationdataset was generated ovarglobally distributed
selection of sitesand a latitudinal transect (seEigure 1) distributed as 10 x 1 tiles plus one
additional European sité-igurel illustrates the sampling strategy for the validation. It consists in two
approaches:

- A selection of sites for product intercomparison (LANDVAL) and direct validation (DIRECT V2.1,
GBOV, AMMA).

- A latitudinal transect for the evaluation of the spatial consistency and qualitative visual
inspection of the reliability of the product#t. should be noted that the latitudinal transect
used for validation idalf (10° longitude) than the transect provideid the CDRR (20°
longitude)(see PUGVRCCI_D4.2 PUG_V1.
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Figurel: Validationsampling strategy: A) selected sites from LANDVAL, Calibitiesy GBOV,
DIRECT_2.1 and AMMA. B) Latitudinal Transect (see blue restangle

The tile productdncludethe layers listed inrable4. The site products contain the same thematic
products as the tile products and additional layers (see RIRELI_D4.2_PUG_VYfor more details).

Table4: Thematic products included in the tile and site dataset (8 layers).

Parameter Meaning

LAI SAIL effective Leaf Area Index

fAPAR fraction of Absorbed Photosynthetically Active Radiation using
diffuse ASTM=0173

LAI_ERR LAI standarerror

fAPAR_ERR fAPAR standardrror

LAI_fAPAR_correl

LAI fAPAR standard correlation

n_bands_used

number of bands used

p_chisquare Probability of Chsquare statistics; low values mark bad
comrespondence of model and data
Invcode Inversion code

2.2.2Reference satellite products

Different satellite products from different services (CGLS, NASA) are used for product intercomparison
with VP_CCIAPAR and LAI products. It should be noted that reference satellite proprmigie

actual LAl products wheredd?_ CGCprovides effective LAketrievals.Table5 summarizes the main
characteristics of existing LAl and fAPAR products.
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Table5: Characteristics of the existing LAI/FAPAR global remote sensing reference praicemd RTM

A0FYRE F2N) a! NOATFAOALE bSdzNItf bSig2N)l € FyR dawlkRALFGA
{FYLX AYy3 5ArAail yOS¢

Satellite Frequency  Temporal

Product /Sensor GSD /compositing _availability Algorithm  Clumping Reference
ANN
SPOT/VGT 19992014  trained
CGLS 10 davs with CYC ~ Weighted (Ver29092r3e)t al,
Collection 1km aay and MOD of CYC
1km V2 /variable + gap and MOD [ATBD-
PROBA/VG 20142020 fijling & CGLS_PBV_V]
smoothing
NASA TERRA 500  8days 2000 Inversion _-lant - (Knyazikhin et
MODISAZH  \yiopis m /8 days resent RTM3D Canopyé& al,, 1998)
c6.1 Y P landscape [ATBD-MOD15]
NASA SNPP 500  8days 2012 Inversion _lant - (Knyazikhin et
VNPISAZH  vigRs m /8 days resent RTM3D Canopyé& al,, 1998)
c1 Y P landscape [ATBD-VIIRS]

2.2.2.1 CGLS Collection 1km V2

The retrieval algorithm(Verger et al.,, 2023)ATBBCGLS_PBV_NM®as initially defined for the
estimation of LAI, FAPARnd FCOVBRom the VEGETATION series of observations and was also
applied to daily topof-canopy reflectance provided by the PRGBAensor. As the neural network

(NNT) algorithm was trained with SPOT/VGT observations, two specific adaptations are applied to
achieve good consistency when applied to PRURIAta. First, a spectral conversion is applied on the
actual PROBX TOC reflectances to get SPOTNIKETTOC rééctances values. Second, PROBA

NNT outputs are rescaled with regard to SPOT/VGT NNT output using a polynomial function fitted over
BELMANIP2.1 sites. The CGLS V2 algorithm aims providing improved products as compared to CGLS
V1(Baret et al., 2013nlthough derived from the same sensors observations, with smoother retrievals

and no missing values. CGLS V2 products have the same temporal sampling frequency o840 days
CGLS ViSimilarlyto CGLS V1, CGLS V2 capitalizes on the development and validation of already
existing productsCarbon cYcle and Change in Land Observational Products from an Ensemble of
SatelliteCYCLOPES) version 3.1 and MODIS collection 5, and the use of neundisiBavet et al.,

2013; Verger et al., 2008)he basic underlying assumption is that a strong link exists between
VEGETATION observations and the fused product resulting from CYCLOPES and MODIS products.
Products are associated with quality assessment flags as well as quantified uncertainties.

The algrithm starts from the daily PROBAtop-of-canopy reflectance products. The output is the
instantaneous first guess of the three variables. Then, a temporal smoothing and gap filling (TSGF)
method is applied, using several techniques including the Sga@play filter, a climatologiVerger

et al., 2013pr interpolation methods to smooth the time profile and fill the gaps.

