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Abstract: Global mapping of essential vegetation traits (EVTs) through data acquired by Earth-
observing satellites provides a spatially explicit way to analyze the current vegetation states and
dynamics of our planet. Although significant efforts have been made, there is still a lack of global and
consistently derived multi-temporal trait maps that are cloud-free. Here we present the processing
chain for the spatiotemporally continuous production of four EVTs at a global scale: (1) fraction
of absorbed photosynthetically active radiation (FAPAR), (2) leaf area index (LAI), (3) fractional
vegetation cover (FVC), and (4) leaf chlorophyll content (LCC). The proposed workflow presents
a scalable processing approach to the global cloud-free mapping of the EVTs. Hybrid retrieval
models, named S3-TOA-GPR-1.0-WS, were implemented into Google Earth Engine (GEE) using
Sentinel-3 Ocean and Land Color Instrument (OLCI) Level-1B for the mapping of the four EVTs
along with associated uncertainty estimates. We used the Whittaker smoother (WS) for the temporal
reconstruction of the four EVTs, which led to continuous data streams, here applied to the year
2019. Cloud-free maps were produced at 5 km spatial resolution at 10-day time intervals. The
consistency and plausibility of the EVT estimates for the resulting annual profiles were evaluated by
per-pixel intra-annually correlating against corresponding vegetation products of both MODIS and
Copernicus Global Land Service (CGLS). The most consistent results were obtained for LAI, which
showed intra-annual correlations with an average Pearson correlation coefficient (R) of 0.57 against
the CGLS LAI product. Globally, the EVT products showed consistent results, specifically obtaining
higher correlation than R > 0.5 with reference products between 30 and 60° latitude in the Northern
Hemisphere. Additionally, intra-annual goodness-of-fit statistics were also calculated locally against
reference products over four distinct vegetated land covers. As a general trend, vegetated land covers
with pronounced phenological dynamics led to high correlations between the different products.
However, sparsely vegetated fields as well as areas near the equator linked to smaller seasonality led
to lower correlations. We conclude that the global gap-free mapping of the four EVTs was overall
consistent. Thanks to GEE, the entire OLCI L1B catalogue can be processed efficiently into the
EVT products on a global scale and made cloud-free with the WS temporal reconstruction method.
Additionally, GEE facilitates the workflow to be operationally applicable and easily accessible to the
broader community.

Keywords: Google Earth Engine; Sentinel-3; Gaussian process regression; temporal reconstruction;
Whittaker; essential vegetation traits; machine learning; TOA radiance; time series; FAPAR; LAL;
FVC; LCC
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1. Introduction

Through a fleet of Earth observation (EO) satellites, Europe is dedicated to keeping
track of the dynamics of the global vegetation cover [1]. Among the most innovative
vegetation monitoring concepts is the FLuorescence EXplorer (FLEX), which was selected
as ESA’s eighth Earth Explorer (EE8). Foreseen to be launched in 2025, FLEX will orbit in
tandem 100 km ahead of a Copernicus Sentinel-3 (S3) satellite, and will globally measure
the full spectral emission of solar-induced chlorophyll fluorescence (SIF) from terrestrial
vegetation. The FLEX-S3 tandem mission will offer unprecedented possibilities to increase
knowledge of the basic functioning of the Earth’s vegetation, notably the photosynthetic
process of plants resulting in carbon fixation [2]. In support of interpreting the spectrally
resolved SIF towards the quantification of photosynthetic activity, essential vegetation traits
(EVTs) will be derived from the principal optical sensors, i.e., S3 Ocean and Land Color
Instrument (OLCI) and FLEX Fluorescence Imaging Spectrometer (FLORIS). These EVTs
include (1) fraction of absorbed photosynthetically active radiation (FAPAR), (2) leaf area
index (LAI), (3) fractional vegetation cover (FVC), and (4) leaf chlorophyll content (LCC). As
opposed to vegetation indices, which are relative measures, EVTs are quantifiable variables
with physical units and can be collected during field campaigns. The four targeted EVTs
are briefly described as follows.

FAPAR refers to the amount of incoming solar radiation absorbed by living green
vegetation in the spectral range of 400-700 nm, divided by the total amount of radiation
absorbed at the surface [3,4]. Overall, FAPAR is an important variable used for modelling
primary productivity [5]. In addition, FAPAR provides an observational constraint for
simulating vegetation—atmosphere carbon fluxes in terrestrial biosphere models [4,6].

LAl is defined as half of the total intercepting leaf area per unit ground surface area [7].
The variable is strongly related to canopy photosynthesis and evapotranspiration [5] and
plays an essential role in the exchange of energy and water between the biosphere and
atmosphere. Hence, LAI can be seen as a key component of biogeochemical cycles in
ecosystems [8]. FVC corresponds to the fraction of green vegetation as seen from nadir, and
reflects the spatial extent of photosynthetic leaf areas [9]. Generally, FVC is an important
biophysical indicator required for modelling land surface processes, climate change, and
numerical weather prediction [10]. The amount of solar radiation absorbed by leaves is
driven by photosynthetic pigments, with chlorophyll a and b as the most abundant ones.
LCC directly determines photosynthetic potential and thus primary production [11,12].

Whereas FLEX is set to be launched in 2025, S3 has been in orbit since 2016 (S3-A) and
2018 (53-B), and two more additional satellites are planned to be launched in 2023 (S3-C)
and 2025 (53-D). The S3 mission originated from the need to provide data continuity for
ERS, ENVISAT, and SPOT-VGT satellites. ESA has supported several activities to retrieve
EVTs from data acquired by the OLCI sensor onboard S3 [13,14]. The OLCI instrument
onboard Sentinel-3 is advantageous for EVT retrieval at the continental or global scale
given a spatial resolution of 300 m with worldwide coverage every ~2 days and its spectral
range from 400 to 1040 nm [15]. For instance, the red and red-edge bands (bands O8 to
012) are especially important for chlorophyll monitoring and a crucial indicator of plant
health [16]. Operational retrieval algorithms targeting these EVTs have been presented
within the context of supporting the FLEX mission. A prototyping approach was provided
by De Grave et al. [17] with the concept of hybrid retrieval approaches. Hybrid models
combine the generalization capabilities offered by radiative transfer models (RTMs) with
the flexibility and computational efficiency of machine learning regression algorithms [18].
In this sense, De Grave et al. [17] used the RTM Soil Canopy Observation, Photochemistry
and Energy fluxes (SCOPE) [19] to generate a database of reflectance spectra corresponding
to a large variety of canopy states. Subsequently, the dataset served as input to train a Gaus-
sian processes regression (GPR) algorithm and establish individual models for the targeted
variables given all available bands, i.e., coming from OLCI or FLORIS or their synergy.
While these hybrid models served for the first processing of S3-OLCI top-of-canopy (TOC)
reflectance images, they were not implemented into an operational processing chain. Yet,
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when it comes to processing at a continental scale, computationally efficient solutions have
to be sought. Moreover, essential preprocessing steps, such as selecting and preparing S3
tiles from the Copernicus data hub, add up to computation time. In addition, imposed re-
strictions on the data hub can be a substantial bottleneck even for fully automated processes.
Consequently, to achieve dynamic processing of a vast amount of S3 data, there is the need
to migrate towards cloud-computing platforms. Taking advantage of the Google Earth
Engine (GEE) facilities, recent studies demonstrated that GPR models can be integrated into
the GEE framework [20-22], thus enabling conversion of the GEE satellite catalogue into
vegetation properties. However, a key challenge with GEE is that only top-of-atmosphere
(TOA) L1B radiance data are provided by the platform. This implied that the hybrid GPR
models needed to be upscaled from TOC reflectance to TOA radiance data, thereby taking
atmospheric effects into account. Advancing along this line, Reyes-Muiioz et al. [23] pre-
sented a worflow for the processing of the four EVTs based on the TOA S3-OLCI collection
available in the GEE platform. To do so, the SCOPE-simulated reflectance was coupled
with simulations coming from the atmospheric RTM Second Simulation of a Satellite Signal
in the Solar Spectrum-vector (65V) [24]. The subsequently trained retrieval algorithms,
named “S3-TOA-GPR-1.0” models, were then implemented in GEE to enable large-scale
quantification of the traits from TOA data as acquired by the S3-OLCI sensor. Thanks to
the unparalleled processing capacity of GEE, the first spatiotemporal maps were presented
and validated at the European continental scale [23]. This has opened up opportunities
to process data on a global scale and to provide spatially and temporally continuous data
streams. Nonetheless, it has yet to be determined if the S3-TOA-GPR-1.0 EVT models are
viable for global use and can operate throughout the year, which is required to confirm their
suitability for operational use within the FLEX processing chain. When upscaling towards
global processing, the availability of continuous EO data streams is often hampered by
cloud cover. Omnipresent cloud layers are prevalent in many regions of the world. In such
situations, it may not be possible to obtain a cloud-free image for several weeks or even
months [25,26]. Furthermore, additional inadequate weather conditions (e.g., snow, dust,
aerosols) [27], instrumentation changes or errors [28], and low temporal resolution of the
sensors [29] can induce inconsistencies in the continuity of data streams. Still, clouds and
their shadows are probably the most stringent limitation of optical satellite data, since the
majority of Earth’s terrestrial surface is regularly covered by clouds. Therefore, spatiotem-
poral reconstruction of cloud-free satellite imagery methods became a crucial step in EO
data processing. Time series reconstruction algorithms further can be broadly categorized
into (1) smoothing and empirical methods, (2) data transformations, and (3) curve-fitting
methods [30]. Among these, two main groups can be identified [31], those being decom-
position techniques, which are typically applied to whole time series, and curve-fitting
methods focusing on a limited temporal window. Curve-fitting methods are conventionally
used, with Fourier-based approaches, double logistic curves, and the Savitzky—Golay filter
(SGF) as the most popular methods for the reconstruction of EO data [25,32]. To overcome
identified disadvantages of these smoothers, extended versions of the Whittaker Smoother
(WS) [33] have been introduced by Eilers [34], Atzberger and Eilers [35].

