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Abstract: The Copernicus Global Land Service (CGLS) provides global time series of leaf area index
(LAI), fraction of absorbed photosynthetically active radiation (fAPAR) and fraction of vegetation
cover (fCOVER) data at a resolution of 300 m and a frequency of 10 days. We performed a quality
assessment and validation of Version 1 Collection 300 m products that were consistent with the
guidelines of the Land Product Validation (LPV) subgroup of the Committee on Earth Observation
System (CEOS) Working Group on Calibration and Validation (WGCV). The spatiotemporal patterns
of Collection 300 m V1 LAI, fAPAR and fCOVER products are consistent with CGLS Collection 1 km
V1, Collection 1 km V2 and Moderate Resolution Imagery Spectroradiometer Collection 6 (MODIS
C6) products. The Collection 300 m V1 products have good precision and smooth temporal profiles,
and the interannual variations are consistent with similar satellite products. The accuracy assessment
using ground measurements mainly over crops shows an overall root mean square deviation of 1.01
(44.3%) for LAI, 0.12 (22.2%) for fAPAR and 0.21 (42.6%) for fCOVER, with positive mean biases of
0.36 (15.5%), 0.05 (10.3%) and 0.16 (32.2%), respectively. The products meet the CGLS user accuracy
requirements in 69.1%, 62.5% and 29.7% of the cases for LAI, fAPAR and fCOVER, respectively.
The CGLS will continue the production of Collection 300 m V1 LAI, fAPAR and f{COVER beyond the
end of the PROBA-V mission by using Sentinel-3 OLCI as input data.

Keywords: leaf area index; fraction of absorbed photosynthetically active radiation; fraction of
vegetation cover; validation; PROBA-V; Copernicus Global Land Service

1. Introduction

The Copernicus programme is the European Union’s Earth observation and monitoring
programme, and it records data on the Earth and its ecosystems for the ultimate benefit of all
citizens. A variety of technologies, including satellites and ground-based, sea-based and air-based
measurements systems, allows Copernicus to deliver operational data and information services openly
and freely in a wide range of application areas. In particular, the Copernicus Land Monitoring
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Service (CLMS) provides geographical information on land cover, land change and a variety of
geophysical variables of the biosphere and the cryosphere. The CLMS global component, known as
the Copernicus Global Land Service (CGLS) [1], ensures operational monitoring of the continental
ecosystems through the provision of terrestrial geophysical variables that are needed to characterise the
energy, carbon and water cycles. The CGLS products are delivered in near real time on a worldwide
scale. The near-real-time products are complemented by the production of historical time series with
a focus on their temporal consistency and change detection. The CGLS provides data for European
Union policies in agriculture and food security, biodiversity and environmental protection, natural
resources management and climate change.

The CGLS portfolio includes leaf area index (LAI) and fraction of the photosynthetically active
radiation absorbed by vegetation (fAPAR) data, which are essential climate variables [2]. The LAI
and fAPAR play key roles in several surface processes, rain interception, photosynthesis, respiration,
transpiration, productivity and the energy balance of the surface. In the CGLS, the LAl is defined
as half the total developed area of green elements per unit horizontal ground area [3], while fAPAR
is defined as the fraction of radiation absorbed by green vegetation elements in the 400 to 700 nm
spectral domain around 10:00 solar time under clear sky conditions. Other vegetation variables are
also provided by the CGLS, including the fraction of vegetation cover (fCOVER), which is defined as
the fraction of ground area covered by green vegetation as seen from nadir. f{COVER is required to
separate the contributions of soil and vegetation in soil-vegetation-atmosphere transfer, energy balance
and evapotranspiration models [4]. The CGLS LAI, fAPAR and fCOVER variables are derived from
SPOT/VEGETATION (for the period from 1999 to May 2014) [5] and PROBA-V (from May 2014 to
present) [6] data. The variables are generated at a 1 km resolution (Version 1 and Version 2 detailed
in Section 2.2) and 300 m V1 (only from PROBA-V). The PROBA-V 300 m V1 processing lines were
designed in the framework of the FP7 ImagineS project [7,8].

LAI fAPAR and fCOVER products must be associated with quantitative uncertainties to properly
assimilate them in process models. The CEOS WGCV LPV subgroup has established a set of protocols
and good practices for the validation of global LAI products [9]. The proposed methodology relies
on intercomparison and direct validation approaches [10-14]. 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 between products to be investigated
in more detail in order to diagnose product anomalies and devise algorithm refinements. Spatial and
temporal consistencies of the products can be quantified without concurrent ground measurements,
and such work can provide an estimate of the attached precision over a larger range of situations. Finally,
comparisons with in situ measurements (i.e., direct validation) allows the accuracy of the products to
be quantified. Comparisons with ground data are achieved by scaling up the ground measurements
using decametric imagery, which is then aggregated to match the medium-resolution products [14,15].
However, ground datasets are still quite limited in time and space and thus are poorly representative of
global conditions. In the framework of the FP7 ImagineS project, field campaigns were conducted over
a network of mostly cropland sites across the world for the collection of ground measurements [16]
following well-established protocols for validation of satellite-based products [17]. These protocols
were developed during the Validation of Land European Remote Sensing Instruments (VALERI)
project [18]. The ground data were upscaled using high spatial resolution (10-30 m) imagery [16] based
on CEOS WGCV LPV recommendations [9,14].

The aim of this paper is to assess the quality of Collection 300 m V1 LAI, fAPAR and fCOVER
products derived from PROBA-V sensor data and to determine whether they are compliant with CGLS
requirements. The quality assessment is based on three components:

1. Assessment of the product spatiotemporal consistency with similar (CGLS PROBA-V Collection 1
km V1 and V2 and MODIS C6) satellite products;
2. Assessment of the inter-annual and intra-annual precision of the product;
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3. Quantify product accuracy by comparisons with available in situ measurements collected mainly
during the FP7 Imagines project.

This article is structured as follows. Section 2 describes the satellite-based LAI, fAPAR and
fCOVER products used in this study. Section 3 describes the ground datasets and the validation
methodology. Section 4 presents the intercomparison and validation results. Section 5 discusses the
results, and Section 6 presents the conclusions.

2. Satellite-Derived LAI, fAPAR and fCOVER Products

2.1. Collection 300 m V1 PROBA-V LAI, fAPAR and fCOVER Products Under Evaluation

The retrieval algorithm of the CGLS PROBA-V Collection 300 m Version 1 LAI, fAPAR and
fCOVER products [8] is based on a two-step process. Daily top of the atmosphere (TOA) reflectances in
the blue, red and near infrared (NIR) PROBA-V spectral bands are used in the Simplified Method for
the Atmospheric Correction (SMAC) algorithm [19] to retrieve top of canopy (TOC) reflectance values,
which are in turn used as inputs to the neural networks (NNTs) to retrieve daily estimates of LAI,
fAPAR and fCOVER. The NNTs were calibrated using four years of VEGETATION-2 reflectance data as
input. The outputs corresponded to the fusion of the MODIS C5 [20] and CYCLOPES V3.1 [21] for the
LAI and fAPAR products and the scaling of the CYCLOPES V3.1 for f{COVER. Then, the final 10-day
(dekadal) product values are generated using a dedicated compositing scheme over a dissymmetric
temporal window characterized by a flexible size that depends on the availability of valid daily
estimates [8]. The compositing includes the application of temporal filters to remove outliers as well as
smoothing and gap-filling techniques. A specific process is applied to evergreen broadleaf forests that
are highly affected by cloud occurrence, which induces higher noise levels (cloud misdetection) and
missing data [8]. The products are delivered in near-real-time (RT0). Then, two successive consolidated
estimates after one (RT1) and two (RT2) dekads are generated. A final estimate (RT5) is computed
at the end of the consolidation period (i.e., 50 days). The final RT5 product is used in this study.
An example of the PROBA-V LAI 300 m V1 spatial distribution is shown in Figure 1. The products are
associated with quantitative quality information such as the number of valid daily values available in
the compositing window, the root mean square errors of the dekadal values compared to the daily
estimates and the length in days of the semiperiod of the compositing window before and after the
dekad of interest. In addition, qualitative information is provided through a quality flag. The retrieval
algorithm and the products are described in detail in the Algorithm Theoretical Basis Document [8]
and the Product User Manual [22]. The first validation results that include all RT modes are reported
in the Quality Assessment Report [23].

