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1 Introduction 

1.1 Context 

The Ground-Based Observations for Validation (GBOV) service aims to develop and distribute 
robust in situ datasets from a selection of ground-based monitoring sites for a systematic and 
quantitative validation of EO land products. The EO land products of particular interest are 
those from the Copernicus Global Land Service (CGLS).  

1.2 Scope of the document 

This algorithm theoretical basis document (ATBD) describes the algorithm used to derive land 
products (LPs): 

▪ LP3 – leaf area index (LAI); 

▪ LP4 – fraction of absorbed photosynthetically active radiation (FAPAR); 

▪ LP5 – fraction of vegetation cover (FCOVER). 

1.3 Structure of the document 

This document contains the following sections: 

▪ This section introduces the document; 

▪ Section 2 provides the scientific background to the algorithm; 

▪ Section 3 provides a detailed description of the algorithm itself; 

▪ Section 4 provides a discussion about the method and its weaknesses; 

▪ Section 5 provides recommendations for the use of LPs; 

▪ Annex A provides the scientific references cited in this document. 

 

1.4 Acronyms 

The definition of the acronyms used in this document is provided hereafter:  

ANN  Artificial neural network 

ATBD  Algorithm theoretical basis document 

BRDF  Bidirectional reflectance distribution function 

CEOS  Committee on Earth Observation Satellites 

DHP  Digital hemispherical photography 

ECV  Essential climate variable 

EO  Earth Observation 

ESU  Elementary sampling unit 
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FCOVER  Fraction of vegetation cover 

FAPAR  Fraction of absorbed photosynthetically active radiation 

FIPAR  Fraction of intercepted photosynthetically active radiation 

GAI  Green area index 

GAIe  Effective green area index 

GBOV  Ground-Based Observations for Validation (GBOV) of Copernicus Global Land Products 

GUM  Guide to the Expression of Uncertainty in Measurement 

ICOS   Integrated Carbon Observation System 

JRC  Joint Research Centre 

LAI  Leaf area index 

LAIe  Effective leaf area index 

LaSRC  Landsat Surface Reflectance Code 

LP  Land product 

LPV  Land Product Validation 

MSI  Multispectral Instrument 

NEON  National Ecological Observatory Network 

NPV  Non-photosynthetic vegetation 

OLI  Operational Land Imager 

OLS  Ordinary least squares 

PAI  Plant area index 

PAIe  Effective plant area index 

PAR  Photosynthetically active radiation 

PPFD  Photosynthetic photon flux density 

PROSPECT Leaf Optical Properties Spectra 

RM  Reference measurement 

RMSE  Root mean square error 

RRMSE  Relative RMSE 

RTM  Radiative transfer model 

SAIL  Scattering by Arbitrarily Inclined Leaves 

S2GM  Sentinel-2 Global Mosaic service 

SL2P  Simplified Level 2 Prototype Processor 

Tcanopy  Transmission through the Canopy 

WGCV  Working Group on Calibration and Validation 

WGS84  World Geodetic System 1984 
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2 Scientific background 

2.1 Definition of land products (LPs) 

The definitions of the considered LPs are provided in the following sub-sections: 

2.1.1 LP3: Leaf area index (LAI) 

LAI corresponds to the one-sided leaf area per unit of ground surface area and describes the 
amount of leaf material in a vegetation canopy. It is an important descriptor of canopy 
structure, determining the size of the interface for biogeochemical and energy exchange 
between vegetation and the atmosphere. As such, it is designated an Essential Climate 
Variable (ECV). LAI is a dimensionless quantity that typically varies between the values of 0 
and 10, and as an intrinsic property of the canopy, is not dependent on observation conditions 
such as illumination geometry (although when estimated using optical in situ measurement 
techniques, independence from illumination geometry cannot be assumed). An LAI of 0 means 
that there is no leaf at all, and a LAI of 10 means that if you look at a surface of ʎ m², the total 
surface area of all the leaves directly above this area is 10 times ʎ m². [36] 

The term green area index (GAI) is sometimes used to refer to measurements of green 
elements only, whereas the term plant area index (PAI) refers to measurements that also 
incorporate non-photosynthetic vegetation (NPV) elements such as stems and branches. 
Then, PAI = GAI + NPV. It is difficult to collect GAI as any measurement will always have the 
component of NPV. However, to accurately measure GAI for deciduous plants, one approach 
is to find the NPV component during the winter season and subtract that from PAI. Note that 
if the effects of foliage clumping are not accounted for, the measurement is considered an 
effective one, which will underestimate the true value (Table 1). 

 
Table 1: Definition of LAI quantities. 

 

 

All canopy elements 
incorporated 

Foliage 
elements only 

Green elements only (no 
senescent material) 

Foliage clumping not 
accounted for 

Effective PAI (PAIe) 
Effective LAI 

(LAIe) 
Effective GAI (GAIe) 

Foliage clumping 
accounted for 

PAI LAI GAI 

 

LP3 is based on RM7, and further information on its derivation is provided in the associated 
ATBD (GBOV-ATBD-RM4-RM6-RM7). Note that because the in-situ measurements may be 
sensitive to all elements of the canopy, the resulting estimates should strictly be termed PAI 
(as opposed to LAI or GAI). Both PAI and PAIe are provided.  
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For simplicity, the terms LAI and LAIe are used interchangeably with PAI and PAIe when 
referring to LP3. 

