
Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

 

 

 

Copernicus Global Land Operations 
“Vegetation and Energy” 

”CGLOPS-1” 
Framework Service Contract N° 948120 – IPR - 2023 

 

ALGORITHM THEORETICAL BASIS DOCUMENT 
 

 

 

BRDF MODEL RETRIEVAL FROM SENTINEL-3 AND PROBA-V 

VERSION 1.6 

 
 

 

Issue I1.30 
 

 

 

Organization name of lead contractor for this deliverable: VITO 

 

Book Captain: Jonathan León-Tavares  

Contributing Authors: Dominique De Munck 

  



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 2 of 61 

 

 

 

  

Dissemination Level 
PU Public X 
PP Restricted to other programme participants (including the Commission Services)  
RE Restricted to a group specified by the consortium (including the Commission Services)  
CO Confidential, only for members of the consortium (including the Commission Services)  



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 3 of 61 

 

 

Document Release Sheet 
 

 

Book captain: Jonathan León Tavares Sign  Date 25.09.2025 

Approval:  Sign  Date  

Endorsement: Nadine Gobron Sign Date 

Distribution: Public 

 

  



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 4 of 61 

 

 

Change Record 
 

 

Date Page(s) Description of Change Release 

19.06.2020 All First issue I1.00 

25.03.2022 
14-16 38-39 
43, 47, 51 

Update after external review l1.10 

22.09.2023 All Update to reflect v1.6 of the algorithm.  I1.20 

25.09.2025 All 
Add clarifications about TOC uncertainties 
and solar zenith angles 

I1.30 

    

    

    

 

 

 

  



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 5 of 61 

 

TABLE OF CONTENTS 
 

Executive Summary .................................................................................................................... 13 

1 Background of the document .............................................................................................. 14 

1.1 Scope and Objectives ............................................................................................................... 14 

1.2 Content of the document ......................................................................................................... 14 

1.3 Related documents .................................................................................................................. 14 
1.3.1 Applicable documents ................................................................................................................................ 14 
1.3.2 Input ............................................................................................................................................................ 14 
1.3.3 Output ......................................................................................................................................................... 15 
1.3.4 External documents .................................................................................................................................... 15 

2 Input data ........................................................................................................................... 16 

2.1 Sentinel-3 data ......................................................................................................................... 16 

2.2 PROBA-V Collection 2 data ....................................................................................................... 16 

2.3 Auxiliary data ........................................................................................................................... 16 

3 Methodology description .................................................................................................... 20 

3.1 History of the algorithm ........................................................................................................... 20 

3.2 BRDF descriptors retrieval ........................................................................................................ 21 
3.2.1 Assemblage (A) ........................................................................................................................................... 22 
3.2.2 BRDF model (B1) ......................................................................................................................................... 25 
3.2.3 Inversion (B2) .............................................................................................................................................. 26 
3.2.4 Quality control (B3) ..................................................................................................................................... 33 

3.3 BRDF adjusted reflectance (TOCR) ............................................................................................ 36 
3.3.1 BRDF adjustment (C1) ................................................................................................................................. 38 
3.3.2 Quality control (C2) ..................................................................................................................................... 39 

3.4 Evaluation of the algorithm performance ................................................................................. 41 

3.5 Difference with previous version v1.3 ...................................................................................... 52 

3.6 Limitations ............................................................................................................................... 55 

3.7 Risk of failure and mitigation measures .................................................................................... 56 

4 Copernicus BRDF data (CBD) products ................................................................................. 57 

5 References ........................................................................................................................... 59 

 



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 6 of 61 

 

 

List of Figures 

Figure 1: Flow diagram of the BRDF retrieval algorithm correction algorithm. See inner caption for a brief 
explanation of each stage.  It should be noticed that the processing is applied independently to each pixel 
and spectral band. .................................................................................................................................... 22 

Figure 2: Cross validation function for a pixel near Snargate (see site coordinates at top of Figure 3).  The fit 
provided by a linear interpolation is plotted with dashed line. The cross validation function shown is the 
logarithm of scaled absolute difference (Sentinel-3 Oa17 ReBeLS predicted - Band2 MODIS 
MOD09GA) reflectances as a function of the regularisation parameter. ................................................ 31 

Figure 3: Top panel: Observed MOD09GA Band2 and ReBeLS Oa17 predicted reflectances for a pixel near 
Snargate, England. These time series are colour and symbol coded as shown in the legend. Bottom panel: 
Difference between observed MOD09GA Band2 and ReBeLS Oa17 predicted reflectances. The mean 
difference is shown with dashed line. Most of differences are within ±1σ (yellow band), where σ is the 
standard deviation. ................................................................................................................................... 32 

Figure 4: Continuation of diagram flow shown in Figure 1. Stage TOCR allows to compute BRDF adjusted 
reflectances (TOCR) based on BRDF descriptors retrieved in stage B3 and solar zenith angle at 12:00 pm 
local time. ................................................................................................................................................ 36 

Figure 5: Diagram flow for the computation of TOCR. Structured layers aim to represent an example where a 
3x3 pixel window is processed. The BRDF retrievals  (and their variances) are represented as data cubes 
because there are 3 BRDF descriptors retrieved: kiso, kvol, kgeo with variances σ2kiso,σ2kvol,σ2kgeo 
respectively. The Ross_thick and Li_sparse_reciprocal BRDF kernels for the Sun-viewing common 
configuration are shown as avol and ageo, respectively. The uncertainty associated to the TOCR estimates 
is denoted as σTOCR while QUIL+ is the input QUIL layer with an added bit to identify pixels for which 
TOCR values are out of a physically believable range (i.e. [0,1]). ......................................................... 37 

Figure 6: Temporal evolution of retrieved BRDF descriptors (top panel) and BRDF adjusted reflectance 
(bottom panel) for a pixel near Valencia (this site is also known as Albufera and is a cultivated area), 
Spain – see geographical coordinates at the top of the figure. The temporal trajectories of both BRDF 
descriptors and adjusted reflectances are obtained for OLCI spectral band Oa08 (RED spectral range). 
The bottom panel shows as a reference the MODIS band1 (RED) MCD43A4 (Nadir BRDF adjusted 
reflectances -- NBAR) time series for the same site. The type of BRDF descriptors retrieved is colour 
coded as shown in the legend of top panel. The time series of BRDF adjusted reflectances are colour and 
symbol coded as shown in the legend of the bottom panel. The quality information layer (QUIL – for 
details see section 3.2.4) for the BRDF retrievals is overlaid on the top panel where corresponding QUIL 
values can be found in the left y-axis. The latter also applies for the bottom panel, albeit for the TOCR 
QUIL (see section 3.3.2 for details). The error bars shown in both panels correspond to the uncertainties 
estimated as described in section 3.2.3  and 3.3.1. .................................................................................. 42 

Figure 7: Same as in Figure 6 but for Sentinel-3 OLCI Oa17 spectral band ( NIR). The bottom panel shows as 
a reference the MODIS band2 (NIR) MCD43A4 NBAR time series for the same location. .................. 43 



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 7 of 61 

 

Figure 8: Same layout as Figure 7 but for a  PROBA-V 333m pixel near Starbroek, Belgium – see geographical 
coordinates at the top of the figure. ......................................................................................................... 44 

Figure 9: Same layout as in Figure 6 but for a Sentinel-3 pixel near Snargate, England – see geographical 
coordinates at the top of the figure. ......................................................................................................... 45 

Figure 10 Temporal evolution of OLCI Oa08 TOC reflectance observed and BRDF adjusted for a pixel near 
Snargate (England – see Figure 9). The type of reflectance datasets is colour and symbol coded as shown 
in the legend. ........................................................................................................................................... 46 

Figure 11: Same layout as in Figure 6 but for a pixel near Sodankyla, Finland – see geographical coordinates 
at the top of the figure. ............................................................................................................................ 47 

Figure 12: Layout is the same as in Figure 6 but for a pixel near Gandia, Spain (see geographical coordinates 
at the top of the figure). On 8th of August 2018 a massive burning of vegetation was reported in a region 
surrounding this pixel. A sharp drop in Oa17 BRDF adjusted reflectance around this date is evident. . 48 

Figure 13. Same as Figure 12 but for a PROBA-V pixel. ............................................................................... 49 

Figure 14: RGB image of the  Oa17 BRDF descriptors retrieved for 3rd June 2019. The colour channels are as 
follows: R: kiso , G: kvol, B: kgeo. ........................................................................................................ 50 

Figure 15: Temporal evolution of Oa17 BRDF adjusted reflectance (TOCR) for tile X17Y03. The BRDF 
adjusted reflectance time series at tile scale follows the expected phenological cycle for this geographical 
region. ...................................................................................................................................................... 51 