Global Land =135 =90 -45 [ 45 90 135
2017.6.20

2.4

PROBA-V LAI300 V1

-135 -90 —45 ] 45 90 135

Figure 1. Global distribution of leaf area index (LAI) values from CGLS PROBA-V Collection 300 m V1
for 20th June 2017.
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2.2. CGLS PROBA-V Collection 1 km

There are two versions of the CGLS Collection 1 km LAI fAPAR and fCOVER products. Both
Version 1 (V1) [24] and Version 2 (V2) [25] capitalize on existing CYCLOPES V3.1 [21] and MODIS
Collection 5 (C5) products [20] and the use of NNTs calibrated with SPOT/VEGETATION reflectances
in the red, NIR and SWIR bands. LAl is defined as the green area index, and it includes all the green
vegetative elements and partly accounts for clumping; fAPAR is defined as the instantaneous black
sky green fAPAR at 10:00-10:30; f{COVER is defined as the fraction of ground area covered by green
vegetation [24].

The main differences between V2 and V1 are as follows:

1. V2uses daily TOC reflectances and the associated cosine of the view zenith and sun zenith angles
as inputs for the NNT, whereas V1 uses 10-day composite TOC reflectances;

2. V2 applies temporal compositing over daily biophysical estimates by first removing outliers
(e.g., mainly cloud mis-detection) by assuming a smooth temporal profile and then applying the
CACAO method [26] (e.g., adjusting the magnitude and shift of the climatology) on a temporal
window spanning a period between 30 and 60 days depending on the number of available
observations, whereas V1 applies compositing at the TOC reflectance level by the inversion of
a kernel-driven model over a temporal window [27];

3. V2delivers near-real-time estimates that are updated every 10 days until a consolidated value is
reached after two months, whereas V1 products are delivered with a temporal delay of 20 days;

4. V2 uses dedicated temporal smoothing and gap filling based on interannual climatology
information [28] to ensure consistency and continuity (no missing data) of products, whereas V1
does not apply temporal smoothing or gap filling.

The main differences between the V2 algorithm and 300 m V1 algorithm are as follows:

1.  The SWIR spectral band is not used since it is not available at a resolution of 300 m;
No climatology is used as background information to fill gaps in the 300 m V1product, and gap
filling is only applied over a local temporal window, which results in residual gaps for long
periods of missing observations.

The CGLS PROBA-V Collection 1 km V1 products were validated over the year 2014 [29].
The accuracy assessment with ground measurements (25 samples) showed RMSD values of 0.54, 0.13
and 0.18 for LAI, fAPAR and fCOVER respectively and a positive bias of up to 0.15 for f{COVER.

The CGLS PROBA-V Collection 1 km V2 products were validated over the period October
2013-October 2014 [30], and the quality stability was systematically checked every year. The reports
are available on the CGLS website [1]. The products displayed better spatial coverage (no gaps) and
smoother profiles than V1 and MODIS C5 products. Specifically, over evergreen broadleaf forests, the
CGLS 1 km V2 presented smooth trajectories with high values and very limited seasonality while
the CGLS 1 km V1 showed unexpectedly low LAI, fAPAR and fCOVER values and seasonality and
noise due to permanent clouds. The accuracy assessment over a limited number of concomitant
ground-based measurements (<15) showed RMSD values of 0.79, 0.12 and 0.12 for LAI, fAPAR and
fCOVER, respectively, with a positive significant {COVER mean bias of 0.1.

2.3. NASA MOD15A2H Collection 6

The Terra MODIS LAI/fAPAR (MOD15A2H) Collection 6 (2000-present), available at https:
//lpdaac.usgs.gov/products/, is produced at a spatial resolution of 500 m and a step of eight days over
asinusoidal grid [20]. We consider only the products derived from the main algorithm since the retrievals
from the back-up algorithm are generated from surface reflectances with high uncertainties [31].
The main algorithm is based on the use of Look Up Tables (LUTs) built for six different types of
biomes, with simulations from a three-dimensional radiative transfer model [32]. The MODIS red and
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NIR atmospherically corrected reflectances and associated uncertainties [33] and the corresponding
illumination-view geometries and the biome type issued from the MODIS land cover product are used
as inputs of the LUTs. The output is the mean LAI/fAPAR values for which simulated and measured
MODIS surface reflectances are within the expected uncertainty ranges. Note that MODIS C6 does
not provide fCOVER data and that over desert areas MODIS C6 does not provide LAI/fAPAR values,
which are assumed to be zero.

An accuracy assessment performed over 45 fAPAR ground measurements from the CEOS Online
Interactive Validation Exercise (OLIVE) dataset showed an overestimation of the C6 fAPAR products
over sparsely vegetated areas [34]. Comparisons with CGLS Collection 1 km V1 products at the
global scale showed similar spatiotemporal patterns except in evergreen broadleaf forests where noisy
retrievals are observed, with a positive mean bias over benchmarking sites of 0.3 (0.13) units for LAI
(fAPAR) [34].

2.4. Quality Flags

The quality flag information of the PROBA-V Collection 1 km V1 and V2 products and the
two quality flag layers of MODIS C6 (FparLai provides information on retrieval status and FparExtra
on clouds, water and land) were used to retain only the best-quality values (Table 1). Low-quality
pixels and filled values for PROBA-V Collection 1 km V2 were not considered except in temporal
profiles and global maps of residuals. All PROBA-V Collection 300 m V1 pixels were used since
the retrieval algorithm keeps only the best PROBA-V quality pixels, i.e., pixels that presented good
radiometric quality and were located over land and not covered by ice, cloud or snow [8].

Table 1. Quality flag information used to filter low quality or invalid pixels.

Product Quality Flag

Sea (bit 1), Snow (bit 2), Input status out of range or invalid (bit 6),

PROBA-V Collection 1 km V1 Output status out of range or invalid (bits 7,8,9), B2 saturated (bit
10), B3 saturated (bit 11).
Sea (bit 1), Filled (bit 3), Input status out of range or invalid (bit 6),
Output status out of range or invalid (bits 7,8,9).
Cloud state not clear (bit 4, 5 -FparLai), Main method failed or could
MODIS Cé6 not retrieve pixel value (bit 6, 7, 8 -FparLai). Shore, freshwater, ocean
(bit 1, 2 - FparExtra), Cirrus detected (bit 5 - FparExtra)

PROBA-V Collection 1 km V2

3. Quality Assessment Methods and Ground Datasets

This section first describes the ground datasets (Section 3.1) used as validation references
and then presents the quality assessment and validation methodology (Section 3.2). Appendix A
describes the LANDVAL network of sites selected for benchmarking with reference satellite-derived
vegetation products.

