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CCl+ Vegetation ParametdiSCl+ VFP}¥ part of theEuropean Space AgendySA Climate Change
Initiative. It aims at the identification, development and improvement of algorithms for the consistent
retrieval of vegetationEssential Climate VariableEQV}E Leaf Area IndexLA) and fraction of
Absorbed Photosynthetically Active RadiatitlRARfrom multi-platform and multimission satellite
data and interact with the user community to match their requirements. The work plan includes three
OeodftSazr Ay 6KAOK RAFTFSNBYyG RIFEGE a2dz2NOSaall NB
maturity is increased, and user feedback is incorporatéit Product Validation anthtercomparison
Report(PVIR) presents the quality assessment results ofdlineate Research Data Packagcle 2
(CRDR2) LAl and fAPAR productstrievedusing the OptiSail algorithinom multi-sensor input data
covering 012000- 12/2020.The dataset was generated ovadatitudinal NorthSouth transect and
over a selection of sitesnsuringglobal representativenesd. AND VALidation sitesANDVAL) and
supporting validation activities (i.e., sites with available ground ddtag validation methodology
described in theProduct Validation Plan [VRCCI_D1.3_PVP2¥], follows standardized validation
protocols for satellitebased biogeophysical products, fully compliant vilie best practicedor LAl
productvalidationof the Committee on Earth Observation Satellites Land Product Validstiogroup
(CEOS LR\severaperformancecriteriawere evaluated, including completeness, spatial consistency,
temporal consistency, error evaluationg(., acuracy precision anduncertainty) conformity testng

and stability by comparison with grountlased(i.e., CEO®IRECT 2database the GroundBased
Observations for #alidation (GBOWV34, quality controlled(QC)maps over forest sitesand the
Analyse Multidisciplinaire de la Mousson Africaia®MA) projectgrounddata over grasslansites

and satellitebased(i.e., Copernicus Climate Change Servic8% V3, @pernicus Land Monitoring
Service (QUS 1kmV2 and MODIS V6.Xeferences

This validatiordemonstratesoverallgood quality othe CRDR2 dataset The LAl and fAPAR spatial
distributions are generally consistent and reliable across most regions, omith some spurious
unrealistic values in northerlatitudes in winter but alsoabnormallylow LAlvaluesover equatorial
forests; the application of quality layers effectively removes mostealistic valuesbut the
LOW_QUALITY¥ag hasa strong impactluring themono-sensor year$20002006) andalsoremoves
large amount of good retrievalsAl and fAPAR temporal variations are consistent kefiérences and
capturesboth peaks and lowalues well CCMWPCRDR2 shows overall good agreement with ground
based referencesAs compared with DIRECT 2.1 effective CRDR largelyunderestimated Al(B =
-0.69 €74%), more thanthe C3S effective LAl products£B).48,-43%) even though the correlation

is slightly better For fAPARCRDR2 showgood resultsB =-0.01, RMSD = 0.10) vesymilarto CLMS

(B =-0.02 RMS[B=0.09), and better thanC3SRMSD = 0.13ndMODIS (RMSD = 0.1Qomparison
with GBOW3.4_QGhowsgood correlationsvith true LAl (R = 0.92), while for APARRDR shows
good resultyB =-0.06,RMSD = 0.09lightly worse than CLM$8ut outperforming MODIS and C3S
products Over AMMA sitesCRDP2 underestimates LAleff (B .12 ¢40.2%, RMSD = 0.29) but
outperforming C3S, and for fAPAR shows slight overestimation (B)5 1.5%, RMSD = 0.14),
comparableCLMSproducts andbetter than C3S and1ODIS Overall,as compared wit ground
referencesCRDR provideslow accuracy foeffectiveLAl, butaccurateand reliablefAPARetrievals
acrossin-situ datasets, reducing knowissuesof C3S and MOD{8oducts for low valuesCompared

to satellite products CRDR2 slightly underestimates C3Al(bias =7.9%, RMSD = 0.34¥hile for
fAPARt showsgoodagreement with CLM& = 0.96, RMSD = 0.@8)d large discrepancies with C3S
By biome CRDR2 showshigher LAI than C3S in forests (notably BBIEklightly lower in crops and
herbaceous sites, anthAPAR valueslose toCLMs but slightly lower for forest siteSCRDP2 shows
improved intraannual precision compared to C3S and MODIS products, and demonstrates good inter
annual precision, with no apparent impact from the ingestion of new input data, confirming its
robustness across different sensoffowever, a trend in mean and percentile values over the period,
and a change in the bias particularly after 2012 reveals some stability limitations in the later years,
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probablylinked to the inclusion of some sensors. Therefore, users are advised to exercise caution
when using this dataset for interpreting lotgrm trends.
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The purpose of this document is to present the validation resultClirhate Change Initiative
Vegetation Parameters (CCl+ VP) Leaf Area Index (LAfjaatidn of Absorbed Photosynthetically
Active Radiation (fAPAR) products for the Climate Research Data Package cycle-2),(G&DbEd
from multi-sensorobservations spanning the period from January 2000 to December 2020-(2000
2020) The CRDR2 dataset has limited spatial coverageencompassinga North-South latitudinal
transectwith extra tilesover Euope, and aselection ofglobaly distributedsites (LAND/Alidation
sites, LANDVAhRlong withadditionalsites where groundbasedinformationis available

The validation methods and datasets are describegeition2. The validation results are presented

in Section 3, and Section 4 provides the conclusions of this studyupplementary material can be
found in several annexes.

Internal documents

ReferenceD Document

VR Algorithm Theoretical Basis Document: fAPAR and LAI, ESA CCl+
CCl_D2.1 ATBD2Y Vegetation Parameters
http://climate.esa.int/media/documents/VRCCI_D2.1 _ATBD_V2.2.pdf
VRCCI_D4.2_PUG_V2/| Product User Guide: LAl and fAPAR, ESA CCI+ Vegetation Param
CRDR

http://climate.esa.int/media/documents/VRCCI_D4.2 PUG_V2.2.pdf
VRCCI_D1.3_PVP2N CCNegetation.Product Validation Plan
https://climate.esa.int/media/documents/VEECI_D1.3 PVP_V2.0.pdf

External documents

Reference ID Document

GCO<L00, 2016 GCO<L00 (2016). The Global Observing System for Climate: Implementat
Needs. WMO, Geneva, Switzerland

https://library.wmo.int/idurl/4/55469

JCGM, 2014 JCGM, 2014. International Vocabulary of Metrolti8gsic and General
Concepts and Associated Terms, Chemistry InternatpNaiwsmagazine for
International Union of Pure and Applied Chemistry (IUPAC). Walter de Gr
GmbH.

https://doi.org/10.1515/ci.2008.30.6.21

GCOL45, 2022 | The 2022 GCOS ECVs Requirements
https://library.wmo.int/records/item/5811tthe-2022-gcosecvs
requirements

ATBDBC3S_V3 Copernicus Climate Change Servidgorithm Theoretical Basis Document
Multi-sensor CDR LAl and fAPAR \B&d: C3S_D312b_Lot5.1.4.4
v3.0_ATBD_CBRDR_LAI_FAPAR_MULTI_SENSOR_v3.0_PRODUCTS |
https://dast.copernicusclimate.eu/documents/satellitdai-fapar/D1.4.4

v3.0 ATBD_CDR_LAI FAPAR_MULTI_SENSOR v3.0 PRODUCTS v1.0.1.pdf



http://climate.esa.int/media/documents/VP-CCI_D2.1_ATBD_V2.2.pdf
http://climate.esa.int/media/documents/VP-CCI_D4.2_PUG_V2.2.pdf
https://climate.esa.int/media/documents/VP-CCI_D1.3_PVP_V2.0.pdf
https://doi.org/10.1515/ci.2008.30.6.21
https://library.wmo.int/records/item/58111-the-2022-gcos-ecvs-requirements
https://library.wmo.int/records/item/58111-the-2022-gcos-ecvs-requirements
https://dast.copernicus-climate.eu/documents/satellite-lai-fapar/D1.4.4-v3.0_ATBD_CDR_LAI_FAPAR_MULTI_SENSOR_v3.0_PRODUCTS_v1.0.1.pdf
https://dast.copernicus-climate.eu/documents/satellite-lai-fapar/D1.4.4-v3.0_ATBD_CDR_LAI_FAPAR_MULTI_SENSOR_v3.0_PRODUCTS_v1.0.1.pdf
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ATBD_C3S_SA_V| Copernicus Climate Change Servidgorithm Theoretical Basis Document
Multi-sensor CDBurface Albedo vQ. Ref:D1.3.4

v2.0_ATBD_CDR_SA_ MULTI_SENSOR_v2.0_ PRODUCTS vl1.1
https://dast.copernicusclimate.eu/documents/satellitealbedo/D1.3.4

v2.0 ATBD CDR_SA MULTI_SENSOR v2.0 PRODUCTS v1.1.pdf
PQARC3S V3 Copernicus Climate Change Service. Product Quality Assessment®eport
Multi-sensor CDR LAl and fAPAR v3.0. Ref: B2.3.9
v3.0_PQAR_CDR_LAI_fAPAR_PROBAV_v3.0_PRODUCTS v1.1
https://dast.copernicusclimate.eu/documents/satellitdai-fapar/D2.3.9

v3.0 POAR_CDR_LAI_FAPAR _MULTI_SENSOR v3.0 PRODUCTS vl.1.pdf
Algorithm Theoretical Basis Document of LAI/fAPAR/FCOVER RROBA
ATBD Collection 1km V2 in the Copernicus Global Land Service.

CGLS_PBV_V2 https://land.copernicus.eu/global/sites/cgls.vito.beffiles/products/CGLOPS1 ATBI
Allkm-V2 11.41.pdf

Quality Assessment Report of LAI/fAPAR/FCOVER PRO@&Mction 1km V2
QARCGLS_PBV \ in the Copernicus Global Land Service.

https://land.copernicus.eu/global/sites/cgls.vito.be/files/products/CGLOPS1 QAR
1km-PROBAV-V2 11.40.pdf

ATBBMOD15 MODIS leaf area index (LAI) and fraction of photosynthetically active radig
absorbed by vegetation (FPAR) product (MO@1&lgorithm Theoretical Basi
Document, Version 4.0, 30th April 1999, NASA Goddard Space Flight Cer
Greenbelt, MD, 20771.