The CGLS PROBAollection 1 km V2 products were validated over the period OctoberZii8ber

2014 RARGGLS PBV_Y2and the quality stability was systematically checked every year. The
reports are available on the CGLS webghéps://land.copernicus.eu/global/products/Iai The
products displayed better spatial coverage (no gaps) and smoother profiles than CGLS V1 and MODIS
C5 products. Specifically, over evergreen broadleasts, the CGLS V2 presented smooth trajectories

with high values and very limited seasonality while the CGLS V1 showed unexpectedly éma LAI
fAPAR values and seasonality and noise due to permanent clouds. The accuracy assessment over a
limited number ¢ concomitant grounebased measurements (<15) showed RMSD values ob@d9

0.12 for LAANAfAPAR, respectively

More recently, the quality of CGLS V2 was assessed with due attention to consistency and
improvements with CGLS \(¥erger et al., 2023 CGLS V@roducts are consistent with V1 at the

global scale and meet CGLS and GCOS uncertainty requirements in 90% of cases for LAI, and 80% for
fAPARCGLY?2 showed a similar accuracy @&LY 1 for LAI and slight improvements f@tPAR as



https://land.copernicus.eu/global/products/lai
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evaluated over the thited ground measurements availablleIRECT V.2)n addition,CGLS V2 highly
improvesV1 in terms of product completeness and does not show any missing data thanks to
climatological gap filling that ensurggoduct retrieval even when scarce or no obseivatare
available during a long perio@GLS V2 andl time series showed high temporal consistieimcmost

of the situations. V2 corrects the inconsistencies identified/inat vey high Northern latitudes
(artefactsintroduced by theBidirectional Refletance Distribution Functio(BRDFmodel in extreme
illumination conditions) and for evergreen broadleaf forasviée and discontinuities iW1 due to
cloud cover). Additionally¢2 improves both the iefr- and intraannual precision.

2.2.2.2 NASA MOD15A2H C6.1

TERRA MODIS C6.1 LAI and fAPAR products (MOD15A2H) are available at a spatial resolution of 500
m over a sinusoidal grid and a step of eight days since 2000 at
https://ladsweb.modaps.eosdis.nasa.gov

The algorithm retrieves LAl and FAPAR values given sun and view directions, Bidirectional Reflectance
Factor (BRF) for each spectral band, uncertainties (i.e., relative stabilized pre@igamy et al.,

2001) in input BRFs, and land cover classes baseah@biome classification mafMyneni et al.,

2002; Yang et al., 2006Jhe operational LAIAPAR algorithm consists of a main algorithm that is
based on 3D radiative transfer equatiand a backup algadhm. By describing the photon transfer
process, this algorithm links surface spectral BRFs to both structural and spectral parameters of the
vegetation canopy and sdisrar and Myneni, 1991; Ross, 1983%)jven atmosphere corrected BRFs
and their uncertainties, the algithm finds candidates of LAl af@dPAR by comparing observed and
modeled BRFs that are stored in biome type specific {4mKables. All canopy/soil patterns for
which observed and modeled BRFs differ within biespecified thresholds of uncertainties (€.80%

and 15% for red and nedmfrared bands, respectively, for forest biomes) are considered candidate
solutions and the mean values of LAl dAPAR from these solutions are reported as outputs. The
mean and dispersion of LAWPAR candidates are reped as retrieval and its reliability, respectively.

The law of energy conservatigreflectance, transmittance and absorbance sum up to umihg the

theory of spectral invariance are two important feads of this main algorithmTBBMOD15.

The main algorithm may fail to localize a solution if uncertainties of input BRFs are larger than
threshold values or due to deficiencies of the RT model that resintarrect simulated BRFs. In such
cases, a backup empirical method based on relations between NDVI abARARKnyazikhin et al.,

1998; Myneni and Williams, 199#) utilized to output LAIAPAR with relatively poor quality (called

the backup algorithm). It should be noted that pixels computed by this backuficsohre discarded

from the analysis.

The consistency betweenf previous collections C5 and C6 wasilysedNestola et al., 2017; Yan et
al,2016ap A 1 K2dzi UyRAYy3 &aLJ} ALt RAFTFSNByOSa RdzS G2
versions of 0.091 fofAPARYan et al., 2016a)'he accuracy assessment penfie@d over 45fAPAR
ground measurements showed an overestimation of both C5 antABR products over sparsely
vegetated areagYan et al., 2016bComparisons with SPOT/VGT Collection 1km V1 products showed
similar spatial distributions at a global scé¥an et al., 208b), and temporal comparisons for the
2001¢2004 period showed that the products properly captured the seasonality of different biomes,
except in evergreen broadleaf forests.

The improvements of C6.1 respect to C6 are:

- The Version 6.1 Lev&B products hve been improved by undergoing various calibration
changes that include: changes to the respomeesusscan angle approach that affects
reflectance bands for Aqua and Terra MODIS, corrections to adjust for the optical crosstalk in
Terra MODIS infrared bds, and corrections to the Terra MODIS forward iapktable
update for the period 20122017.