The WS function, which is based on penalized least squares, fits a discrete series
to discrete data and balances the reliability of the observations with the roughness of
the smoothed curve. In particular, the smoother allows continuous control over smooth-
ness, works fast, and is capable of automatic interpolation [35]. Comparison analysis
of these methods for reconstructing time series purposes often found the WS among
the top-performing [36-39], although the success of a method may also depend on the
nature of the input data [40]. Thanks to its computational efficiency and flexibility,
the WS proved to be attractive for implementation in GEE. Earlier efforts of GEE im-
plementation or using GEE-downloaded imagery for gap-filling processing were pre-
sented by Kong et al. [38], Khanal et al. [39], Xie and Fan [40], Yang et al. [41]. However,
these studies focused on gap filling of spectral vegetation indices, i.e., combinations of
spectral reflectance data from a maximum of two or three wavelengths. Conversely, studies
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integrating the quantification of EVTs in combination with time series reconstruction and
gap-filling processing into GEE are still rare. GEE-integrated approaches were recently pre-
sented at the local scale with Sentinel-2 by Pipia et al. [20] and Salinero-Delgado et al. [21],
who generated time series from vegetation quantities for agricultural sites and improved
their continuity by filling gaps, and so enhanced consistency by smoothing over the time
course. A similar approach at the continental scale was recently presented by Martinez-
Ferrer et al. [42], with a gap-filling method based on the HIghly Scalable Temporal Adaptive
Reflectance Fusion Model (HISTARFM). Nevertheless, EVT quantification in combination
with time series reconstruction at the global scale in GEE has not yet been tackled. At
the same time, cross-comparison against reference products must be conducted to as-
sess the spatiotemporal validity of continental or global retrieval models of the diverse
products [23,43]. Operationally produced LAI/FAPAR products from Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) sensor data are available in GEE through the
MCD15A3H collection 6 product. Furthermore, comparison datasets from the Copernicus
Global Land Service (CGLS) were available to correlate the variables FAPAR, LAI, and
FVC obtained with the presented workflow. To the best of our knowledge, an integrated
and scalable processing pipeline of gap-filled EVT products through a hybrid method
applicable at the global scale is still absent in GEE. With the ambition to present a solution
regarding the above-mentioned research gaps, this work identified the following main
objectives: (1) expanding the applicability of the S3-TOA-GPR-1.0 EVT models for mapping
traits and corresponding uncertainties at the global scale; (2) running the WS to reconstruct
temporal profiles to obtain spatiotemporally continuous, cloud-free global EVT maps; and
(3) intercomparison of intra-annual mapping results against already existing products at
global and local scales.

2. Materials and Methods
2.1. Workflow and Study Design

To generate S3-OLCl-based global maps of the EVTs, the following modules were
implemented into our workflow (see Figure 1). (1) The S3-TOA-GPR-1.0 models as recently
developed and adequately validated by Reyes-Muifioz et al. [23] were applied for the
retrieval of the targeted EVTs across the globe. The development of these models is briefly
explained in Section 2.2. (2) The implementation of the S3-TOA-GPR-1.0 models in GEE
for processing at a global scale can be found in Section 2.3. (3) To deal with temporal
discontinuities, the WS function was run per pixel to reconstruct spatiotemporally cloud-
free maps. The principles are described in Section 2.4. Module (4) involves the intra-annual
cross-comparison against other existing vegetation products on a global scale (reference
datasets and error metrics are presented in Sections 2.5 and 2.7). Finally, (5) describes the
goodness-of-fit statistics over different land covers between our and reference products.
Section 2.6 describes this analysis.

1
S3-TOA-GPR-1.0
models in GEE

2 3 4 5

Global Land cover
intercomparison analysis of ROIs
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Figure 1. Workflow for the generation of spatiotemporally reconstructed global maps of the four
EVTs. The five main modules are presented with exemplary results.
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2.2. S3-TOA-GPR-1.0 Models

A first prototype of the GPR-based hybrid EVT models was presented and validated by
De Grave et al. [17,44]. The key steps performed to build the models started with simulating
TOC reflectance for a multitude of leaf canopy states using the SCOPE model (v.1.7), for
which the radiative transfer scheme is based on PROSPECT-D [45] and 4SAIL [46]. To
generate TOC reflectance with SCOPE, leaf biochemical, canopy biophysical, soil, and
geometry variables were defined with specified ranges and distributions. Additionally, a
diversity of non-vegetated reflectance spectra were added to the training data to account for
surface heterogeneity [17]. To successfully implement the models into GEE for global-scale
processing of S3 data, however, the models needed to be adapted for running within the
platform. Currently, GEE does not feature OLCI L2 reflectance data but provides the L1B
product. Thus, the models had to be adapted to enable the processing of TOA radiance data.
To achieve this, Reyes-Mufioz et al. [23] initially presented a workflow where the SCOPE
TOC simulations were upscaled to TOA radiance data coupling with simulations coming
from the atmospheric RTM 65V (v.2.1) [24]. That workflow is here briefly described and
further elaborated. A broad range of atmosphere and geometry scenarios were simulated
to ensure that trained TOA models are generically applicable. The input variable values,
ranges, and distributions for the SCOPE and 65V models, as applied also in our study, are
summarized in Tables 1 and 2.

Table 1. Biochemical leaf and canopy structure variables used for SCOPE simulations. See
De Grave et al. [17] for details about default values.