2.1.2 LP4: Fraction of absorbed photosynthetically active radiation (FAPAR) 

FAPAR corresponds to the amount of Photosynthetically Active Radiation (PAR) that is 
absorbed by the canopy. PAR is defined as the radiation at wavelengths of between 400 nm 
and 700 nm and is measured as photosynthetic photon flux density (PPFD) in units of μmol m-

2 s-1. It is the radiation within this region of the electromagnetic spectrum that is absorbed by 
photosynthetic pigments in plants for the purposes of photosynthesis. FAPAR is a 
dimensionless quantity that ranges from 0 to 1 and depends on illumination geometry and the 
proportion of direct and diffuse radiation. FAPAR is a key variable for monitoring and 
modelling the primary productivity and energy balance of the terrestrial surface, and as such 
is designated an ECV. [36] 

FAPAR can be defined as instantaneous or temporally averaged depending on the time period 
over which it is computed, and black-sky or white-sky depending on whether direct or diffuse 
radiation is considered. Black-sky refers to the case when the incoming radiation flux is 
unidirectional, without any atmospheric effects. On the other hand, white-sky is when the 
incoming radiation flux is completely diffuse. The terms green and foliage FAPAR are 
sometimes used to refer to the fraction of PAR absorbed by photosynthetic canopy elements 
only, whereas FAPAR contains the contribution of both foliage and NPV elements such as 
stems and branches (Table 2). 

 
Table 2: Definition of FAPAR quantities. 

 

 

All canopy elements 
incorporated 

Foliage 
elements only 

Green elements only (no 
senescent material) 

Direct 
radiation 

Black-sky FAPAR 
Black-sky foliage 

FAPAR 
Black-sky green FAPAR 

Diffuse 
radiation 

White-sky FAPAR 
White-sky foliage 

FAPAR 
White-sky green FAPAR 

 

LP4 is based on RM6, which corresponds to the fraction of intercepted PAR (FIPAR). Further 
information on its derivation is provided in the associated ATBD (GBOV-ATBD-RM4-RM6-
RM7). The difference between FAPAR and the fraction of intercepted PAR (FIPAR) is 
considered minimal in most circumstances, making in situ measurements of FIPAR suitable 
for validating satellite-derived FAPAR products in the absence of in-situ FAPAR data [1], [2]. 
The validity of this assumption was investigated by [3], who demonstrated that differences of 
up to 0.1 may occur over very bright backgrounds such a snow, but that differences are 
minimal under usual conditions (e.g. when a vegetated understory is present). Under typical 
circumstances, [3] concluded that these differences can be neglected in the overall 
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uncertainty budget. Similar results are presented by [4]. Thus, for the production of LP4, FIPAR 
is considered equivalent to FAPAR, and the terms are used interchangeably for simplicity. Note 
that LP4 corresponds to the instantaneous black-sky definition at 10:00 AM local solar time 
and represents FAPAR (as opposed to foliage or green FAPAR) as the in-situ measurements 
may be sensitive to all elements of the canopy. 10:00 AM local solar time means two hours 
before solar noon (when the sun is at its highest point in the sky) but may not necessarily 
be 10:00 AM on the local clock. 

2.1.3 LP5: Fraction of vegetation cover (FCOVER)  

FCOVER corresponds to the amount of the ground surface that is covered by vegetation when 
viewed from nadir, thus acting as an indicator of the spatial extent of vegetation [36]. It is a 
dimensionless quantity that varies from 0 to 1, and as an intrinsic property of the canopy, is 
not dependent on observation conditions such as illumination geometry (although when 
estimated using optical in-situ measurement techniques, independence from illumination 
geometry cannot be assumed). The terms green and foliage FCOVER are sometimes used to 
refer to the fraction of ground covered by photosynthetic canopy elements only (Table 3). 

 
Table 3: Definition of FCOVER quantities. 

All canopy elements 
incorporated 

Foliage elements 
only 

Green elements only (no senescent 
material) 

FCOVER Foliage FCOVER Green FCOVER 

 

LP5 is based on in-situ measurements of FCOVER, and further information on their derivation 
is provided in the associated ATBD (GBOV-ATBD-RM4-RM6-RM7). Note that LP5 represents 
FCOVER (as opposed to foliage or green FCOVER) as the in-situ measurements may be 
sensitive to all elements of the canopy. 

2.2 Upscaling techniques 

Major challenges in the validation of operational satellite-derived vegetation products are 
their moderate spatial resolution and the heterogeneity of the terrestrial landscape. The 
Copernicus Global Land Service products are produced at a spatial resolution of between 300 
m and 1 km, whilst individual in-situ measurements are typically point-based covering a 
smaller area. Over the last few decades, techniques have been developed to bridge this scale 
gap, typically making use of high spatial resolution imagery to match the scale of elementary 
sampling unit for upscaling, which means for the transition from a point-based measurement 
to a larger scale. Here “high spatial resolution imagery” refers to satellite data with a finer 
spatial resolution (typically 20 or 30 meters) compared to the land product (typically 300 
meters). These techniques, which are endorsed by the Land Product Validation (LPV) sub-
group of the Committee on Earth Observation Satellites (CEOS) Working Group on Calibration 
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and Validation (WGCV), are often referred to as the ‘two stage’ or ‘bottom up’ approach [5], 
[6] 

Within the ‘two stage’ or ‘bottom up’ approach, individual in-situ measurements are made 
within Elementary Sampling Units (ESUs) that approximate the extent of a pixel of the high 
spatial resolution imagery used for upscaling. Several within-ESU sampling strategies can be 
defined, depending on vegetation density and homogeneity, including square, cross, and 
transect patterns [5]–[7]. Once collected, alternative methods are then available to associate 
ESU-level in situ measurement values (i.e. RMs) to the high spatial resolution imagery itself. 
These methods include establishing empirical transfer functions, in addition to the inversion 
of radiative transfer models (RTMs) [5]–[10]. Using these methods, a high spatial resolution 
map of the LP of interest can be produced, which can then be aggregated to the required 
spatial resolution for the purposes of product validation (Figure 1). This transition from point-
based in-situ measurements to high spatial resolution imagery-based land product is called 
“upscaling”. 