3.1. Ground Measurements

Ground measurements were mostly collected during the FP7 ImagineS project [7] over a network of
sites, including a large variety of crop types and phenological stages, during the period 2013-2016 [16].
Approximately 90% of the sites belonged to crop areas (see Table 2), and the representativeness of
other biome types was very limited in this dataset. Field data were collected according to well-defined
protocols [17] that are consistent with the VALERI sampling strategy for upscaling. Between 13 and
15 Digital Hemispherical Photographs (DHPs) were taken in most of the sites to characterize the
Elementary Sampling Unit (ESU) of approximately20 m X 20 m size and between 30 and 50 ESUs
were measured following a stratified sampling per crop type to characterize the site of approximately
3 km x 3 km. In some sites, a LI-COR LAI-2200 Plant Canopy Analyzer (PCA) and an AccuPar LP-80
ceptometer were used following a similar sampling strategy [16]. The DHP measurements were
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processed with the CAN-EYE version 6.4.92 (CEV6.49) software [35] to retrieve the LAI, fAPAR and
fCOVER. LAI was computed as the average value of two CAN-EYE (CV5.1 & CV6.1) solutions [36],
and the clumping index was considered. The clumping index was computed using the [37] logarithm
gap fraction averaging method, although some uncertainties are associated with this method [38].
The effective LAI (LAleff) (i.e., assuming random distribution of elements in the canopy) was computed
as the average value of the CEV5.1, CEV6.1 and Miller [39] methods; and the instantaneous black
sky fAPAR was computed at 10:00 local solar time. It should be noted that all measurements were
conducted from green-up to maturity of the plants with a negligible amount of nonphotosynthetically
active material (i.e., retrieved variables correspond to green elements of the plants) and that using
indirect methods no distinction is made between leaves and other plant elements (stems, bulbs, spikes).
Consequently, for the LAI, the ground data definition corresponds better to a green area index (GAI).
Note that when using the LAI-2200 PCA or AccuPAR LP-80, the clumping index is not computed; thus,
the retrieved value corresponds better to an effective green area index. To maintain consistency with
the satellite products, we retained the term LAl instead of GAI in the ground dataset. Ground-based
maps were produced using CEOS LPV guidelines [9] and following the approach described in [15],
and an iterative reweighted least squares (IRLS) regression algorithm was used to derive the transfer
function between the ground data and the high-resolution Operational Land Imager (OLI)/Landsat-8
data [16]. The transfer function was applied to an area of 3 km x 3 km around the site. A quality
flag was generated based on the convex hull technique described in [15] to identify the level of
confidence in the transfer function estimate depending on whether the pixel falls within the convex hull
(i.e., the transfer function behaves as an interpolator and has good confidence) or outside this domain
(i.e., the transfer function behaves as an extrapolator and has lower confidence). The quality flag is
used for the comparison with satellite products as described in Section 2.4. A total of 35 ground-based
maps coincident with PROBA-V products are used in this study (sites #1-14, #17-31 and #3641 in
Table 2).

Six additional ground-based maps were generated by EOLAB during the 2016-2017 period
(samples #15, #16 and #32—#35 in Table 2). The dataset was collected with DHP and processed following
the same procedures used in ImagineS [17]; however, the recently available Sentinel-2A/MSI imagery
was used for upscaling instead of Landsat-8/OLI.

Values averaged over 3 km x 3 km around the site centre (Table 2) were included in the OLIVE
DIRECT 2.0 ground database, which is available at the European Space Agency (ESA) cal/val portal
and endorsed by the CEOS WGCV LPV [40].
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Table 2. Characteristics of the validation sites and associated ground biophysical values over an area of

3 km x 3 km.
Site Country ((}:;) ((L;;‘g‘) é::::lr Sample (mz‘;;;syy) LAI  fAPAR fCOVER Reference
#1 06/2014 2.14 0.64 0.55 [41]
Pshenichne  Ukraine 50.07 30.23 Crops " 07/2014 276 070 068
#3 06/2015 2.36 0.58 0.46
#4 07/2015 2.61 0.69 0.62 4]
#5 07/2015 212 0.56 0.53
Merguellil ~ Tunisia  35.5662 99122  Crops # 01/2014 0187 /A /A [43]
#7 04/2014 0.93* N/A N/A
25Mayo_1  Argentina —37.9065 —67.7459  Crops #8 02/2014 1.30 0.39 0.32 [44]
25Mayo_2 Argentina —37.9389 —67.7890  Shrub #9 02/2014 0.42 0.19 0.16
Rosasco Ttaly 45253 8.562 fgﬁ; #10 07/2014 42 0.85 N/A [45]
LaReina Spain  37.8189  -4.8624 Crops  #11 05/2014 1.08 0.30 0.29 [46]
#12 05/2014 2.55 0.36 0.37 [47)
Barrax Spain 39054 21007 Crops #13 05/2015 1.01 0.29 0.27 (48]
#14 07/2015 0.83 0.23 0.22
#15 03/2016 N/A 0.29 0.26 [49]
#16 07/2016 0.46* 0.13 0.13
#17 06/2014 0.58 0.21 0.18
Albufera Spain 392744  —0.3164 (CIQ’CIS #18 06/2014 1.51 0.46 N/A [50]
#19 07/2014 3.77 0.73 N/A
#20 08/2014 5.78 0.85 N/A
#1 06/2014 1.03* N/A 0.39
Ottawa Canada  45.3056 -75.7673  Crops #22 06/2014 1.46* N/A 0.48 [51]
#23 07/2014 1.82* N/A 0.49
#24 07/2014 2.79* N/A 0.79
#25 03/2014 1.82 0.56 N/A
Capitanata Italy 41.4637 15.4867 Crops 426 05/2014 3.08 N/A N/A [52]
#27 04/2015 3.49 0.76 N/A
Fe;"a‘; do Chile 347227 -71.0019 Crops  #28 01/2015 1.96 0.43 0.44 [53]
Collelongo Ttaly 418500 135000  DBF #29 07/2015 4.58 0.87 0.84 [54]
#30 09/2015 3.86 0.87 0.86
Maragua Kenya -0.7720  36.9742  Crops #31 03/2016 1.88 0.60 0.59 [55]
Liria Spain  39.7519 07005  NLF #32 02/2017 1.03 0.34 0.27 [56]
#33 05/2017 1.18 0.29 0.27
Moncada Spain 39.5204 -0.38697 Crops 34 07/2017 125 025 027 [57]
#35 11/2017 0.47 0.22 0.17
Ahspect-MTO France 435728 13745  Crops  #36 06/2015 0.85 0.28 0.26
Ahspect-PEY France  43.6662 02195  Crops  #37 06/2015 1.33 0.41 0.38
Ahspect-URG France 43.6397 —0.4340 Crops #38 06/2015 2.01 0.60 0.55 58]
Ahspect-CRE  France 439936  -0.0469 Crops  #39 06/2015 2.17 0.63 0.59
Ahspect-CON France 439743 03360  Crops  #40 06/2015 1.16 0.36 0.33
Ahspect-SAV  France 43.8242 1.1749 Crops #41 06/2015 0.99 0.31 0.29

(*) LAleff values (no actual LAI was provided).

3.2. Validation Methods

The quality assessment procedure was defined so that it was consistent with CEOS WGCV LPV
good practices for global LAI product validation [9] and previous validation and intercomparison
of vegetation satellite product research work [10-12]. Several performance criteria were assessed in
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this study, including (i) the product consistency with similar products in its temporal and spatial
dimensions (Section 3.2.1), (ii) the inter-annual and intra-annual precision of the product (Section 3.2.2),
and (iii) the accuracy of the product assessed by comparison with match-ups of upscaled ground-based
measurements (Section 3.2.3). The assessment was performed for a two-year period (2016-2017)
except for the accuracy assessment with ground measurements (2014-2017) to provide a more
representative dataset.

Satellite products must be compared over a similar spatial support area and temporal support
period. In this study, a 10-day temporal support (using the closest date of each product) and a 3 km
x 3 km spatial support (i.e.,9 X 9 pixels in the case of Collection 300 m V1 products, 6 X 6 pixels in
the case of MODIS C6, and 3 X 3 pixels in the case of Collection 1 km products) were used, except
for the temporal profiles, where each product is displayed with its nominal temporal and spatial
resolutions. For the spatial support, the Plate Carrée projection over 1/112° corresponding to the
CGLS products was used as a common grid. Reference products were resampled to the CGLS grid
considering only the best-quality pixels (Table 1). The LANDVAL network of 725 sites was used for
sampling global conditions.

3.2.1. Consistency Assessment with Similar Satellite Products

Spatial consistency refers to the realism of the spatial distribution of values over the globe.
The consistency of the spatial distribution of retrievals with respect to similar satellite products was
assessed by calculating the residuals between the Collection 300 m V1 products and the reference satellite
products. The residual (¢) was estimated by assuming a linear relationship between two products (y =
a:x + b + ¢) and it represents the remaining discrepancies regarding the general relationship between
both products. In this way, systematic relationships were not considered so that the patterns associated
with the spatial distribution of the retrievals could be more clearly depicted. Note that deviations of
the regression equation (i.e., residuals) are only used for the product spatial consistency assessment
(Section 4.1.1).