Figure 16. Same layout as Figure 15 but for PROBA-V data on tile X19Y03. .............................................. 52 

Figure 17. BRDF-adjusted surface reflectance temporal evolution for a pixel near station Landval 133. Bottom 
and top panels show the BRDF-adjusted reflectance obtained from ReBeLS v01.3 and v1.6, respectively. 
Datasets are colour coded, as shown in the legend. ................................................................................. 54 

Figure 18. Same layout as Figure 17 but for Landval 631 station. .................................................................. 55 

 

Figure 1: Flow diagram of the BRDF retrieval algorithm correction algorithm. See inner caption for a brief 
explanation of each stage.  It should be noticed that the processing is applied independently to each pixel 
and spectral band. .................................................................................................................................... 22 

Figure 2: Cross validation function for a pixel near Snargate (see site coordinates at top of Figure 3).  The fit 
provided by a linear interpolation is plotted with dashed line. The cross validation function shown is the 
logarithm of scaled absolute difference (Sentinel-3 Oa17 ReBeLS predicted - Band2 MODIS 
MOD09GA) reflectances as a function of the regularisation parameter. ................................................ 31 

Figure 3: Top panel: Observed MOD09GA Band2 and ReBeLS Oa17 predicted reflectances for a pixel near 
Snargate, England. These time series are colour and symbol coded as shown in the legend. Bottom panel: 
Difference between observed MOD09GA Band2 and ReBeLS Oa17 predicted reflectances. The mean 
difference is shown with dashed line. Most of differences are within ±1σ (yellow band), where σ is the 
standard deviation. ................................................................................................................................... 32 



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 8 of 61 

 

Figure 4: Continuation of diagram flow shown in Figure 1. Stage TOCR allows to compute BRDF adjusted 
reflectances (TOCR) based on BRDF descriptors retrieved in stage B3 and solar zenith angle at 12:00 am 
local time. ................................................................................................................................................ 36 

Figure 5: Diagram flow for the computation of TOCR. Structured layers aim to represent an example where a 
3x3 pixel window is processed. The BRDF retrievals  (and their variances) are represented as data cubes 
because there are 3 BRDF descriptors retrieved: kiso, kvol, kgeo with variances σ2kiso,σ2kvol,σ2kgeo 
respectively. The Ross_thick and Li_sparse_reciprocal BRDF kernels for the Sun-viewing common 
configuration are shown as avol and ageo, respectively. The uncertainty associated to the TOCR estimates 
is denoted as σTOCR while QUIL+ is the input QUIL layer with an added bit to identify pixels for which 
TOCR values are out of a physically believable range (i.e. [0,1]). ......................................................... 37 

Figure 6: Temporal evolution of retrieved BRDF descriptors (top panel) and BRDF adjusted reflectance 
(bottom panel) for a pixel near Valencia (this site is also known as Albufera and is a cultivated area), 
Spain – see geographical coordinates at the top of the figure. The temporal trajectories of both BRDF 
descriptors and adjusted reflectances are obtained for OLCI spectral band Oa08 (RED spectral range). 
The bottom panel shows as a reference the MODIS band1 (RED) MCD43A4 (Nadir BRDF adjusted 
reflectances -- NBAR) time series for the same site. The type of BRDF descriptors retrieved is colour 
coded as shown in the legend of top panel. The time series of BRDF adjusted reflectances are colour and 
symbol coded as shown in the legend of the bottom panel. The quality information layer (QUIL – for 
details see section 3.2.4) for the BRDF retrievals is overlaid on the top panel where corresponding QUIL 
values can be found in the left y-axis. The latter also applies for the bottom panel, albeit for the TOCR 
QUIL (see section 3.3.2 for details). The error bars shown in both panels correspond to the uncertainties 
estimated as described in section 3.2.3  and 3.3.1.   ................................................................................ 42 

Figure 7: Same as in Figure 6 but for Sentinel-3 OLCI Oa17 spectral band ( NIR). The bottom panel shows as 
a reference the MODIS band2 (NIR) MCD43A4 NBAR time series for the same location. .................. 43 

Figure 8: Same layout as Figure 7 but for a  PROBA-V 333m pixel near Starbroek, Belgium – see geographical 
coordinates at the top of the figure. ......................................................................................................... 44 

Figure 9: Same layout as in Figure 6 but for a Sentinel-3 pixel near Snargate, England – see geographical 
coordinates at the top of the figure. ......................................................................................................... 45 

Figure 10 Temporal evolution of OLCI Oa08 TOC reflectance observed and BRDF adjusted for a pixel near 
Snargate (England – see Figure 9). The type of reflectance datasets is colour and symbol coded as shown 
in the legend. ........................................................................................................................................... 46 

Figure 11: Same layout as in Figure 6 but for a pixel near Sodankyla, Finland – see geographical coordinates 
at the top of the figure. ............................................................................................................................ 47 

Figure 12: Layout is the same as in Figure 6 but for a pixel near Gandia, Spain (see geographical coordinates 
at the top of the figure). On 8th of August 2018 a massive burning of vegetation was reported in a region 
surrounding this pixel. A sharp drop in Oa17 BRDF adjusted reflectance around this date is evident. . 48 

Figure 13. Same as Figure 12 but for a PROBA-V pixel. ............................................................................... 49 



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 9 of 61 

 

Figure 14: RGB image of the  Oa17 BRDF descriptors retrieved for 3rd June 2019. The colour channels are as 
follows: R: kiso , G: kvol, B: kgeo. ........................................................................................................ 50 

Figure 15: Temporal evolution of Oa17 BRDF adjusted reflectance (TOCR) for tile X17Y03. The BRDF 
adjusted reflectance time series at tile scale follows the expected phenological cycle for this geographical 
region. ...................................................................................................................................................... 51 

Figure 16. Same layout as Figure 15 but for PROBA-V data on tile X19Y03. .............................................. 52 

Figure 17. BRDF-adjusted surface reflectance temporal evolution for a pixel near station Landval 133. Bottom 
and top panels show the BRDF-adjusted reflectance obtained from ReBeLS v01.3 and v1.6, respectively. 
Datasets are colour coded, as shown in the legend. ................................................................................. 54 

Figure 18. Same layout as Figure 17 but for Landval 631 station. .................................................................. 55 

 

  



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 10 of 61 

 

List of Tables 

 

Table 1: Layers of MCD43P files. The mean and variances (𝛔𝛔𝛔𝛔) are computed from a MCD43A1 and 
MCD43A2 MODIS climatology assembled for a period between 01Jan2013 and 31Dec2019. ............ 18 

Table 2: Characteristics of the MCD43P files ................................................................................................. 18 

Table 3. Goodness of fit status ........................................................................................................................ 34 

Table 4. QUIL (quality information layer) encoding. The dekad time window is defined as [t0, t0+10days] 
where t0 is the date of the dekad provided. ............................................................................................. 34 

Table 5: Layers provided as output of the ReBeLS BRDF processor. ............................................................ 35 

Table 6: QUIL for TOCR ................................................................................................................................ 40 

Table 7: Layers provided as output of the ReBeLS TOCR processor ............................................................. 41 

Table 8: Information on the ReBeLS BRDF (CBD_K) product files. ............................................................ 57 

Table 9. Information on the ReBeLS TOCR (CBD_TOCR) product files ..................................................... 58 

 

 

  



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 11 of 61 

 

List of Acronyms 

 

AC Atmospheric Correction 

AD Applicable Document 

AM Ante Meridian 

ATBD Algorithm Theoretical Basis Document 

BRDF Bidirectional Reflectance Distribution Function 

CBD Copernicus BRDF Data 

CBD_K BRDF descriptors product 

CBD_TOCR BRDF adjusted reflectances 

CGLOPS Copernicus Global Land Operations 

CLMS Copernicus Land Monitoring Service 

ESA European Space Agency 

GEOTIFF Geospatial Tagged Image File Format 

MCD43A1 MODIS Terra+Aqua BRDF/Albedo Model Parameters Daily Product 

MCD43A2 MODIS Terra+Aqua BRDF/Albedo Quality Daily Product 

MCD43A4 MODIS Terra+Aqua Nadir BRDF-Adjusted Reflectance Daily Product 

MCD43P ReBeLS assembled prior based on MCD43A1 and MCD43A2 

MOD09GA MODIS/Terra Surface Reflectance Daily Product 

MODIS Moderate Resolution Imaging Spectroradiometer 

NBAR Nadir BRDF Adjusted Reflectance 

NDVI Normalized Difference Vegetation Index 

NETCDF Network Common Data Format 

NRT Near Real Time 

OLCI Ocean and Land Colour Instrument 

PUM Product User Manual 

QAR Quality Assessment Report 

QUIL Quality Index Layer 



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 12 of 61 

 

ReBeLS Regularised BRDF inversion for Land Surface  

RGB Red Green Blue 

 S3 Sentinel-3 

SAA Sun Azimuth Angle 

SLSTR Sea and Land Surface Temperature Radiometer 

SZA Sun Zenith Angle. 