 

 

Figure 1: Diagram illustrating the ‘two-stage’ or ‘bottom-up’ approach applied to derive LPs from RMs. 
 

2.3 Criteria for algorithm design 

Criteria for the design of the algorithm are outlined below: 

▪ Given the large number of LPs that are to be produced, the algorithm should be 
computationally efficient, enabling operational implementation; 

▪ The algorithm should be applicable over all vegetation types covered by the selected sites; 

▪ In addition to the value of each LP, quality indicators and quantitative estimates of 
uncertainty should be provided, allowing users to assess its fitness for purpose. 
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3 Description of the algorithm 

3.1 Algorithm outline 

A new method to derive LPs has been implemented as of V3.0 of the algorithm, based on 
feedback from the user community. Whilst LPs derived using V1.0 and V2.0 have proven useful 
for several validation exercises [11], [12], several shortcomings were also identified, including 
weak predictive power over some sites, limited extrapolation capabilities when transfer 
functions were applied to images acquired outside the time period represented in their 
training data, and poorly resolved seasonality in some cases [12]. Based on the approach 
described in [13] and incorporating several improvements, the V3.0 algorithm takes as input 
the RMs collected over a given site, in addition to a series of high spatial resolution images. 
Calibration functions are then derived between RMs and RTM-based retrievals, enabling high 
spatial resolution maps of each RM to be produced. Finally, these maps are aggregated and 
reprojected to the spatial resolution and product grid of the Copernicus Global Land Service 
products (Figure 2).  

 

Figure 2: Flow diagram illustrating the logic of the algorithm. 
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The use of calibrated RTM-based retrievals as opposed to vegetation index-based 
multitemporal transfer functions enables the impact of non-canopy factors that perturb the 
vegetation index-biophysical variable relationship to be reduced [14]. For example, as viewing 
and illumination angles are an explicit input, seasonal variations in sun-sensor geometry can 
be better accounted for, whilst the variety of soil spectra used in the RTM simulations helps 
reducing the impact of the soil background [14]. To maintain computational efficiency, a 
hybrid method using artificial neural networks (ANNs) trained with RTM simulations was 
selected as opposed to a pure inversion approach. This method is called SL2P for Simplified 
Level 2 Prototype Processor. 

3.1.1 Input 

The input to the algorithm consists of RMs 6, 7 and FCOVER (GBOV-ATBD-RM4-RM6-RM7), in 
addition to a series of high spatial resolution images over each of the selected sites. Landsat 
OLI and Sentinel2 MSI are the privilege high spatial resolution data used. When enough usable 
Sentinel 2 data is available for a site, Landsat 8 data is not used for the upscaling (refer to 
section 2.2). Since 2018, two Sentinel 2 satellites have been in orbit, so in most cases Sentinel 
2 data is sufficient. 

3.1.2 Output 

The output of the algorithm consists of at least 3 km x 3 km map of each LP. Along with the LP 
value, per-pixel quality indicators and uncertainty estimates are provided. LPs are provided in: 

▪ the native spatial resolution and projection of the imagery used for upscaling (20m) 

▪ a reduced spatial resolution of 300 m, in the native projection (only up to version 3.2) 

▪ a reduced spatial resolution of 300 m reprojected to the World Geodetic System 1984 
(WGS84) coordinate system (as used by the Copernicus Global Land Service products [15]). 

3.2 Algorithm changes from V2.0 

V3.0 of the LP generation algorithm introduced the following changes with respect to V2.0: 

• A new upscaling method has been implemented, using a radiative transfer model (RTM) 
based retrieval approach (the SL2P algorithm detailed in section 3.6.4) as opposed to 
vegetation index-based multitemporal transfer functions. In the new method, RMs are 
used to establish calibration functions, which enable biases in the raw RTM-based 
retrievals to be corrected for [13]; 

• A footprint matching procedure has been implemented in which RMs are related to the 
mean of a variable window of OLI/MSI pixels, whose size depends on the ESU 
measurement footprint at the site in question [13]; 

• To improve temporal consistency, the constraint for relating RMs to high spatial resolution 
imagery has been reduced from ± 7 days to ± 5 day [14]; 
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3.3 Changes in version 3 subversions 

The versions of Land Products delivered and available in the current database are v3.0, v3.1, 
v3.2, v3.3 and v3.4.0.  

The only difference between versions v3.0, v3.1 and v3.2 is the transfer function parameters. 
These are recalculated each year taking into account the new in-situ measurements collected 
which have enriched the database. 

The v3.0 to v3.2, a 95% confidence interval is provided and calculated as: 

𝑢𝐿𝑃 = 𝑡 ∗ 𝑠 ∗  √
1

𝑛
+

(𝑠𝑙2𝑝𝐿𝑃 − 𝑠𝑙2𝑝𝑚𝑒𝑎𝑛)2

(𝑛 − 1) ∗ (𝑠𝑙2𝑝𝑠𝑡𝑑)2
  

Where: 

▪ 𝑡 is the percentage point function of the students t test at 95% confidence. 

▪ 𝑠 is the standard estimates of the error derive from the calibration function of the SL2P 
extractions and RM values.  

▪ 𝑛 is the number of points used to derive the calibration function. 

▪ 𝑠𝑙2𝑝𝐿𝑃 is the SL2P biophysical variable at the pixel 

▪ 𝑠𝑙2𝑝𝑚𝑒𝑎𝑛 is the mean of the SL2P values used for deriving the calibration function 

▪ 𝑠𝑙2𝑝𝑠𝑡𝑑 is the standard deviation of the SL2P values used for deriving the calibration 
function 

▪ 𝑢𝐿𝑃 is the  95% confidence interval of the final Land Product 

Up to version 3.2, the procedure to derive the calibration function was derived through a basic 
Ordinary Least Square procedure. This procedure did not offer the possibility to account for 
neither X nor Y uncertainties.  