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

ATBDGBOW.P3 GroundBased Observations for ValidatieAlgorithm Theoretical Basis
LP4LP5 Document- Vegetation Products: LP3 (LAI), LP4 (FAPAR) and LP5 (FCOV
https://gbov.acri.fr/public/docs/products/2009%/GBOV-ATBD-LP3-LP4-LP5 v3.0
Vegetation.pdf

CAN_EYE V6.4.91 USER MANUAL. Updated October, 10th 2017.
CAN_EYE UG https://www6.paca.inrae.fr/can
eye/content/download/3052/30819/version/4/file/CAN_EYE_User_Manual.pdf

Leaf Area Index (LAY 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 meaningGCO00, 2016. The selected algorithm in the @&IFproject uses @ne dimensional

(1-D) radiative transfer model, and LAl is uncorrected for potential effects of crown clumping. Its value
can be considered as an effective LAI, notably thephfdmeter of a turbiemedium model of the
canopy that would let the model have similar optical prdfes as the trughree dimensional 3-D)
structured canopy with true LAPinty et al., 2006)Additional information about the geometrical
structure may be required for this correction to obtain true I(Nilson, 1971)which involves the
estimation of the clumping indefC), defined as the ratio between the true and effective LAl [see
(Fang, 2021fpr a review of methods to estimate CI].

Fraction of Absorbed Photosynthetically Active Radiation (fAPAR)efined as the fraction of
Photosynthetically Active Radiation (PAR; solar radiation reaching the surface in tH®@00n
spectral region) that is absorbed by a vegetation cané@g@O<00, 2016. In contrast to LAI, fAPAR

is not only vegetation but also illumination dependent. In thetGproject we refer to fAPAR as the
white-sky value (i.e. assuming that all the incoming radiation is in the form of isotropic diffuse


https://dast.copernicus-climate.eu/documents/satellite-albedo/D1.3.4-v2.0_ATBD_CDR_SA_MULTI_SENSOR_v2.0_PRODUCTS_v1.1.pdf
https://dast.copernicus-climate.eu/documents/satellite-albedo/D1.3.4-v2.0_ATBD_CDR_SA_MULTI_SENSOR_v2.0_PRODUCTS_v1.1.pdf
https://dast.copernicus-climate.eu/documents/satellite-lai-fapar/D2.3.9-v3.0_PQAR_CDR_LAI_FAPAR_MULTI_SENSOR_v3.0_PRODUCTS_v1.1.pdf
https://dast.copernicus-climate.eu/documents/satellite-lai-fapar/D2.3.9-v3.0_PQAR_CDR_LAI_FAPAR_MULTI_SENSOR_v3.0_PRODUCTS_v1.1.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_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
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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radiation). Total fAPAR is used and no differentiation is made between live 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 distribution.

Accurach & (G KS RSINBS 2F G(KS 40ft2aSysSaa 2F GKS | ANBS
I 0NHzS @I f dzS IECM{iRE ComBionky,dridiiracyRépresents systematic errors and

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

measured value of a variable and the true value. The dieom 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 retrievehemegGCO00, 2016.

Precision2 NJ NBLISF GFoAfAde Aa (GKS aoOf2aSysSaa 2F GKS
YSIFadaNBYSyida 2F GKS alkyYS YSIF&adz2NIyR OF NNASR 2 dzi
[JCGM, 2014

UncertaintyAd | A& LI NI YSGSNE | 3a20AF0SR gA0GK GKS NBa&dA
RAALISNBRAZY 2F GKS @I fdzSa GKIG O2dzZ RCGMB20B2y | of &

Uncertainty includes systematic and random errors.
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The validation procedure, described in the product validation pléagCl_D1.3_PVP2Y, follows
standardized validation ptocolsfor satellitebasedbiogeophysicaproducts(Camacho et al., 2025)

fully compliant with the good practices guidelines for the validation of LAl satellites products defined
by the Committee on Earth Observation Satellit€3EOFLand Product Validatio(LPVY subgroup
(Fernandes et al., 2014)he standardized procedunsas developeds a result omultiple validation
studies of LA4And fAPARe.g.,Camacho et al., 2013, 2024a; Fang et al., 2012; Garrigues et al., 2008;
Weiss et al., 2007and theformer On Line Validation Exercise (OLIVE)(4diss et al., 2014josted

by the CEO®alibration/Validation Cal/ Va) portal. The proposed methodology relies oamparisons

with groundbased references (scalled direct validationand comparisors with satellite-based
referencesi(e., product intercomparisoh

- The direct validation is computed agaitise CEOS LRMRECT V2dataset(Camacho et al.,
2024b)up-scaled according with the CEOS LPV recommendafitaraandes et al., 2014;
Morisette et al., 2006) a quality-controlled (QC) subset of CopernicusGroundBased
Observations for ValidatiorGBOY upscaledmaps(Lerebourg et al., 2023and in-situ data
from Analyse Multidisciplinaire de la Mousson Africai@dMA) over grassland sites
(Redelsperger et al., 200@eeSection2.3).

- Intercomparisons with similar remote sensing products can determine whether the products
behave similarly in space and time on a globzdleand help identify differences between
productsthat should be examined in more detail to diagnose product anomalies and support
algorithm refinementsTheLAl and fAPARroducts used assatellitebasedreferencesin this
exercise arethe Copernicus Land Monitoring Service 1 km V2 (CLMShe2Jopernicus
Climate Change Service V3 (C3S V3), anidtienal Aeronautics and Space Administration
(NASAMODerate resoluition Imaging Spectrome@8.1 MODIS C6)see details in Section
2.2.2. The LANDVAL network of sit@aister et al., 2020; Sanch&apero et al., 2023, 2020)
is usedfor sampling global conditions. LANDVAL is composed of 720 sites, of which 521 sites
originate from the Surface Albedo Validation Sites (SAVS da@base(Loew et al., 2016)
and complemented with 20 desert calibration sit@sacherade et al., 2013)nd additional
homogenoussitesselectedto cover undersampled regions and biome types. These analyses
are achievedby aggregatingand cover clags of theC3S Land CoveR.1' on9 generic classes
(biomes) Evergreen Broadleaf Forest (EBRY®.0of LANDVAL sites), Deciduous Broadleaf
Forest (DBR3.2%), Needld_eaf Forest (NLF, B%), Other Forests (OF-8%), Qltivated (CUL,
20.6%), Herbaceous (IER, 12%), &rublands EHR, 14%) Flooded vegetation (FLO, 3.2%)
and Sparsly vegetatedandBare Areas (SBAL9.6%).

The following criteria are analyseoh the following sections product completeness, spatial
consistency, temporal consistencerror evaluation, which involves Accuracy, Precision and
Uncertainty (APUAnd stability In addition, the conformity testio assess compliance withe Global
Climate Observing Syste@COBuncertaintyrequirementsis also performeavhen possible

Completeness corresponds to the absence of spatial and temporal gaps in the data. Missing data are
mainly due to cloud or snow contamination, poor atmospheric conditions or technical problems
during the acquisition of the images and is generally considbyedsers as a severe limitation of a

1 https://cds.climate.copernicus.eu/datasets/satellitand-cover?tab=overview



https://cds.climate.copernicus.eu/datasets/satellite-land-cover?tab=overview
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given product. It is therefore mandatory to document the completeness of the product (i.e., the
distribution in space and time of missing daféle following analysis are conducted:
- Maps ofpercentage ofmissing valuesofilyover LANDVAL sites) during 2€8@P0 considering
all pixelsand best quality pixels
- Temporal evolution of missing valufes the whole periodall pixels and best quality)

Spatial consistency refers to the realism and repeatability of the spatial distribution 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 values,
etc.) can be achieved through systematic visual amalgt all global maps based on the expert
knowledge of the scientisThe spatial consistency can be quantitatively assessed by compplaging
spatial distribution ofthe product under study with that of validated reference product.The
following analyses are conducted:

- Visualization of zoom over selected tilasfull resolution, and the visualization of global maps
(i.e., the transectat a reduced (1/4 pixels) resolution.

- Maps {e., the transect) ofdifferences at a reduced (1/4 pixels) resolution, between the
product under study and reference products to identify regions showing spatial
inconsistencies for further analysis (e.g., temporal profiles).

Temporal consistency refers to the realism of seasonal and-ameualvariations. The realism of the
temporal variations can be qualitatively ansdg by displaying temporal trajectories of satellite
products and ground measuremer(ighen available)The following analyses are conducted:

- Therealism of thetemporal variations of the product under study are qualitativagsessed
as compared to reference products and available ground measuremPifferent periods
are displayed (whole period,-ykars period, and periods with availability of ground
measurements).

Accuracyprecision andincertaintyare evaluated by several metricBablel) reporting the goodness

of fit between the products and the corresponding reference dataset.

Commonly, accuracy 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 differe between retrieved satellite product and

the corresponding reference estimates. Uncertainty includes systematic and random errors and can
be assessedisingthe Root Mean Square Deviation (RMSD). In addition to these metrics, other
statistics are usefub evaluate the goodness of fit between two datasets including linear model fits.
For this purpose, Major Axis Regression (MAR) is computed instead Ordinary Least Squares (OLS)
becaussit is specifically formulated to handle error in both of the x and y varigltlasper, 2014)It

should be noted that strong and/or multiple outliecanaffect the classical metrics described above
(i.e.Band STD)n such casesising the mediameviation (MD)}o estimatethe systematic errorand

the median absolute deviatiofMAD)as a measure of precisipis recommended as good practice.

The following analyses are conduct®ed best quality pixets

- Scatter plots and validation metricsT@ble3) versus reference®r LANDVAL and per biome
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- Histograms of product values pbiome are evaluated over LANDVAL sit€ee analysis is
complemented withviolin plots ofbiaswith reference productger biome.