TOA Top Of Atmosphere 

TOC Top Of Canopy 

TOCR BRDF adjusted TOC reflectance 

VAA Viewing Azimuth Angle 

VZA Viewing Zenith Angle. 

VITO Vlaamse Instelling Voor Technologisch Onderzoek  

WGS World Geodetic System 

 



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 13 of 61 

 

EXECUTIVE SUMMARY 
The Copernicus Land Monitoring Service (CLMS) produces a series of qualified bio-geophysical 
products on the status and evolution of the land surface. The products are used to monitor vegetation, 
crops, water cycle, energy budget and terrestrial cryosphere.  Production and delivery of the 
parameters take place in a timely manner and are complemented by the constitution of long-term time 
series. 

Since land surface reflectance is not isotropic, differences in observing and illumination conditions 
yield an impact on the measured land surface reflectance values from space observations. The 
consequence of this is the presence of spurious deviations in atmospherically corrected surface 
reflectance time series which may hamper significantly a further analysis. Modelling the anisotropy 
of the land surface reflectance is needed to remove the above mentioned directional effects from Top-
Of-Canopy (TOC) reflectance data. The anisotropy of the land surface is described by its 
Bidirectional Reflectance Distribution Function (BRDF). The usage of semi empirical kernel-driven 
models to approximate the BRDF of land surface targets is a widely accepted approach. 

This Algorithm Theoretical Basis Document (ATBD) describes the second release (v1.6)  of the 
Copernicus Land Monitoring Service algorithm to obtain BRDF model retrievals from Sentinel-3 and 
PROBA-V land surface TOC reflectances. The methodology to use the outputs of this algorithm to 
estimate BRDF adjusted (to a common Sun-sensor configuration) reflectances is also described in 
this document.  
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1 BACKGROUND OF THE DOCUMENT 

1.1 SCOPE AND OBJECTIVES 

This document provides a description of the algorithm implemented to retrieve BRDF descriptors 
from Sentinel-3/OLCI and PROBA-V Collection 2 (C2) observations. The retrieved BRDF 
descriptors allow computing BRDF adjusted TOC reflectances. The later methodology is also 
described in this ATBD.  

Note: In the CLMS context, these algorithms were designed and fine-tuned for the visible and NIR 
spectral bands of OLCI and PROBA-V, which are used for the calculation of the NDVI and Land 
Surface Phenology (LSP) products. The design and fine-tuning for other OLCI spectral bands as well 
as the spectral bands of the Sea and Land Surface Temperature Radiometer (SLSTR) was performed 
in the context of the Copernicus Climate Change Service in order to calculate the albedo.  

 

1.2 CONTENT OF THE DOCUMENT 

This document is structured as follows: 

• A brief description of the input data is given in Chapter 2. 
• Chapter 3 describes the retrieval methodology. 
• Details on the output products are listed in Chapter 4 

 

1.3 RELATED DOCUMENTS 

1.3.1 Applicable documents 

AD1: Part 2: Technical specifications of Framework Service Contract – Operation of the bio-
geophysical variables systematic monitoring of the Global Land Component of the Copernicus Land 
Service ‘CGLOPS’ JRC/2023/OP/0273, 19th April 2023. 

Available at https://etendering.ted.europa.eu/cft/cft-display.html?cftId=13795 

 

1.3.2 Input 

Document ID Descriptor 

CGLOPS1_ATBD_S3-AC-V1.1 Algorithm Theoretical Basis Document of the 
atmospheric correction applied on Sentinel-3 data 

CGLOPS1_QAR_S3-CloudMask Quality Assessment Report of Sentinel-3 OLCI and 
SLSTR cloud, cloud shadow and snow detection 

https://etendering.ted.europa.eu/cft/cft-display.html?cftId=13795
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Available on https://land.copernicus.eu/en/technical-library  

1.3.3 Output 

Document ID Descriptor 

CGLOPS1_ATBD_NDVI300m-V3 Algorithm Theoretical Basis Document of the NDVI 
300mVersion3. 

CGLOPS1_PUM_NDVI300m-V3 Product User Manual of the NDVI 300m Version 3 

CGLOPS1_QAR_NDVI300m-V3 Quality Assessment Report of the NDVI 300mVersion 3 

Available on https://land.copernicus.eu/en/technical-library   

 

1.3.4 External documents  

PROBAV_PUM_C2 PROBA-V Collection 2 Products User Manual v1.0, 27 March 
2023 

Available at https://proba-v.vgt.vito.be/sites/probavvgt/files/downloads/PROBA-
V_C2_Products_User_Manual.pdf  

ATBD GlobAlbedo GlobAlbedo Algorithm Theoretical Basis Document, version 
4.12, 7th July 2013 

http://www.globalbedo.org/docs/GlobAlbedo_Albedo_ATBD_V4.12.pdf (accessed 16.10.2023) 

 

https://land.copernicus.eu/en/technical-library
https://land.copernicus.eu/en/technical-library
https://proba-v.vgt.vito.be/sites/probavvgt/files/downloads/PROBA-V_C2_Products_User_Manual.pdf
https://proba-v.vgt.vito.be/sites/probavvgt/files/downloads/PROBA-V_C2_Products_User_Manual.pdf
http://www.globalbedo.org/docs/GlobAlbedo_Albedo_ATBD_V4.12.pdf
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2 INPUT DATA 
 

The CLMS BRDF retrieval algorithm, known as ReBeLS, was initially designed to retrieve BRDF 
descriptors from atmospherically corrected Sentinel-3 surface reflectance datastreams (Léon-Tavares 
et al., 2024). However, the updated version of the algorithm now enables processing of 
atmospherically corrected data from the PROBA-V mission as well. As shown in the following 
sections, the ReBeLS algorithm can ingest datastreams from two wide imaging sensors (i.e. Sentinel-
3 and PROBA-V). Therefore, hereafter we describe the methodology of the ReBeLS algorithm in a 
sensor agnostic fashion,  by simply refering to datastreams from a wide imaging-swath sensor (WIS).  

General details about the WIS datastreams that ReBeLS v1.6 can process are shown in the following 
subsections. 

 

2.1 SENTINEL-3 DATA 

Atmospherically corrected visible and NIR reflectances derived from OLCI measurements on-board 
of Sentinel-3A and Sentinel-3B satellites are the input for the BRDF descriptors retrieval 
methodology described in Chapter 3.  

Full details on how the OLCI measurements are processed into Top of Canopy (TOC) reflectances 
can be found in the ATBD of Atmospheric Corrections [CGLOPS1_ATBD_S3-AC-V1.1]. 

 

2.2 PROBA-V COLLECTION 2 DATA 

The most recent reprocessing of the datasets provided by the PROBA-V mission is used to retrieve 
BRDF descriptors. Full details on the atmospherically corrected surface reflectance data of PROBA-
V collection 2 (C2) can be found in  PROBAV_PUM_C2.  ReBeLS ingests PROBA-V 333m data 
and hereafter we refer to the later as PROBA-V datasets.  

 

2.3 AUXILIARY DATA 

The approximation of the BRDF for land surface is achieved by numerical inversion of kernel-driven 
semi-empirical models (for a review, see Roujean et al., 2018b). BRDF inversion methods are known 
for being ill-posed problems, meaning that the least-square inversion solution can turn out to be 
unstable and physically unacceptable (e.g. BRDF retrieved descriptors [parameters] yielding to 
negative or out of range BRDF adjusted reflectances).  

Thus, to constraint the results of the BRDF descriptors retrievals in a realistic fashion, the present 
algorithm uses a climatology of BRDF descriptors (kiso - Isotropic kernel weight; kvol – Volumetric 
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kernel weight; kgeo – Geometric kernel weight) built from MODIS MCD43A11 and MCD43A22   
products version V006 (Schaaf et al., 2011, 2002; Wang et al., 2018). The assembled climatology is 
refereed through this document as prior or MCD43P (see Figure 1). In the current version of the 
algorithm, the MCD43P dataset associated to a WIS tile is assembled as follows: 

• For each Monday of the period between 01Jan2013 and 31Dec20193, all MCD43A1 and 
MCD43A2 MODIS tiles that spatially intersect the corresponding WIS TOC tile are 
downloaded from https://e4ftl01.cr.usgs.gov/MOTA/.  