- A polarization correction has been applied to the L1B Reflective Solar Bands.



https://ladsweb.modaps.eosdis.nasa.gov/
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2.2.2.3 NASA VNP15A2H C1

As Terra and Agua MODIS sensors will likely be terminated @mraqua MODIS have far exceeded
their design life, 6 years, and have a strong chance of operating successfully into the early 2020s), the
Visible/Infrared Imager Radiometer Suite (VIIRS) instrument onboard the Suomi National Polar
orbiting Partnership (S8PP) and Joint Polar Satellite System (JPSS) has inherited the scientific roles of
MODIS(Justice et al., 2013)The first VIIRS sensor onboard the SNPP platform was successfully
launched in October 2011. In this context, the NASA SNPP VIIRB\PARI/ product
(https://viirsland.gsfc.nasa.gov/Products/INASA/LAI_FparESDR.hf¢IP15) should ensure the
continuity with the MODIS LARPAR product (MxD15)he VIIRS LANPAR algorithmATBBVIIRE

has benefitted from the heritage of the MODIS operational algorithm.

The validation approach for VIIRS EAPAR is similar to that of MODIS Collection 6. The VIIRS subsets
and the Earth Observation Satellite (EOS) Core Validation Sites as well as the BELMANIP2 sites are
used to achieve the goal of CEOS level 2 validation stage. LMRAR retrievals from VIIR8d

MODIS were found consistent at different spatial (i.e., global and site) and temporal {day, 8
seasonal and annual) scal@su et al., 2018; Yan et al.,, 2018jith mean discrepancies (mean
RATFSNBYyOSa 2F bndnnc p [AXPAR) meefing thd sfalility reguyeRient 1 ® 1 n H
for longterm LAIfFAPAR Earth System Data &es from multisensors as suggested by the GCOS.
Relative uncertainties (RMSD) of VIIRS LAIfARAR products, assessed through comparisons to
ground measurements, of 0.60 (42.2%) and 0.10 (24.4%), respectively were refartedal., 2018)
Comparison of VIIRS LWAPAR (VNP15A2H) versus GBOV ground data ovdn Norérica sites
(Brown et al., 20203howed simar performance than MODIS Collection 6 (MOD15A2H), with RMSD
=0.81 to 0.89 for LAI, and RMSD = 0.1248AR.

Ground references of high quality are needed to validate satdifiteedproducts. The DIRECT V2.1
databasenosted at the CEOS cal/val portiatttps://calvalportal.ceos.org/Ipudirect-v2.1) compiles LA

and fAPAR averaged values 0B km x 3 km area. The ground data was upscaled using high spatial
resolution imagery following CEOS WGCYV LPV LAl good practices to properly account for the spatial
heterogeneity of the site. Ground measurements including in the first version (DIREE€Tgsueting

from several international activities including VALERI, BigFoot, SABBRICCRS, Boston University
and ESA campaigns compiled by S. Garriffagigues et al., 2008and later ingested in the CEOS
WGCV LPQLIVE too{Weiss et al., 2014pr accuracy assessment. F. Camacho reviewed DIRECT to
remove those sites without understory measuremef@&macho et al., 2013@hd after that expanded

the database with ImgineS site¢Canacho et al., 2021 DIRECT V2.1 is the last update including 44
new sites from ChingFang et al., 2019; Song et al., 202y 2 sites from ESA FRWeg(Brown et

al., 2021a)

The CEOS WGCV LPV DIRECT V2.1 database constitutes a major effort of the international community
to provide ground reference for the validation of LAl and FAPAR ECVs, withda ioté sites around

the world (7 main biome types) and 280 LAI values, 128 FAPAR and 122 FCOVER values covering the
period from 2000 to 2021.


https://viirsland.gsfc.nasa.gov/Products/NASA/LAI_FparESDR.html
https://calvalportal.ceos.org/lpv-direct-v2.1
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As part of the Copernicus Global Land SertieeGroundBased Observations for Validation (GBOV)
service (https://land.copernicus.eu/global/gbgvaims at facilitating the use of observations from
operational grounebased monitoring networks and their comparison to Earth Observation products.
In case of LAAnd FAPARthe GBOV service performs the implementatiord anaintenance of a
database for the distribution dReferenceMeasurements (RMs) and the corresponding Land Products
(LPs) (i.e., upscaled mapSurrently, GBOV provides mukimporal Land Products over 27 sites.

The current version (V3) of GBOV LPritlyn [ATBBGBOW.P3LP4LPJ takes as input the Reference
Measurements (RMs) collected over a given site, in addition to a series of high spatial resolution
images. Calibrain functions are then derived between RM and Radiative Transfer Model {RTM)
based(PROSAIlI¢trievals, enabling high spatial resolution maps of each RM to be produced.