Note that twoadditionalaspects of th@roduct precisionare alsoinvestigated the inter-annual and
the intra-annual precisiorfFernandes et al., 2014)

- 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 of-amtnaal wecision. It can be
characterizedWeiss et al., 200@s follows: for each triplet of consecutive observations, the
absolute value of the difference between the cenf?(dn+1) and the corresponding linear

interpolation between the two extremes P(dn) and P(dn+2) is compyted:0 A

OA — A A Eq.1

The distribution of the intrd Yy dz  LINBOA&A2Y A& lylfteaSRI I YyR
guantitative indicator of the inteannual precisioifFernandes et al., 2014; Wang et al., 2019)

| SyO0Ss (G(KS f28SN) YSRAL y -afritial precigidnf dzSa > GKS KA 3|

- Median deviationsof an upper (95") and lower percentile(5") of variable between
consecutive years are indicators iafer-annual precisioni.e., dispersion of variable values
from year to yeafFernandes et al., 2014)lote that cultivated sites are not considered in this
analysis due to the nenatural variability in this land cover type due to agricultural practices
(e.g., crop rotation).

Conformity testing is the process to determine whether an estimated quantity is within the range of
tolerable values or not. Up to now, in most validation studies, satellite and references uncertainties
have not been considered in the conformity testingthose cases, the data points which are within

the tolerance intervals (requirements) are considered conform and the others arearfiorm. This
RSOAaA2Y NHzA S A& (y26y Ay YSUGNRf238& | & aakKl NBR
shared rsk approach can provide a first assessment of the conformity with requirements.
bSOSNIKStf Saaz AT LINRPRdzOG FyR NBEFSNByOSa dzy OSNI I A
preferable for a better understanding of the compliance of requirementasicring the uncertainty

of the apparent erro{(Camacho et al., 2024&s our ground references and some satellite references

do not have welcharacterized uncertainties, the shared risk conformity test (conform fcamform)

has been evaluatedgainstGCOS goal and threshold uncertainty requiremeBEQ245, 2022 (see

Table2). The following analyssare conducted:

- Percentage of compliant retrievals with |bias| < GCOS requirements is computed for each
reference dataset.

Tablel: Validation metrics for product validation
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Statistics Comment

N Number of samples. Indicative of the power of the validation
B Mean Bias. Difference between average values of x and y. Indicative of accuracy and «
MD Median deviation between x and y. Bgshctice reporting the accuracy.
STD Standard deviation of the pair differences. Indicates precision.
MAD 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
RMSD
between x and y.
MAR Slope and offset of the Major Axis Regression linear fit. Indicates some possible bias
R Correlation coefficient. Indicates descriptive power of the linear accuracy test. Pearson
coefficient is used.
Table2: GCOSIncertainty and stabilityequirements for LAl and fAPAR
Requirement ECV Goal Threshold
Uncertainty LAI ME:? FT2N [ HE? T2N [
0.05 for LAI<0.5 0.1 for LAI<0.5
fAPAR pr: F2NJ F!ot MJUE: FT2NJ F!
0.0025 for fAPAR<0.05  0.005 for fAPAR<0.05
Stability LAI <3% <6%
(per decade) fAPAR <1.5% <3%

Stability is the property of an instrument to provide similar measurements when the measurand
remains constant in time. Analysis of multidecadal oergn stability of satellite data records is a key
requirement for the applicability of these products folimate observation. This is of particular
importance in data records created from different satellite sensors, as the transition from one sensor
to another may create artificial changes in the time sefip®ta et al., 2021) While stability
assessment has not been addressed in depth for biophysical variables, other EO community has
defined stability as the change in bias (apparent error) over a time pévledchant, 2013)As we do

not have longerm ground reference to comparegainstthe CRDR2, we use satellitdhased
references insteadl'he following analyses are conducted:

Hovmodller plots of the bias during the whole period betw&RDFR2 and reference products
over LANDVAL sites for best quality retrievals are computed to assess temporal changes in the
bias. MODI$6.1 is used as the main reference as it $¢adble dataset.

Mean values over a subset of LANDVAL siese with less than 10% missing valfmsbest
quality pixelsover the entire period, along with the number of observatiavsre computed

to ensure that a very similar number of observations was used across the full time. series
Mean, median and 5#95th percentiles were computed for four different periods (using
different input sensors). Bias with MODd®er this subset of sitewas also computed for
fAPAR.

Mean values over LANDVAL sites (best quality pipelshbiomeswere computed for the
whole period. Mean, median and 58bth percentiles were computed for four different
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periods (using different input sensors). Bias with MO@ESbiomewas also computed for
fAPAR.

Table3 summarizes the validation criteria used for the quality assessment of the products under
study. It should be noted thaseveralcriteriaare evaluatednly usinga combination othree years
2004, 2012 and 2019. This choice waade to represent thalifferent combinations of sensor input
datain the resultysee Sectio2.2.1): 2004 is based omono-sensor (.e., SPOT5/VGT?2) observations,
2012 is based on mulensor observations.€., SPOT5/VGT2, Meto AVHRR3, SuomiNPP/VIIIRS)
and 2019 is also based on mtde@nsor observations but incorporates a larger number of satellites
(i.e., PROBA/, SentineB (A+B)/OLCI, MetGB/AVHRE and SuomiNPP/VIIR$hen, the complete
dataset period (200€2020) is used to assess various criteria (e.g., completeness, temporal
consistency, error evaluation, and stability), while a shorter window (22025) is also anadgd to
better display temporal features.

Table3: Summary of validation methodologgr CRDP.

anlit_y Reference Cove_rage Metrics Results
Criteria /period
C3s V3
Product CLMS/2 LANDVAL _ Distribution of gaps
completeness (nonHilled) /20002020
MODIS V6.1
TRANSECT

Expert knowledge -Visual inspection of maps

12004,2012,2019

Spatial
. C3s V3
consistency CLMS V2 / 20-53'2'(\)‘182'5 53—19 -Maps of differences with references
MODIS V6.1 ' ’
C3sVv3 LANDVAL
CLMS/2 20002020
Temporal MODIS V6.1 (& 20122,015) -Qualitative inspection of the realism of the
consistency GBOV Va+ GBOWItes o mnoral variations.
satellite products /2013-2020
AMMA + AMMA s ites
satellite products /2005-2016
Error evaluation DIRECT V2.1 g(?o%?;;tzeg ;itail;tgr plots and validation metrics. Conformit
(vs ground GBOV V3 _QC GBO\sites '
based /2013-2020
reference AMMA AMMAs ites b'i?}ii?ﬂi?;g? CLMS V2 & MODIS V6.1 for
/2005-2016
- Overall satter plots and validation metrics.
Conformityvs. GCOS requirements
Error evaluation C3S V3 LANDVAL - Analysis per biome type: PDFs of retrievals,
(vs satellite CLMS V2 /2004,2012,2019 vioIir_1—pIots of bias, satter plots and validation
based MODIS V6.1 metrics. N
reference3d -Intra-annual precision
LANDVAL -Inter-annual precision
/2000-2020
C3SV3 -Hovmdller plots of bias
Stability CLMS V2 IZL(,:(\)I\(I}DZ\(;?I(; - Mean, median and 595" percentiles for
MODIS V6.1 different periods over subset of LANDVAL site
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and per biome
- Evolution of Bias (t) and slojpéas/year over a
subset of LANDVAL sites and per biome

To compardifferent products, a similar spati@upportarea and temporhsupport period must be
defined:
1 Spatialsupportarea:
0 Theerror and stabilityassessmentsvere performed at 3 km x 3 km (i.e., average
values of 3x3 pixels in case of CCI+VPM338d ALMS V2and 6x6 pixels in ca®f
MODIS C6)1PreviouslyMODISvasre-sampled over Plate Carrée projection, which
is the CCIl, C3S and CLMS common @hd. exception was the comparison with
AMMA sites (with no upscaling) that was performed at 1 km x 1 km.
o Forproduct completeness, temporal consistency, intead interannual precision,
the nominal spatial resolution of each proddce., 1km for C3S, CCI, CLMS and 500m
for MODISWwas usedo preserve its original values

9 Temporal support period

0 The error evaluation and stability assessmenagainst satellite products were
performed atthe 5-days temporal frequency of CCl produdibe closest date of the
reference products {@lays or 16days)is the used for comparisons.

0 The error evaluation against growthsed products was performed on the date of
the in-situ observation. Satellite product estimates were interpolated to the date of
the in-situ observation by using the two adjacent dates, weighted according to their
temporal distance (in days) from the-gitu measurement date.

o For productcompleteness, temporal consistency, intend interannual precision,
the nominaltemporalresolutionof each produc(i.e., 5days in case of CCl,-tlays
for C3S and CLMS andi&ys forMODI$wasusedto preserve its original values

The validation is mainly conducted over best quality (BQ) retri¢oadsoid the use of low quality or
invalid retrievals. BQ pixels are selectetording to the different quality flags of the CCI+ VP and
reference products (described in the next sectidrgble4 summarizeshe quality flagsused toselect

BQ retrievals

Table4: Summary of quality flags used to remove pixels with suboptimal quality of each satellite
product.LSB stands for least significant bit

Product Quality Flag (LSB = bit 0)

Bit 8 (RETR_UNTRUSTED) and bit 9 (RETR_LOW_QUALITY) of invcode

CCI+VP p_chisquare < 0.5

C3S V3 retrieval_flag: bit O (obs_is_fillvalue), bit 6 (tip_untrusted), bibBg_unusable)

Bit 0 (Land/Sea: Sea)
Bit 5 (Input status: All reflectance data out of range or invalid)
ALMS1km V2 Bits 6,7,8 (LAI/FAPAR/FCover status: Out of range)
(*) Bit 2 (Filled: filled)
(*) Only usedor product completeness criteria.
Bits 5,6,7 of FparLai_QC, which correspond to SCF_QC-mvileonfidence score:
NASA MODIS -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).