• Conversion of MCD43A1 and MCD43A2 tiles from MODIS (sinusoidal) to the WISTOC 
grid projection (the two WIS datastreams that ReBeLS can process are in Plate-Carree 
projection) and extent (10 degrees by 10 degrees in both MODIS and WIStiles). It is worth 
noticing that some inherent alteration might have been introduced by reprojecting and 
resampling MODIS MCD43A1 and MCD43A2 products from 500m to 333m spatial 
resolution. However, by visual inspection of the MCD43P dataset, no systematic artefacts 
likely introduced by reconciling the spatial mismatch between datasets were found. 

• Good quality BRDF descriptors screening by decoding BRDF_AlbedoLandWaterType and 
BRDF_Albedo_Band_Quality (for all bands) layers in MCD43A2 product.  

• Computation of mean and variance for the whole dataset as in GlobAlbedo4 (Lewis et al., 
2012; Muller et al., 2011). See subsection 32.4 in section D of GlobAlbedo ATBD  [ATBD 
GlobAlbedo] 

• The MCD43P climatology (weekly cadence) is gap filled by means of a linear interpolation. 
It should be noticed that this last step is applied to all tiles, albeit impacting mostly to tiles 
located at high latitudes. 
 

A MCD43P file associated to a WIS tile contains the layers listed in Table 1. MCD43P tiles are 
generated for each week of a climatology year and are saved in GEOTIFF format (Table 2).  

  

 
1 https://lpdaac.usgs.gov/products/mcd43a1v006/ 
2 https://lpdaac.usgs.gov/products/mcd43a2v006/ 
3  The beginning of this period coincides with the year when PROBA-V 300m TOC time series became available. The 
last date in the period  was chosen to have full years to assemble the prior.   
4 http://www.globalbedo.org/  

https://e4ftl01.cr.usgs.gov/MOTA/
https://lpdaac.usgs.gov/products/mcd43a1v006/
https://lpdaac.usgs.gov/products/mcd43a2v006/
http://www.globalbedo.org/


Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 18 of 61 

 

Table 1: Layers of MCD43P files. The mean and variances (𝛔𝛔𝟐𝟐) are computed from a 
MCD43A1 and MCD43A2 MODIS climatology assembled for a period between 01Jan2013 

and 31Dec2019.  

 Number of layer MCD43P layer 

1 Mean kiso 

2 Mean kvol 

3 Mean kgeo 

4 σ𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖
2  

5 σ𝑘𝑘𝑣𝑣𝑣𝑣𝑣𝑣
2  

6 σ𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔
2  

 

Table 2: Characteristics of the MCD43P files 

  

Number of layers 6 

Data format GEOTIFF 

Cadence Weekly (each Monday) 

Projection and 
Grid information 

Coordinate System is: 

GEOGCS["WGS 84", 

    DATUM["WGS_1984", 

        SPHEROID["WGS 84",6378137,298.257223563, 

            AUTHORITY["EPSG","7030"]], 

        AUTHORITY["EPSG","6326"]], 

    PRIMEM["Greenwich",0], 

    UNIT["degree",0.0174532925199433], 

    AUTHORITY["EPSG","4326"]] 

 

Even though the MCD43A1(2) products are generated and distributed daily, the MCD43P dataset 
has a weekly cadence. The latter responds to the fact that downloading and storing all daily 
MCD43A1 and MCD43A2 products generated over six years would quickly amount to 
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significantly large storage capacity unavailable when developing the ReBeLS processor. 
Therefore, a weekly cadence (Mondays) for the MCD43P dataset arose as a tradeoff between the 
daily temporal resolution (offered by the MCD43 V006 suite of products) and the dekadal  and 
five -day frequencies at which the NDVI and LSP products are envisaged, respectively.  

Moreover, the discerning reader might ask: why select Mondays and not another day of the week? 
The adoption of Mondays merely follows the approach used in the operational BOKU NDVI 
product – based on MODIS  (Klisch and Atzberger, 2016), providing Monday images in near 
real-time with a seven-day update interval. Thus, the assumption that the temporal variability of 
the BRDF kernel weights can be adequately sampled each Monday for NDVI purpose studies 
finds support in the methodology implemented by the BOKU’s MODIS processing chain (Klisch 
and Atzberger, 2016), delivering an NDVI product that can be considered robust, and used for 
operational vegetation assessment purposes (Meroni et al., 2019). 

In addition, it should be noted that during the assemblage of the MCD43 dataset, a spectral band 
adjustment between MODIS and the WIS datastreams has not been attempted. The uncertainties 
in the ReBeLS BRDF retrievals introduced by using the MODIS MCD43 product as an auxiliary 
dataset are largely dominated by the uncertainties associated with the MCD43P prior kernel 
weights. Thus, given that the uncertainties due t WIS and MODIS spectral bands mismatch are 
significantly smaller than those associated with the MCD43P product, the inclusion of a spectral 
harmonization shall not significantly impact the current BRDF retrievals or their uncertainties. 
The characterization of spectral differences can be informative, in any case, and potential 
evolutions of the BRDF-adjusted surface reflectance product based on Sentinel-3 OLCI should 
consider such harmonization between MODIS and Sentinel-3 OLCI spectral bands.  

 

Finally, although the MCD43A2 product contains information about the snow pixel 
classification, for this version of the MCD43P dataset, we have not considered it. The latter is 
motivated by the assumption that computing the mean and variance of a dataset comprising snow 
and snow-free pixels shall reflect the large variability of kernel weights. Thus, a large variance 
can significantly relax the prior constraints imposed in the inversion, allowing the BRDF 
parameters' temporal evolution to vary accordingly. Unfortunately, such an assumption has not 
been verified in the current version of the ReBeLS processor because of the severe limitations of 
the cloud mask identification inherent to the OLCI TOC input data [CGLOPS1_QAR_S3-
CloudMask]. Even for geographical regions characterized by a persistent presence of snow, these 
snow pixels are confused with clouds, rejecting them from any further treatment. An updated 
version of the Sentinel-3 OLCI TOC reflectances shall allow us to test the assumption mentioned 
above, and if it does not hold, the generation of an MCD43P dataset for snow and snow-free 
pixels should be performed instead. 
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3 METHODOLOGY DESCRIPTION 
 

Since observed land surface reflectance is highly anisotropic, spurious deviations and large scatter in 
TOC reflectance time series are usually associated to directional effects.  

Therefore, TOC surface reflectances obtained after correction of atmospheric effects, should be 
“adjusted” to a common illumination and observing geometry before interpretation or to assess their 
temporal evolution. 

In the following sections, we describe the methodology to retrieve land surface reflectance BRDF 
descriptors which shall be used to adjust (usually called “BRDF correction”) WIS TOC reflectances 
to a common viewing (nadir) and illumination (local noon, 12pm) configuration. 

 

Before delving into the details of the algorithm, in section 3.2, we briefly review the history of the 
processor development to provide the reader a sense of how ReBeLS has evolved to assess the 
limitations found in its original version, v1.3. 

 

3.1 HISTORY OF THE ALGORITHM 

ReBeLS v1.3 has been used to generate the CLMS Sentinel-3 NDVI 300m Version 2 product. Due 
to its versatility, the ReBeLS algorithm was selected as the processor to facilitate the retrieval of 
multi-spectral Sentinel-3 BRDF descriptors, which enabled the computation of the Copernicus 
Climate Change Service surface albedo product5 (Sanchez-Zapero et al., 2023). One of the main 
limitations of the latter product pertained to the faulty snow mask identification (i.e., erroneous 
identification of snow pixels as clouds) in the Sentinel-3 TOC datasets that serve as inputs. To bypass 
the afore mentioned issue, a decision rule has been designed for identifying snow pixels within the 
Copernicus Climate Change Service. This rule relied on a Normalised Difference Snow Index (NDSI) 
threshold and was implemented within ReBeLS v1.4 as a provisional solution to mitigate the 
underperforming snow-mask identification layer in the S3 TOC datasets. 

An updated version of  ReBeLS (v1.6) has been further developed to allow output product generation 
from PROBA-V data streams at any cadence the user selects. This was explicitly useful to support 
subsidiary CLMS products (i.e. LSP). In addition, the outlier identification procedure was further 
refined, and a filter to extreme SZA was implemented before computing BRDF-corrected TOC 

 
5 https://datastore.copernicus-climate.eu/documents/satellite-albedo/C3S_COP_059_D-02_ATBD_CDR-
ICDR_SA_SENTINEL3_v3.0_PRODUCTS_v1.1.pdf  
 

https://datastore.copernicus-climate.eu/documents/satellite-albedo/C3S_COP_059_D-02_ATBD_CDR-ICDR_SA_SENTINEL3_v3.0_PRODUCTS_v1.1.pdf
https://datastore.copernicus-climate.eu/documents/satellite-albedo/C3S_COP_059_D-02_ATBD_CDR-ICDR_SA_SENTINEL3_v3.0_PRODUCTS_v1.1.pdf
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reflectances. Details on the former and later changes can be found in sections 3.2.1.4 and 3.3.2, 
respectively.  