The use of calibrated RThased retrievals (GBOV V3) as opposeddgetation indexbased multi
temporal transfer functionén previous versiofGBOV V2) enables the impact of reanopy factors

that perturb the vegetation indekiophysical variable relationship to be reduced. For example, as
viewing and illumination angé are an explicit input, seasonal variations in-sensor geometry can

be better accounted for, whilst the variety of soil spectra used in the RTM simulations helps reduce
the impact of the soil backgrour{@rown etal., 2021b) To maintain computational efficiency, a hybrid
method using artificial neural networks (ANNSs) trained with RTM simulations was selected as opposed
to a pure inversion approach.

As a summary, the main changes of V3 algorithm respect toe/2 a

- A new upscaling method has been implemented, using an-Baddd retrieval approach as
opposed to vegetation indelkased multitemporal transfer functions. In the new method,
RMs are used to establish calibration functions, which enable biases inihRTéibased
retrievals to be corrected foBrown & al., 2020)

- Afootprint matching procedure has been implemented in which RMs are related to the mean
of a variable window of Landsat Operational Land Imager (OLI)/Sefgtikkliti-Spectral
Instrument (MSI) pixels, whose size depends on the Elemerarypling Unit (ESU)
measurement footprint at the site in questigBrown et al., 2020)

- To improve temporal consistency, the constraint for relating RMs to high spatial resolution
imagery has been reduced from * 7 days to + 1(8agwn et al., 2021k)

- Inthe @se of LAI LPs (i.e., LP3), RMs (i.e., RM7) derived according to Wilson af\fvitsach
1963)is now adopted, as it has been shown to provide more stable estimates undegpieano
GAGK RAFFSNBYyd fSIF Fy3at S RAMileNABDAegRly & 6KS
(Leblanc and Fournier, 2014)

A limitation of this dataset is that the calibration is not performed per site, therefore over forest sites
with different level of clumping a bias is expected by using a generic calibration function. The use of
PROSAIL model in the R'bislsed retrieval approach should favour satellite products based-bDn 1
RTM models. Furthermore, there is a limitation for sparse canopies where large fraction of missing
values is observed in GBOV LP.

AMMA ¢ Cycle Atmosphérigue et Cycle Hydrologique (CATCH) observing system has collatied a d

set composed of LAIAPAR and clumping index in the Sahelian rangelan@®ofmaregion in Mali

over the 20052017 period. Grrently, the dataset is available only for the 262816 period.

The measures were carried out at the sites previously installed in 1984 and monitored till 1994 by the
International Livestock Centre for Africa (ILCA) and byLtyed G A G dzi R Q gERZBARAKA) S w dzNJ
(Hiernaux et al., 2009a, 2009@nd reactivated by the AMMZLATCH observing system during the

AMMA project(Redelsperger et al., 2006)hese 1 km x 1 km sites were chosen within large and


https://land.copernicus.eu/global/gbov
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relatively homogeneous areas sample the main vegetation types and canopies encountered within
the supersite.

The variables were derived from the acquisition and the processing of hemispherical photographs
taken along 1 km linear sampling transects for four herbaceous canopiesardibbet field. Also, an
inundated forest site was measured but it was limited to 0.5 km due to the difficulties associated with
the field work in such an environment. At each sampling date, 100 or 50 hemispherical photographs
were acquired at 1 knfor herbaceous or 0.5 krfor forest sites, respectively, thaheansa picture

taken every 10 m. At the forest site, photographs were acquired both in the upward and downward
directions to sample the forest canopy and the herbaceous understory. When the forest floor was
inundated, only the herbaceous vegetation componeinbee the water surface was considered.

The collected hemispherical pictures were analysed using the image processing softwaeey EAN
[CAN_EYE_U@nd the estimated mean vetation variables at the 1 km scale were computed by
averaging all the 100 or 50 measurements acquired along the sampling transect for the herbaceous
and forest canopy, respectively.

Generally, hemispherical photographs were taken approximately every ¥ dlaing the growing
seasons for the herbaceous canopies, whereas atkihienaforest site, the monitoring took place
approximately every 10 days during the leafy perias,from July to January, and every month during

the dry season.
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3.1 Product completeness

Figure2 shows the temporal evolution of missing value3/8f_CQlgreen), CGLS V2 (pink and purple
for SPOT/VGT and PROBYand VNP15A2€l1 for 2012015 period. It should be noted that, as CGLS
V2 aregapHfilled products (i.e., no gaps), only those CGLS V2 pixels ndfillgdmccording to its
quality flag were used in this computation.

The maps of the percentage of missing valoesr LANDVAL siteare displayed ifrigure3.

The mairconclusiors are

- All products showthe expected temporal trend of missing data over LANDVAL sites, with
higher fraction of missing data in wintertinoé northern hemisphere. HoweveVv,P_CCGhows
considerably lower fraction of missing data (maximum value typically around 30% in January)
than CGLS V2 (maximum value around 45%) and VNP15A2H C1 (around 55%) products.