CCIVEGETATION Product Validation and Page |23
Intercomparison Repom2.1

2.2 Satellite products
This section provides an overview of thal and fAPARatellite products used in this exercise

2.2.1 Evaluated dataseCCIl+VERDRP

CCl+VElimate RsearchData Package ZRDR) are generated with OptiSA(Blessing et al., 2024)
[VRCCI_D2.1_ATBD2)Y], which is a retrieval and error propagation framework using automatic
differentiation for gradient, Jacobian and Hessian computations. It is built around the established
components 4SAILH (Scattering of Arbitrarily Inclined Leaves, sitte@m extensiorand hotspot,
Verhoef et al.(2007), PROSPE®OIT(simulation of leaf spectra, version D including senescétet
etal.,(2017), TARTES (TvetreAm Radiative Transfer in Snbawois et al., (2013)with the addition

of an empirical soil reflectance model, a seampirical soil moisture model, the ReshickLiSparse
Bidirectional Reflectance Distribution Functi®@RDFmodel, and a cloud contamination simulation.
They directly simulateTop Of CanopyTOQ reflectances for given sets of spectrally invariant
parameters (e.g. LAI, leaf pigments etc.) and scene geometries at given bands. In order to retrieve
these parameters for observed TOC reflectance data, an inversion is made for each pinglcipulei

1 of this project repeatedly cloudontaminated data was encountered, which was not flagged as such.
Therefore, the cloud contamination model of OptiSAIL was activated, which simulates the effect of
variable amounts of thin clouds per observatidrhis significantly reduces the number of outlier
retrievals. The inversion in OptiSAIL minimises a cost function with data and prior term. It uses
gradient information which is efficiently provided by adjoint code of the models. These adjoint codes
are oltained by Automatic DifferentiatiofAD) which allows for quick ad&tion of the whole system

to changes in the model3he main outputsre canopy parameters, LAdffective, fAPAR and their
uncertainties, a well asadditional parameters (e.g. leaf pigmengs)d albedo.

The validation is performed ovéine CRDR, aclimate data recoraf 21years(20002020) based on
multi-sensor inpuidata 6eeFgurel). The dataset was generated over a globally distributed selection
of 1122sitesand a latitudinal transect (sdeigure?) distributed as 10x 1 tiles (note that additional
tiles covering the Mediterranean areaere also processed)n this exercisewe are focusing on LAl
(effective)and fAPARNdtheir uncertaintiesMore information about the output layers can be found
in the user manuaMPRCCI_D4.2 PUG _VR.2
Figure2 illustrates the sampling strategy for the validation. It consists in two approaches:

- A selection of sites for product intercomparisaore( LANDVAN1.1) andthose sites used for

directvalidationof LAl and fAPARe.,DIRECT V2.1, GBOV, AMMA).
- The latitudinakransect for the evaluation of the spatial consistency.

01/03/2012 - 31/12/2020
A SuomiINPP-VIIRS
01/03/2007 - 31/12/2018
————————————————————————— 1210PA-AVHRR/3
01/07/2019 - 31/12/2020
B MetopC-AVHRR/3
01/01/2000 — 31/01/2003 Sl b e
S SPOTA-VGT1 S sentinel-3A/0LCI
01/02/2003 - 31/5/2014 01/06/2018 -~ 31/12/2020
——————————————————————————————————————————————————— - e = 2
SPOTS-VGTZ sl  Sentinel-3B/OLCI
20/10/2013 - 30/06/2020
S, PROBAV 1km

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Figure 1. Sensor input data used to generate CCI+VP QRDP
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Figure2: Sampling strategy: A) selected sites from LANDVAL, GBMIRECT_2.1 and AMMA. B)
Latitudinal Transect (seedrectangles)

2.2.2 Reference satellite products

Table 5 summarizes the main characteristics of LAl and fARARIlite products used in this
evaluation

Table5: Charateristics of the existing LAhdfAPAR globaatellitebasedreference productsANN and RTM

allryRaE FT2NJ a! NODAFAOALIE bSdaNIt bSig2Nl£€Z YR awlRAIFGA
{IYLtAY3I 5AaiGlyO0S¢
LAI/fAPAR | Satellite Frequency | Temporal . .
Product /Sensor GSD /compositing | availability Algorithm |- Clumping Reference
10 days TIP
SPOT/VGT, /120 days 19992013 | appliedto (Pinty et al
C3S mult 1 (recursive VIS and Non 2006) v
sensor V3 km | using BRDF NIR accounted [ATBDC3S_ VB
PROBA/VG] SPOT/VGT | 20142020 | broadband -
climatology). albedos
ANN
SPOT/VGT] 19992013 trained v tal
CLMS with CYC | Weighted | (Verger etal.
) 1 10 days 2023)
Collection : and MOD | of CYC
km Ivariable [ATBD
1km V2 + gap and MOD
PROBA/VG] 20142020 | filing & CGLS_PBV_M
smoothing
NASA TERRA | 500 8 days 2000 Inversion Plant, (Knyazikhin et
MODISAZH  viobis | m | /8 days resent | RTM3D | Canopy&|  al, 1998)
V6.1 y P landscape| [ATBBMOD13

2.2.2.1 Copernicus Climate Change Servimalti-sensorSPOT/VGT & PROBAV/3(C3S V3)
C3S LAl and fAPARiIti-sensor V3.0 products are generated using The-stream Inversion Package

(TIB algorithm (Pinty et al., 2006)which provides effective LAl and fAPAR along with their
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uncertainties by applying the TIP Yasible ¥19 and Near InfraRed NIR broadband albedosising
{@aG8YS t2dzNJ f Qh 6 & S NEDATION 2instrunie® onbdard 6f SSRNIZ & +59 D
(SPOT/VGT9992013) andPRoject for OiBoard Autonomy Vegetation instrume(RROBA/,2014

2020) data They can be found at the Climate data store of C3S
(https://cds.climate.copernicus.eu/datasets/satellitei-fapar?tab=overvielw More details on the
retrieval procedure can be found in tidgorithm Theoretical Basis DocumeATBD[ATBBC3S VB

The input data issurface albedo version 2 (see ATBOATBD_C3S_SA ]¥2which incorporates
harmonized measurementsom the platformsNational Oceanic and Atmospheric Administration
(NOAAL T X WM SP®T4-5] and PROBX, which result in almost 49ears of satellite observations
Main characteristics related to the harmonization of the malinsor SA retrieval approach are:

- The preprocessing step provides harmonised pixel classification approach (cloud, snow and
shadow pixels) and harmonized atmospheric correction scheme (including 148 aerosol models
compared to SA v1.0 which is using only the continental model).

- A spectral harmonization module was created to provide TOC reflectance values as if they had
been acquired with SPOT/V@T

- The BRDF retrieval module uses BRDF climatology data from SPOT/VGT. The algorithm relies
on a similar core as previous versions (Kalman filters and BRDF model fit) but with the addition
of a reference BRDF (climatology derived from VGT BRDF) to (i) teeyzgps in time series,
and (ii) introduce multsensor information in each albedo estimation to increase
homogeneity among the datasets derived from each sensor.

Thevalidation reportof C3S LAI & fAPAR YEJARC3S VBshowed good completeness and reliable
values. Good temporal consistency was found when the products are derived from different sensors
(Advance Very High Resolution Radiomet&VHRR, VGT, PBV), providirdimate data record of

more than 40 years of data, using harmonized input data from different sensors (AVHRR, PBV, VGT).
The transition of AVHRR V3 to VGT V3 shdweevernegative bias (VGT < AVHRR). VGT V3 also
provided slightly lower values than PBV BS V3howed overall good spatial and temporal
consistency with reference satellite products (C3S ¥RMS300 m Visible/Infrared Imager
Radiometer Suite VNRPVIIRS W11t is important to note that a gstematic negative biags C3S fAPAR

V3 values, ranging betweeB0% and20%,was foundwhen compared tall referencesCLMSPBV
V2,VIIR&GNdEUMETSAT Polar System (EfEtation Algorithm (VEGA) produdtsThe comparison

with ground data showedverall good results for fAPABuUt underestimation of highest valugand
systematic negative bider C33.AIV3 productsAnother limitation of the products idie high density

of points with LAl and fAPAR3 very close to 0 (mainly in winter at northern latitudes).

2.2.2.2 Copernicus Land Monitoring Servi€mllection 1IkmSPOT/VGT & PROBAV2 (CLMS V2)

The CLMS LAI & fAPAR Collection 1km version 2 products are globally provided from 1999 to 2020 at
https://land.copernicus.eu/en/products/vegetation/leadreaindexv2-0-1km. The  retrieval
algorithm(Verger et al., 2023) was initially defined for the estimation of LAI, fAPAR (mactional
vegetationCOVERFCOVERfrom the VEGETATION series of observations andattes applied to

daily topof-canopy reflectance provided by the PR@GBAensor. As the neural networlANN)

algorithm was trained with SPOT/VGT observations, two specific adaptateespplied to achieve

good consistency when applied to PROBdata. First, a spectral conversiwasapplied on the actual
PROBA/ TOC reflectance® get SPOT/VGIike TOC reflectances values. Second, PROBNN

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

and no missing values. CLMS V2 products Aévdaysfrequency. Similarly to CLMS V1, CLMS V2
capitalizes on the development and validation of already existing products: Carbon cYcle and Change
in Land Observational Products from an Ensemble of Satellites (CYCLOPES) version 3.1 and MODIS
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collection 5, and the use of neural networliBaret et al., 2013; Verger et al., 2008he 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 algorithm starts from the daily PROBAop-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 includingSheitzkyGolay filter, a climatologiVerger

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

The CLMS PRO®ACo llection 1 km V2 products were validated over the period Octoberc2013
October 2014 QARCGLS_PBV_Nand the guality stability was systematically checked every year.
The products displayed better spatial coverage (no gaps) and smoother profiles than CLMS V1 and
MODIS C5 products. Specifically, over evergreen broadleaf forests, the CLMS V2 preseated smo
trajectories(climatology basedyith high values and very limited seasonality wittleMS/1 showed
seasonality and noise due to permanent clouds. The accuracy assessment over a limited number of
concomitant grounebased measurements (<15) showed RMSD values of 0.79 and 0.12 for LAI and
fAPAR, respectively.

More recently, the quality of CLMS V2 was assessed with due attention to consistency and
improvements with CLMS \(Verger et al., 2023)CLMS V2 showed a similar accuracy as V1 for LAI
and slight improvements for fAPAR as evaluated over the limited ground measurements available
(DIRECT V2). In addition, CLMS V2 highly improves V1 in terms of product completeness and does not
show any midgag data thanks to climatological gap filling. CLMS V2 and V1 time series showed high
temporal consistency in most of the situations. V2 corrects the inconsistencies identified in V1 at very
high Northern latitudes and for evergreen broadleaf forest (noise discontinuities in V1).
Additionally, V2 improves both the inteaind intraannual precisioras a result of the smoothing and

gap filling.