In preparation of version 3.3, several regression procedures have been investigated including 
Weighted Least Square (WLS) and Orthogonal Distance Regression (ODR). In both cases, the 
computed uncertainty on the regression coefficient (slope and intercept) are saved for the 
uncertainty propagation. 

▪ The Weighted Least Square procedure allows to account for the uncertainty on the 
Reference Measurements (RM). Indeed, the Weighted Least Square method takes as input 
a weight for each point. Here, a point is a matchup between a RM value and the 
corresponding SL2P’s retrieval overpassing this RM value. The weight for a point 𝑥 is then 

derived from the uncertainty of the corresponding RM and is computed as 𝑤𝑥 =
1

𝑢𝑥
2 where 

𝑢𝑥 is the uncertainty of this RM. 

▪ The Orthogonal Distance regression allows to account for the uncertainty on both the 
Reference Measurements and the SL2P’s retrievals (LAI, FAPAR and FCOVER). The same 
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way as for WLS, the weights are 𝑤𝑆𝐿2𝑃𝑥 =
1

𝑢𝑆𝐿2𝑃𝑥
2 for SL2P’s retrievals and 𝑤𝑅𝑀𝑥 =

1

𝑢𝑅𝑀𝑥
2 

for RMs. 

See section 3.8 for detailed uncertainty computations. For the V3.4.0 product release the 
Orthogonal Distance Regression approach was implememented where Weighted Least Square 
regression was implemented for v3.3 products. 

As v3.4.0 products are now derived from satellite data downloaded with S2GM (the Sentinel-
2 Global Mosaic Service), which was not the case prior v3.4.0, the parameters were 
recalculated on satellite data covering 2020-2024, (for some specific sites 2018-2024).  

 

Please note that the current database includes past subversions of version 3. A full archive 
reprocessing will be considered in 2025. 

3.4 Reference measurement (RM) processing 

3.4.1 Quality control 

Prior to the derivation of calibration functions, the quality indicators associated with each RM 
are applied to discard any spurious or suspect values. As of the current main version of the 
algorithm (V3.X), all flagged RMs are discarded. Further details on the RM quality indicators 
can be found in the ATBD for RMs 4, 6, 7 and FCOVER (GBOV-ATBD-RM4-RM6-RM7). 

3.4.2 Combining reference measurements (RMs) 

3.4.2.1 Case of NEON and GBOV sites. 

NEON and GBOV sites provide Reference Measurements derived from both the under and 
overstory processed using the Hemipy procedure [37] (further details can be found in the 
ATBD for RMs 4, 6, 7 and FCOVER, GBOV-ATBD-RM4-6-7 available on 
https://gbov.land.copernicus.eu/products/). In some cases like grasslands or croplands the 
sole understory is available. Where RMs derived from both upward and downward facing 
Digital Hemispherical Photo (DHP) images are provided in a single ESU (i.e. at forest sites 
where an overstory and understory is present), they are combined to obtain a single value. 
The combination strategy is specific to each RM, and is equivalent to the one adopted in the 
Validation of Land European Remote Sensing Instruments (VALERI) project [7] (Table 4). The 
uncertainties associated with the combined RMs are derived using uncertainty propagation 
calculations, assuming no correlation between uncertainties (Table 5). 
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Table 4: Combination strategies adopted where RMs derived from both upward and downward facing DHP 

images are provided in a given ESU. 

RM Combination strategy 

RM4: Tcanopy 𝑇𝑐𝑎𝑛𝑜𝑝𝑦 = 𝑇𝑐𝑎𝑛𝑜𝑝𝑦𝑢𝑝
− 𝑇𝑐𝑎𝑛𝑜𝑝𝑦𝑢𝑝

 (1 − 𝑇𝑐𝑎𝑛𝑜𝑝𝑦𝑑𝑜𝑤𝑛
) 

RM6: FIPAR 𝐹𝐼𝑃𝐴𝑅 = 𝐹𝐼𝑃𝐴𝑅𝑢𝑝 + (1 − 𝐹𝐼𝑃𝐴𝑅𝑢𝑝) 𝐹𝐼𝑃𝐴𝑅𝑑𝑜𝑤𝑛 

RM7: LAIe 𝐿𝐴𝐼𝑒 = 𝐿𝐴𝐼𝑒𝑢𝑝 + 𝐿𝐴𝐼𝑒𝑑𝑜𝑤𝑛 

RM7: LAI 𝐿𝐴𝐼 = 𝐿𝐴𝐼𝑢𝑝 + 𝐿𝐴𝐼𝑑𝑜𝑤𝑛 

FCOVER 𝐹𝐶𝑂𝑉𝐸𝑅 = 𝐹𝐶𝑂𝑉𝐸𝑅𝑢𝑝 + (1 − 𝐹𝐶𝑂𝑉𝐸𝑅𝑢𝑝) 𝐹𝐶𝑂𝑉𝐸𝑅𝑑𝑜𝑤𝑛 

 
 

Table 5: Uncertainty propagation calculations for combined RMs, where RMs derived from both upward and 
downward facing DHP images are provided in a given ESU. 