- The maps of missing valudsdure3) shows thatvP_CQprovides low percentage of missing
data than CGLS V2 ndilied pixels over areas typically affected by cloud coverage (equatorial
belt and northern latitudes), which coulde indicative of less restrictive cloud screening
approach and, in consequence, more contamination in retrieving product valiiNR15A2H
C1 does not provide over desert targetsigisiome (Myneni et al., 2002; Yang et al., 2006)

- When VP_CCquality flags are used to remove pixels with suboptimal quality (see dashed
greenlines inFigure2), similar missing values are found than forgkels (continuous green
lines) This is indicative of a low restrictive quality flag.
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Figure2: Temporal variation of the percentage of missing values (computed over LANDVAL sites) for
VP _CCI (C@PTISAJlgreen), CGLS V2 nfited (pink and purple for SPOT/VGT and PROBd
VNP15A2H C1 (yellow) during 2@ 5. The computation of gaps was performed considering all
pixels (continuous lines) abést qualityusing quality flags (dashed lines).
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Missing Values: CCI OPTISAIL BQ [LANDVAL] (2012-2015)
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Missing Values: C6LS V2 BQ [LANDVAL] (2012-2015)
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Figure3: Maps of missing values (computed over LANDVAL sites, best quality pix¢R) @l (CCl
OPTISA)l(top), CGLS V2 néditled (middle) and VNP15A2H C1 (bottom) during 20015.
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3.2 Spatial consistency

3.2.1Visualinspectionof maps

The physical valuesf VP_CQproducts are given in LAhd fAPAR layers. The spatial consistency was
visually checked with animations over theralidationtransectplus one European tiléor the two
variablesFigured and Figure5 show some examples of thgtobal distributions of LAl arfdAPARor
2015 (based on PROBA and 2012 (based on SPOT/VGT) year at 3 months of temporal frequency.
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Figure4: Maps over thevalidation transect of OPTISAIL LAl products (best quality pixels) in early
January, April, July and October 2015. Grey valuesspond to filled valueg.g., over oceans and
seas)or low quality pixels
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Figure5: Maps over thevalidation transect of VP_CCI (COPTISAJFAPAR products (best quality
pixels) in early February, May, August and November 2012. Grey values correspond to filled values
(e.g., over oceans and seas)low quality pixels.

The main conclusions for the visual inspectionthaf mapsover the transet (Figure4 and Figureb)
are:
- Reliable spatial distributions for botrariables are generally found over most areasered
by this analysis
- However, some spatial inconsistencies are found:
0 Some unrealistic high values arzemmonlyfound over northern regions typically in
winter (e.g., some pixels in South France in 200LB.0 for LAI, or in North France in
2012.02.05 for fAPAR). These values could be related to cloud and/or snow
contamination.
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o0 Remarkably good completeness is observed over equatorial areas but unrealistic low
values arefound over large areagmainly for LA(LAI < 2 over equatorial forests),
whichcouldbe explained by cloud contamination.

In order to better understand the spatial inconsistencies observed over northern and equatorial areas,
the maps at full resolution over the tiles X18Y0O2M555°N; (PE- 1(PE] and X20Y07 J5- 5°N; 2C°E

- 30°E] are displayed and presented for six consecutive datEmgirre6 (tile X18Y02 for LAlrigure7

(tile X18Y02 for fAPARigure8 (tile X20YO7for LAI) arkigure9 (tile X20Y07 for fAPAR).

Main conclusions are:

- For X18Y02 some unexpected high values are found, showing abrupt changes, which can
observedat local scalée.g., transitiorfrom 2014.01.21 to 2014.01.34t North-Eastin Figure
6 for LAI) or ovetargeareas (e.g., transitiofrom 2014.12.22 to 2014.127 overalmost the
whole tile inFigure? for fAPAR).

- ForX20YO07too much variation is observed between consecutive datesinly for LAIKigure
8), which is not expected over these areas mainly dominated by EBF.

- Some stripes are found in both cases: northern latitudes in winter and equatorial areas.
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Figure6: Maps over X18YO02 tile ®P_CC(CCI OPTISAILAI products (best quality pixels) for six
consecutive dates starting in eadgnuary2014.
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conseutive dates starting in early Deceml|2814.
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Figure9: Maps over X18Y02 tile ¥P_CCI (COPTISA)APAR products (best quality pixels) At full
resolution for six consecutive dates starting in early September 2014.

3.2.2Analysis of residuals

In this sectionthe spatial distribution of residuals betweeWP_CCand CGLS V2 LAl and fAPAR is
evaluated Maps of residuals for one year of data (four examples per year) are preserftaglirel0
andFigurell. Table6 shows the linear equations used to compute the residuals betvwé&enCCind

CGLS V2. These equations are based on the Major Axis Regression (MAR) linear trends, which are
computed using LANDVAL sites. It shoulchbeed that, in case ofAPAR, residuals asmilar to
differences (MAR close to 1:1 line).

Table6: Summary of validation methodology
MAR relationshipvVP_CCand CGLS V2
LAI Y=0.02+0.48x
fAPAR Y=0.03+1.05x

Main findings from the spatial consistency betweda CCGAnd CGLS V2 LAI and fARA&ducts are:

- For LAI(Figure10), both products are spatially consisteaver large areas, with most of
residuals between +0.5 LA arger spatial inconsistencies typically are found over equatorial
areas.