Temporal consistency refers to the realism of seasonal and inter-annual variations, and it was
qualitatively investigated via comparisons with the reference satellite products. Temporal profiles over
the LANDVAL network of sites were analysed per biome type for the period January 2016-December
2017. Temporal consistency was quantitatively assessed with the inter-annual and intra-annual
precision metrics (Section 4.1.2).

Finally, the overall spatiotemporal consistency between the Collection 300 m V1 and reference
products was assessed over the LANDVAL network of sites considering the best-quality observations
(Table 1) for the two-year period. Scatterplots between pairs of products were produced, and the
associated validation metrics (Table 3) were quantified (Section 4.1.3).

3.2.2. Precision Assessment

In the absence of linear trends, upper and lower percentile anomalies for a biophysical variable
are indicators of inter-annual precision, i.e., the dispersion of variable values from year to year [9].
A good practice is to report a boxplot of the median absolute deviation versus product bins and a single
statistic corresponding to the median [9]. In this study, we assessed the absolute difference between
two consecutive years of the 5th and 95th percentiles of the annual vegetation cycle over the LANDVAL
network of sites. Cultivated sites were not considered in this analysis due to the non-natural variability
of this land cover type induced by agricultural practices (e.g., crop rotation).

Intra-annual precision corresponds to temporal noise assumed to have no serial correlation within
a season. In this case, the anomaly of a variable value predicted by linear interpolation of its neighbours
in time can be used as an indication of intra-annual precision [9]. It can be characterized as suggested
by [13] (Equation (1)) by computing the absolute value of the difference between the centre P(d;,+1)
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and the corresponding linear interpolation between the two extremes P(dy) and P(dy ;) for each triplet
of consecutive observations:

P(dn) - P(dn+2)

5 = [P(dyer) = Ple) - = —g
n n

(dn —dn+1) )

The histogram of 6 values (Equation (1)) for the Collection 300 m V1 and reference products over
LANDVAL were compared, and the median was used as a quantitative indicator of the inter-annual
precision [9]. Hence, the lower the median of 6 values, the higher the inter-annual precision.

Table 3. Metrics computed for product validation, either comparison with ground measurements or
intercomparisons of satellite products; x stands for the reference, and y stands for the estimated data.

Statistics Interpretation
N: Number of samples Indicative of the power of the validation.
Overall Uncertainty.
RMSD: Root Mean Square Deviation Relative values between the average of x and y were also
computed. Relative RMSD (%) = 100 mfaffxf’w

Difference between the average values of x and y. Indicative of accuracy.

B: Mean Bias Relative values between the average of x and y were also computed.
Relative bias (%) = 100,46 —
S: Standard deviation Standard deviation of the pair differences. Indicates precision.

Indicates the strength of the relationship between two variables.

R: Correlation coefficient L
The Pearson coefficient was used.

Major Axis Regression (slope, offset) Indicates bias.
Uncertainty requirements (%) Percentage of pixels meeting the CGLS or GCOS requirements.
Test to determine whether the slope is significantly different from 1
p-value

(p < 0.05).

3.2.3. Accuracy Assessment with Ground Measurements

Product accuracy was assessed against ground reference data that were upscaled using
high-resolution imagery. The closest product date to the field campaign was used. Available
ground-based maps were provided over an area of 3 km X 3 km and remapped to the native PROBA-V
resolution of 300 m for matching up with the satellite products. The aggregation was performed
considering the effective point spread function (PSF) of the satellite product to account for several
factors, including the PSF of the instrument, the geolocation uncertainty, the effect of the reprojection
(from raw images to UMT) and atmospheric scattering [59]. This method improves the performance of
the evaluation compared to the ordinary average [60], which is partly explained by the compensation
of geolocation or reprojection errors. The PSF of the PROBA-V instrument can be approximated by
the convolution of a Gaussian function characterizing the optical PSF [61]. The effective PSF was
computed by maximizing the correlation coefficient between the 300 m V1 PROBA-V product and
the corresponding high-resolution map [59-61]. During the PSF optimization process, an iterative
approach in which we combined both the extension of the pixel size and the Full Width at Half
Maximum (FWHM) of the Gaussian functions in the x and y directions was developed according to
the scheme shown by Mira et al. [60]. The extension of the pixel was varied by steps of 1/8 up to 1/2 of
the PROBA-V pixel size, whereas the FWHM was varied in steps of 1/20 up to 1/2 of the pixel size plus
the enlargements.

Ground-based maps were provided with a quality flag indicating the pixels that belong to the
convex hull computed from the set of pixels used to calibrate the up-scaling transfer function [15].
For the accuracy assessment we considered only the Collection 300 m V1 PROBA-V pixels for which
more than 70% (threshold more restrictive than in previous studies [11,12]) of the corresponding
high-resolution pixels were within the convex hull. The accuracy with respect to ground measurements
was then assessed using the metrics defined in Table 3. Overall uncertainty (i.e., root mean square
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deviation, RMSD) includes systematic measurement error (i.e., bias) and random measurement error
(i.e., standard deviation of bias). RMSD is recommended to report the accuracy of LAI products when
there is only one product estimate to each ground mapping unit [9]. Major Axis Regression (MAR)
was used because it is specifically formulated to handle errors in both the x and y products [62]. In
addition, the accuracy assessment with ground data was conducted at 3 km X 3 km using the same
number of samples; if there was a missing value in one dataset, then this observation was removed
from the other datasets in order to have a consistent database for intercomparisons of results.

Finally, the percentage of pixels meeting the CGLS requirements was assessed (Table 4). Because
of the lack of an uncertainty requirement for LAI products, we have considered the actual Global
Climate Observing System (GCOS) uncertainty requirement of 15% as the optimal level and the former
GCOS requirement of Max (0.5, 20%) [63] as the target level. For the threshold level, a value of Max
(0.75, 25%) was considered following the same incremental step in the relative terms. For fAPAR and
fCOVER, an additional minimum uncertainty value of 0.05 or 0.1 was considered for the target and
threshold level to avoid the large relative values that can be obtained for very low vegetation values.
Note that the GCOS requirement for fAPAR corresponds to the target level.

Table 4. Uncertainty requirements considered for LAI fAPAR and fCOVER.

Optimal Target Threshold
LAI 15%! Max (0.5, 20%) Max (0.75, 25%)
fAPAR / fCOVER 5% Max (0.05, 10%)* Max (0.1, 20%)

1 GCOS requirement.

4. Quality Assessment Results
4.1. Consistency with Similar Products

4.1.1. Spatial Consistency

The spatial distribution of residuals between the PROBA-V Collection 300 m V1 and reference
LAI products is investigated (Figure 2). Note that white areas correspond to missing data or water.
The LAI collection 300 m V1 shows residuals within +1 LAI units in most of the land vegetated regions
and within +0.5 LAI units for sparsely vegetated or arid regions when compared to the PROBA-V
Collection 1 km (both V1 and V2). Some regions over northern latitudes and Central Africa exhibit
larger negative residuals, typically between —1 and —2 LAI units. Similar spatial consistency between
PROBA-V collections is found for the fAPAR and fCOVER, which can be seen in the Supplementary
Materials (Figure S1, Figure S2).

The analysis of residuals between PROBA-V 300 m V1 and MODIS C6 LAI products (Figure 2)
reveals larger discrepancies over most of the vegetated areas, with good consistency for sparsely
vegetated or semiarid regions whilst for desert areas MODIS does not retrieve a value (we assumed
LAI and fAPAR equal to zero). Positive residuals of approximately two LAI units are found in tropical
forest, in the east part of North America and in large areas of Europe and Asia. Conversely, negative
residuals of around —2 LAI units are found in large areas of Siberia. The spatial consistency between
PROBA-V 300 m V1 and MODIS C6 is worse for fAPAR, and both positive and negative residuals are
found around the world, including sparsely vegetated areas (Figure S1).
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Figure 2. LAI residual map between PROBA-V Collection 300 m V1 and Collection 1 km V1 (a),
Collection 1 km V2 (b), and MODIS C6 (c) for 20th June 2017.