RM Uncertainty propagation calculation 

RM4: Tcanopy 𝑢(𝑇𝑐𝑎𝑛𝑜𝑝𝑦) = √[(1 − 𝑇𝑐𝑎𝑛𝑜𝑝𝑦𝑢𝑝
)  𝑢(𝑇𝑐𝑎𝑛𝑜𝑝𝑦𝑑𝑜𝑤𝑛

)]2 + [(1 − 𝑇𝑐𝑎𝑛𝑜𝑝𝑦𝑑𝑜𝑤𝑛
)  𝑢(𝐹𝐶𝑂𝑉𝐸𝑅𝑢𝑝)]2 

RM6: FIPAR 𝑢(𝐹𝐼𝑃𝐴𝑅) = √[(1 − 𝐹𝐼𝑃𝐴𝑅𝑢𝑝) 𝑢(𝐹𝐼𝑃𝐴𝑅𝑑𝑜𝑤𝑛)]2 + [(1 − 𝐹𝐼𝑃𝐴𝑅𝑑𝑜𝑤𝑛) 𝑢(𝐹𝐼𝑃𝐴𝑅𝑢𝑝)]2
 

RM7: LAIe 𝑢(𝐿𝐴𝐼𝑒) = √𝑢(𝐿𝐴𝐼𝑒𝑢𝑝
)2 + 𝑢(𝐿𝐴𝐼𝑒𝑑𝑜𝑤𝑛

)2 

RM7: LAI 𝑢(𝐿𝐴𝐼) = √𝑢(𝐿𝐴𝐼𝑢𝑝)2 + 𝑢(𝐿𝐴𝐼𝑑𝑜𝑤𝑛)2 

FCOVER 𝑢(𝐹𝐶𝑂𝑉𝐸𝑅) = √[(1 − 𝐹𝐶𝑂𝑉𝐸𝑅𝑢𝑝) 𝑢(𝐹𝐶𝑂𝑉𝐸𝑅𝑑𝑜𝑤𝑛)]2 + [(1 − 𝐹𝐶𝑂𝑉𝐸𝑅𝑑𝑜𝑤𝑛) 𝑢(𝐹𝐶𝑂𝑉𝐸𝑅𝑢𝑝)]2 

 

3.4.2.2 ICOS sites  

ICOS (Integrated Carbon Observation System) has a different DHP acquisition protocol. DHPs 
are only acquired on forest sites for overstory. ICOS sites RMs are also derived using the 
Hemipy procedure [37]. 

The LPs over ICOS are therefore derived from the sole overstory component. 
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3.5 Processing of high spatial resolution imagery 

3.5.1 Data sources 

To minimise the impact of cloud cover and extend the time-series of LPs, both Landsat 8 OLI 
and Sentinel-2 MSI data are used in synergy for LP production. These data are freely available, 
incorporate spectral bands that are sensitive to the biophysical variables of interest, and are 
provided at a spatial resolution that closely matches the extent of the ESUs over which RMs 
are computed (20 m to 30 m). As imagery collected at different dates and times is to be utilised 
within the algorithm and surface reflectance values are required by the RTM-based retrieval 
approach (SL2P), only L2 products, which have been corrected for geometric, radiometric, and 
atmospheric effects, are considered. These L2 products are produced using standard 
operational pre-processing algorithms – namely the Landsat Surface Reflectance Code (LaSRC) 
in the case of OLI [19], [20], and Sen2Cor in the case of MSI [21]. For OLI data, Collection 2 
products are used. For MSI, ESA-produced L2A products are used from December 2018 
onwards. Prior to December 2018 (when systematic global L2A production began), L1C 
products are processed to L2A using Sen2Cor 2.5.5. 

3.5.2 Computation of OLI viewing and illumination angles 

Whilst L2 MSI products are accompanied with bands providing the viewing and illumination 
geometry, L2 OLI products are not. However, an angle coefficient metadata file is available, 
enabling per-pixel viewing and illumination angles to be computed. This is achieved by means 
of the Landsat 8 Angles Creation Tool [22]. 

3.5.3 Satellite pixels filtering 

Prior to use of the high spatial resolution imagery, the quality indicators provided by LaSRC 
and Sen2Cor are applied to discard pixels contaminated by cloud, cloud shadow, water, and 
snow/ice. Thus, only clear, valid pixels are considered. 

3.5.4 Execution of the Simplified Level 2 Prototype Processor 

From OLI and MSI surface reflectance values (and associated viewing/illumination angles), LAI, 
FAPAR and FCOVER are retrieved with the Simplified Level 2 Prototype Processor (SL2P) 
described by [23]. SL2P is a hybrid retrieval algorithm that uses artificial neural networks 
(ANNs) trained with simulations from the coupled Leaf Optical Properties Spectra (PROSPECT) 
[24], [25] and Scattering by Arbitrarily Inclined Leaves (SAIL) [26], [27] RTMs. Whilst originally 
designed for MSI data [23], a version of SL2P compatible with OLI data is also now available 
[28]. Recent validation efforts have shown SL2P’s retrievals to be consistently biased, meaning 
that calibration functions based on the RMs can successfully be used to correct for these 
biases [13], [29]. In addition to estimates of biophysical variables, SL2P provides quality flags 
to identify retrievals where the inputs or outputs are outside the range of the training 
database. Flagged retrievals are excluded from further analysis. 
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3.5.5 Derivation of calibration functions 

In order to derive calibration functions, RMs are matched to OLI/MSI pixels on the basis of 
location and the date of sampling. A temporal constraint of ± 5 days is imposed to ensure 
stability in vegetation conditions [13], [29]. All available L2A MSI scenes (and Collection 2 L2 
OLI when necessary) are considered, provided that the pixels associated with each RM are not 
discarded when the quality indicators are applied (Section 3.7). To ensure a consistent spatial 
support, the footprint matching approach described in [13] is adopted. RMs are compared 
with the mean of a variable window of OLI/MSI pixels, whose size is determined according to 
the ESU measurement footprint at each site. Footprints are calculated by assuming that the 
DHP-derived RMs were acquired at shoulder height (1.5 m above the ground) and according 
to the mean canopy height of the site, such that 

2 ℎ tan 𝜃 + 𝑙 

where ℎ is the height between the top of the canopy and the camera (or the ground in the 
case of sites with only downwards-facing images), 𝜃 is the maximum zenith angle of the 
measurement, and 𝑙 is the one-sided length of the ESU. The smallest, odd window size 
containing the entire ESU measurement footprint is selected (Table 6). 