Variable Distribution Min Max Mean SD
Leaf structure & biochemistry
N (Leaf structure parameter [-]) Gaussian 1 2.7 1.5 0.5
LCC (Chlorophyll a,b content, pg/cm?) Uniform 0 100 - -
Cxc (Carotenoid content, ug/cm?) Gaussian 0 20 10 10
Cdm (Dry matter content, g/ cm?) Gaussian 0.002 0.02 0.005 0.003
Cw (Leaf water content, cm) Gaussian 0.005 0.035 0.012 0.006
Canopy structure
LAI (Leaf area index, m?/m?) Uniform 0 7.0 - -
LIDF (Leaf inclination, rad) Uniform -1 1.0 - -
Soil
SMC (Soil moisture content, %) Gaussian 5 55 25 12.5
BSM Brightness Gaussian 0 0.9 0.5 0.25
BSM Lat (°) Gaussian 20 40 25 12.5
BSM Long (°) Gaussian 45 65 50 10
Geometry
SZA (Sun zenith angle, ©) Uniform 20 40 - -
OZA (Observation zenith angle, °) Uniform —10 10 - -
RAA (Relative azimuth angle, °) Constant 180 180 - -

Table 2. 65V input variables used to simulate the atmospheric transfer functions.

Model Variables Units Range
Atmospheric variables: 65V
O3 Column concentration [amt-cm] 0.25-0.35
Columnar water vapor [g-cm_Z] 0.44.5
Aerosol optical thickness unitless 0.05-0.5
Angstrom coefficient unitless 0.05-2

Henyey—Greenstein asymmetry factor unitless 0.6-1
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An automated coupling process was realized with the Atmospheric Lookup table
Generator (ALG) [47] and with the TOC2TOA toolbox from the Automated Radiative
Transfer Models Operator (ARTMO) [48]. Similar to before, TOA radiance spectra of non-
vegetated surfaces from different land covers and seasons were selected from S3 imagery
(e.g., bare soils, rocks, and water bodies). This serves to provide robust training inputs and
to obtain high-quality mapping performances over heterogeneous landscapes. It led to
about 10% of non-vegetated spectra to the total training dataset per EVT.

GPR was chosen as the core retrieval algorithm [49,50]. GPR is a Bayesian supervised
machine learning regression algorithm where predictor and target are continuous vari-
ables. The GPR method learns the relationship between the input samples and output
observations. The similarity of samples x; and x; is quantified through a kernel function
k(x;, x]-) [51]. Among the multiple kernel functions available, the Asymmetric Square Ex-
ponential equation has been demonstrated to be efficient for vegetation modelling from
EO data [52]. This function makes the assumption that the correlation between two in-
put variables declines proportionally with their respective distance, signifying that closer
points are expected to behave more similarly than the points placed further away from each
other [53]. The process starts with using the observed and measured data and constraining
the prior GP distribution to create a posterior GP function. The more data points, the lower
the uncertainty, due to the function being better adjusted. The theory for uncertainty (o)
has been experimentally demonstrated by Verrelst et al. [54]. For an exhaustive description
of the S3-TOA-GPR-1.0 models and validation accuracy information of the generated maps,
readers are referred to Reyes-Mufioz et al. [23].

2.3. S3-TOA-GPR-1.0 Model Implementation in Google Earth Engine

GEE is a powerful planetary-scale cloud-computing platform for Earth science data
and analysis. GEE enables free programmatic access to global-scale Earth observation
products. It has an interactive application programming interface (API) that allows users to
quickly handle and visualize results with ease in the interactive development environment
(IDE). Users can perform spatial calculations by having access to a multi-petabyte database
and make requests through JavaScript or Python APIs that are sent by the client to Google
via JSON objects [55]. Given the limitations of client-server data transfer, we followed the
method by Pipia et al. [20] to implement the GPR models into GEE. In brief, it consists
of expanding the standard GPR formulas through matrix algebra formulations, through
the specific image-array datatype of GEE. The EVT products were retrieved by the GPR
models in batches using the Python API, and consequently masked within GEE with bare
land cover and water body masks. Additionally, according to the workflow presented by
Reyes-Mufioz et al. [23], the OLCI L1B quality band [56] was used for classifying pixels as
invalid, bright, or saturated, and these pixels were also excluded from the retrievals.

For uploading external files we used an open-source command line interface (CLI) by
Samapriya [57] called geeup. Thus, global spatiotemporal products of the four EVTs were
produced for the year 2019. For fast processing and memory-efficient exporting, the global
GPR-derived products were mapped at a 5 km global resolution, for which each temporally
composited map has a file size of 350-360 Megabytes. Note that for the nominal 300 m
resolution, this increases up to 70 Gigabytes per global map.

2.4. Spatiotemporal Reconstruction with Whittaker Smoother Function

Since only the raw OLCI L1B product is provided in the GEE platform, cloud-flagging
information is missing. To bypass this constraint, a solution was sought by filling cloud-
induced gaps exclusively based on temporal patterns of the retrieved EVT data. Given
that clouds typically emerge relatively short in time, signal reconstruction in the temporal
domain through interpolation is commonly applied as a solution to fill cloud-induced
gaps [58]. Among interpolation functions in time series analysis, the WS function is
advantageous because it interpolates smoothly given the temporal observations, and at the
same time provides control over the degree of smoothness with only one parameter: A [35].
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The function works in the following way. Suppose a noisy series y, which is predicted to
have equal intervals and has a length of m. We aim to reach an accurate but smooth series
z, to fit y without irregularities. However, the smoother the series z, the less accurately it
shall fit the original y dataset [34]. The differences between two consecutive values of z can
be expressed as:

Azi=z;—zi 4 1)

By squaring and summing the differences, we obtain a clean and simple measure of
roughness z:
R =%;(Az)? @

Furthermore, if we sum the squares of the differences, we obtain S, which can be
considered as the value that corresponds to the lack of fit of the data:

S = Zi(yi — z)° ®)

Thus, Q as the balanced sum of the two is calculated with A, whose value is chosen by
the user:
Q=S+ AR 4)

The goal of the penalized least squares method is to come up with a Q as low as
possible. If a larger A is chosen, that results in a stronger R influence on Q’s outcome, and z
will be smoother. To aid calculations, matrices and vectors ought to be introduced:

Q=|y—z[* + A|Dyz[? ()

where D,z = Az. Each row contains the pattern —1 1, shifted such that d;; = —1 and
diiy1 = 1. D has m — 1 rows and m columns:

-1 1 0O 0 0
0 -1 1 0 0
b= 0O 0 -1 1 0
o 0 0 -11

Equating the partial derivative of % to zero, the linear system of equation is obtained:

(I+AD'D)z =y (6)

where I is an identity matrix with m x m dimensions. It can be clearly seen in Equation (6)
that the smoothed vector y depends on the penalty weight imposed by A. Lower values of
A yield lower penalization, thus a rough curve, whereas when the weighing is increased, a
smoother, but less accurate function is retrieved [59]. In order to select optimal A values,
the user has to visually assess the conformity of the smoothed series. This can be achieved
by referring to the error values calculated between different series with different A and
assessing visually to select an adequate penalty weight value [34]. Finally, the GEE platform
allows the implementation of the WS, so it is scalable to any time series data stream. The
workflow for programming the WS presented by Khanal et al. [39] was taken as a basis and
slightly modified to allow the function to run smoothly with S3-TOA-GPR-1.0 models in
GEE. We chose to generate output maps at a 10-day temporall -composited resolution. The
resulting reconstructed products are hereinafter referred to as S3-TOA-GPR-1.0-WS.

2.5. Reference Datasets

We cross-compared our estimates of the S3-TOA-GPR-1.0-WS models against estab-
lished reference products. A correlation analysis was run per pixel on a global scale along
the temporal domain. The selection criteria for reference products was the availability
throughout the year 2019, to make intra-annual correlation possible.
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For FAPAR and LAI, the reference products consisted of the MCD15A3H Version 6
MODIS Level 4 Terra and Aqua, corresponding to 4-day composite data sets in 500 m
spatial resolution [60].

Our FVC product was compared against products from Copernicus Global Land
Service (CGLS), originating from PROBA-V and SPOT [61]. This product is also smoothed
and gap-filled. When the exact date of the retrieval differed from our maps, the products
with the closest corresponding date were taken. The CGLS data sets were downloaded from
https:/ /land.copernicus.eu/global/themes/vegetation (accessed on 10 January 2023).