3.2 BRDF DESCRIPTORS RETRIEVAL 

The land surface reflectance varies with the observation and illumination geometry (defined by the 
sensor and Sun positions) and wavelength. The BRDF quantifies the reflectance anisotropy and it can 
be approximated by means of a kernel-driven semi-empirical BRDF linear model with three 
parameters, commonly known as BRDF parameters or descriptors. After the BRDF descriptors are 
found via an inversion method (with regularisation for the presented algorithm), the directional 
signature of the natural targets is obtained.  

Figure 1 shows a flow diagram of the processing scheme for the retrieval of BRDF descriptors from 
WIS TOC observations. As shown in Figure 1, the BRDF retrieval algorithm comprises three main 
stages: A (Assemblage), B1 (BRDF model), B2 (Inversion) and B3 (Quality control). It should be 
noticed that the algorithm is pixel based and runs for each spectral band independently. In addition, 
a prior of BRDF descriptors, the MCD43P climatology assembled as described in subsection 2.3, is 
required to run B2 stage.  

Details on the processing blocks (A, B1, B2 and B3) sketched in Figure 1 are presented in the 
following subsections. The BRDF descriptors retrieval is achieved by using the ReBeLS (Regularised 
Brdf inversion for Land Surface reflectances) processor written in Python3.6 and developed on a 
virtual machine of the Mission Exploitation Platform (MEP)6 / Terrascope7.  

 

 
6 https://proba-v-mep.esa.int/  
7 https://terrascope.be/en  

https://proba-v-mep.esa.int/
https://terrascope.be/en
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Figure 1: Flow diagram of the BRDF retrieval algorithm correction algorithm. See inner caption for a 
brief explanation of each stage.  It should be noticed that the processing is applied independently to 

each pixel and spectral band. 

 

3.2.1 Assemblage (A) 

The orchestration of the assemblage stage follows the steps below: 

3.2.1.1 Accumulation 

TOC reflectance observations along with their associated uncertainties, corresponding geometry 
(solar viewing angle, solar azimuth angle, viewing zenith angle and viewing azimuth angle) and 
quality  layers are accumulated over a predefined period of time (e.g.. 30 days and 365 days for near-
real time (NRT) and back processing products, respectively). 

 

3.2.1.2 Clear observations screening 

The rejection of pixels classified as clouds or shadows are summarised next: 

• Sentinel-3: 
o OLCI spectral bands. Following the encoding of the pixel_classif_flags [Figure 1 

in CGLOPS1_QAR_S3-CloudMask], we select pixels classified as land but that 
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have not been classified as clouds neither as shadow. In addition, decoding of 
quality_flags8 layer allows us to remove bad quality (saturated) pixels. 

o SLSTR spectral bands. Based on cloud_an layer, pixels classified as clouds are 
rejected. 

o The AC_process_flag is a quality layer which aims to provide information on the 
reliability of the atmospheric correction [CGLOPS1_ATBD_S3-AC-V1.1]. 
However, the AC_process_flag is not used because we found it too conservative – 
by decoding AC_process_flag, a significant number of observations will be left 
out while their values fit the temporal evolution of a one-year TOC time series.  

 
• PROBA-V: To select clear pixels associated with land, we decode the status map of the 

PROBA-V quality layer, following the the guidelines in Table 13 of the 
PROBAV_PUM_C2. 
 

3.2.1.3 Outlier screening 

After applying the clear observation filter described above, it is likely to find undetected clouds and 
shadows in the ensemble of clear TOC observations (due to limitations of the Sentinel-3 cloud and 
cloud shadow detection methods: for details see CGLOPS1_QAR_S3-CloudMask). Since these 
outliers can severely bias the inversion results, an outlier screening is needed. We make use of the 
BRDF descriptors prior assembled (see section 2.3) to predict reflectances based on the WIS solar 
and sensor geometry of observations. Clear observations accumulated are compared against predicted 
reflectances by means of z-score computations.  

The absolute value of the z-score indicates how many standard deviations the observed Sentinel-3 
TOC reflectance value departs from the predicted TOC reflectance values (based on prior BRDF 
descriptors). Absolute values of z-score higher than 2 can be considered significant. Thus, initially, 
all observations with an absolute value of z-score higher than 2 are identified as potential outliers. To 
make sure that those deviations are not associated to real changes on the surface (e.g. those introduced 
by fires or snow melt), we analyse the temporal evolution of the z-score trajectories over the 
accumulation period.  

The later allows us to identify persistent deviations which are likely associated to real changes on the 
surface. Observations identified as systematic deviations (z-score > 2 repeatedly occurring in a 
predefined observation window) are not further considered as outliers and since are likely to be 
associated to real changes on the surface, these observations  are processed. 

 
8 See https://sentinel.esa.int/documents/247904/1872756/Sentinel-3-OLCI-Product-Data-Format-Specification-OLCI-
Level-1 page 47-50   
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3.2.1.4 Synthetic uncertainty 

The estimation of uncertainties associated to S3 TOC reflectances is described in 
[CGLOPS1_ATBD_S3-AC-V1.1]. As stated in the afore-mentioned document, the uncertainty 
associated to TOA reflectances has been assumed to be 2% of the TOA reflectance value for the 
SLSTR bands. This can result in an under estimation of the uncertainty associated to TOC 
reflectances. Consequently, the TOC reflectance uncertainties estimated in this way show a 
significant dependence with their TOC reflectance values (the lower the TOC reflectance value, the 
lower its uncertainty associated). The latter can significantly bias the BRDF modelling, especially 
when a non-detected outlier (e.g. undetected shadow) has a very small uncertainty associated.  

This means that the Sentinel-3 TOC reflectance uncertainties have their limitations. Moreover, as the 
TOC input data streams from PROBA-V are supplied without an explicit estimation of uncertainty,  
we make the conservative assumption that the uncertainties associated with TOC are  5% of their 
value. ReBeLS thus introduces an additional concept of synthetic uncertainties. 

For  both  WISs, we derive approximate (synthetic) uncertainties as follows: 

1. The 95th percentile of the  TOC uncertainties related to the atmospheric correction process is 
calculated and subsequently employed as a criterion to filter out observations with 
uncertainties exceeding this threshold. This approach implemented in ReBeLS results in the 
exclusion of observations for which the uncertainties linked to the atmospheric correction 
procedure indicate their unsuitability for further analysis.  

2. An estimate of the mean TOC reflectance uncertainty is obtained (σoTOC). The mean is 
computed over the period used in the accumulation of TOC reflectance. 

3. An air mass factor (amf) based on the solar and viewing zenith angle of each observation is 
computed as: 

amf =
1

cos(θSZA)
 +  

1
cos(θVZA)

  

 
Where 𝜃𝜃𝑆𝑆𝑆𝑆𝑆𝑆 and 𝜃𝜃V𝑍𝑍𝑍𝑍 and are the solar and viewing zenith angles, respectively. The air-mass 
factor is larger for observations acquired at higher viewing and solar zenith angles. 