 
Table 6: ESU measurement footprints and associated window sizes used to match RMs with OLI and MSI 

pixels. 

Site 
code 

Mean canopy 
height (m) 

Measurement footprint 
(m) 

OLI window 
size 

MSI window 
size 

BART 23 67.5 3 5 

BLAN 1 4.7 1 3 

CPER 0.4 4.7 1 3 

DSNY 1.5 4.7 1 3 

GUAN 10 26.7 3 3 

HARV 26 76.9 5 5 

JERC 27 80.1 5 7 

JORN 0.4 4.7 1 3 

MOAB 0.2 4.7 1 3 

NIWO 0.2 4.7 1 3 

ONAQ 1.2 4.7 1 3 

ORNL 28 83.2 5 7 

OSBS 23 67.5 3 5 

SCBI 35 105.2 5 7 

SERC 38 114.6 5 7 

STEI 5.5 12.6 3 3 
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STER 1 4.7 1 3 

TALL 25 73.8 5 5 

UNDE 24 70.6 5 5 

WOOD 1 4.7 1 3 

DELA 30 89.5 5 7 

LAJA 0.4 4.7 1 3 

SRER 2 4.7 1 3 

KONA 1.5 4.7 1 3 

Having created a database of RMs and associated SL2P LAI, FAPAR, and FCOVER retrievals, 
calibration functions are derived using Orthogonal Distance Regression (ODR). The ODR fit 
computes the coefficients by minimising the sum of squared orthogonal distances between 
each data point and the model. The uncertainties are accounted for into the weight of each 
point along the corresponding axis (i.e. the RM axis and the LP axis) and are expressed as 

𝑤𝑆𝐿2𝑃𝑥 =
1

𝑢𝑆𝐿2𝑃𝑥
2 for SL2P’s retrievals and 𝑤𝑅𝑀𝑥 =

1

𝑢𝑅𝑀𝑥
2 for RMs. 

Linear calibration functions are adopted, as SL2P’s retrievals are expected to be linearly 
related to the RMs. This expectation has been confirmed by previous validation exercises [13], 
[28], [29]. Owing to the assumptions of SL2P’s retrieval scheme, previous work has 
demonstrated differing biases over these canopy types [29], [30]. Ideally, calibration function 
specific to vegetation type might provide a better upscaling function. However, as there were 
few matchups between RMs and SL2P’s retrievals for some vegetation types, it is not possible 
to process one calibration function per vegetation type, only three separate calibration 
functions are then derived. One for homogeneous (cultivated crops, grassland/herbaceous, 
pasture/hay, shrub/scrub) canopies on NEON sites, one for heterogeneous (deciduous forest, 
evergreen forest, mixed forest and woody wetlands) canopies on NEON and GBOV sites and 
one for ICOS sites which are all sites with heterogeneous canopies. Two distinct transfer 
functions are derived for NEON and GBOV heterogenous forest sites and ICOS heterogeneous 
forest sites, as RMs on ICOS sites are derived using only overstory DHPs and the RMs on NEON 
sites are derived using overstory and understory DHPs.  

The following figures represents the calibration functions derived from ICOS (heterogeneous 
sites) and NEON/GBOV for both the homogeneous and heterogeneous sites. In each case, 
three regression lines are plotted: the original transfer function used prior v3.3 (OLS) not 
taking into account the variable uncertainties and calculated with the Ordinary Least Square 
regression, the WLS and the ODR regression. 
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Homogeneous Heterogeneous 

  

Figure 3: LAI transfer functions for NEON and GBOV 

Homogeneous Heterogeneous 

  

Figure 4: FAPAR transfer functions for NEON and GBOV 

Homogeneous Heterogeneous 

  

Figure 5: Fcover transfer functions for NEON and GBOV 
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Figure 6: ICOS transfer functions for LAI (top left), FAPAR (top right) and FCOVER (bottom) 

As mentioned in section 3.4, the Weighted Least Squares (WLS) and the Orthogonal Distance 
Regression (ODR) methods to compute the Transfer Functions take into account the 
uncertainty of the inputs. WLS method takes into account the uncertainties of the RMs and 
ODR takes into account both the uncertainties of the RMs and the SL2P’s retrievals. In those 
graphs, those uncertainties are displayed as the vertical (for RMs uncertainties) and horizontal 
(for the SL2P’s retrievals uncertainties) lines. 

The three ways (OLS, WLS and ODR) of fitting the transfer functions are plotted on those four 
figures and labelled in the legends. We can therefore notice significant differences between 
the results of those three fitting methods. As OLS does not account for any of the 
uncertainties, this solution has been replaced in V3.3 and V3.4.0. In the other hand, ODR is 
the only fitting method that takes into account all the uncertainties, V3.4.0 products were 
then derived using it. 

It is worth noting that these transfer functions were derived on specific sites mostly in North 
America and Europe (also a few in Australia), there is no insurance that they will work on 
other areas. Those transfer functions were optimized for those specific sites and were not 
designed to be used in different conditions. 
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3.6 Application of calibration functions to derive land products (LPs) 

For each LP and canopy type, the corresponding calibration function is selected and, following 
the recommendations of the CEOS WGCV LPV sub-group, applied to successive SL2P’s 
retrievals to derive a time series of high spatial resolution reference maps [6]. The selection 
of the calibration function is made at site-level and the same calibration is applied on each 
pixel of the site. In applying the calibration functions, only clear, valid pixels are considered 
(Section 3.7). Unvalid pixels are set to NaN, and the extent of each map is limited to a 3 km x 
3 km area covering the site. The derived LP values are constrained within physical and/or 
practical minima and maxima (Table 7). 