To our awareness, only a few global LCC products are publicly available and can suit
our intercomparison analysis. For instance, no official LCC products have been produced
by the MODIS or CGLS teams. Instead, we used the LCC product retrieved by Xu et al. [62]
to verify the consistency of our LCC S3-TOA-GPR-1.0-WS models. This dataset is available
on https:/ /zenodo.org/record /5805575#.Y90zrHZByUm (accessed on 10 January 2023).
The product is a global 8-day LCC dataset at 500 m resolution which was generated between
the years 2000 and 2020 from MODIS data using a multi-level matrix system with two
pairs of vegetation indices. The locally adjusted cubic-spline capping (LACC) method was
applied to fill gaps and smooth the LCC data set [62]. A summary of each reference dataset
can be found in Table 3.

The MODIS MCD15A3H products, i.e.,, FAPAR and LAI, were already available on
GEE. All the other reference datasets were first downloaded locally and subsequently
resampled, reprojected, and then uploaded to GEE. The spatial resolution of the reference
products was resampled to 5 km, and the nearest corresponding observation for our 10-day
temporally composited retrievals was used for comparison. The LCC dataset’s nominal
CRS was sinusoidal; thus, it had to be reprojected to the default WGS84 coordinate reference
system (CRS). The CGLS (FAPAR, LAI, and FVC) and MOD09A1v006 (LCC) datasets were
downloaded and uploaded to GEE in batches with geeup [57]. Regarding the usage of
GEE, an aspect that could limit the uploading times for external data is the personal quota
GEE assigns per user. The users are limited to a number of concurrently running up
and downloading tasks (namely 3000) from the platform, and running numerous tasks in
parallel could lead to longer uploading times [63].

Table 3. Reference datasets, EVT products, and their properties.

Validation Product sPahél Tempore?l Algorithm EVT Sensor
Resolution Granularity
MCD15A3H Empirical relationship
MODIS 500 m 4 Day with NDVI LAI/FAPAR Terra/Aqua
LUT-based inversion
MOD09A1v006 500 m 8 Day Multi-level matrix system LCC Terra
MODIS with two pairs of vegetation indices
Copernicus Global 1km 10 Day Neural Networks LAI/FAPAR/FVC ~ PROBA-V, SPOT

Land Service

trained with true reflectance data

2.6. Study Sites for Land Cover Analysis

To verify how different vegetated land covers affect the S3-TOA-GPR-1.0-WS retrieval
method’s consistency, the 4 EVT products were correlated against corresponding MODIS
and CGLS products. The effect of distinct types of land covers was investigated by su-
perimposing specific land covers selected from the Copernicus Dynamic Land Cover
(CGLS-LC100) database. The land covers were selected from the database as available
within GEE [64]. Four study sites of approximately 400 x 400 km were selected. The
locations of the study sites are indicated in Figure 2. Each region of interest (ROI) was
carefully selected around the world in order to match the corresponding land cover. The
criterion for selecting the locations of the ROIs was that the land cover of interest in each
region must surpass 70% of the area of the region analyzed. The ROIs for the different land
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cover analyses were the following: (1) evergreen broadleaf rainforests over the Congo basin;
(2) deciduous broadleaf forests over the Monongahela National Park in Western USA; (3)
agricultural fields, consisting mainly of wheat and rice crops [65] over the Indo-Gangetic
plains in India; and finally, (4) sparsely vegetated surfaces with very low vegetation cover
and less pronounced yearly phenological dynamics over Western Australia. The exact loca-
tion and percentage of land covers within the ROIs are represented in Table 4. Following
this, land cover-specific comparisons against reference datasets were conducted calculating
error metrics were calculated between our and reference products with representation
of per-pixel p-values indicating statistical significance, and their corresponding temporal
profiles were plotted within the ROIs using the land cover pixel’s averages.

-180° -150* 0% 30° 60° 90° 120 150 1807

300 300

o) B Evergreen broadleaf  * ¢ A L
I Deciduous broadleaf

[ Agricultural fields N
ey M Sparse vegetation 4 \ ) a0

A &

-60° _ ~60°
-180° -150° -120° -90° -60° -30° 0 30° 60° 90° 120° 150° 180°

Figure 2. Global distribution of the ROIs with the four different land covers.

Table 4. Locations of the 500 x 500 km regions where land cover analysis was conducted. The
percentage of the analyzed land cover’s area to the ROI’s area is also shown.

Land Cover Analyzed

Center of Region of Interest % of Land Cover within ROI  Pixels of Analyzed Land Cover

Evergreen broadleaf
Deciduous broadleaf
Agricultural field
Sparse vegetation

0°18'N 23°27'E 97% 9120
38°33'N —80°55'E 72% 6815
29°43'N 75°39'E 83% 7567
—23°7'N 125°17'E 89% 8472

2.7. Statistical Evaluation

With the purpose of evaluating the spatiotemporal consistency of our S3-TOA-GPR-
1.0-WS products, we correlated on a per-pixel basis all the data for the year 2019 to already
existing and validated data sets explained in Section 2.6. For this intra-annual dataset, the
Pearson correlation coefficient was then per-pixel calculated.

The Pearson correlation coefficient is a dimensionless index which is invariant to linear
transformations of its variables. The values in the numerator are centered by subtracting
out the mean of each variable, and the sum of cross-products for the center variable is
calculated. The denominator is an adjustment for the variables to have equal units [66].
Equation (7) shows the mathematical formula to obtain R, the correlation coefficient:

Z(X -Y)(Y; - Y))
VIEX - X)22(Y; ~ V)

R = ()

Correlation coefficients indicate the strength of a linear relationship between two
different variables x and y. When R is greater than zero, the relationship is positive, and
when it is lower than zero, it is negative. A value of zero means no relationship between
the variables exists [67]. Furthermore, root mean squared error (RMSE), normalized RMSE
(NRMSE), as well the coefficient of determination (R?) were calculated between S3-TOA-
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GPR-1.0-WS and the reference datasets. These calculations were run over the four selected
ROIs. The equations of the error metrics are given below:

®)

.. RMSE
NRMSE(%) = - )

Consequently, by squaring R obtained from Equation (7), R? values were obtained.
Finally, Pearson correlation and corresponding p-value maps showing statistical signifi-
cance with additional statistical data were directly calculated and handled within the GEE
platform. The p-value serves as an index measuring the strength of evidence against the
null hypothesis that no significance exists on the given observations. p-values lower than
0.05 indicate evidence against the null hypothesis being tested [68].

3. Results
3.1. Global EVT Product Retrieval: Cloud-Gapped Maps

As expected, the first iteration of the global EVT products retrieved from the raw
OLCI L1B TOA radiance data for the year 2019 produced gapped maps, mostly caused by
cloud cover. The maps with zoomed-in regions where gaps were present are illustrated
in Figure 3. These spatiotemporal gaps are the size of a few tens of pixels and exist for
some daily observations. They are not visible when observing composited maps of mean
pixel values for months or years. The gaps with a size of only a few pixels emerged for
a shorter time span (1-2 observations) as opposed to the entire year’s temporal profile
(~36 observations). Most of these gaps have irregular sizes and were mainly caused by
clouds and some by snow cover. The most apparent gaps were present along latitudes of
28° over Southeast Asia and 0° over the Amazon and the Congo Basin. Cloud cover also
emerged over the British Isles and over latitudes of 50° by the Pacific coast of Canada and
70° in Russia. The resulting data discontinuity in both the spatial and temporal domains
of the EVT products was resolved by creating new, temporally reconstructed maps, as
addressed in Section 3.3.