4. The synthetic TOC reflectance uncertainty is thus obtained as: 
σTOC =  σoTOC × amf 

 
 

Then, an ensemble of clear TOC reflectance observations along with their uncertainties is the input 
for the ReBeLS processor which is responsible to assemble and solve an inverse problem (with 
regularisation) allowing for the retrieval of the BRDF descriptors within the period considered.  
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3.2.2 BRDF model (B1) 

We make use of a kernel-based semi-empirical model to approximate the WIS TOC reflectances as a 
sum of three angular functions (BRDF kernels -- 𝒂𝒂𝟎𝟎,𝒂𝒂𝟏𝟏,𝒂𝒂𝟐𝟐 ) weighted by coefficients (BRDF 
descriptors -- 𝒌𝒌𝟎𝟎,𝒌𝒌𝟏𝟏,𝒌𝒌𝟐𝟐) as in expression below: 

 

 𝝆𝝆(𝜽𝜽𝒔𝒔,𝜽𝜽𝒗𝒗 ,𝝓𝝓𝒓𝒓) = 𝒌𝒌𝟎𝟎𝒂𝒂𝟎𝟎(𝜽𝜽𝒔𝒔,𝜽𝜽𝒗𝒗 ,𝝓𝝓𝒓𝒓) + 𝒌𝒌𝟏𝟏𝒂𝒂𝟏𝟏(𝜽𝜽𝒔𝒔,𝜽𝜽𝒗𝒗 ,𝝓𝝓𝒓𝒓)
+ 𝒌𝒌𝟐𝟐𝒂𝒂𝟐𝟐(𝜽𝜽𝒔𝒔,𝜽𝜽𝒗𝒗 ,𝝓𝝓𝒓𝒓) 

Eq. 1  

 

where θs and θv are the Sun and viewing (sensor) zenith angles, respectively. The relative azimuth 
angle(ϕ𝑟𝑟 = ϕv − ϕs ) is the difference between viewing azimuth angle (ϕv) and Sun azimuth 
angle(ϕs). The BRDF kernels 𝒂𝒂𝟎𝟎, 𝒂𝒂𝟏𝟏 and 𝒂𝒂𝟐𝟐 are angular functions describing in a simplified way the 
elementary properties of the matter and photon interaction (Roujean et al., 2018b).  It is now widely 
accepted that kernel-driven semi-empirical BRDF models can adequately represent the directional 
signature of most of natural targets (Breon and Maignan, 2017; Bréon and Vermote, 2012; Claverie 
et al., 2015; Franch et al., 2014; Lucht et al., 2000; North et al., 2005; Roujean et al., 1992; Roujean 
et al., 2018a; Roy et al., 2016; Schaaf et al., 2002; Vermote et al., 2009; Wanner et al., 1995).  

The Roujean (Roujean et al., 1992) and RossThick-LiSparse (Wanner et al., 1995) models are the 
most  popular kernel-driven semi-empirical models to approximate the BRDF of land surface  and 
have been successfully implemented in operational data processing chains (Baret et al., 2013, Geiger 
et al., 2008; Lucht et al., 2000; Roujean et al., 2018a; Schaaf et al., 2002). The MODIS operational 
BRDF product has provided BRDF descriptors (MCD43A19 and MCD43A210), surface albedo 
estimates (MCD43A311) and nadir BRDF adjusted reflectances (MCD43A412) based on MODIS 
satellite observations acquired since February 2000 to date. It is thus remarkable the high archival 
value of the MCD43 product allowing us to assemble BRDF prior descriptor climatologies -- as 
described in section 2.3 -- which are needed for the optimal estimation framework presented in this 
ATBD.  

Thus, the decision to use the same kernel-driven semi-empirical BRDF model as the MODIS MCD43 
product (i.e. RossThick-LiSparseReciprocal) is solely motivated by the possibility to assemble a 
BRDF descriptor climatology based on a long-term archive. This approach has been also followed in 
the GlobAlbedo13 project ( Lewis et al., 2012; Muller et al., 2011). While the latter choice is merely 

 
9 https://lpdaac.usgs.gov/products/mcd43a1v006/ 
10 https://lpdaac.usgs.gov/products/mcd43a2v006/ 
11 https://lpdaac.usgs.gov/products/mcd43a3v006/ 
12 https://lpdaac.usgs.gov/products/mcd43a4v006/ 
13 http://www.globalbedo.org/  

https://lpdaac.usgs.gov/products/mcd43a1v006/
https://lpdaac.usgs.gov/products/mcd43a2v006/
https://lpdaac.usgs.gov/products/mcd43a3v006/
https://lpdaac.usgs.gov/products/mcd43a4v006/
http://www.globalbedo.org/
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pragmatic, several studies have shown that most of the directional signatures can be captured properly 
by both BRDF models (Maignan et al., 2004). The selection of using the RossThick-LiSparse semi-
empirical model is in line with operational BRDF data streams currently operating (e.g. MODIS, 
Copernicus Climate Change Service surface albedo14).  

After selecting the semi-empirical model, Eq. 1 can be re-written as: 

 

 𝝆𝝆(𝜽𝜽𝒔𝒔,𝜽𝜽𝒗𝒗 ,𝝓𝝓𝒓𝒓) = 𝒌𝒌𝒊𝒊𝒊𝒊𝒊𝒊𝒂𝒂𝒊𝒊𝒊𝒊𝒊𝒊(𝜽𝜽𝒔𝒔,𝜽𝜽𝒗𝒗 ,𝝓𝝓𝒓𝒓) + 𝒌𝒌𝒗𝒗𝒗𝒗𝒗𝒗𝒂𝒂𝒗𝒗𝒗𝒗𝒗𝒗(𝜽𝜽𝒔𝒔,𝜽𝜽𝒗𝒗 ,𝝓𝝓𝒓𝒓)
+ 𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈𝒂𝒂𝒈𝒈𝒈𝒈𝒈𝒈(𝜽𝜽𝒔𝒔,𝜽𝜽𝒗𝒗 ,𝝓𝝓𝒓𝒓) 

Eq. 2  

 

Where 𝒂𝒂𝒊𝒊𝒊𝒊𝒊𝒊 is an isotropic function accounting for bidirectional reflectance with nadir viewing and 
the overhead sun (𝒂𝒂𝒊𝒊𝒊𝒊𝒊𝒊 = 1). 𝒂𝒂𝒗𝒗𝒗𝒗𝒗𝒗 is a function that simulates the volume scattering properties of the 
surface and  𝒂𝒂𝒈𝒈𝒈𝒈𝒈𝒈 is a geometric function accounting for the effects of shadows and the geometrical 
structure of protuberances on the surface. Full expression for each of the kernels mentioned above 
can be found in (Lucht et al., 2000; Roujean et al., 1992) and  in section 31.3 of  section D of 
GlobAlbedo ATBD[ATBD GlobAlbedo]. 

 

The volumetric and geometric kernels are computed for the stream of data coming out of stage A (see 
Figure 1). The computation of these angular functions requires four layers of data:  

1. Solar zenith angle (SZA) 
2. Solar azimuth angle (SAA) 
3. Sensor viewing angle (VZA) 
4. Sensor azimuth angle (VAA) 

and is performed only for those pixels classified as clear in stage A.  

The wavelength dependent kernel weights (𝒌𝒌𝒊𝒊𝒊𝒊𝒊𝒊,𝒌𝒌𝒗𝒗𝒗𝒗𝒗𝒗,𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈)  from Eq. 2 are then found via a BRDF 
inversion which is described in the next section. 

 

3.2.3 Inversion (B2) 

Given a set of 𝑛𝑛  surface reflectance observations acquired by the sensor under varying illumination 
and viewing conditions, what is the BRDF model that best represent the multi-angular observed 
reflectances? This forms the BRDF inverse problem and its solution involves the finding of 
wavelength dependent BRDF descriptors (kiso, kvol, kgeo  in Eq. 2) via an optimal estimation 

 
14 https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-albedo?tab=overview  

https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-albedo?tab=overview
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framework. Thus, based on an ensemble of 𝑛𝑛  observations obtained from the assemblage stage (block 
labelled as A in Figure 1), each surface reflectance observation can be written in a generalised form 
of Eq. 2 as: 

 

 𝝆𝝆𝒋𝒋 �𝜽𝜽𝒔𝒔𝒋𝒋 ,𝜽𝜽𝒗𝒗𝒋𝒋 ,𝝓𝝓𝒓𝒓𝒋𝒋� =  𝒂𝒂𝒊𝒊𝒊𝒊𝒐𝒐𝒋𝒋 �𝜽𝜽𝒔𝒔𝒋𝒋 ,𝜽𝜽𝒗𝒗𝒋𝒋 ,𝝓𝝓𝒓𝒓𝒋𝒋�   𝒌𝒌𝒊𝒊𝒊𝒊𝒐𝒐𝒋𝒋  + 

 𝒂𝒂𝒗𝒗𝒗𝒗𝒍𝒍𝒋𝒋 �𝜽𝜽𝒔𝒔𝒋𝒋 ,𝜽𝜽𝒗𝒗𝒋𝒋 ,𝝓𝝓𝒓𝒓𝒋𝒋�  𝒌𝒌𝒗𝒗𝒗𝒗𝒍𝒍𝒋𝒋  + 

 𝒂𝒂𝒈𝒈𝒈𝒈𝒐𝒐𝒋𝒋 �𝜽𝜽𝒔𝒔𝒋𝒋 ,𝜽𝜽𝒗𝒗𝒋𝒋 ,𝝓𝝓𝒓𝒓𝒋𝒋�  𝒌𝒌𝒈𝒈𝒈𝒈𝒐𝒐𝒋𝒋 

Eq. 3  

 

Where j =  1, . . . ,𝑛𝑛. Thus, for the ensemble of clear surface reflectance observations, the expression 
above returns an equation system which can be written as follows: 

 𝛒𝛒 = 𝐊𝐊𝐊𝐊  

 

Eq. 4  

Where 𝐊𝐊 is a matrix containing the three RossThick-LiSparse kernels (angular functions -- 
𝒂𝒂𝒊𝒊𝒊𝒊𝒊𝒊,𝒂𝒂𝒗𝒗𝒗𝒗𝒗𝒗 ,𝒂𝒂𝒈𝒈𝒈𝒈𝒈𝒈) for the ensemble of 𝑛𝑛  observations. The 𝐟𝐟  vector contains the wavelength 
dependent BRDF descriptors (kernel weights -- 𝒌𝒌𝒊𝒊𝒊𝒊𝒊𝒊,𝒌𝒌𝒗𝒗𝒗𝒗𝒗𝒗,𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈 ) and 𝛒𝛒 is a vector with observed 
reflectances. 