2.2.2.3 National Aeronautics and Space AdministratidsdODISV6.1 (MODISV6.1)

NASA Moderateesolution Imaging Spectroradiomet¢MODI$ aboard TerraC6.1 LAl 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 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 based orbéom& classification mafMyneni et al.,

2002; Yang et al., 2006 he operational LAI/fAPAR algorithm consists of a main algorithm that is
based on 3D radiative transfer equation and a backup algorithm. By describing the photon transfer
process, this algorithm links surface spectral BRFs to both structural and spectmaleters of the
vegetation canopy and sdiAsrar and Myneni, 1991; Ross, 198%)jven atmosphere corrected BRFs

and their uncertainties, the algorithm finds candidates of LAl and fAPAR by comparing observed and
modeled BRFs that are stored in biome type specific {4mKables. All canopy/soil patterns for
which observed and modeld8RFs differ within biomspecified thresholds of uncertainties (e.g., 30%

and 15% for red and nedmfrared bands, respectively, for forest biomes) are considered candidate
solutions and the mean values of LAI and fAPAR from these solutions are repabetpats. The

mean and dispersion of LAI/fAPAR candidates are reported as retrieval and its reliability, respectively.
The law of energy conservation (reflectance, transmittance and absorbance sum up to unity) and the
theory of spectral invariance are twinportant features of this main algorithmATBBMOD135.
MODISdoes not provide retrievals over desert areas due to the biome dependefnitye algorithm
(Myneni et al., 2002; Yang et al., 2006)

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 result in incorrect simulated BRFs. In such
cases, a backup empirical method based on relaticgtsvéen Normalized Difference Vegetation
Index NDV) and LAI/fAPARKnyazikhin et al., 1998; Myneni and Williams, 1994ifilized to output
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LAI/fAPAR witthower quality (called the backup algorithm). It should be noted that pixels computed
by this backup solution are discarded fronistnalysis.

The consistency betweeasf previous collections C5 and C6 vaaslysedNestola et al., 2017; Yan et
al,2016ap A G K2dzi UYyRAYy3I &aLJ} GAFLf RAFTFSNByOSa RdzS G2
versions of 0.091 fofAPARYan et al., 2016a)fhe accuracy assessment performed ovefAIBAR
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 scéi¥an et al., 2016bxand 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 have been improved by undergoing various calibration
changes that include: changes to the respomesesusscan angle approach that affects
reflectance bands for Aqua and Terra MODIS, corrections to adjust for the optissiatk in
Terra MODIS infrared bands, and corrections to the Terra MODIS forwardipotdble
update for the period 20122017.

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

In this section, the reference ground datasets are described.

Ground references of high quality are needed to validate satddtteed products. The DIRECT 2.1
databasgCamacho et al., 2024bpnstitutes a major effort of the international community to provide
suitable ground reference for the validation of LAI, FAPARFaaction of Vegetation CoveFV{Q
satellite products. DIRECT V2.1 is endorsed by CEOS and bostkbe CEOSZal/Val portal
(https://calvalportal.ceos.org/Ipwdirect-v2.1). It compiles ground referencepscaledvalues over a 3

km x 3 km aregand we refer to it as CEOS LPV DIRECT 2.1

The ground data collected over elementary sampling units was upscaled using high spatial resolution
imagery following CEOS LPV guidelines to properly account for the spatial heterogeneity of the site.
Ground measurements included in the first version (QIRBvere resulting from several international
activities includingValidation of Land European Remote sensing Instrumevits ER| BigFoot,
Southern African Regional Science Initiag\2900 SAFAR2000, Canada Centre for Remote Sensing
(CCRJ BostonUniversity and ESA campaigns compiled by S. Garrf@asgues et al., 2008and

later ingested in the CEOS LPV OLIVE (Welss et al., 2014for accuracy assessment. DIRECT
database was revised to remove those sites without understory measurer(@atsacho et al., 2013)

and after thatit was expanded with the inclusion dfplementation of Multiscale Agricultural
Indicators Exploiting Sentinelsnagine$sites(Camacho et al., 2021CEOS LPV DIRECT 2.1 is the last
update including 44 new sites from Chif‘ang et al., 2019; Song et al., nathyl 2 sites fronfeuropean

Space Agency (ESAducial Reference Measurements For VegetatiddM4Vel(Brown et al., 2021)

with a total of 176 sites around the world (7 main biome types) and 189 effective LAl values, 280 LAI,
128 FAPAR and 122 FCOVER values covering the period from 2000 to 2021.

It should be noted that the uncertainty associated to LAI reference maps is expected to be around 1
LAI units for dense fore¢Fernandes et al., 2008) around 0.5 for cropland@artinez et al., 2009)

which is around 20%. Therefore, with the available ground truth reference data is difficult to achieve
the strict optimal requirements on accuracy for LAl products. Further research on FAPAR and FCOVER
should be conducted to evaluate the uncertainty atted to ground reference maps, which could be
also slightly higher than goal requirements for satelisssed products.
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The GBOV dataséttovers up to 53 sites from different networks, maiiljational Ecological
Observatory NetworkNEON, instrumented GBOV sites altegrated Carbon Observation System
(ICO% The validation focuses on Land products (LP) database version 3.4 forRYdfdRPAPAR (LP

4), the latest release which includes a reprocessing of the entire time series up toNgfi2a.Al (LP

3) is an actual (or true) LAl and not effective LAI, so we can only use it for correlation analysis with
CRDR dataset (effective LAILPs are grountlased maps based on the R™idsed retrievals which

are calibrated with Reference Measurements (RMerebourg et al., 2023Yhe Sentine? Simplified

Level 2 Processor (SL2P) based on PRQ@34Adiuemoud et al., 2008ihd neuronal networks are used

to retrieve highspatial resolution maps of effective LAl (PROSAIL does not account for clumping) and
fAPAR. Calibration function between RM and PROSAIL outputs are generated to correct the bias.
Three different generic calibration functions are established, two of them for forest sites (one for
those sites coming from NEON and GBOV and one for additional sites, mostly frobut@@38 few
Terrestrial Ecosystem Research Network (TERN) sitesone for notforest sites.Note that ICOS

sites were not used as for those sites a constant understory value was considered in the RM, which is
considered a large source of uncertainty.should be also noted that the in GBOV v3.4 sparsely
vegetated sitesvere not delivered yet (a new empirical transfer function is in development for these
sites).

It is important to emphasize that the use of a generic transfer function approach intGa&pposed

to the sitedependent transfer functions recommended and widely used in the CEOS LPV (e.g., DIRECT
2.1 databasdCamacho et al., 2024) raises significant concerns about potential biases at certain
sites. Consequently, before using the GBOV dataset, we have performed quality control, which
consistsof assessing the consistency of RM with LPs over visually homogefoeesissites, where

direct comparison of each RM with LP at 300 m spatial resolution can be made without expecting large
systematic deviations due to the spatial heterogeneity of the sites. The homogeneity of the sites was
visually assessed using Google Earth.

The mean bias and MAD were estimated considering all concomitant measurements (within £5 days)
with the valid LPs estimates, over the full available period of each site. Only sites with B<20% and
MAD<25% between LPs and RMs are consid®mehlidation Moreover,LP values where either the

input or output is out of range or with less than 70% of the native spatial resolution pixels are valid
are discarded for validatiorkinally, a subset of GBOV V3.4 meeting our quality requirements (GBOV
V3.4_QC) is satted for validation purposedhe final list of sitetncluded inGBOV LPg3.4 _QCis

listed inTable6. All correspond to NEON forest sites except the GBOV FUJCSX8.Pspresented

large bias with the RMare not selected alsbecausehey do not resolve temporally the understory.

2 https://land.copernicus.eu/en/products/GBO{dataset acces02/10/2025)
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Table6: List ofquality-controlledGBOV LP&3.4sites (GBOV V3.4_QC) used for validation

LPv3.4
# Site ID Lat (°N)/Lon (°E) Land cover type function Network data provider
type
1 BART 44.0639+71.2873 OF Al NEON
10 FUJI 35.4435/138.7649 NLF Al GBOV
14  HARV 42.5378+72.1715 OF Al NEON
19 JERC 31.1948+84.4688 NLF Al NEON
28  ORNL 35.9641/84.2826 OF Al NEON
33 SCBI 38.8929£78.1395 OF Al NEON
34 SERC 38.8902£76.5601 OF Al NEON
40 STEI 45.5089+89.5864 DBF Al NEON
43 TALL 32.9505/87.3933 NLF Al NEON
47 UKFS 39.0404/95.1922 DBF Al NEON
48  UNDE 46.2340+89.5375 OF Al NEON

AMMA ¢ Cycle Atmosphérique et Cycle Hydrologif®&TCH) observing system has collected a data
set composed of LAI, fAPARd clumping index in the Sahelian rangeland&otirmaregion in Mali

over the 20052017 period. Currently, the dataseis available only for the 2008016 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 byLtlyed G A (G dzi R Q gERZ2BARAKA) S w dzNJ
(Hiernaux et al., 2009a, 2009@nd reactivated by the AMMAZLATCH observing system during the
AMMA project(Redelsperger et al., 2006Jhese 1 km x 1 km sites were chosen within large and
relatively homogeneous areas to 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 transectainly forherbaceous canopiegven if there is also one
inundated forest site with a limited sampling (0.5 kfiien, only herbaceous canopies were used in
this analysis as measurements are representative over 1 km x 1 kmAdreach sampling date, 100

or 50 hemisphsacal photographs were acquire@&enerally, hemispherical photographs were taken
approximately every @ days during the growing seasons for the herbaceous cancftiescollected
hemispherical pictures were analysed using the EAIRCAN_EYE_&oftwareand the estimated

mean vegetation variables at the 1 km scale were computed by averaging afidhsurements
acquired along the transect

Shttps://www.amma-catch.org/(accessed on 22/10/2025)
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3 wSadzZ Ga

3.1 Product completeness

Figure3 shows the spatial distribution of the percentage of missing values over LANDVAL sites for the

entire 200@;,2020 period of CRBPfAPAR (same for LAshould be noted that MODIS V6.1 products

are not included in this section as they do not provide data over desert regions due to their biome

dependency(Myneni et al., 2002; Yang et al., 200Bhe results are displayed considering all pixels

YR WoS&ald lijdz ft AGeQ LATERb®4).E | OO2NRAY3I (2 ljdad tAle T
All pixels | WoSaid ljdzk £ A
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CLMS V2
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Figure3: Maps of missing values (computed over LANDVAL sites) duringg@P0®onsidering all
(left) and best quality (right) pixels. From top to bottom: CCl+ VP, G88l&BMS V2 fAPAR products.