4.1.2. Temporal Consistency

Figure 3 shows some examples of Collection 300 m V1 temporal profiles for several sites
corresponding to different biomes. Note that all LANDVAL temporal profiles can be found in the
digital annex of the validation report [23]. Overall, good consistency in the temporal variations is
observed between Collection 300 m V1 and the reference products, with consistent seasonal and
inter-annual variations. The temporal consistency between the three PROBA-V products is noticeable,
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although some differences are observed in the magnitude of retrievals. MODIS C6 also shows overall
similar seasonal and inter-annual variations but displays noisier temporal profiles. For evergreen
broadleaf forest sites, the Collection 300 m V1 temporal trajectories are smooth with low seasonality,
which is similar to that of the Collection 1 km V2 products as a result of the temporal compositing
and smoothing techniques applied over this biome; conversely, MODIS C6 is significantly affected
by cloud occurrence and displays noisy profiles for this biome type. For the needle-leaf forest sites
located in the Siberia region, we observed dropouts during the peak of the season for MODIS C6,
which explains the large differences found with respect to PROBA-V 300 m V1 in this area (Figure 2).
For fCOVER, Collection 300 m V1 in bare areas shows no seasonality as expected; hence, the false
seasonality observed in PROBA-V Collection 1 km V1 is corrected.
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Figure 3. Example of temporal profiles (Jan 16-Dec 17) of PROBA-V Collection 300 m V1 and reference
products (PROBA-V Collection 1 km V1, PROBA-V Collection 1 km V2 and MODIS15A2 C6) for sites
corresponding to evergreen broadleaved forest (a), deciduous broadleaved forest (b), needle-leaf forest
(c), cultivated (d), herbaceous (e) and bare areas (f).

4.1.3. Overall Spatiotemporal Consistency Between Products

For LAI, the product scatterplots show high consistency between the Collection 300 m V1 and
reference products (Figure 4), with correlations of 0.98 for Collection 1 km V1 and V2 products and 0.94
for MODIS C6 (Table 7). The comparison of Collection 300 m V1 LAI product with MODIS C6 shows
a linear fit close to the 1:1 line (slope 1.00 and intercept 0.01) but with large scattering and overall
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discrepancies (RMSD) of 0.53 LAI units (Table 7). The large scattering corresponds to spatial and
temporal differences observed over some regions and time periods as observed previously (Figures 2
and 3). The comparison with V1 and V2 shows a slight positive and negative mean bias (slope) of 0.04
(1.08) and —0.03 (0.97), respectively, with overall discrepancies (RMSD) of 0.36 and 0.31, respectively.
The analysis per biome shows that systematic differences between Collection 300 m V1 and Collection
1 km are mainly affecting evergreen broadleaf forest sites (Figures S3 and S6).
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Figure 4. Scatterplots between different pairs of LAI (a—c), fAPAR (d—f) and fCOVER (g,h) PROBA-V
Collection 300 m V1 and reference satellite products (PROBA-V Collection 1 km V1 (a,d,g), PROBA-V
Collection 1 km V2 (b,e,h) and MODIS C6 (c,f) computed over all LANDVAL sites for the 2016-2017
period. Statistics of the comparisons are reported in Tables 5-7.

For fAPAR, correlations higher than 0.95 are found between Collection 300 m V1 and reference
products, with linear fits close to the 1:1 line. The Collection 300 m V1 fAPAR product shows a small
negative mean bias (slope of the fit) of —0.02 (0.96) compared with Collection 1 km V1 (Table 5), with an
overall discrepancy (RMSD) of approximately 0.06. The analysis per biome type shows that the largest
negative differences (bias of —0.076) are affecting the needle-leaf forest sites (Figure S4). The overall
consistency with MODIS C6 is lower (RMSD = 0.08); MODIS C6 tends to provide higher values for
low fAPAR ranges, which is mainly observed for nonforest sites (Figure S10), but overall it displays
a negative bias (—0.03), which can be mainly observed in the needle-leaf and broadleaf deciduous
forest sites (Figure S10).

Finally, for the f{COVER results, the scatterplots show good linear consistency (Figure 4), with
correlations of 0.99 and overall discrepancies (RMSD) of 0.05 between PROBA-V Collection 300 m V1
and both PROBA-V Collection 1 km V1 and V2 products (Table 6). Almost no mean bias is found in
the comparison with Collection 1 km V1, although Collection 300 m V1 tends to provide higher values
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than Collection 1 km V2 (bias = 0.012, slope = 1.07). The analysis per biome reveals that bias mainly
occurs for the cultivated and herbaceous sites with medium and high vegetation values (Figure S8).

Table 5. fAPAR PROBA-V Collection 300 m V1 versus reference validation metrics computed over all
LANDVAL sites for the 20162017 period. Relative values (%) are shown in brackets.

fAPAR PROBA-V PROBA-V PROBA-V
Collection 300 m V1 versus  Collection 1 km V1 Collection 1 km V2 MOD15A2H C6
N 26480 38528 33065
Correlation (R) 0.98 0.99 0.97
Bias —0.02 (6.6%) —0.009 (2.7%) —0.03 (9.5%)
RMSD 0.06 (16.9%) 0.04 (13.9%) 0.08 (23.6%)
Intercept (MAR) -0.01 -0.01 —-0.04
Slope (MAR) 0.96 0.99 1.02
p-value <0.001 0.001 <0.001

Table 6. f{COVER PROBA-V Collection 300 m V1 versus reference validation metrics computed over all
LANDVAL sites for the 20162017 period. Relative values (%) are shown in brackets.

fCOVER PROBA-V PROBA-V PROBA-V
Collection 300 m V1 versus Collection 1 km V1 Collection 1 km V2
N 26457 37606
Correlation (R) 0.99 0.99
Bias <0.001 (0.1%) 0.012 (4.0%)
RMSD 0.05 (16.6%) 0.05 (17.8%)
Intercept (MAR) 0.00 -0.01
Slope (MAR) 0.99 1.07
p-value 0.001 <0.001

Table 7. LAI PROBA-V Collection 300 m V1 versus reference validation metrics computed over all
LANDVAL sites for the 2016-2017 period. Relative values (%) are shown in brackets.

LAI PROBA-V PROBA-V PROBA-V
Collection 300 m V1 versus  Collection 1 km V1 Collection 1 km V2 MOD15A2H C6
N 26480 38770 33065
Correlation (R) 0.98 0.98 0.95
Bias 0.04 (3.4%) —0.03 (2.5%) 0.016 (1.3%)
RMSD 0.36 (29.3%) 0.31 (25.1%) 0.53 (41.9%)
Intercept (MAR) -0.05 0.01 0.01
Slope (MAR) 1.08 0.97 1.00
p-value <0.001 <0.001 0.001

4.2. Product Precision

4.2.1. Inter-Annual Precision

Figure 5 shows the boxplots of the inter-annual absolute difference between two consecutive
years for Collection 300 m V1 products. For LAI, larger absolute differences are found in the range
of 4-5 LAI units, with differences of approximately 0.4 and typically below 0.3 for the other ranges.
The median value for all the samples is 0.070 (4.4%), which is lower than that of Collection 1 km V1 and
MODIS C6 (Table 8). The Collection 1 km V2 LAI product shows the lowest median absolute difference
(approximately 3%). The fAPAR Collection 300 m V1 product shows median absolute differences
lower than 0.05 for all levels of fAPAR values, and the median absolute difference of 0.018 (5.1%) is
slightly higher than that for the Collection 1 km product but lower than that for the MODIS C6 product.
The Collection 300 m V1 fCOVER products show similar precision as the LAI and fAPAR, and the
results are similar to that of Collection 1 km V1 fCOVER.
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Figure 5. Boxplots of inter-annual absolute differences (year 2017 versus year 2016) of the 5th and
95th percentiles of the PROBA-V Collection 300 m V1 LAI (a), fAPAR (b) and f{COVER (c) products
over LANDVAL sites. Red bars indicate median values, and the green line corresponds to the median
absolute anomalies for all LAI, f{COVER and fAPAR ranges.
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Table 8. Inter-annual median absolute difference (year 2017 versus year 2016) of PROBA-V Collection
300 m V1, Collection 1 km V1 and V2 and MODIS C6 LAI, fAPAR and fCOVER products over LANDVAL

sites. Relative values (%) are shown in brackets.