Thus, the solution of Eq. 4  obtained by minimizing the square norm of residuals (least-squares 
solution) yields to: 

 𝐟𝐟 = �𝐊𝐊𝐓𝐓𝑪𝑪𝒐𝒐𝒐𝒐𝒐𝒐−𝟏𝟏𝑲𝑲�
−𝟏𝟏
𝐊𝐊𝐓𝐓𝑪𝑪𝒐𝒐𝒐𝒐𝒐𝒐−𝟏𝟏 𝛒𝛒 

  

Eq. 5  

where 𝐂𝐂𝐨𝐨𝐨𝐨𝐨𝐨 is the observation covariance matrix -- squared uncertainties (variances) of observed 
reflectances populate the diagonal of 𝐂𝐂𝐨𝐨𝐨𝐨𝐨𝐨  -- and 𝐂𝐂𝐨𝐨𝐨𝐨𝐨𝐨−𝟏𝟏   denotes its inverse. 𝐊𝐊−𝟏𝟏 and 𝐊𝐊𝐓𝐓 are the inverse 
and transpose of 𝐊𝐊 matrix. Eq. 5 is applied to an ensemble of clear surface reflectance observations 
accumulated over a predefined period. By doing so, an implicit assumption is being made: The land 
surface does not undergo significant changes across the time window used to accumulate 
observations. Thus, the retrieved BRDF descriptors are representative of the selected accumulation 
period. 

According to Gao et al. (2002), BRDF model inversions typically fail because of the following two 
reasons: (i) Lack of information (scarce number of clear reflectance observations gathered over the 
accumulation period and/or  poor angular sampling) and (ii) low  information to noise ratio.  
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The lack of information issue pointed out in the paragraph above, is related to the later assumption. 
Gathering observations over a long-time period (e.g. > 30 days) would increase the number of 
observations to be used in the inversion (positively influencing the quality of BRDF descriptor 
retrievals). 

However, the BRDF approximated would represent an average surface state over the period 
considered – smoothing out rapid (e.g. < 30 days) variations that could tell about vegetation dynamics. 
On the other hand, if a short accumulation period is retained, the risk exists for not being able to 
collect enough observations to yield a successful BRDF model inversion.  

To overcome the lack of clear observations issue, an optimal accumulation time window should be 
used. This is not a straight forward task because it depends on cloud coverage (associated to 
geographical regions) and viewing-illumination conditions of the sensor. Nevertheless, a 16 day  
accumulation time window has been used  for MODIS MCD43 products  (Schaaf et al., 2002; Wang 
et al., 2018).  

BRDF model inversion is known to be an ill-posed problem -- there is no unique set of BRDF 
descriptors that can solve Eq. 5. Therefore, noisy data (surface reflectance observations for which 
atmospheric effects were not properly removed) can bias the BRDF descriptor retrievals showing 
physically unacceptable variations (i.e. significant BRDF descriptors variations over a short [e.g. < 
10 days] period) hampering the temporal evolution of retrieved BRDF descriptors time series.   

Since significant variations of the surface BRDF shape parameters over a short time scale due to 
changes in surface cover are usually not expected,  an approach to ensure a constrained evolution of 
the retrieved BRDF descriptors uses prior information obtained from previous BRDF inversions 
(Geiger et al., 2008; Hagolle et al., 2004; Pokrovsky et al., 2003; Roujean et al., 2018).   

Nonetheless, the approach above has a strong dependence on the quality of BRDF descriptors 
retrievals obtained in previous processing steps. If the most recent retrieved BRDF descriptors were 
noisy (e.g. due to processing of undetected clouds and/or poor angular and temporal sampling), 
previous retrievals with low information to noise ratio will serve as prior constraint to the next step, 
which in turn can results in non-adequate temporal trajectories of retrieved BRDF descriptors. 

Thus, the instability in solving Eq. 4 via the well-known least-squares inversion solution is 
unavoidable because of the ill-conditioned BRDF kernel matrix K. Therefore, to circumvent the 
instability in solving Eq. 5, some additional constraints to the matrix system can be attached. Quaife 
and Lewis (2010) impose conditions on temporal smoothness to constrain linear BRDF model 
inversion via a Lagrange multiplier.  

As shown in Quaife and Lewis (2010), their proposed methodology allows the retrieval of BRDF 
descriptors with physically acceptable (i.e. sharp changes occurred in short time scales are 
suppressed) temporal evolutions. Moreover, the methodology  presented in Quaife and Lewis (2010) 
does not require a fix accumulation window (16 days time window for MCD43: Lucht et al., 2000; 
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Schaaf et al., 2002, 2011; Wang et al., 2018) to perform the BRDF model inversion. On the other 
hand, the Quaife and Lewis (2010) approach accumulates surface reflectance observations over an 
arbitrary period of time (in their article is 1 year) and BRDF descriptors retrievals can be obtained for 
an arbitrary cadence (e.g. daily, each dekad etc.) while the BRDF descriptors retrieved are not 
representative of the full accumulation period but for the date were the retrieval is obtained. The latter 
has the advantage of attempting BRDF retrievals at times and regions characterised by a high 
frequency of cloud occurrence. Using a Kalman filter formulation for the BRDF inverse problem, an 
equivalent approach  has been presented in Samain et al., (2008). 

The BRDF model inversion described in this ATBD follows the methodology presented in Quaife 
and Lewis (2010), albeit a climatology prior of BRDF descriptors (currently based on MODIS 
MCD43 product Schaaf et al., 2002; Wang et al., 2018) is added to the inversion problem statement. 
Full details on the derivation of the matrix system stating the BRDF model inversion can be found in 
Quaife and Lewis (2010). Thus, the BRDF model inversion problem using a Lagrangian multiplier 
and a BRDF descriptors prior climatology to constraint the inversion can be stated as follows: 

 

 �𝐊𝐊𝐓𝐓𝑪𝑪𝒐𝒐𝒐𝒐𝒐𝒐−𝟏𝟏 𝑲𝑲 + 𝑪𝑪𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑−𝟏𝟏 + 𝛄𝛄𝑫𝑫�𝐱𝐱�⃗ = 𝐊𝐊𝐓𝐓𝐂𝐂𝐨𝐨𝐨𝐨𝐨𝐨−𝟏𝟏 𝛒𝛒 + 𝑪𝑪𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑−𝟏𝟏 𝛍𝛍��⃗    Eq. 6  

 
where 𝐊𝐊 is a matrix of kernel values (we use the RossThick-LiSparse BRDF kernels in consistency 
with the MODIS product MCD43), 𝜌𝜌 and 𝐂𝐂𝐨𝐨𝐨𝐨𝐨𝐨 are the observed reflectance vector and covariance 
matrix, respectively. μ�⃗   and  𝐂𝐂𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩  are the mean and covariance matrix of the prior BRDF descriptors, 
respectively. Details on the assembling of the BRDF descriptors prior used in this algorithm can be 
found in section 2.2. 

The temporal smoothness matrix (𝐃𝐃) encodes the first order differences of BRDF descriptors between 
adjacent days – see expression 8 in Quaife and Lewis (2010). The Lagrangian multiplier (𝛾𝛾) is an 
adjustable trade-off parameter that represents our confidence on the smoothness (first order 
differences) constraint. The vector 𝐱𝐱�⃗   is the solution containing the retrieved BRDF descriptors.  