The mairfindings are

- The CQproduct(i.e., considering all pixels) provides good completeness across most regions
globally, including equatorial areas, except for northern latitydiés C3S productHHowever,
the application of CCI quality flags discards a substantial number of retrievals, not only over
areas typically affected by cloud cover (e.g., the equatorial belhow-covered regionbut
also over other regions such as desert sites and southern EutgpexpectedCLMS V2 nen
filled productsexhibit missing data over regions typically affected by cloud cavefor snow
such as the equatorial belt and northern latitudes.

Figure4 illustrates the temporal evolution of missing values in CCl+ VP over LANDVAL sites for the
whole 2000;2020period, highlightindherethe effect of different quality flags. Each flag corresponds

to a specific retrieval condition: bit 8 (RETR_UNSR&D), bit 9 (RETR_LOW_QUA&fOY)ixels with

.4 F ndpd ¢KS FTAIANE |faz akKz2ga GKS FTNIBWAzZzY 27F
providing insight into the overall data completeness and the impact of the quality control scheme over

time.
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Figured: Temporal variation of the percentage of missing values over LANDVAL sites for@RIMNPVP

2 (2000;2020) considering different quality flags: bit 8 (RETR_UNTRUSTED, red), bit 9
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shown in grey.

Main conclusions frorfrigure4 are:

- CRDRexhibitsthe expected seasonal pattern of missing data with higher fractions of missing
values during winter in the Northern Hemispheras previously observed for references
datasets. Thigan bewell explained by the increase of the cloud cover and swwowered
areas in high latitudes in winter.

- A temporal trend of completeness is observed: as additional sensors are incorporated from
2007 onwards, the increased number of available observations results in better completeness,
YIAyte O2y&aARSNAYy3I WwWoSad ljdzrtAGeQ LAEStEA | yR

- The applicatiorof bit 8 (RETR_UNTRUSTE)R G KS . u FAfGSNJ 0LIAESTE &
impact on product completeness, as the temporal fraction of missing data remains almost
identical to that obtained withouapplyingK S&aS Ff I 3ad hyteé (GKS .u TFAf
adding approximately @% more missing data in the later years of CRP#drresponding to
periods when additional sensors were used in the CCI+ VP retrieval.

- Bit 9 (RETR_LOW_QUALITY) is the most restrictivénflaayticular, during the monsensor
period (200@2006), the application of this bit introduces a large fraction of missing values,
especially during the Northern Hemisphere summer. Since 2007 (i.e., the first year with
multiple sensors: VGT + AVHRR), aftvel 2018 {ncludingOLCI sensors), a lower fraction of
missing data is observed.

3.2 Spatial consistency

3.2.1 Visualinspectionof maps

The spatial consisten€yRDR2 LAl and fAPAR layexgre visually checked along with animations over
the whole transect for the two variablegzigure 5 and Figure 6 show examples of the global
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distributions of CCl+ VP lakbundmid-February and miduly, respectivelyor the years 2004, 2012
and 2019Figure7 and Figure8 show he same datdor fAPAR product.
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Figure5: Maps CCIl+ VBRDR2 LAI over the whole transect for all pixels (top) and best quality pixels
(bottom) in midFebruary for 2004 (left), 2012 (middle) and 2019 (right). Grey values correspond to
missing olow-quality pixels.
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Figure6: Maps CCl+ VMBRDR2 LAI over the whole transect for all pixels (top) and best quality pixels
(bottom) in midJuly for 2004 (left), 2012 (middle) and 2019 (rigBtey values correspond to missing
or low-quality pixels.
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Figure7: Maps CCl+ VPRDR2 fAPARbver the whole transect for all pixels (top) and best quality pixels
(bottom) in midFebruary for 2004 (left), 2012 (middle) and 2019 (rigBtey values correspond to
missing or lowquality pixels.
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Figure8: Maps CCI+ \BRDR2 FAPAR over the whole transect for all pixels (top) and best quality pixels
(bottom) in midJuly for 2004 (left), 2012 (middle) and 2019 (rigBtey values correspond to missing
or low-quality pixels.

The main findings for the visual inspection of tBRDR maps over the transect are:

- Reliable spatial distributions are found over most areas for LAl and fAPAR products.

- Sorre unrealistic high values are found/er high latitudestypically during winter. Most of
them are effectivelyremoved when the qualitflags ae applied.

- Unexpected low LAI values are observed over dense vegetation areas, such as equatorial
forests

- The use of qualityflags removes large areas with realistic values, mainlynarthern
hemisphericwintertime. The effect igreater in 2004 (mongensor period) and lower in 2018
(availability of many sensorg)his ignainlyrelated to the bit 9LOW QUALITY. Therefore, the
application of thisx [ h 2 yv | flagreddstebe done with cautionmainlyduring the first
years of the dataset.

The spatial distributions of differences between CCIl+ VP and the reference satellite products are
evaluated in this sectionkigure9 presents the difference map betwee@RDR2 and C3S V3 LAl
products for midJune 2012Z(similar spatial distributions of differences were found for the other
evaluated years)Similarly Figurel0 displays the difference magmtween CCl+ VERDR and the

C3S V3, CLMS V2, and NMEIDISV6.1 fAPAR producfer mid-July 2012 (similar difference maps
were obtained for other years)
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Figure9: Map of differences between CCl+G®RDR2 and C3S V3 LAI products (best quality pixels)
over the whole transect in migune 2012.
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products (best quality pixels) over the whole transect induite 2012.
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Main resultsof the spatial analysis of differencestween CCl+ VP DR2 and reference products
are:

- For LAlthe largest discrepanciegith C3S V3 occur over northern latitudes and equatorial
regions, where CE&YP provides higherLAl values &round 0.5 ¢ 1). ConverselyCC+VP
provideslower valuesthan C3%®vermid latitudesin Europe.

- For fAPAR:

o CHP-2 shows large discrepancies as compared to C3S, shiighgr values across
northern and equatorial regions (differences up to 0,2But lower values over
southern Africa.

o CRDR tends to providesystematially lower values than both CLMS aiiODIS
productsover most regions, in particular tropical areas and some regions in central
Europe.

3.3 Temporal consistency

This section evaluates the consistencyhe multi-sensorCRDR2 temporal variations in comparison
with the reference productéC3S VGT+PBV,CAMS VGT+PBV, ¥AdNASA MODIS V6§.dnd multr
temporal groundbaseddata from GBOV V3.4 and AMMA (when availatide¥t quality retrievals are
displayed.From Figure11 to Figurel?, two examples for each main biome type (EBF, DBF, NLF,
croplands, herbaceoysshrublands and&BA are displayedFor better inspection of the temporal
variations, he 20122015 periodis shown when no ground data are available, otherwibe, period

with available ground data is display&dhnex shows additional temporal profiles for the whole time
series.
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Figurell: Temporal profilesf BQ retrievalsver two selectet ANDVAEvergreerbroadleavedorest
(EBF}ites ofCCIl+ VP (purple), C3S V3 (green), CLNI8u¢2 and MODIS V6.1 (orange). Note:+CCl
VPand C3S provide effective LAl values.
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Figurel2: Same as ifrigurell but over two selected GBOV deciduous broadleaved fofe&B)
Crosses in GBOV data indicates@futange estimates.
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Figurel3: Same as ifrigurell but over two selected GBOV neeldlaf forestsNLF)
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Figurel4: Same as ifrigurell but over two selected LANDVAL cultivated sites.
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Figurel5: Same as ifrigurell but over two selected AMMA herbaceous sites.
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Figurel6: Same as ifrigurell but over two selected LANDVAL shrublands sites.
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Figurel7: Same as ifrigurell but over two selected LANDVAL sparse and bare areas.

Main resultsfrom thevisual inspection o€CI+ VERDR temporal trajectories are:

For EBIBiome type(Figurell), CCl+ VRxhibits noisy temporal trajectories, as expecthee

to the persistent clouds over this biomdowever, tle level ofnoise is lower than in C3S and
MODISproducts. In contrast, CLMS V2 trajectories are very smooth with minimal seasonality,
consistent with the smoothing techniques applied in the temporal compo$itesger et al.,
2023) Regardinghe magnitude ofvalues, CCI provides highleAlestimates than C33s
previously observed over the transedthe largaliscrepancywith other references is due to
the product definition (effective vs true LARor fAPAR, CCI provides values comparable to
those of CLMS anellODIS, improving notably th@3Sestimates gystematicalljower than
other satellite products.

ForDBF Figurel2) and NLFRigurel3), remarkaby goodseasonal and inteannualvariations
were found similar to that of satellitdbased andyroundbasedproducts For LAICCl(and
C3S)hows lower magnitude of values th&@iL.MS and MODIgferences due to different
definitions (LAleff vs LARor fAPAR emarkably good agreement &ésofound in terms of
magnitude of values

Similarly fo cultivated Figureld), herbaceousKigurel5) and shrublandsKigurel6) biomes
CRDR product captures the same seasonality and temporal dynamics as the reference
satellite products and ground data when availa@ey. AMMA sites irFigurel5). For LAI, CCI
provides systematically lowervalues than C3Sat the maximum peak of vegetation
development For fAPAR, CCI values amailar to other references such as CLMS. This is
remarkable for low values wher@RDR2 displays reliable temporal variations, and notably
improves C3S with a high occurrence pfaalistic zero value@.g.,AMMA sites irFigurel5

or LANDVAL V1.1#471kigurel6).