PROBA-V PROBA-V PROBA-V
Collection 300 m V1 Collection 1 km V1 Collection 1 km V2 MOD15A2H Cé
LAI 0.070 (4.4%) 0.081 (5.3%) 0.048 (2.9%) 0.102 (6.7%)
fAPAR 0.018 (5.1%) 0.018 (4.7%) 0.011 (2.9%) 0.025 (6.7%)
fCOVER 0.017(4.8%) 0.019 (5.3%) 0.012 (3.5%) -

4.2.2. Intra-Annual Precision

Figure 6 shows the histograms of the 6 values (Equation (1)) for LAI and fAPAR products under
study. The PROBA-V Collection 300 m V1 products show very similar histograms to the Collection
1 km V2 products since both are smoothed products, which also explains the lower median 6 values
obtained. The MODIS C6 histograms show higher frequencies for large delta values indicating noisier
temporal evolution and lower intra-annual precision. For Collection 300 m V1, the median value
used as an indicator of precision over short time scales shows values of 0.014 for LAI and 0.003 for
fAPAR and fCOVER (not shown here for the sake of brevity), indicating high precision, and the result
is slightly better than that of the Collection 1 km V1 products (0.017 for LAI and 0.005 for fAPAR and
fCOVER). The MODIS C6 products show median & values higher than Collection 300 m V1, indicating
lower intra-annual precision as observed in the temporal profiles (Figure 3).
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Figure 6. Histograms of the delta function for LAI (a), and fAPAR (b) by the PROBA-V Collection 300 m
V1 (blue), PROBA-V Collection 1 km V1 (purple), PROBA-V Collection 1 km V2 (red) and MODIS C6
(green) products over LANDVAL sites from 2016 to 2017.
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4.3. Accuracy Assessment with Ground Measurements

4.3.1. Validation of PROBA-V Collection 300 m V1

Figure 7 shows the scatterplots between the PROBA-V Collection 300 m V1 products and
ground-based reference maps at a spatial resolution of 300 m. For the sake of clarity, the mean value
of each site along with the standard deviation over the 3 km x 3 km area is presented. However,
the validation statistics are computed over all pixels at the nominal spatial resolution of 300 m.
The accuracy assessment for each specific site over an extended area of the reference map can be found
in the validation report [23].
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Figure 7. PROBA-V Collection 300 m V1 products against ground-based maps for LAI (a), fAPAR
(b) and fCOVER (c). Numbers identify the ground data. Dashed lines correspond to the 1:1 line
and optimal and target requirements, and the red line corresponds to the linear fit using Major Axis
Regression (MAR). Each point represents the mean value, and error bars correspond to the standard
deviation. Numbers identify the sample (Table 2), and colours identify the site. Statistics of the
comparisons are reported in Table 9.

Table 9. Accuracy assessment statistics for PROBA-V Collection 300 m V1 products. Relative values
(%) are shown in brackets.

LAI fAPAR fCOVER
N 1715 1622 1335
Correlation (R) 0.85 091 0.89
Bias 0.36 (15.5%) 0.05 (10.3%) 0.16 (32.2%)
RMSD 1.01 (44.3%) 0.12 (22.2%) 0.21 (42.6%)
Intercept (MAR) -0.07 0.08 0.04
Slope (MAR) 1.20 0.94 1.28

p-value <0.001 0.001 <0.001
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The LAI shows an accuracy (RMSD) of 1.01 (44.3%) (Table 9), with a positive mean bias of 0.36
(15.5%) and slope of the linear fit that is significantly different to 1. A large overestimation is found for
medium LAI ranges over a few cropland sites (Albufera site: #17, #18 and #19 and the AHSPECT sites:
#38 and #39), while an underestimation is observed for the Barrax (#12) and Moncada (#33 and #34) sites.
For the limited samples of other biomes, good performance was found for the Shrublands (20Mayo_2:
#9), deciduous broadleaf forest (Collelongo site: #29 and #30) and needle-leaf forest (Lliria: #32).

For fAPAR, the Collection 300 m V1 product shows a high correlation (0.91) with respect to ground
reference data, with an overall accuracy (RMSD) of 0.12 (22.2%) and a slight positive mean bias of 0.05
(10.3%). Systematic positive bias occurs for all levels of fAPAR except for the highest values as can
be observed by the linear fit (intercept 0.08, slope 0.94; Table 9). The largest overestimations are also
found for croplands at the Albufera (#17, #18 and #19) and the AHSPECT sites (#39) as well as for the
Barrax (#13), Capitanata (#25) and Moncada sites in wintertime (#35).

For fCOVER, the Collection 300 m V1 product shows a RMSD of 0.21 (42.6%), a statistically
significant positive mean bias of 0.16 (32.2%) and slope of the linear fit of 1.28 (Table 9). For almost
all sites, positive biases with ground references are found except for the Collelongo (#30) and Liria
(#32) forest sites and the Moncada crop site (#33, #34), with the largest deviation found again for the
Albufera rice site (#17) with the ground fCOVER values.

Finally, compliance with the CGLS user requirements (Table 10) shows that 58.1% (69.1%) of the
limited number of samples are within the target (threshold) level for LAL 35.7% (62.5%) for fAPAR and
only 13.3% (29.7%) for fCOVER.

Table 10. Compliance matrix (%) of PROBA-V Collection 300 m V1 products against CGLS uncertainty
requirements.

LAI fAPAR fCOVER

Optimal 29.01 19.2 6.9

Target 58.1 35.7! 13.3

Threshold 69.1 62.5 29.7
1GCOos requirements.

4.3.2. Validation of MODIS and PROBA-V Products over the Common Samples

The accuracy assessment with common ground measurements is also conducted at a reduced
resolution using averaged values over 3 km x 3 km (Table 2) to intercompare with reference
satellite products.

The scatterplots for the different LAI products (Figure 8) show similar correlations and linear
relationships for all the products. The best agreement in terms of RMSD is found for Collection 1 km
V1 (0.86, Table 11), which is similar to MODIS C6, whereas Collection 300 m V1 shows a RMSD of
1.06. The three CGLS PROBA-V LAI products show a positive mean bias of approximately 0.5 (~20%)
(Table 11) and slopes that are different from 1 (not statistically significant), whereas MODIS C6 displays
a lower mean bias 0.16 (7.5%). All the products show large discrepancies for the Albufera site at the
early stages of development (#17-19) as well as for some AHSPECT sites (#38-39). The negative bias
for Barrax (#12) is also common among all products.
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Figure 8. Comparison of the satellite LAI products (Collection 300 m V1 (a), Collection 1 km V1 (b),
Collection 1 km V2 (c) and MODIS C6 (d)) with ground-based maps. Numbers indicate the sample
(Table 2) and colours indicate the site (legend in Figure 10). Dashed lines correspond to the 1:1 line and
optimal and target requirements, and the red line corresponds to the linear fit using MAR.

Table 11. Accuracy assessment with ground measurements statistics for different satellite LAI products
at 3 km spatial resolution. Relative values (%) are shown in brackets.

Ground Data PROBA-V Collection PROBA-V Collection PROBA-V Collection MOD15A2H
Versus 300 m V1 1km V1 1km V2 Ce6
N 33 33 33 33
Correlation (R) 0.82 0.86 0.82 0.81
Bias 0.5 (20.4%) 0.4 (16.9%) 0.6(23.7%) 0.16 (7.5%)
RMSD 1.06 (46.1%) 0.86 (38.2%) 1.10 (47.2%) 0.91 (42.2%)
Intercept (MAR) -0.16 -0.01 -0.08 -0.23
Slope (MAR) 1.31 1.19 1.31 1.19
p-value 0.077 0.121 0.055 0.221

For the different fAPAR products (Figure 9), similar accuracy results are observed, with high
correlations for all products (R > 0.91, Table 12). The best accuracy is found for Collection 300 m V1,
with an RMSD of 0.11 (21.3%) and a mean positive bias of 0.06 (12.5%). The other three satellite products
show very similar statistics, with an RMSD of 0.14 (~26%) and bias of approximately 0.1 (~20%).
A large overestimation is found for the Albufera rice site during the early stages and growing period.
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Figure 9. Comparison of satellite fAPAR products (Collection 300 m V1 (a), Collection 1 km V1 (b),
Collection 1 km V2 (¢) and MODIS C6 (d)) with ground-based maps. Numbers indicate the sample
(Table 4), and colours indicate the site (legend in Figure 10). Dashed lines correspond to the 1:1 line and
optimal and target requirements, and the red line corresponds to the linear fit using MAR.