3.2. Uncertainty Maps

Apart from mean estimates of the targeted EVT, the Bayesian GPR algorithm also
delivers associated uncertainty intervals. The maps displayed in Figure 4 present the
spatial distribution of the S3-TOA-GPR-1.0 uncertainty, expressed as standard deviation
(0). Retrievals with high levels of uncertainty indicate pixels with spectral information
that deviates from what was used during the training phase. Conversely, retrievals with
low uncertainty refer to pixels that were well-represented in the training process. High
uncertainties are caused by inaccuracies in the input data and model imperfections. They
are estimated during the retrieval process and serve as a quality layer to filter out unreliable
estimates. Areas with higher uncertainties include the southern border of the Sahara for
mainly all the variables. For LCC and LAI, the Amazon region and generally northern
latitudes indicate the highest uncertainties. However, when interpreting the uncertainty
maps, it must be noted that o values are related to the absolute values of the mean estimates.
As an example, an LCC uncertainty value of o = 4 ug/cm? would be critical for a mean
LCC estimate of 4 jig/cm?. Conversely, o = 4 j1g/cm? can be considered as low uncertainty
when the mean LCC is equal to 40 pg/cm?.
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Figure 3. Global EVT maps with gaps highlighted at specific regions before temporal reconstruction
at 5 km resolution for 10 July 2019.
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Figure 4. Global uncertainty maps (¢) of FAPAR, LAI, FVC, and LCC at 5 km resolution for 10
July 2019.

3.3. Whittaker Smoother and Spatiotemporally Reconstructed Cloud-Free Global Maps

Due to clouds, globally derived EVT maps are prone to gaps both in the spatial
and temporal domains. To overcome these gaps, the WS interpolation technique was
implemented. The performance of the WS was tuned by adjusting the value of the penalty
weight A, which controls the smoothness of the series. In order to find the optimal A,
several iterations were run for the year 2019 by changing A, i.e., using values of 0.5, 1, 10,
100, 1000, and 10,000. The resulting R values between the series of S3-TOA-GPR-1.0-WS
and the differently weighed WS series were then inspected. According to the error metrics
and visual assessment, the most satisfactory fits of WS were obtained by using A = 100.
Five months were added at the beginning and end of the 2019 time window to achieve
validly smoothed and reconstructed profiles for the entire annual time window. Such
extension helps to avoid introducing unrealistic predictions at the tails (see also Figure 5).
This practice is also applied by the TIMESAT software package, which has been extensively
used in various research applications for the purpose of extracting phenology metrics,
using the SG filter, which is similar in many of its aspects to WS function [30,69].

. Evergreen broadleaf . Deciduous broadleaf
e GPR
— A=100
0.8 0.8
o os . Xos .
g iy 8
Eu.a . . . o« EO.A \
02 {\o_/ o* 02 ‘-.
o Dec 8 Mar 18 Jul'6 Oct 14 Feb 1 May 11 o Dec.B Mar 18 Jui e Oct 14 F.eb 1 May 11
Date Date
Agricultural area Sparse vegetation
1.0 1.0
0.8 0.8
os . o6
£ = .
0.2 % G 0.2 * 1. . o® .,
oo Dec's Mar 18 6 oct 14 Feb 1 May 11 oo Dec 8 Mar 18 ui6 oct1a ~ " Feb1 May 11

Figure 5. Whittaker’s interpolating function applied to S3-TOA-GPR-1.0 retrievals of four different
land covers with a A of 100. The vertical lines indicate the start and end of the year 2019.
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The WS function processed discrete values at the available daily pixel data and re-
turned a continuous profile. The images were reprocessed throughout the entire data
stream, thus yielding spatiotemporally continuous maps without gaps. The function was
directly implemented into GEE; therefore, global temporally reconstructed maps can be
managed within the platform. Figure 6 presents the resulting temporally reconstructed EVT
maps for 10 July 2019 as generated by the S3-TOA-GPR-1.0-WS models at 5 km resolution.
Although we demonstrate only results for 10 July 2019 (Figure 6), maps of any day of
the year (2019) can be generated. A full, annual global data stream took only 20-30 s to
reconstruct within GEE.

' ¥
S FAPAR [-
00 02 04 06 08 10 ] d
E 50 E EQ g e ® Eg 0 EQ 200 1500 T

| — | 2
A 0 10 20 30 40 50 60 70 80 LCC (ng/Cm )
oo 50 ET E =g E ® EQ C3 % 00 1500 o

Figure 6. Global EVT temporally reconstructed maps using the S3-TOA-GPR-1.0-WS models at 5 km
spatial resolution, 10 July 2019.
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3.4. Global Intra-Annual Correlation Maps against Reference Products

With the purpose of assessing the consistency of the global mapping, the Pearson
correlation coefficient, R, was calculated between the S3-TOA-GPR-1.0-WS data stream
and corresponding comparison datasets. In order to examine the temporal profiles for
intercomparison, the year 2019 was extended with data ranging from August 2018 to
May 2020. These extra months were not used to retrieve the global correlation maps
(Figures 7 and 8), where only data from 2019 were used. FAPAR and LAI were cross-
compared against both MODIS and CGLS, FVC only against CGLS, and finally, LCC
against MODIS for the year 2019. Globally averaged R values along with their standard
deviation were also calculated. The general trend amongst all EVT correlation revealed
that areas with pronounced vegetation dynamics correlated well with MODIS and CGLS
products, whilst regions of low yearly change in vegetation yielded R values close to zero.

The S3-TOA-GPR-1.0-WS models showed consistent results over latitudes with pro-
nounced yearly vegetation phenology and agricultural croplands compared to the reference
products. The models’ correlation consistency agreed closely over these land covers with
R > 0.6. Lower correlation was found over sparsely vegetated areas where pronounced
phenological dynamics are absent. When inspecting each EVT, we can conclude that the
S3-TOA-GPR-1.0-WS models produce fairly consistent products across the globe. However,
some discrepancies were found for FAPAR with an Ry, of 0.33 against both reference
products and an Ry of 0.38 for MODIS and 0.39 for CGLS. LAI proved to be the most
consistent, with a mean global correlation of 0.52 against MODIS and the highest Ry;eqn
value against CGLS with standard deviations of similar magnitude as calculated for FAPAR.
FVC produced similar error statistics as LAI, being the second most consistent variable on
a global scale. It led to an Ryyeqn of 0.50 and Ry of 0.40. LCC, out of all EVTs, produced
the highest R;;, namely 0.44, while the correlation on a global scale was lower than the
standard deviation, being R;ean = 0.37. For a quantitative comparison of the correlation
maps, histograms are provided in Figure A1 and Pearson correlation-associated p-value
maps are also presented in Figure A2. Additionally, Pearson correlation-associated p-value
maps provide more information over the statistical significance of the R correlation maps.
Areas with higher values include regions around the equator and sparsely vegetated areas
over Australia and the Namibian desert. Areas that show no statistically significant corre-
lations are mainly regions that have land covers such as evergreen broadleaf and sparse
vegetation. Areas showing higher p-values mean that the observed correlation between
the two time series is likely to have occurred by chance only. This can be observed on the
temporal profiles in Figures 7 and 8, showing two radically different temporal profiles for
evergreen broadleaf and sparsely vegetated land covers. The null hypothesis, stating that
no linear relationship exists between the two time series, cannot be rejected with such high
p-values (greater than 0.05) [68].

Figures 7 and 8 also present three specific cases where distinct correlation cases were
present. Time series for high-, zero-, and low-correlation cases are shown, with gapped
and temporally reconstructed EVT profiles. Furthermore, the latitudinal and longitudinal
distributions of the R values are plotted along the maps.

The temporal profiles shown in Figures 7 and 8 (left) depict cases where the correlation
is around zero between S3-TOA-GPR-1.0-WS and reference products (R ~ 0). The land
covers with low yearly change in phenology tend towards these low correlations, which
is also reflected in the latitudinal R distribution plot. For demonstration, we selected an
exemplary site of the Amazon rainforest, where LAI, FAPAR, and FVC yearly profiles
calculated from S3-TOA-GPR-1.0-WS models revealed underestimation compared to those
of MODIS and CGLS products.
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Figure 7. Pearson correlation coefficients for FAPAR (top) and LAI (bottom) for the year 2019 between
53-TOA-GPR-1.0-WS models and datasets from MODIS and CGLS at 5 km spatial resolution. The
global mean and standard deviation of the R correlation are also given. Examples of three distinct
correlation values are highlighted with their corresponding temporal profiles. Both WS reconstructed
(blue line) and original S3-TOA-GPR-1.0 values (light blue dots) are plotted. The vertical lines indicate

the start and end of the year 2019.