- Similarly for fAPARFigurell), both products are spatially consistent in overall, with most of
residuals between +0.1 fAPAR. Larger spatial inconsistenaesbaerved over equatorial
areas and Europe.
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Figurell: Maps of residual betweeWP_CCIl (COPTISA)land CLGS V2 fAPAR products (
pixels) over thesalidation transect in midFebruary, May, August driNovember 2012.

3.3 Temporal consistency
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This section examines the consistency&f _CClemporal variations as compared to the reference
products CGLS VV2/NP15A2H Cand multitemporal ground data from GBOV V3 and AMMA (when
available) Temporal profiles were displayed over the 720 LANDVALasitethe additional sites with
ground data availability. Frofigurel2to Figurel8, two examples are selected to illustrate the LAI
and fAPAR typical variations for each biome type: EBF, DBF, Nil&haso herbaceous, shrublands
and sparse and bare areas.
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Figure12: Temporal profiles over two selected Evergreen Broadleaved Forest sit€ GC(CCI
OPTISAIlgreen), CGLS (pink for SPOT/VGT and purple for RR@BAVNP15A2H C6.1 (yellow).
Note:VP_CQrovides effective LAI valydeence lower value thaiGL&nd VNP15A2iHat represent
actual LAl are expected

 DELA (32.54172N,87.80389W) - Deciduous Broadleaved F. LANDVAL#705 - Jilin_3 (Lat:41.8527,Lon:127.683) - DBF
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Figurel3: As inFigurel2 but for Deciduous Broadleaved Forest.

OSBS (29.6765N,82.0091W) - Evergreen Needleleaf F. LANDVAL#652 - Republica_Saja_5 (Lat:62.7277,Lon:124.156) - NLF
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Figurel4: As inFigurel2 but for NeedlelLeaf Forest.
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BLAN (39.0603N,78.0716W) - Croplands KONA (39.1104N,96.6129W) - Croplands
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Figurel5: As inFigurel2 but for Croplands.

WOOD (47.1282N,99.2414W) - Grasslands AMMA#10 - TARANE-SW (Lat:15.2301,Lon:-1.5833) - Grass/Others
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Figurel6: As inFigurel2 but for Herbaceous.
SRER (31.91068N,110.83549W) - Shrublands SRER (31.91068N,110.83549W) - Shrublands
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Figurel?: As inFigurel2 but for Shrublands.
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LANDVAL#596 - Diffa (Lat:14.6741,Lon:13.2812) - SBA - LANDVAL#531 - Algeria#1 (Lat:23.8,Lon:-0.4) - SBA
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Figurel8: As inFigurel2 but for Sparse and Bare Areas.

Main conclusions from theisual inspection of temporal trajectories are:
- For EBRFigurel?), the temporal trajectories of/P_CCshow verylow fraction of missing
values but showing nsy profilegprobably due to dittle restrictive cloud screening his noise
is related to spatibinconsistencies observed in secti®. The temporal trajectories of CGLS

V2 are very smooth and present very low seasonality, as expected due to smoothing

techniques applied in the temporal composit@&rger et al., 2023)

- For DBFRigurel3), VP_CGhows similar temporal trajectories than other products and GBOV

V2 multitemporal ground observations. For LXP_CCshows lower magnitude of values

than references due to differd definitions (LAleff vs LAI). Remarkably good agreement is
found, in terms of magnitude of values, betwe¥R_CCICGLS V2 and GBOV for higher fAPAR

values.

- VP_CCkhows, again, similar temporal trajectories than reference products and -multi

temporal GB® V3 ground data for NLFigurel4). Some outliers are found for some cases
located at northern latitudes (e.g., LANDVAL #632igarel4) in wintertime which ould be
attributed to cloud or snow contamination.

- Similarly, for croplandg$-{gurel5), herbaceousKigurel6) and shrukdnds Figurel?), VP_CCI

shows same seasonality and temporal trends than reference satellite products and ground

data. Some outliers are found, again, feweralobservations typically duringintertime.
- VP_CQrovides very low or almost zex@luesfor spase vegetated(Figurel8-left) and bare

areas Figure18-—right). In case of CGLS V2 some bias is observed in the transition from

SPOT/VGT (2013) to PREBER014) whilst fowP_CGkmarkably good continuity is observed
when using different input ata (SPOT/VGT and PROBA/NP15A2H C1 does not provide

valid values over desert targets as heritages biome dependency from MODIS operational

algorithm(Myneni et al., 2002; Yang et al., 2006)
- The outliersseem to berelated tosome ofthe spatial inconsistencies observed in the visual
inspection of mapsuprealistic high valuesee sectior8.2.).