Table 12. Accuracy assessment with ground measurements statistic for different satellite fAPAR
products at 3 km spatial resolution. Relative values (%) are shown in brackets.

Ground Data PROBA-V Collection PROBA-V Collection PROBA-V Collection MOD15A2H
Versus 300 m V1 1km V1 1km V2 Ce
N 34 34 34 34
Correlation (R) 0.92 0.93 0.91 091
Bias 0.06 (12.5%) 0.11 (21.2%) 0.11 (20.7%) 0.10 (18.8%)
RMSD 0.11 (21.3%) 0.14 (25.8%) 0.14 (26.8%) 0.14 (25.8%)
Intercept (MAR) 0.08 0.15 0.12 0.13
Slope (MAR) 0.96 0.93 0.99 0.93
p-value 0.587 0.250 0.816 0.247

For the fCOVER products (Figure 10), the three CGLS PROBA-V products show very similar
results and display a systematic positive mean bias of approximately 30% compared with the ground
reference maps. The best results are found for Collection 1 km V2 (mean bias of 0.13) whereas Collection
300 m V1 and Collection 1 km V1 show a mean bias of 0.16 (Table 13).
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Figure 10. Comparison of the satellite {COVER products (Collection 300 m V1 (a), Collection 1 km V1
(b) and Collection 1 km V2 (c)) with ground-based maps. Numbers indicate the sample, and colours
indicate the site (Table 2). Dashed lines correspond to the 1:1 line and optimal and target requirements,

and the red line corresponds to the linear fit using MAR.

Table 13. Accuracy assessment with ground measurement statistics for different satellite {COVER

products at 3 km spatial resolution. Relative values (%) are shown in brackets.

Ground Data Versus

PROBA-V Collection

PROBA-V Collection 1

PROBA-V Collection 1

300 m V1 km V1 km V2
N 32 32 32

Correlation (R) 0.90 091 0.89
Bias 0.16 (32.8%) 0.16 (31.4%) 0.13 (26.8%)
RMSD 0.19 (39.0%) 0.19(37.9%) 0.16 (33.7%)

Intercept (MAR) 0.08 0.05 0.10

Slope (MAR) 1.20 1.25 1.08

p-value 0.076 0.029 0.399

5. Discussion

The CGLS offers global PROBA-V LAI, fAPAR and fCOVER products at resolutions of 1 km
and 300 m. Overall good spatial and temporal consistency is found between the several CGLS
PROBA-V collections for the three variables, which is partly explained by the fact that all the CGLS
PROBA-V vegetation products are retrieved from the same sensor and based on the same NNT
retrieval approach. The main differences between the algorithms for the different collections occur
in the temporal compositing method: for V1 1 km, compositing is performed at the reflectance level
without considering smoothing and gap filling; for V2 1 km, compositing is applied at the biophysical
variable level and applies smoothing and gap filling with the use of climatology data for large gaps.
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Finally, for Collection 300 m V1, the approach is similar to that for the 1 km V2 but instead of using
climatology data, which are not available in the 300 m V1 product, small gaps are filled by performing
an interpolation in a local window while large gaps are not filled. The differences in these compositing
approaches explain the larger differences observed when the number of valid observations is low.
The largest residuals are found over northern latitudes or equatorial areas, which are affected by long
periods of missing data due to persistent cloudiness and noise in the input data because of residual
clouds and snow contamination. In terms of biomes, the evergreen broadleaf forest in tropical areas and
needle-leaf forest in northern latitudes are affected by larger discrepancies between CGLS PROBA-V
products. The comparison of Collection 300 m V1 with MODIS Cé6 shows overall good consistency for
LAI with a linear relationship close to the 1:1 line but larger RMSD values than between PROBA-V
products. However, for fAPAR, bias is found for low and high values. MODIS C6 displays higher
values for very low and very high fAPAR values than Collection 300 m V1 products. These results
are consistent with previous validation studies between SPOT/VGT V1 and MODIS C5 [29]. Large
differences between satellite fAPAR products over forest sites have also been reported by a number
of previous studies [10,64—-66]. The large RMSD values are partly explained due to large temporal
variability of MODIS products (lower precision) as observed mainly over forest sites.

Collection 300 m V1 shows good precision, with smooth profiles and consistent inter-annual
variations compared with the reference satellite products. The median absolute anomalies between
consecutive years are only slightly higher than for the PROBA-V Collection 1 km products and better
than MODIS C6 products, which show unstable profiles. The Collection 300 m V1 products display
a slight systematic positive bias for LAI (0.36, 16%) and fAPAR (0.05, 10%) and significant deviations
for fCOVER (0.16, 32%), with an overall accuracy (RMSD) of approximately 1 (44%) for LAI, 0.12
(22%) for fAPAR and 0.21 (42%) for fCOVER. The absolute location error for PROBA-V 300 m V1 is
approximately 70 m on average for the different channels [67], which may introduce additional errors
in the per-pixel based comparison. Nevertheless, the effective PSF method used for upscaling reduces
the impact of geolocation errors in the accuracy assessment [60]. Indeed, the comparison at a spatial
resolution of 3 km shows similar product accuracy (just slightly better) to that at a resolution of 300 m.
The accuracy of Collection 300 m V1 is similar to that of the other reference satellite 1 km products for
LAI and improved for fAPAR. All the satellite products show large overestimations for the Albufera
rice crop site during the early and growing periods of development (June—July), and this result was
previously observed for LAI products by Campos-Taberner et al. [68] and by Fang et al. [69] for rice
crops in China. Satellite retrieval algorithms misinterpret the decreased reflectance due to strong water
absorption as a denser canopy (i.e., increasing artificially LAL fAPAR and fCOVER values). The user
is advised to mask or apply specific corrections over flooded vegetated areas. Future improvements
on the representativeness of the background spectra used for the calibration of retrievals algorithms
should include the very dark background of flooded areas, such as those in paddy rice fields, during
the growing period.

The overestimations found for PROBA-V fCOVER products was also reported over croplands for
SPOT/VGT 1 km V1 using a different ground dataset [70]. The results of our study seem to indicate
that the scale factor (1/0.687) applied to the CYCLOPES fCOVER product to derive the PROBA-V
fCOVER product might be too high. However, correcting the f{COVER bias from the measurements
might lead to some artefacts due to the limitations of the ground dataset in terms of accuracy and
representativity. Further investigation is required before proposing any correction for the observed bias
of fCOVER products. Indeed, the validation of fCOVER was conducted over a limited number of sites
(mostly crops), and the accuracy of the ground measurements from DHP data is the best that could be
obtained; however, it is still not very high, especially because of the footprint of the measurements
compared to LAI/fAPAR. This footprint corresponds to approximately 2.2 m? per plot for an acquisition
at 1 m height or {COVER because only the 0-10° range of view angles are used, whereas a footprint of
approximately 60 m? is sampled for LAI and fAPAR using the 0-60° range of view angles. Finally,
more research is needed to confirm whether this overestimation is also affecting other biomes.
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Furthermore, it should be noted that ground reference data could have larger uncertainties than the
CGLS optimal and target uncertainty requirements for {COVER and fAPAR (5% and 10%, respectively).
Thus, ground measurement uncertainties must be characterized, which is the main purpose in the
fiducial reference measurement for vegetation (FRM4Veg) project [71], to better estimate the satellite
product uncertainty budget.