The temporal profiles shown in Figures 7 and 8 (middle) demonstrate a high correlation
(R > 0.8) between the products, observed over agricultural areas on the Iberian Penin-
sula. Here, the S3-TOA-GPR-1.0-WS EVT model’s temporal profile is consistent with
the comparison datasets’ for all EVTs. For LAI, the S3-TOA-GPR-1.0-WS model slightly
overestimated both MODIS and CGLS estimates, whilst the FVC product tends to under-
estimate CGLS’s profile. The LCC temporal profile is in agreement with the MODIS LCC
product. Accordingly, the latitudinal R distribution indicates a consistent R profile for all
S3-TOA-GPR-1.0-WS products over the Northern Hemisphere.
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Figure 8. Pearson correlation coefficients for FVC (top) and LCC (bottom) for the year 2019 between
53-TOA-GPR-1.0-WS models and MODIS CGLS dataset at 5 km spatial resolution. The global mean
and standard deviation of the R correlation are also given. Examples of three distinct correlation
values are highlighted with their corresponding temporal profiles. Both WS reconstructed (blue line)
and original S3-TOA-GPR-1.0 values (light blue dots) are plotted. The vertical lines indicate the start
and end of the year 2019.

Figures 7 and 8 (right), demonstrates profiles with negatively correlated maps, which
emerged especially over the Central Australian shrublands and are characterized by sparse
herbaceous vegetation. Negative correlations between all four S3-TOA-GPR-1.0-WS EVT
products and the reference products can be mainly found in deserts and regions with scarce
vegetation cover.

Apparently, the S3-TOA-GPR-1.0-WS models produce stronger seasonal effects than
MODIS and CGLS products, with values around LAI = 2 in the Australian summer, that are
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mostly caused by precipitation. The sparsely vegetated shrublands are sensitive to water
and can reach LAI = 2 after few days of rain. These areas cause a drop in the R distribution
profile that can be observed around —30° latitude, in the Southern Hemisphere.

3.5. Local Land Cover Analysis

Following the successful retrieval of the global EVT maps and the running of the WS
temporal reconstruction function, the resulting annual cloud-free S3-TOA-GPR-1.0-WS data
stream was correlated against corresponding MODIS and CGLS products over four distinct
land covers within the ROIs (see Figure 2). These sites were selected due to their analyzed
vegetated land cover being dominant over the area. The averaged temporal profiles over
distinct vegetated land covers for the extended year 2019 can be observed in Figure 9.
Goodness-of-fit statistics for each land cover can be found in Table 5. Surfaces marked
by considerable phenological dynamics, particularly deciduous broadleaf forests and
agricultural areas, obtained higher consistency. Cross-comparison for evergreen broadleaf
forests and sparsely vegetated surfaces obtained a rather low R correlation, in the case of
all four EVTs.

Table 5. Goodness-of-fit statistics of the S3-TOA-GPR-1.0-WS products vs. the reference products for
selected vegetated land covers as defined in Table 4.

FAPAR Evergreen Broadleaf = Deciduous Broadleaf Agricultural Sparse Overall
RMSE 0.18 0.14 0.16 0.20 0.17
S3-TOA-GPR-1.0-WS vs. MODIS NRMSE(%) 1.98 0.26 0.62 1.29 0.31
R (R?) —0.14 (0.02) 0.87 (0.75) 0.87 (0.76) —0.52(0.27) 0.78 (0.61)
RMSE 0.23 0.15 0.16 0.28 0.21
S3-TOA-GPR-1.0-WS vs. CGLS NRMSE(%) 2.33 0.26 0.64 1.82 0.37
R (R?) —0.12 (0.02) 0.91 (0.83) 0.86 (0.74) 0.15 (0.02) 0.78 (0.61)
LAI
RMSE 1.31 0.55 0.90 0.42 0.86
S3-TOA-GPR-1.0-WS vs. MODIS NRMSE(%) 0.99 0.16 0.31 0.37 0.22
R (R?) 0.31 (0.10) 0.94 (0.89) 0.83 (0.69) 0.14 (0.02) 0.89 (0.78)
RMSE 2.55 0.70 0.69 0.44 1.39
S3-TOA-GPR-1.0-WS vs. CGLS NRMSE(%) 1.92 0.20 0.26 0.39 0.36
R (R?) 0.64 (0.40) 0.95 (0.91) 0.85 (0.72) 0.03 (0.00) 0.88 (0.78)
FVC
RMSE 0.22 0.13 0.12 0.04 0.14
S3-TOA-GPR-1.0-WS vs. CGLS NRMSE(%) 0.96 0.19 0.22 0.32 0.19
R (R?) 0.15 (0.02) 0.98 (0.96) 0.85 (0.72) 0.34 (0.11) 0.95 (0.89)
LCC
RMSE 15.94 9.69 21.87 13.27 16.02
S3-TOA-GPR-1.0-WS vs. MODIS NRMSE(%) 3.67 0.20 0.66 0.35 0.26
R (R?) 0.16 (0.03) 0.88 (0.78) 0.26 (0.07) 0.16 (0.03) 0.77 (0.60)

The closest agreements were obtained for the land covers with the greater annual
variation in vegetation cover, namely deciduous broadleaf forests. For these land covers, R
was always greater than 0.87 for each EVT, with the best-performing variable: FVC against
CGLS with an R of 0.98 over deciduous broadleaf forests. The only zero-correlation case
was produced by LCC against MODIS over the agricultural fields, where R was 0.26. For
evergreen and deciduous broadleaf forests, LAI/FAPAR values of MODIS tend to reach
higher maximum yearly values than those provided by the S3-TOA-GPR-1.0-WS models.
The S3-TOA-GPR-1.0-WS FVC product consistently underestimates as opposed to the two
other datasets. Also, the S3-TOA-GPR-1.0-WS underestimated LAI, FAPAR, and FVC for
land covers with lower yearly changes in phenology, such as evergreen broadleaf forests,
compared to MODIS and CGLS products. For shrublands or sparsely vegetated areas,
S3-TOA-GPR-1.0-WS retrieved LAI ~ 2 and FAPAR ~ 0.4 during cold seasons (winter).
The least consistency appeared for LCC against MODIS, where the best-performing land
cover was deciduous broadleaf forests, with an R of 0.88; conversely, other vegetation land
covers led to poorer correlations, with an R below 0.26.
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Figure 9. Averaged temporal profiles with the shaded area as one standard deviation for selected
vegetated land covers, as defined in Table 4. The vertical lines indicate the start and end of the
year 2019.

4. Discussion

The integration of hybrid GPR models into GEE opened up new avenues in facilitating
research activities in the field of vegetation trait mapping and monitoring. Although a few
studies had examined the incorporation of GPR models into GEE for time series processing at
regional to continental scale [20,21,23], the potential of the models for GEE-based time series
processing at a global scale remained to be investigated. Therefore, we evaluated whether the
hybrid EVT models can be likewise applied at the global scale, thereby preserving sufficient
fidelity. In the following sections, we will discuss the results of the global processing of the
four gap-free EVT products (Section 4.1), followed by the WS-based temporal reconstruction
processing (Section 4.2) and intra-annual cross-comparison against reference FAPAR, LAI,
FVC, and LCC products (Section 4.3). Finally, we will provide a critical discussion on
limitations, challenges, and opportunities (Sections 4.4 and 4.5).