 
Table 7: Physical and/or practical minima and maxima within which derived LP values are constrained. 

LP Minimum Maximum 

LP3: LAI 0 10 

LP4: FAPAR 0 1 

LP5: FCOVER 0 1 

3.7 Quality indicators and flags derivation 

In addition to the LP values themselves, quality indicators are provided to allow users to assess 
their fitness for purpose.  

First, to allow the user to estimate the quality of the transfer functions, performance metrics 
are given. The performance of the calibration function used to derive each LP is assessed using 
leave-one-out cross validation for prior v3.3 products, which provides information on how 
well it is likely to generalise to new observations [31]. For v3.3 and v3.4.0 products, the 
performance metrics are estimated during the regression taking account for the uncertainties 
of the training dataset. Three performance metrics are calculated: the coefficient of 
determination (R2), the root mean square error (RMSE), and the relative root mean square 
error (RRMSE) (Table 8). These statistics are provided in the README files associated with 
each LP, as are various descriptive statistics on the data used to establish the calibration 
function itself. 

 
Table 8: Performance metrics calculated using leave-one-out cross validation, where �̂�𝒊 is the predicted 
value, 𝒚𝒊 is the observed value, 𝒚 is the mean of observed values, and 𝒏 is the number of observations. 

Performance metric Formula 

Coefficient of determination (R2) 𝑅2 = 1 −
∑ (𝑦𝑖 − 𝑦�̂�)

2𝑛
𝑖=1

∑ (𝑦𝑖 − 𝑦)2𝑛
𝑖=1

 

Root mean square error (RMSE) 𝑅𝑀𝑆𝐸 = √
∑ ( �̂�𝑖 − 𝑦𝑖)2𝑛

𝑖=1

𝑛
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Relative RMSE (RRMSE) 𝑅𝑅𝑀𝑆𝐸 =
𝑅𝑀𝑆𝐸

𝑦
 

 

Second, per-pixel quality indicators are provided to identify pixels where LP values are 
computed by extrapolating beyond the range of the dataset used to establish the calibration 
function. Indeed, the transfer functions were calibrated on a certain range of values for the 
SL2P’s retrievals, they then must be used only with inputs included in this range. In the same 
way, the transfer functions were calibrated in a certain range of values for the RMs. If the 
outputs produced by the transfer function is outside this RMs values range, it must be flagged. 
In the end, if the input given to the transfer function is outside of the range covered during 
the calibration, the output is flagged as “input out range” and if the output produced by the 
transfer function is outside of the range covered during the calibration, this output is flagged 
as “output out of range”.  

Third, by the same logic, transfer functions were calibrated over a certain period of the year. 
It is essential to apply the transfer function on SL2P’s retrieval computed on satellite data 
acquired during this specific period. The period of the year covered by the transfer function 
used for computing the Land Product and a flag that indicates if the LP is “out of temporal 
training range” are given in the README file related to that LP. 

Finally, a visual quality control is made on Land Products to manually flag the ones with 
suspicious values. To do so, a time series is computed for each site, each point is a mean of 
the 9 pixels covering a 3 by 3 pixel zone in the center of the corresponding LP. Doing so, large 
jumps or falls (which could be due to clouds, water, snow that may have been incorrectly 
classified as vegetation) can be easily identified and removed from the database.  

3.8 Uncertainties derivation 

In addition to the LP values and their associated quality indicators, estimates of uncertainty 
are provided. 

Prior to v3.3, per-pixel estimates of LP uncertainty are provided as corresponding to the 95% 
confidence interval associated with the calibration function used to derive each LP value. 

For v3.3 onward, the uncertainty was computed based on the Guide to the Expression of 
Uncertainty in Measurement (GUM) [35] approach. The GUM has been proposed by the joint 
committee for guides in metrology and widely used for traceability and uncertainty 
assessments in measurements.  

High spatial resolution land products (LPs) are generated by applying a linear calibration 
function between individual RMs and the corresponding SL2P’s retrievals. The function to be 
fitted can be written as: 

 

𝑋𝑅𝑀 = 𝑓(𝑋𝑆𝐿2𝑃) = 𝐴𝑋 ∗ 𝑋𝑆𝐿2𝑃 + 𝐵𝑋 
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where X can either be LAI, FAPAR or FCOVER, as derived from RMs (𝑋𝑅𝑀) or from SL2P (𝑋𝑆𝐿2𝑃), 
and 𝐴𝑋 and 𝐵𝑋 are the fitting coefficients corresponding to the variable X. 

There are three different transfer functions (one for forest NEON/GBOV sites, one for 
croplands and grasslands NEON/GBOV sites and one for ICOS sites) but the same method is 
used for the three. In order to account for uncertainties propagation in the LP generation 
process, we use the Orthogonal Distance Regression (ODR) for the calibration, which enables 
uncertainties in response variables (RMs) and in predicted variables (LPs) to be accounted for 
in the computations of the regression coefficients by minimising the sum of squared 
orthogonal distances between each data point and the model. 