CCI providesery low or neaizero values over sparsely vegetatédgurel?, left) and bare
areas Figurel7, right). Minor variationscan be observedyut they remainwell within the
uncertainty budgetThe transition from SPOT/VGT to PRABiIA 2014 does not introduce
any apparent bias, in contrast to the discontinuities (positive bias) observed iCLtMS
products. Therefore, theCRDR2 demonstrates remarkably good continuitgcross the
transition in sensor input data
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3.4 Error evaluation (direct validation)

3.4.1 Comparison witiDIRECT 2.1

This section presents the comparison ©Cl+ VRnulti-sensor CRDP, C3S VGT+PBV M3LMS
VGT+PBV Y2ndNASA MODIS Veéabainst theDIRECT 2groundbased reference mapsver 3 km

x 3 kmFigurel8illustrates the comparison of CCl and C3S RIRECT 2dffective LAI, whil&igure
19 shows the comparison of the four products wiiHRECT 2.fAPAR. Only concomitant samples
flagged asé S & (i |panss all datellile products under evaluation were considered.
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Figurel8: Satter plots betweenCCl+ VERDR (left) and C3S V&right) LAI products versu3IRECT
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CCI+VEGETATION Product Validation and Page |41
Intercomparison Repom2.1
1.0 (s Sites=34 1.0 (s Sites=34
o R=0.88 o0 R=0.75
< 0.5 Meantn =037 " = 0.8l Menni 203 05
% 0.8 Goalleh)=15 58 °<: 0.8 Goallh=15.18
[y Thr.(%)=29.87 < o Thr.(%)=31.17 <«
~ % & <
a 0.6 1 b L 0.6 5
o °a >
o 4 & < [an] ) B 1 5 <
@) q > - = o ; \.”;—!‘1
o 04 + 0.4 6
- T
> 0] e v
+ > ey, 9
502 : 0 0.2
Q O < )
0.0 ‘ , , ~ 0.0 ‘ , : ,
00 02 04 06 08 10 00 02 04 06 08 1.0
CEOS DIRECT 2.1 FAPAR CEOS DIRECT 2.1 FAPAR
B=-0.01(-3.9%) STD=0.09(24.9%) RMSD=0.10(25.2%) B=-0.02(-4.0%) STD=0.13(35.3%) RMSD=0.13(35.5%)
MD=-0.01(-3.7%) MAD=0.06(15.8%) MD=-0.02(-6.5%) MAD=0.05(13.2%)
Sites=34 Sites=34
~ L0 N=TT ) _ 10 N=TT
z MAR 0 04+0 96x o : B g MAR: —0 10+0 86x o
< 08563 /y i LSy A e 0.8g63t )’ =307 el
z Thr( % =36.36 / < Thr(% =29.87 P
S 0.6 < 0.6 g
> 0.09 o .01 - -
& Ry " S
+ g a
5 0.4 «:f’: S04 .
> S = .
< .21 F
L 0.2 - g 0.2
3 < h
O =
0.0 : : : : 0.9 : , . :
00 02 04 06 08 10 00 02 04 06 08 1.0
CEQOS DIRECT 2.1 FAPAR CEOS DIRECT 2.1 FAPAR
B=0.02(5.6%) STD=0.09(22.1%) RMSD=0.09(22.8%) B=0.05(11.8%) STD=0.10(24.1%) RMSD=0.11(26.8%)
MD=0.02(4.9%) MAD=0.06(14.3%) MD=0.07(17.0%) MAD=0.09(21.6%)
% EBF o DBF v NLF OF < CUL = HER SHR R

Figurel9: Satter plots between CCI+VERDR (top left), C3S V&op right), CLMS Vgbottom left)

and MODISV6.1 (bottom right) fAPAR products versidRECT 2fAPAR ground 8 SR Y I LJa® W9
adlFyRa F2N) SOSNENBSY oOoNRIFRfSIFI@PSR F2NBadax> WwWs5.CQ
fSFTE WhCQ F2NJ 204KSNJ F2NBadasx IV Q F2NJ) Odzt GA QDI
rice. The brown line represents the MAR fit, while the green and blue lines indicate the goal and
threshold levels, rggctively.

Main findings for LAleffFigurel8) are:
- (CRDP2 showsgoodcorrelation (R = 05), slightly better than C3S, and RMSD of WBgh is
slightly worse than C3S.
- CRDR2 underestimates effective LAI ground refereneeth biases 0f68.8%, primarily over
forest areas. This systematic tendency is also reflected in the slopes of the MAR relationships
(0.49 for CCl)CRD#R2 shows larger underestimation than C3S (bias arc48eétb)
- Only 9.6% and 16% of CClretrievalsfall within the GCOS goal and threshold uncertainty
requirements, respectively
Main findings for fAPARFigurel9) are:
- CRDR provides noteworthy resultsshowinghigh correlation (R .88), verylow negative
bias (B =0.01 ¢3.9%), MD=-0.01 ¢3.7%))and an overall uncertainty (RMSD) of 0.10
- CCI performs similgrto CLMS/2 RMSD=0.09), athoughthe latter exhibits a positive bias
of 5.6%. Both CCl and CLMS show the best agreemenDNRECT 2.1
- CCI outperform&€3S andMODIS productsvith RMSD 00.13 and 0.11 for C3S and MODIS
respectively Note that MODIS shows a clet@ndency to overestimate low fAPAR values in

sparsely vegetated areas previously reportee.g.,.5 Qh R2NA 02 . SG £ ®X Hamn(
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- Despite the goodverallvalidation metricsCRDR2 shows low fraction aketrievals compliant
with the GCOS goal (184) and theshold (29.%) uncertainty requiremeniswhich is
indicative of the verglemandingGCOS requirements.

3.4.2 Comparison with GBOV W3

This sectiorreports the comparison ofCCl+ VIERDR, C3S VGT+PBV \@AMS VGT+PBV, \#ad

NASA MODIS V6ahainsta subset ofquality controlled GBOV V3.4 groubdsed reference maps
(GBOV V3.4_Q@) 3km x 3 kmFigure20 presentsthe comparison wittGBOV V3.4 LAI. Note that,

due to differences in definition (i.e., effective LAl in CCl and C3S versus actual LAl in GBOV), the
validation metrics are expressed exclusively in terms of correlafigure21 shows the comparison

with GBOV V3.4QCIAPAR. Only concomitaBQ sampleacross all satellite products wetsed
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Figure20: Satter plos between CCIl+ \ERDR (left) and C3S V&ight)LAI products versus GBOV
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the goal and threshold levels, respectively.
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Figure21: Satter plots betweenCCI+VP CRERtop left), C3S V3 (top right), CLMS V2 (bottom left)

and MODIS V6.1 (bottom right) fAPARducts versu&BOV grountbased V3.4 _QC fAP&R W5 .
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line represents the MAR fit, while the green and blue lines indicate the goal and threshold levels,

respectively.

Main findingsfor LAI(Figure20) are:

- CRDR2 LAI (effective) is highly correlatedwith GBOV V3.4C LAl with R = 0.92

outperformingthe results of C3S
- Large systematic differences are observed due to the different produc

t definition (as

expected).It should be noted that the clumping index over forests typically ranges between

0.6 and 0.8Chen et al., 2005}herefore, the observed gstematic differences
partially correctedf the clumping index factois accounted far

Main findingsfor fAPARFigure?1) are:

can only be

- (CRDRP2 tends toslightly underestimate GBOV V3.@Cvalues with a mean bias 00.06 ¢
10%) and an overall uncertainty (RMSD) of ON@te that GBOV measures fIPAR instead

fAPAR (with fIPAR slightly higher that fAPAR in most condifMfagnowski et al.

, 202])

- CRDR outperformsthe C3Sn terms of accuracyB =-0.12,-22%)and is overall similar to
MODISRMSD = 0.0&lthough withlower correlation). CLMS is the best performing product

with optimal validation metrics (R=0.97,-B63, RMSD= 0.06).
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- In terms of GCOS uncertainty requiremer@sDP-2 meets goal and threshold requirements
in 28.3% and 47.6% of cases, respectiv@lyis issimilar to MODIS and shanbetter
compliancehan C3S V3.

3.4.3 Comparison with AMMA

This section presents the comparisorGRDR2, C3S V3CLMS V2andMODIS V6.4gainst theAMMA
ground measurements over grassland siteégure22 shows the comparison with AMMA effective
LAI, whileFigure23 showsthe comparison with AMMA fAPAR measuremer@sly concomitant

al YLX Sa 7Tt | 33 Siross the sstdlite produdjsdehdér kvialdation were considehed.
this case, he comparison was performed at a spatial support of 1 km?, consistent with the AMMA
ground measurements collected over transects of approximately 1 km.
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AMMA measurements

B=-0.12(-40.2%) STD=0.27(88.5%) RMSD=0.29(97.2%)
MD=-0.07(-24.5%) MAD=0.15(49.6%)

AMMA measurements

B=-0.11(-37.7%)  STD=0.39(127.7%) RMSD=0.41(133.1%)
MD=-0.11(-36.8%) MAD=0.23(74.8%)

Figure22: Satter plots between CCl+ \GRDR (leftyand C3S V@ight) LAl products versus AMMA
LAleff ground dataThe brown line represents the MAR fit, while the green and blue lines indicate the
goal and threshold levels, respectively.
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Figure23: Satter plots betweenCCI+VP CRERtop left), C3S V3 (top right), CLMS V2 (bottom left)
and MODIS V6.1 (bottom righfh\PAR productagainstAMMA fAPAR ground datd@he brown line
represents the MAR fit, while the green and blue lines indicate the goal and threshold levels,
respectively.