4.1. Global Mapping of EVTs in GEE

GEE proved to be a versatile platform for fast retrieval of planetary-scale EVT maps
and consequent temporal reconstruction. Its ability to process global datasets within a
few seconds allows for the quick visualization of EVT products and for evaluating their
consistency against reference data. Specifically being able to resample and reproject maps in
a few seconds, GEE provides the option to compare products from different sensors [26,43].
To retrieve global EVT maps and cross-compare them intra-annually against reference
datasets, the most important challenges to be tackled by GEE were the batch integration
of external files and data such as CGLS products. In our experience, GEE is limited when
handling large-scale operations with the involvement of external data.

Upon integration of the S3-TOA-GPR-1.0 models in GEE, as outlined in Section 2.3, it
became feasible to process EVT maps on a global scale. Using the Python API to generate
EVT maps in batches, the process did not take longer than 1 h for processing a full data
stream of one year. The chosen temporal resolution of 10-day composites was adequate
for analysis, as it balanced well between memory usage and output quality. Note that, for
testing purposes, the global vegetation maps were exported in 500 m spatial resolution and
had file sizes of roughly 70 Gigabytes of one EVT for a single 10 days temporal-composite
observation. Our integrated workflow and the retrieval of S3-TOA-GPR-1.0-WS global
EVT maps can be accessed and replicated by running the JavaScript code in GEE or the
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Python API in Google Colab and following the instructions on the GitHub page indicated
in Appendix A.

4.2. Temporal Reconstruction Using the Whittaker Smoother

When expanding from regional towards global EO data processing, the requirement
for resolving data discontinuities becomes more pressing. Throughout the retrieval process,
the continuity of the data streams was mainly hindered due to cloud coverage. Aiming to
replace those empty pixels with meaningful values, previous studies favored the usage of
the WS function as a method for gap-free spatiotemporal reconstruction, e.g., [35,39,70,71].
One particular advantage of the WS is its superior performance against Fourier and Linear
fit algorithms over stable land cover classes. This was also reported by Khanal et al. [39],
who compared three temporal smoothers for distinct land covers. Furthermore, the WS
possesses outstanding computational efficiency [72]; thus, its implementation in GEE is
preferred as opposed to the weighted SGF, as also concluded by Zhang et al. [71]. Also in
our study, the WS function succeeded in generating smooth, spatiotemporally continuous
data streams.

Since the WS is a curve-fitting method, it requires sufficient data points in time to work
adequately. Thus, the temporal reconstruction worked well in the case of smaller data gaps,
as demonstrated in Figure 3. However, the reconstruction proved to be less accurate in the
case of more extensive temporal gaps (the magnitude of several weeks). A decreasing con-
sistency of the WS in case of larger data gaps was also reported by Kandasamy et al. [31].

To achieve optimally reconstructed gap-free time series here for the year 2019, the
temporal domain used for calculating the WS had to be adjusted. If the WS was only fitted
to the year 2019, the fitted curve’s consistency would decrease at the beginning and end of
the year due to boundary effects. For this reason, the function was extended to £5 months
before and after 2019; see also Figure 5.

Distinct land covers have inherently different yearly temporal profiles; thus, it would
be beneficial to obtain dynamically changing A values for each. The study by Kong et al. [38]
investigated varying A and their performances over multiple land covers. The authors
indicated that A should be larger (A > 10) in cloudy, equatorial regions with relatively high
and constant vegetation cover. Over higher latitudes and regions with lower vegetation
cover, A must be smaller (A < 5). Having examined a range of S3-TOA-GPR-1.0-WS profiles
with varying A and their statistical errors against non-smoothed S3-TOA-GPR-1.0 retrieval
values, we chose the value of 100 due to its capability to be relatively accurate worldwide;
it yields a smooth reconstructed curve without being affected by outliers. Amongst other
curve-fitting algorithms, Kandasamy et al. [31] also analyzed the WS to fill gaps in MODIS
LAI time series and confirmed that for the optimal results, A should be 100. Note that
decreasing A did not notably enhance the overall accuracy (results not shown), but made
the smoothed curve more susceptible to the influence of outliers within the data.

4.3. Intra-Annual Analysis of EVT Products over Distinct Land Covers

To evaluate the consistency of the S3-TOA-GPR-1.0-WS EVT products against the
reference products, it was necessary to examine the models’ performances across different
vegetation types. Each targeted vegetation cover (i.e., evergreen broadleaf and decidu-
ous broadleaf forests, agricultural and sparsely vegetated areas) was selected from the
Copernicus Dynamic Land Cover map database within the ROls, while other regions were
masked out.

There has been a slight underestimation of all four EVTs as opposed to the reference
datasets over denser vegetated surfaces, such as evergreen forests. The anomalies encoun-
tered with our S3-TOA-GPR-1.0-WS LAI models could be explained by the differences in
the algorithms employed to calculate an EVT value and the use of different LAI definitions
for product estimates. For instance, the underestimation of S3-TOA-GPR-1.0-WS at high
LAI values could result from the fact that our workflow assumes a turbid medium canopy
that results in effective LAI, whilst the MODIS retrieval algorithm incorporates radiative
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transfer formulations taking into account vegetation clumping, thus yielding the total
LAL Similar shortcomings were also noted by Campos-Taberner et al. [43]. The authors
also retrieved LAI maps using Landsat-7/8 and Sentinel-2A data using hybrid methods
(i.e., RTM with random forests regression). By comparing their results to the MODIS LAI
product, an analogous underestimation can be observed, especially over high LAI values
arising from the fact that MODIS retrieval algorithm infers the total LAL

Throughout the WS-based reconstruction of EVT time series, the S3-TOA-GPR-1.0-WS
EVT temporal profiles showed less variability as compared to MODIS or CGLS, especially
over evergreen broadleaf rainforests. Despite obtaining profiles that present fewer fluc-
tuations throughout the investigated time domain, the smoothing effect could impose
limitations, such as the under- and overestimation of EVT values. Since irregular EVT re-
trieval values were smoothed, it led to a lower amplitude of the temporal profile. Therefore,
yearly minima and maxima values were not represented with such high consistency.

One possible reason for the inconsistencies between our and reference LCC products
can be explained by the spectral data source used by the two methods for retrieval. In
contrast to the S3-OLCI product, the MOD09A1v006 Terra surface reflectance product used
by Xu et al. [62] does not include a red-edge band (=680-750 nm). However, the spectral
information of this specific region is highly relevant to obtain accurate LCC retrieval
results [73]. Red-edge wavebands are covered by OLCI bands (bands O8 to O12) and used
in our retrieval chain; thus, our models retrieve variables at a higher consistency.

Furthermore, some discrepancies were noticed over northern latitudes and the equator.
These are mainly caused by long stretches of missing data due to persistent cloudiness
or irregular EVT values resulting from residual clouds and snow contamination. Similar
challenges were reported by Fuster et al. [61], who validated PROBA-V LAI, FAPAR,
and FVC datasets. They also noted that there were greater differences between CGLS
PROBA-V products for evergreen broadleaf forests in tropical areas and needle-leaf forests
in northern latitudes.

4.4. Limitations and Challenges of Global EVT Mapping

Regarding the building of the S3-TOA-GPR-1.0-WS models, training data sets relied
on benchmark vegetation and atmosphere RTMs, but they remain a simplification of reality.
For instance, the turbid media assumptions of SCOPE, composed of PROSPECT-D [45]
plus 4SAIL [46] models (=PROSAIL), may lead to limitations, but also provide multi-
ple advantages. The SAIL model was predominantly validated on grassland and crop
canopies that were homogeneous, rather than on heterogeneous forest stands, according
to [74]. Yet, the coarse spatial resolution used in our study may compensate by integrating
the detailed structure effect of heterogeneous stands. In general, studies confirmed that
PROSAIL presents a good compromise between the realistic descriptions of the radiation
regime within a canopy, model complexity, simulation accuracy, and computational require-
ments [75,76]. For further model improvements, additional training data can be introduced
from forest 3D RTMs. However, at a coarse resolution in the order of hundreds of meters to
kilometers, horizontal land cover heterogeneity plays a more important role in the radiation
emission and scattering than in vertical distribution. The directional reflectances simulated
by 1D and 3D models tend to converge at coarser spatial resolutions, typically beyond
100 m [77]. To account for surface heterogeneity, here, a diversity of non-vegetated spectra
has been added to the training data, thereby respecting a trade-off to ensure that the models
stay lightweight and easily implementable in GEE (up to 10% of total training datasets).