3.4 Error evaluation (direct validation)

3.4.1Comparison with DIRECT V2.1

Figurel9, Figure20 and Figure21 show the scatteiplots betweenvVP_CCICGLS V2 and MOD15A2H
C6.1products versus DIREGR.1 LAI, effective LAl and fAPAR grebased reference maps.
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ConcomitantWo6 S & G dpuigles baiwdedall satellite products under study are used, and
comparison was performed &km? (i.e., average values of 3x3 pix&lscase oVP_CCand CGLS V2
and 6x6 in case of MOD15A2H Q6.1
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Figurel9: Scatterplots betweenvP_CCIl (COPTISAJLCGLS V2 and MOD15A2H C6.1 LAI products
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Figure20: As inFigurel9but comparing with DIRECT V2.1 effectiveNdte:VP_CQirovides effective
LAI values.
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Figure21: As inFigurel9 but for fAPAR products

Main conclusions for LAfFigure19andFigure20) are:

- VP_CGQhows systematically lower values than DIRECT V2.Eigatgll9) and effective LAl
(Figure 20) with large negative mean bias 60.9 ¢52%) and-0.6 (48%) and overall
uncertainties (RMSD) of 1.3 and {a2ound 90%)respectively The overestimation is mainly
observed for higher vais, with slope of 0.5 even when comparing with effective LAI.
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- As expected, higher number ®P_CGCdases is within goal (16%) and threshold (26%) GCOS
uncertainty requirements when comparing with effective LAl than when comparing with true
LAI values (9% and 15%).

- Both CGLS V2 and MOD15A2H C6.1 satellite references show improved accuracy (mean bias)
and lower uncertainty (RMSD=1.around 5660% in relative termswhen comparing with
true LAI grounebased maps). CGLS tends to slightly overestimate DIRECT V2.1 high values
(slope=1.22)whilst MOD15A2H C6.1 show mean bias close to zero.

- CGLS V2 and MODIBACG.1 show higher number of samples within goal (19% and 17% for
CGLS V2 and MOD15A2H C6.1) and threshold level (30% and 28Y%) tie42i

For fAPARFigure2l):

- VP_CCshows systematic positive bias of 0.07 compared with DIRECT V2.1, with linear
relationship (slope around 1) and overall uncertainty (RMSD) of 0.15.

- CGLS V2 shows the best agreement (mean bias of 0.03, RMSD of 0.11). MOD15A2H C6.1 also
showsbetter overall agreement (B=0.05, RMSD=0.13) ti{&n CCbut with a clear tendency
to overestimate low fAPAR values over sparsely vegetated ar&a)h R2 NA 02 S | f oX

- As for LAIVP_CCprovides lower number of samples within optimal (12%) and threshold
(22%) GCOS uncertainty requirements than CGLS V2 (23% and 33%) and MOD15A2H C6.1
(22% and 30%).

Figure22 and Figure23 show the scatterplots betweeWP_CCICGLS V2 anédNP15A2H LLAI and
fAPAR products versus GOBV V3 LAl and fAPAR drased reference map£oncomitant¥o S &
lj dzI fsdmiplésBetweethe threesatellite products under study are used, and comparisonaiss
performed at3km? (i.e., average values of 3x3 pixEs VP_CCind CGLS V2 and 6x6 pixels in case of
VNP15A2H Qlit should be noted that, in case of LAI, the results are presented for forest and for non
forest sites due to the different level of clumping. Therefore, larger discrepancies due to the different
definition (effective LAl in case MP_CCand actual LAI in case of GBOV V3) are expected in those
sites with higher clumping (i.e., over forests).
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Figure22: Scatterplots betweeWP_CCIl (COPTISAJLCGLS V2 aMNP15A2H QlAl products versus
GBOV V3 LAI grouhdsed maps. Forest sites are presented at the top (dark and light green represent
EBF and DBF, dark and light blue represent NLF and mixed forests) dackabsites at the bottom

side (puple, red and orange represent croplands, grasslands and shrubl&@rm®n and blue lines
standfor goal andthresholdlevels, respectivelyNote: VP_CQirovides effective LAl values.
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Figure23: Scatterplots betweeWP_CC(CCOPTISAJLCGLS V2 andNP15A2H CIAPAR products

versus GBOV V3 fAPAR grobaded maps. Dark and light green represent EBF and DBF, dark and
light blue represent NLF and mixed forests, and purple, red and orange stand for croplands, grasslands
and shrublandsGreen and blue linegandfor goal andthresholdlevels, respectively.
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Main conclusions for LAI are:

- For forest sitegFigure22, top sidg VP_CC3shows, as expected, lower values than GBOV V3
due to different definitions (LAleff vs LAI true). CGLShé#vsa tendency to overestimate
higher values and the opposite trend for lower values, with overall uncertainty (RMSD) of 0.74.
VNP15A2H Cghows mean bias close to zero, but large scattering, with RMSD of 0.78.

- For nonforest sites Figure22, bottom side)vVP_CCihowsthe best agreement with RMSD of
0.29 and slight positive bias of 0.1 (slope of 1.27). Both CGLS VAIBR1&A2H Cihow large
bias in comparison with GBOV V3, with slopes of the linear regression of 2 and 1.7
respectively.

- For nonforest sites,VP_CCshows the higher number of samples within GCOS uncertainty
requirements with 25% and 47% of cases within optimal and threshold level.