6. Conclusions and Prospects

The quality assessment of PROBA-V Collection 300 m LAI fAPAR and fCOVER Version 1 products
was conducted following the CEOS WGCV LPV best practices for validating LAI products. The quality
assessment was focused on evaluating the spatial and temporal consistency with similar products to
identify similarities and discrepancies among similar datasets as well as the precision over a two-year
period (2016-2017). The accuracy assessment using ground measurements was performed over
a four-year period (2014-2017). Additional assessments of near real time estimates are not shown
in this manuscript for the sake of brevity; however, they can be found in the validation report [23].
The main conclusions are as follows.

e  Collection 300 m V1 shows overall good spatial consistency with respect to Collection 1 km
products, with some discrepancies mainly observed over areas where the inputs are more likely to
show large uncertainties. Low spatial consistency is found with respect to MODIS C6, mainly for
fAPAR products.

e  Collection 300 m V1 can be used to monitor the temporal evolution of vegetation with improved
spatial resolution, good precision, a proper dynamic range (i.e., from 0 values for bare areas to
maximum values for the densest canopies) and similar seasonal and inter-annual variations to
reference products. Furthermore, it corrects some artefacts detected in PROBA-V Collection 1 km
V1 for bare areas and northern latitudes.

e  Collection 300 m V1 shows low overall discrepancies (RMSD) with respect to ground reference
data with a slight positive bias for LAI and fAPAR while fCOVER displays large systematic
deviations with ground measurements. All variables are overestimated over paddy rice fields,
which has been observed for other satellite reference products, and similarly low performance
is expected for flooded vegetated targets. The user should use the products with caution for
applications related to such ecosystems.

The relevance of the spatial and temporal consistency assessment is limited by the fact that no
truly independent datasets have been considered, and because reference satellite products could
suffer of the same inconsistencies, as we have observed over the Albufera site. Future work should
include independent dataset (e.g., using high resolution imagery or temporal variations of vegetation
derived at ground level) to assess the spatial and temporal consistency of the Collection 300 m dataset.
Moreover, the relevance of the accuracy assessment using ground measurements is limited by the low
number of appropriate ground reference datasets. In this context, the Ground-Based Observations
for Validation (GBOV) [72] component of CGLS, which aims at facilitating the use of measurements
from operational ground-based monitoring networks and their comparison to Earth observations
products, will make a significant contribution to validation activities. Once the GBOV methodologies,
in particular the up-scaling approaches, are validated by independent experts, the database will be
a very useful reference for accuracy assessments of remotely sensed biophysical products.

Currently based on PROBA-V data, the production of Collection 300 m V1 will continue at the end
of the operational PROBA-V mission (April 2020) using Sentinel-3 OLCI data as input. The retrieval
methodologies are being updated to ensure the consistency of the time series.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/12/6/1017/s1,
Figure S1: fAPAR residual map between PROBA-V Collection 300 m V1 and Collection 1 km V1 (a), Collection 1 km
V2 (b) and MODIS C6 (c) for 20th June 2017. Figure S2: fCOVER residual map between PROBA-V Collection 300
m V1 and Collection 1 km V1 (a) and Collection 1 km V2 (b) for 20th June 2017. Figure S3: LAI PROBA-V 300 m V1
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versus PROBA-V 1 km V1 scatterplots for the 2016-2017 period over LANDVAL sites corresponding to evergreen
broadleaved forest (a), deciduous broadleaved forest (b), needle-leaf forest (c), cultivated (d), herbaceous (e) and
bare areas (f). Figure S4: fAPAR PROBA-V 300 m V1 versus PROBA-V 1 km V1 scatterplots for the 2016-2017
period over LANDVAL sites corresponding to evergreen broadleaved forest (a), deciduous broadleaved forest (b),
needle-leaf forest (c), cultivated (d), herbaceous (e) and bare areas (f). Figure S5: {COVER PROBA-V 300 m V1
versus PROBA-V 1 km V1 scatterplots for the 2016-2017 period over LANDVAL sites corresponding to evergreen
broadleaved forest (a), deciduous broadleaved forest (b), needle-leaf forest (c), cultivated (d), herbaceous (e)
and bare areas (f). Figure S6: LAI PROBA-V 300 m V1 versus PROBA-V 1 km V2 scatterplots for the 2016-2017
period over LANDVAL sites corresponding to evergreen broadleaved forest (a), deciduous broadleaved forest
(b), needle-leaf forest (c), cultivated (d), herbaceous (e) and bare areas (f). Figure S7: fAPAR PROBA-V 300 m V1
versus PROBA-V 1 km V2 scatterplots for the 2016-2017 period over LANDVAL sites corresponding to evergreen
broadleaved forest (a), deciduous broadleaved forest (b), needle-leaf forest (c), cultivated (d), herbaceous (e) and
bare areas (f). Figure S8: f{COVER PROBA-V 300 m V1 versus PROBA-V 1 km V2 scatterplots for the 2016-2017
period over LANDVAL sites corresponding to evergreen broadleaved forest (a), deciduous broadleaved forest
(b), needle-leaf forest (c), cultivated (d), herbaceous (e) and bare areas (f). Figure S9: LAI PROBA-V 300 m V1
versus MOD15A2H C6 scatterplots for the 2016-2017 period over LANDVAL sites corresponding to evergreen
broadleaved forest (a), deciduous broadleaved forest (b), needle-leaf forest (c), cultivated (d), herbaceous (e) and
bare areas (f). Figure S10: fAPAR PROBA-V 300 m V1 versus MOD15A2H C6 scatterplots for the 2016-2017
period over LANDVAL sites corresponding to evergreen broadleaved forest (a), deciduous broadleaved forest (b),
needle-leaf forest (c), cultivated (d), herbaceous (e) and bare areas (f).

Author Contributions: Conceptualization, F.C.; methodology, F.C. & ].5.-Z.; software development and validation,
B.F. &].S.-Z.; all authors contributed to the formal analysis, writing, review and editing of the manuscript; scientific
project coordination, R.L.; and project management, B.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by European Commission/Joint Research Centre under the Framework Service
Contract N°199494 of the Copernicus Global Land Service.

Acknowledgments: We would like to thank the FP7 ImagineS project (Grant Agreement N°311766) for the ground
dataset provided for the accuracy assessment, all scientists involved in the data collection and Consuelo Latorre
and David Vinué from EOLAB, who contributed to the production of the ground-based maps used for validation.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A. LANDVAL Network of Sites

The LANDVAL network of sites was defined for intercomparison with similar satellite products.
The LANDVAL network is composed of 725 sites (Figure A1), of which 521 sites are from Surface
Albedo Validation Sites (SAVS 1.0) [73], including 256 BELMANIP 2.1 sites [10]. SAVS 1.0 (available
at http://savs.eumetsat.int) was created during the ALBEDOVAL-2 study [74] in the framework of
the Quality Assurance for Essential Climate Variable (QA4ECYV) project and is a static database of
2186 potential reference sites correlated with various ancillary data with respect to their spatial and
temporal homogeneity to fully characterize the sites for land product validation. The selection criteria
that have been chosen for each SAVS 1.0 to build LANDVAL sites are shown in Table A1l. In addition,
20 calibration sites in the Sahara Desert and Arabia Desert are included in order to increase the sampling
over desertic areas. These calibration sites, which are well-known for their high temporal stability,
are used by CNES for the absolute calibration of remote sensing sensors. Finally, 184 sites from other
networks (e.g., FP7 ImagineS [7], AsiaFlux (http://asiaflux.net/), OzFlux (http://www.ozflux.org.au/)) or
identified through the Geo-Wiki platform (http://www.geo-wiki.org/) were included with same criteria
(Table A1) in order to cover undersampled regions (e.g., Asia, Africa, Oceania) and biome types (e.g.,
shrub, deciduous broadleaf forest or needle-leaf forest).
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Figure A1. Global distribution of the 725 LANDVAL sites.

Table A1. Criteria for selection of the LANDVAL sites.

Parameter Threshold Purpose

Avoid open water bodies and their
5 changing reflectance behaviour with
viewing geometry

Distance to open water bodies
[km]

Minimum fraction of majority

land cover type at 5 km distance 60% Avoid areas with heterogeneous land cover
Land Cover Majority at 5 km Exclude “Water bodies” and “Urban areas”
Vertical range [m] within a Avoid areas with significant terrain
. <300 m N .
distance of 5 km variability close to a site.
Location (Latitude) 60°S to 80°N Exclude sites over extreme latitudes, where

CGLS products do not provide data
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