Main findings folLAl products (seEigure2?2) are:

- (RDP2 underestimatesAMMA LAleff measurementsvith a bias 0f0.12(-40.2% andslope
of 0.62 rrelation of R = 0.56 and overall uncertainty (RMSD) of &&%ound

- CRDR improveghe C3S retrievals ierms of RMSD (0.41) and correlation (0.49te that
a high proportion of C3S LAI values are zarweltknown limitation of the C3%/3 product
[PQARC3S_ VB

- For CCI25.7%and 39.7%o0f casesfall within the optimal and thresholdSCOS&incertainty
levels respectively, outperforming C3S

Main findings fofAPARbroducts(Figure23) are:
- (CRDP2 tends to overestimate AMMA measurements over grasslands, with a mean bias of
0.05 (21.5%) and an overall uncertainty (RMSD) of, @itdilar toCLMS V2 performand8 =
0.05, 19.8%; RMSD = 0.13).
- CRDR improves validation results @3S/3(RMSD = 0.19) aidODISRM® = 0.18)Note,
again, the arge proportion of C3S fAPAR valeesial tozero,a known limitation othe C3S
product[PQARC3S_Vj
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- Interms of GCOS requirements, 9.4% and 15.4% of casgdywith the goal and threshold
uncertainty requiremers, respectively. These results are comparabléhtzse of CLMS (9.4%
and 20.1%) anMODIS7.4% and 16.8%), asdiperior toC3S (4.0% and 6.7.%)

3.5 Error evaluation (product intercomparison)

3.5.1 Overall analysis

The overall consistency betwe€Cl+ VERDR and othersatellite products€3S VGT+PBV,Z2AMS
VGT+PBV YandNASA MODIS V§uas assesseidr the years 2004, 2012 and 20I%he three years
(2004, 2012, and 2019) were aggregated into a single figure, where all correspdetingualityf
retrievals over LANDVAL sites are jointly displayed to provide an overall consistency assefsment
different singlesensor (2004) and multiensor (2012, 201®eriods Figure24 show the satter plots
between pair of products providing effective LAI (i.e., CCl vs. C3S)Ritnilst25 shows the scatter

plots of CClversusC3S, CLMS aMdODISfAPAR productsThe comparison afulti-sensorCRDR2

with the monosensor CRDP dataset can be found ilinnex VI

LANDVAL V1.1 [2004, 2012 2019]
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MD=0.01(1.9%) MAD=0.10(22.6%)

Figure24. Satter plotbetweenCCIl+VERDR and C3S V8&atellite LAl products (colorbegpresents
density of points). Computation over best quality retrievals over LANDVAL siearf®20042012

and 2019 The brown line represents the MAR fit, while the green and blue lines indicate the goal and
threshold levels, respectively.
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Figure25: Satter plots between CCI+VEBRDR and reference satelliteC3S V3CLMS V2 andASA
V6.1 fAPARroducts (colorbarepresents density of points). Computation over best quality retrievals
over LANDVAL sitéar years 20042012 and 2019The brown line represents the MAR fit, while the
green and blue lines indicate the goal and threshold levels, respectively.
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The comparison of CCl +€RDR2 andC3S V3 Alproducts(Figure24) shows
- CRDR2 providesslightlylower values thait€3S/3 with a mean bias 60.03(-7.9%) primarily
observed at higher LAl valu@dARslope of 0.93)Note that CRDR LAlprovides lower values
than C®P-1 valueslfias=0.1 (20.6%), seéAnnex VI
- Theoverall uncertainty (RMS¥0.34, with 37.0% and 54.4% of samples withenGCO§oal
and thresholduncertainty requirementsrespectively

For fAPARHigure25), the main results are:

- The comparisof CRDR2 with CLMS/2showsthe best agreement (RMSD = @0R = 0.96
CRDR generally provides slightly lower valudgsn @.MS with a mean bias 60.03 ¢9.6%),
mainly observed at the lower (APAR < 0.2) and higher (fAPAR > 0.8) ranges, the latter typically
associated with EBF cases where CMRI&plies gagdilling techniquesdased on climatology
values

- The comparison o€RDR2 with MODISshowsalsogood overall agreement (RMSD = 0.18, R
0.93).CRDR tends to provide lower values thadODIS(B =-0.06,-17.6%), mainly at low
fAPAR ranges, consistent with the wedicumented tendency of NASA MODIS products to
overestimate fAPAR at the lowest value ranges Qh R2 NA 02 S | f ®X HamnT

- The weakest overall agreement is obserwedh C3S fAPAR products (RMSD =0.13, R = 0.87),
with a clear tendency d€RDR2 to provide higher fAPAR values (B = 0.03, 12i8%j)e with
other satellite products

- Note that CRDR fAPARshows good agreement with CRIDPAPARshowinga slight negative
bias 0f-0.02 ¢5.3%) ad RMSD of 0.08Afinex V).

This section presents the overall spatianporal consistencper biome Figure26 andFigure27 show
the histograms ogffective LAland fAPAR retrievalgespectively and the violirplots of the bias of
CClI+ Vmvith references per main biome typ@dditionally, the scatterplots (with their associated
statistics) per biome type ar@soavailable ilPAnnex 1.

EBF DBF NLF

CCl+ VP CRDP2 - C35 VGT+PBV V3
LANDVAL V1.1 [2004,2012,2019]
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Frequency(%

LAl

Figure26: Left: Distribution of LAI values for CCI-CRBPR2 and C3S V3 products per main biome type
for years 2004, 2012 and 2019. Right: Vipliots of the bias between CCl+ VP and C3S V3 products
per biome type. In the violiplots, red horizontal bars indicate median values, horizontal dashed black
lines strett from first and third quartile of the data, and vertical black lines stretch from the lower and
upper adjacent value.
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Figure27: Left: Distribution of fAPAR values for CCI€RBR, C3S V3, CLMS V2 &SAMODIS
V6.1 products per main biome type for years 2004, 2012 and 2019. Right:ploddirof the bias
between CCI+ VBRDR2 and rest of products per biome type. In the vigliots, red horizontal bars

indicate median values, horizontal dashed black lines stretch from first and third quartile of the data,

and vertical black lines stretch from the lower and upper adjacent value.

For LAIKigure26):

- CCICRDR generallyprovides highervalues tharC3Soverforest sitesmainly for EBF
- Similar LAI retrievaistributions are observedbetween CCl and C3S over nforest sites;
however, CQknds to underestimate C3S retrievéts cultivated and herbaceous areas

For fAPARHigure27):

- CCI fAPARalues agree better with CLM& and NASMODIShan with C3S.

- CCskhows asimilar distribution of retrievalto the referencedatases for most biome types,
except for EBF where large discrepancies are fo@35(< CCI < CLMS and NASAimilar
bias pattern is found for the other forest cases, with CCI providimg similar values to CLMS
and MODIS (slight negative bias) tharC®Jpositive bias).

- For nonforest sites, CCI agrees well with CLMS V2 with bias close to zero. In the comparison
with MODIS, the weknown tendency of MODIS LAl and fAPAR to overestimate sparsely

vegetated sites or biomes with lower vegetation density (HER, SHR, SBASriedbs the



CCI+VEGETATION

Product Validation and Page |49

Intercomparison Repom2.1

histograms6 5 Qh R2 NA O 2

Si

I f @3, whichpartly ex@alsdthie Siéghtig: i

biases in the comparison witbRDR2 retrievals for these biomes

- C3S alscexhibits the previously reported [PQARC3S_VBtendency to prauce ahigh
frequeng of fAPARvalues equal tazero acrossall biomes (except EBR)hich result in

elongated violin plots of the bias distribution

3.5.3 Intra-annual precision
The histograms of the intrh Yy Yy dzI £

LINE O xalled argothoessfor GOK+S/ERER and
referenceproducts areshownFigure28 for LAI (left side) and fAPAR (rigide). It should be noted
that, for LA, only products providing effective LAl values were incl(igedCCl and C3$heanalysis

Ff &2

wasperformed overLANDVAL sitder years 2004, 2012 and 2019y R Y SRA | y reported | f dzS & |

as indicators ofhe intra-annual precision of the product&nly concomitant sites providing data are

included in the analysiJ.able7 shows the summary of median @ | perde&id biome type.
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Figure28: Histograms of delta function (smoothness) of different LAl and fAPAR products: CCl+ VP

CRDR2 (purple), C3S V3 (green), CLMS V2 (blue)NeXBGAMODISV6.1 prangd products over
LANDVAL sitder years 2004, 2012 and 2019 case of LAI, only products providing LAleff values are

displayed.

Table7Y aSRAFY + 2F RATTFSNBY (i CRDRLC3S Y3RCLMS \2land NAIME R dzO |

MODISV6.1. Computation per biome type over LANDVAL sites for years 2004, 2012 and 2019.

Median{ ¢ LANDVAL 2004, 2012 and 2019

Biome LAI fAPAR
CCl+ VF C3S V3 CCIl+ VF C3SV3 CLMS V2 MODISV6.1
All 0.012 0.027 @ 0.012 0.019 0.006 0.030
EBF | 0.130 0.123 | 0.028 0.043 0.002 0.015
DBF | 0.038 0.064 | 0.019 0.026 0.010 0.040
NLF | 0.055 0.047 | 0.026 0.023 0.010 0.055
OF 0.069 0.046 @ 0.029 0.025 0.008 0.080
CUL | 0.018 0.043 | 0.013 0.022 0.010 0.035
HER | 0.010 0.025 0.008 0.015 0.006 0.025
SHR | 0.008 0.019 @ 0.007 0.012 0.006 0.020
SBA | 0.001 0.000 0.004 0.007 0.004 0.015
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FLO | 0.019 0.030  0.016 0.020 0.007 0.045

The mairfindingsare:

For LAI, RDP2 showsoverall muchf 2 ¢ SNJ + @I firdli€afing bighér yrecisioaf

short time scaleThis is observed fonostbiomes, except for EBF, NLF and OF.

For fAPARRDP2LINE OA RSa 2@SNI ff KAIKSINNCIVBGORHS 2y O0A ¢
la SELISOGSR:E /[a{ +nH aK2ga GKS t2¢6Said 1+ @I f
techniques within its algorithman evident feature in the previoustemporal consistency

analysis.

To investigate the inteannual precision of the products, median absolute anomalies (MAD) of the
upper 95" and lower §' percentiles between consecutive years were computed over LANDVAL sites
excluding croplandsFigure 29 and Figure 30 show the interannual precision between pairof
consecutive years for the evaluated LAI (effective) and fAPAR prooetshe 01/2000-12/2019
period(since 2020 year is not complaéteCLMS and C8&tasetd. The median value across thatire
period is considered as indicator of irt@nnual precision.

Figure29: Median absolute deviation (MAD) of th& &nd 93" percentiles between consecutive years
(20002019 period) over LANDVsitesfor CCl+ VERDR (left), C3S V3 (right).

Figure30: Median absolute deviation (MAD) of th& &nd 95" percentiles between consecutive years
(20002019 period) over LANDVAitesfor CCl+ VERDR (top left), C3S V3 (togght), CLMS V2
(bottom left) and NASA V6.1 (bottonght) fAPAR products.

Main findingsof the inter-annual precision analysis are:














































