Main conclusions for fAPARe:
- VP_CClends to provide higher values than GBOV V3 for-fuyast sites and thepposite
trend for forest cases, with mean bias of 0.02 (3%) and overall uncertainty (RMSD) of 0.14.
- Both satellite references provide better results, with RMSD of 0.1 (CGLS V2) and 0.11
(VNP15A2H G&nd low scattering (STD).
- VP_CQprovides slightly lowr numberof cases within goal (18%) and threshold (33%) GCOS
uncertainty requirements than CGLS V2 (23% and 38%yMRA5A2H CL9% and 38%).

It should be notd that all satellite products show a clear tendency to overestimate GBOV V3 LAl and
fAPAR grond-based maps for noforest cases and could beartly, due to GBOV V3 uncertainties.

3.4.3Comparison with AMMA

Figure24, Figure25 and Figure26 showthe scatterplots betweerVP_CCICGLS V2 and MOD15A2H
C6.1products versus AMMAAI LAEff and fAPAR ground data.2 Y O2 YA G yi WwWoSad | dzt
between both satellite products under study are used, and comparisonpedsrmed at 1km of
spatialsupport as AMMA ground measurements are provided over transects of around 1km.
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Figure24: Scatterplots betweeWP_CCI (CCl OPTISAIGLS V2 and MOD15A2H C6.1 LAI products
versus AMMA LAI grodrdata. Green and blue linegandfor goal andthresholdlevels, respectively.

Green markers stand for Forests sites, blue for Croplands sites and red for Grassland or other sites.
Note:VP_CQrovides effective LAI values.
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Figure25: Scatterplots betweeWP_CCIl (COPTISAJLCGLS V2 and MOD15A2H C6.1 LAI products
versus AMMA LAleff ground datareen and blue linesandfor goal andhresholdevels, respectively.

Green markers stand for Forests sites, blue for Croplands sites and red for Grassland or other sites.
Note:VP_CQbrovides effective LAl values.
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Figure26: Scatterplots betweeP_CCI (COPTISA)LCGLS V2 and MOD15A2HIGAPAR products
versus AMMA fAPAR ground dat@reen and blue linestand for goal andthreshold levels,
respectivelyGreen markers stand for Forests sites, blue for Croplands sites and red for Grassland or
other sites.

In case of LAgroducts (sed-igure24 and Figure25 for comparisons with LAleff and LAI true ground
data).

- VP_CGQhows, as expected, better agreement with LAleff ground data (B=0.05, RMSD=0.31)
than LAI true (B9.09, RMSD=0.42). For the comparison with LAleff, 18% and 38P GICI
cases are within optimal and threshdBCO%incertainty levels.

- Both CGLS2land MOD15 A2H C6.1 sheame bias comparedith AMMA LAI measurements
(B=0.22), sowing CGLS V2 slightly improved uncertainty (RMSD of 0.48 vEh&5R)erall
uncertainty of reference dataset compared with AMMA LAl is similar to that found when
comparingVP_CGkith AMM LAleff (RMSD around %

In case of fAPAR:
- VP_CCskhows a tendency to provide higher values than AMiround measurements
(B=0.06 slope=1.3), with overall uncertainty (RMSD) of 0.15.
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- CGLS V2 shows the best agreementQBRMSD=0.12) and MOD15A2H C6.1 shows similar
validation metrics (B=0.06, RMSD=0.15) tkiéh CCI

- VP_CChalso provides slightly lower percentage of cases within goal (7%) and target (12%)
GCOS uncertainty requirements than CGLS V2 (8% and 17%) and MODB&5AH% and
21%).

3.5 Error evaluation (product intercomparison)

3.5.10verall analysis

The overall consistency betwe&fiP_ CCAnd othersatellite products CGLS VMOD15A2H C6.4nd
VNP15A2H Q1is evaluated over best quality rétwvals of LANDVAL sites during 2@DA5. Figure27
andFigure28 show the scattemplots between pair of products for LAl and fAPAR respectively.
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Figure27: Scatterplots between pair of satellite LAl products (colorbar represents density of points).
Computation ovebest quality retrievals over LANDVAL site20122015 periodFrom left to right:
VP_CQICCI OPTISAllersus CGLS WR_CQICCI OPTISAUersus MOD15A2H C6.1 avie_CQICCI
OPTISAllersus VNP15A2H @reen and blue linegtandfor goal andthresholdlevels, respectively.
Note:VP_CQbrovides effective LAl values.
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Figure28: As inFigure27 for fAPARproducts

For LAIKigure27), the main results are:
- VP_CC3hows as expectedarge differences (lowevalues) with CGLS MMOD15A2H C6.1
and VNP15A2H Clue to the different LAI definitions (true LAl values in case of GBUS
NASA productand effective LAl in case ¥P_CQl
- Considering that the average clumping index is typically about@hén et al., 2005}he
LAleff values o P_CGdan be considered reliable in coamson with satellite references, as











































