Subsequently, for each classes, scenes, and LPs, the fit between RMs and SL2P’s retrievals 
generates uncertainties on the fitting coefficients 𝑢(𝐴𝑋) and 𝑢(𝐵𝑋), which can be used along 

with the uncertainties generated by SL2P 𝑢(𝑋𝑆𝐿2𝑃) to compute the uncertainties on LPs as 
described in equation above of [35]: 

 

𝑢(𝑋𝐿𝑃)2 =  (
𝜕𝑓

𝜕𝐴𝑋
)

2

𝑢(𝐴𝑋)2 +  (
𝜕𝑓

𝜕𝑋𝑆𝐿2𝑃
)

2

𝑢(𝑋𝑆𝐿2𝑃)2 +  (
𝜕𝑓

𝜕𝐵𝑋
)

2

𝑢(𝐵𝑋)2 

 

which, applied to the previous equation, leads to: 

 

𝑢(𝑋𝐿𝑃) =  √𝑋𝑆𝐿2𝑃
2. 𝑢(𝐴𝑋)2 + 𝐴𝑋

2. 𝑢(𝑋𝑆𝐿2𝑃)2 + 𝑢(𝐵𝑋)2 

 

3.9 Aggregation and reprojection of land products (LPs) 

Aggregated LPs are produced at a reduced spatial resolution of 300 m and reprojected to the 
World Geodetic System 1984 (WGS84) coordinate system used by the Copernicus Global Land 
Service products [15]. For the continuous LP values and per-pixel uncertainties, mean value 
downsampling is adopted. An additional band is included to inform the user of the percentage 
of valid native spatial resolution pixels used in aggregation, so that a threshold may be applied 
if desired. Pixels flagged as “input out of range” or “output out of range” are ignored during 
the downsampling of the LP values and uncertainties and are considered as unvalid for the 
computation of the “percentage of valid native spatial resolution pixels used in aggregation” 
layer. Note that the aggregated per-pixel uncertainties represent a pessimistic estimate, as 
aggregation will reduce the random component of uncertainty as a function of the number of 
pixels aggregated [32]–[34]. The aggregation of the “output out of range” and the “input out 
of range” layers is made using the modal function. 
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4 Discussion 

4.1 Transfer function discussion 
As previously mentioned in section 3.6.5 Derivation of calibration functions, the transfer 

functions given in the Land Products 3, 4 and 5 were only calibrated to be used in the same 
conditions of their calibration. Indeed, no test or validation was made on other locations than 
the GBOV sites, or on other period of the year than the one covered by the RMs and SL2P’s 
retrievals matchups. Indeed, the validity of the transfer function is restricted to the sites used 
within GBOV and their performance may not be reliable over other vegetation types, for 
instance tropical forests, tundras or mangroves. For those reasons, the given transfer 
functions are only meant to be used: 

• on the corresponding GBOV sites, which means the heterogeneous transfer function 
for forests sites that are not ICOS sites, the homogeneous transfer function for the 
grasslands and croplands sites and the ICOS transfer function for the ICOS sites. 

• on the ranges covered by the RMs values and SL2P’s retrieval values used for the 
calibration. This is why Land Products processed with values outside of those ranges 
are immediately flagged as “input out of range” or “output out of range” 

• on the period of the year covered by the matchups 

4.2 Aggregation methods discussion 
The aggregation of the Land Products from the native high resolution (which is 

approximately 20 to 30 meters) to the CGLS resolution (which is around 300 meters) is made 
using the modal function for the flags and the mean function for the values and the 
uncertainties. When the LP values are aggregated with the mean function, a significant part 
of their variability is lost during the process but by making a mean to aggregate the uncertainty 
at the same time, this loss of variability is not expressed in the uncertainty. By doing so, the 
uncertainty in the CGLS resolution pixels is very pessimistic compared to the one in the high-
resolution pixels.  

Finally, the aggregation gives a value to each low-resolution pixel that are covering at least 
a portion of a valid native spatial resolution pixel. This means that a low-resolution pixel can 
have a value that is representative of a very small portion of the area covered by this pixel. 
Therefore, it is essential to take into account the “valid native spatial resolution pixels used in 
aggregation (%)” layer. It is recommended to only use for validation the pixels with a “valid 
native spatial resolution pixels used in aggregation” percentage higher than 50%. Below this 
percentage, it is estimated that the pixel value is not representative of the zone it is covering. 
Moreover, a low percentage could be due to the fact that most of the pixels are flagged due 
to clouds, water, snow or town. We know that those filters are not pixel-perfect and the pixels 
close to those flagged zones can be outliers that should have been flagged. Knowing that, a 
low-resolution pixel aggregated with a low valid high resolution pixels percentage should be 
considered with caution. 



 

GBOV 

ATBD – LP3, LP4, LP5 

Ref.: GBOV_ATBD_LP3-LP4-LP5 

Version: 3.2 

Date: 11/12/2024 

Page: 25 

 

 © 2017-2024 ACRI-ST  
 

5 Recommendations for use of land products (LPs) 

Users are advised to consider the following points when analysing LPs 3, 4 and 5: 

• LP values where the input or output is out of range (cf Section 3.8 and 4.1) should be 
treated with caution, as they are generated by extrapolating beyond the range of the 
dataset used to establish the calibration function. It is recommended that such LP values 
are masked before undertaking further analysis; 

• LPs generated from high spatial resolution imagery acquired outside of the season used to 
establish the calibration function should be treated with caution. The minimum and 
maximum day of year (DOY) associated with an LP’s calibration function can be found in 
its README file. It is recommended that LPs generated from high spatial resolution 
imagery acquired outside of this range should not used in validation exercises; 

• Because aggregation will reduce the random component of uncertainty as a function of 
the number of pixels aggregated, per-pixel uncertainties associated with aggregated LPs 
will be pessimistic; 

• When using aggregated LPs, a threshold on the percentage of valid native spatial 
resolution pixels used in aggregation should be applied. It is recommended that only LP 
values where at least 50% of the corresponding native resolution pixels are valid are 
used in validation exercises (cf section 4.2). A higher threshold may be desired depending 
on the application; 

• Because the RMs used to derive LPs may be sensitive to all elements of the canopy, 
attention should be paid to the definitions of RMs and LPs when interpreting the results 
of validation exercises and comparing with other sattelite land products; 

• The Transfer Functions were computed on specific sites, they are not meant to be used 
on other areas, we indeed never checked them on other areas (cf section 3.6.5 and 4.1) 
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