The limitations and inaccuracies resulting from different atmospheric factors when
using TOA radiance must also be addressed. One specific challenge is correcting the strong
impact of atmospheric gases including water vapor, carbon dioxide, ozone, and aerosols,
as they can be highly variable in both space and time, and have complex scattering and
absorbing properties that depend on factors such as size, shape, chemistry, and density [78].
These atmospheric gases can distort the consistency of remotely sensed data [79,80]. The
aforementioned variability was addressed in our hybrid models by applying a random
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sub-sampling strategy from the pool of 65V simulations. A few more limitations of the
atmospheric 6SV RTM may play a minor role, such as the parallel plane assumption for the
atmosphere [78].

Altogether, running the S3-TOA-GPR-1.0 models in combination with the WS function
provides an effective framework for global cloud-free mapping of EVTs. Smaller data gaps
were easily corrected by the temporal reconstruction of the WS. Both the S3-TOA-GPR-1.0
retrieval and the WS function encountered limitations imposed by the high cloud cover fre-
quency between —15° and +15° latitudes when monitoring agricultural areas and evergreen
rainforests. Optical data face limitations, especially throughout the September—February
time span. To mitigate the EVT underestimation due to omnipresent cloud cover, fusion
approaches together with complementary all-weather radar time series could be considered,
e.g., as proposed by Pipia et al. [81] and applied by Caballero et al. [82].

In our experience, the WS function processed optimally at regular temporal profiles;
however, when it encountered noisier temporal profiles, its performance decreased. For
irregular temporal profiles, the asymmetric Gaussian method could give better predictions
for the beginnings and ends of the seasons [83]. Despite the similarities between WS and the
conventional SGF, the WS offers more advantages. One particular appealing advantage of
WS is its higher speed and lower computational demands as opposed to SGE. Additionally,
the WS provides continuous smoothness over the entire span of the series, whereas the SGF
gives only a discrete control over the smoothness. Although both the WS and SGF encounter
difficulties with irregular retrieval values, the WS is capable of interpolation of missing
data of larger width, whereas the SGF can only work with smaller stretches of missing
data that are covered by its working window. Even though WS faces limitations when
interpolating larger stretches of missing data, its performance is still superior in this aspect
to SGF [34]. Alternative approaches towards obtaining gap-free EVT maps are also possible.
One particular approach executable within GEE is the HISTARFM algorithm, which uses
a combination of multispectral imagery from various sensors to reduce noise and obtain
monthly gap-free observations over land. The HISTAREM uses the bias-aware Bayesian
algorithm data assimilation scheme with historical Landsat data and fused MODIS-Landsat
data to retrieve interpolated surface reflectances. The main bottleneck of this approach is
the high computational and memory burden. Unlike the WS, HISTARFM requires areas
to be pre-processed and cannot be run quickly, in the order of seconds within GEE [26].
Altogether, the quoted advantages of WS and its seamless implementation in GEE provided
a quick and robust way to obtain cloud-free global EVT maps.

4.5. Opportunities for Next-Version Model Optimization

The presented temporally reconstructed global cloud-free EVT products were only
processed for the extended year 2019, yet the developed workflow can be easily applied
to any available OLCI L1B date range from 24TH May 2016 onwards. The S3-TOA-GPR-
1.0-WS global EVT models and codes are freely accessible, and local-to-global maps can
be quickly generated on the GEE platform. This offers opportunities for the broader
community to inspect and use the four EVT products in higher-level applications. For
instance, such applications may include the assessment of multi-year trends and seasonal
anomalies [21,25]. Global data streams of the EVT products can be used to further assimilate
into models which estimate global gross primary productivity [84,85].

Thanks to the Bayesian nature of the GPR models, uncertainty intervals along with
the mean estimates were provided. The uncertainty maps provide a way to evaluate
the robustness of the GPR algorithm when trained by artificial spectra, e.g., generated
by RTMs [54]. The measurement of uncertainties associated with EVTs is crucial when
incorporating these products into higher-level processing operations [86]. To further
improve our EVT products, introducing a quality threshold for unrealistically high values
provides a way to flag or mask out highly uncertain retrieval pixel values. Although this
option is not implemented here, such quality flags would be a convenient upgrade for the
next iteration of the presented workflow.
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The 5 km resolution for global mapping inevitably contained pixel heterogeneity.
Further investigation using time series of in situ measurements is required for a better
understanding of the causes of the observed disagreements between the different prod-
ucts [87]. The EVT models can be improved through additional training data at sites
presenting negative correlations. Nonetheless, the GPR models can be run at the native
300 m resolution in GEE. One has to be careful with memory handling when aiming to pro-
cess time series, but when restricting to dedicated regions, processing at 300 m is perfectly
possible, e.g., over the Iberian Peninsula (see also Figure A3 for a direct visual comparison
of the 300 m vs. 5 km resolution maps processed over the same area). For this region, the
memory file size reached up to a gigabyte per temporally composited 300 m map.

Finally, in the framework of the S3-FLEX tandem mission concept, it is foreseen that
the S3-TOA-GPR-1.0-WS models presented here will play a crucial role in the quantification
of photosynthetic activity within assimilation processing chains once FLEX is operational
and begins transmitting data [88,89].

5. Conclusions

We presented a scalable retrieval workflow for the global cloud-free production of
four essential vegetation traits (FAPAR, LAI, FVC, LCC) based on S3 TOA radiance data.
By implementing hybrid models (S3-TOA-GPR-1.0) into the GEE platform, we have suc-
cessfully processed the four EVT products for the year 2019. Our workflow utilized a 5 km
spatial resolution and observations at a temporal resolution of 10 days of the S3-OLCI
TOA radiance (L1B) product. The novelty of the GPR algorithm is the model’s associ-
ated per-pixel uncertainties, which can be used to assess the fidelity of the predictions.
For instance, the uncertainty information serves to identify spectral surfaces that are less
well-presented by the training data sets. Due to the absence of cloud screening in the L1B
radiance product, we applied reconstruction of the data stream across the temporal domain
using the Whittaker smoother function. The WS function processed the global EVT data
streams almost instantaneously in GEE, resulting in cloud-free, spatiotemporally contin-
uous maps (S3-TOA-GPR-1.0-WS). Global cross-comparison of the S3-TOA-GPR-1.0-WS
products against reference products suggested a moderate-to-high correlation depending
on the EVT, vegetation type, and geographic location. On a global scale, the generated
EVTs behaved consistently along 30-60° latitude over the Northern Hemisphere. The
most consistently mapped EVT was LAI, which yielded a globally averaged correlation
of R = 0.57. The specific land cover analysis over local 400 x 400 km sites showed FVC
to respond in closest agreement with the corresponding CGLS product over deciduous
broadleaf forests in the Monongahela National Park in Western USA (R of 0.98). For all
EVTs, the S3-TOA-GPR-1.0-WS produced generally consistent values over regions marked
by pronounced yearly phenological dynamics, which led to strong correlations against
reference products.

Ultimately, the presented processing scheme is anticipated to support the interpreta-
tion of terrestrial SIF observations delivered by the upcoming FLEX mission that will orbit
in tandem with S3, thus enabling global monitoring of vegetation’s health and productivity
dynamics at 300 m pixel resolution.
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Figure A1. Histograms with descriptive statistics showing the frequency of the R values as calculated
over the 2019 window for the GPR models against reference products over the world.
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Figure A2. Pearson correlation-associated global distribution of p-values at 5 km spatial resolution.
Regions with p-values < 0.05 are considered to be statistically significant.
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