The solution of the inverse problem stated in Eq. 6 is performed for a daily grid with the extent of the 
accumulation period (near-real time mode: 30 days, back-processing mode: 365 days). In other words, 
BRDF descriptors are retrieved for each day of the accumulation period. The variances of the BRDF 
descriptors retrieved are estimated (assuming uncorrelated errors15) as the diagonal elements of the 
inverse of  �𝐊𝐊𝐓𝐓𝑪𝑪𝒐𝒐𝒐𝒐𝒐𝒐−𝟏𝟏 𝑲𝑲 + 𝑪𝑪𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑−𝟏𝟏 + 𝛄𝛄𝑫𝑫�.  ReBeLS does not compute the full inverse of  

�𝐊𝐊𝐓𝐓𝑪𝑪𝒐𝒐𝒐𝒐𝒐𝒐−𝟏𝟏 𝑲𝑲 + 𝑪𝑪𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑−𝟏𝟏 + 𝛄𝛄𝑫𝑫� to obtain the variances of BRDF descriptors retrieved but rather solves 

 
15 The same approach has been used in other operational data processing chains providing uncertainties associated to 
BRDF descriptors (Geiger et al., 2008). 
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for the diagonal elements of the covariance matrix only for the dates of interest. The latter is due to 
the fact that inverting the matrix above is very time consuming. 

The BRDF descriptors retrieved along with their variances are provided as independent layers. Thus, 
the output products of the presented algorithm will have, at this stage, 6 layers: 𝐤𝐤𝐢𝐢𝐢𝐢𝐢𝐢,𝒌𝒌𝒗𝒗𝒗𝒗𝒗𝒗,𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈 and 
their respective variances 𝝈𝝈𝟐𝟐𝒌𝒌𝒊𝒊𝒊𝒊𝒊𝒊 ,𝝈𝝈𝟐𝟐𝒌𝒌𝒗𝒗𝒗𝒗𝒗𝒗 ,𝝈𝝈

𝟐𝟐
𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈 (see Table 8). 

 

3.2.3.1 Selection of regularisation parameter 

The regularisation parameter 𝛾𝛾 in Eq. 6 is an adjustable trade-off parameter that represents our 
confidence on the smoothness constraint (first order differences) applied to the temporal evolution of 
BRDF retrievals to obtain. Thus, if 𝛾𝛾 is too high, too much regularisation is imposed on the solution, 
then it will not fit the observed TOC reflectances and -- for the stated inverse problem (Eq. 6) -- the 
solution will be dominated by the prior. Consequently, the residual computed as the difference 
between the model fitted and observed reflectances will be too large.  

On the other hand, if 𝛾𝛾 is too small too little regularisation is imposed on the solution; then the fit will 
be good, but the solution will be dominated by the contribution from the data errors which will results 
in low residuals and unstable (rapid and step temporal variations that are physically unacceptable) 
BRDF retrievals trajectories.  

Although the 𝛾𝛾  parameter plays an important role in the solution of Eq. 6, there is not a general 
consensus on how to determine it (Quaife and Lewis, 2010; Samain et al., 2008; Wang et al., 2007).  
The finding of the regularisation parameter in an inverse problem can be often regarded as matter of 
art, although it can be guided by some heuristics (Valentine and Sambridge, 2018). Within ReBeLS, 
the determination of the regularisation parameter follows a posteriori choice method for which the 
solutions of the inverse problem are obtained for a grid (sequence) of 𝛾𝛾 values.  

Then, BRDF retrievals obtained with each 𝛾𝛾 parameter in the above-mentioned grid are used in the 
BRDF forward model to yield predicted reflectances (computed by plugging the BRDF descriptors 
retrieved into Eq. 2, along with the BRDF kernels computed for a reference dataset observation 
acquisition geometry). The residuals (difference between predicted reflectance and reference 
reflectance dataset) are computed and the regularisation parameter that produces the lowest residuals 
is considered as the most adequate. We make use of the MODIS MOD09GA (MODIS Terra surface 
reflectance daily16) product as the reference reflectance dataset to compute the residuals. This 
approach is inspired by the cross validation analysis done in Lewis et al., (2012), albeit their inverse 
problem is stated for a different context.  

 
16 -- https://lpdaac.usgs.gov/products/mod09gav006/ 

https://lpdaac.usgs.gov/products/mod09gav006/
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The Band2 from MODIS MOD09GA and Oa17 band from Sentinel-3 TOC reflectances are selected 
to perform the cross-validation exercise delineated above. The criteria to perform this exercise in the 
NIR spectral regime follows the fact that NIR TOC reflectances are less likely to show inaccuracies 
introduced after (or due to an inadequate) atmospheric correction. Nevertheless, the regularisation 
parameter found as described above shall be use for all Sentinel-3 and PROBA-V spectral bands. 

As an example of the cross validation strategy above described, Figure 2 shows the cross validation 
function -- scaled absolute difference between Rebels Oa17 predicted (ReBeLS forward) and Band2 
MODIS MOD09GA reflectances as a function of the regularisation parameter 𝛾𝛾 -- for a pixel near 
Snargate (see site coordinates at top of Figure 3), England. From the cross validation function shown 
in Figure 2 is evident a rather broad minimum which suggests that a range of values of 𝛾𝛾 can yield to 
BRDF retrievals allowing an adequate prediction of MOD09GA Band2 surface reflectances for the 
pixel and over the period of time considered (1 year for this cross validation exercise). 

 

Figure 2: Cross validation function for a pixel near Snargate (see site coordinates at top of Figure 3).  
The fit provided by a linear interpolation is plotted with dashed line. The cross validation function 
shown is the logarithm of scaled absolute difference (Sentinel-3 Oa17 ReBeLS predicted - Band2 

MODIS MOD09GA) reflectances as a function of the regularisation parameter. 
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Figure 3: Top panel: Observed MOD09GA Band2 and ReBeLS Oa17 predicted reflectances for a pixel 
near Snargate, England. These time series are colour and symbol coded as shown in the legend. 

Bottom panel: Difference between observed MOD09GA Band2 and ReBeLS Oa17 predicted 
reflectances. The mean difference is shown with dashed line. Most of differences are within ±𝟏𝟏𝟏𝟏 

(yellow band), where 𝛔𝛔 is the standard deviation. 
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The temporal evolution of Band 2 MOD09GA and ReBeLS Oa17 predicted reflectances for a pixel 
near Snargate are shown in the top panel of Figure 3. These time series are colour and symbol coded 
as shown in the legend. The ReBeLS Oa17 predicted reflectances plotted in the top panel of Figure 3 
are computed by plugging the BRDF descriptors retrieved with the gamma value associated to the 
minimum of the cross validation function (see Figure 2 -- for this pixel is 0.009) along with the BRDF 
kernels computed with the observation acquisition MOD09GA geometry. 

From a visual inspection of the top panel of Figure 3, it appears that the optimal (minimum of the 
cross validation function shown in Figure 2) regularisation parameter found (following the approach 
above described) permits the retrieval of BRDF descriptors that allow a good prediction of the 
MOD09GA observed reflectances. The agreements are evident at reflectance level and for reflectance 
temporal trajectories. This is confirmed by the inspection of residuals shown in the bottom panel of 
Figure 3. The standard deviation of residuals is around 0.02 which is comparable to the expected 
uncertainty in surface reflectance observations in the NIR spectral regime. The latter (together with 
the discussion presented in section 3.4) adds confidence in the BRDF descriptors retrieval 
methodology presented in this ATBD.  

The cross-validation methodology described above was applied at tile scale resulting in optimal 
regularisation parameters for the 12 Sentinel-3 TOC tiles (10∘ × 10∘) available at the time of 
releasing ReBeLS v1.3. Since the cross-validation approach should be applied globally, in this 
version of the processor, we adopt an average optimal regularisation parameter based on the 12 
regularisation parameter tiles mentioned above. Thus, an average regularisation parameter (γ =
5 × 10−3) is used as default in the current configuration of the ReBeLS processor. It has been verified 
that this pragmatic decision yields to adequate results derived from Sentinel-3 and PROBA-V datasets 
as can be seen in section 3.4.    

  

3.2.4 Quality control (B3) 

After solving Eq. 6, an output control is performed to assess whether the BRDF descriptors retrievals 
are within a range of physically acceptable values  [0.01, 3] obtained from statistics of the BRDF 
descriptors prior climatology assembled and their corresponding variances are limited to [1e-5, 0.5] – 
the lower limit is related to datatype used in scaled values provided in final products. If a BRDF 
descriptor value lies above (below) the corresponding ranges, its value indicates an unsuccessful 
inversion (is replaced by the lower limit overrun).  

To assess the quality of the BRDF descriptor retrievals, the algorithm computes a mean z-score 
between predicted (reflectances obtained by running the BRDF model in forward mode using the 
BRDF descriptors retrieved) and observed reflectances. A quantitative estimate of goodness of fit is 
provided according to Table 3. The quality of the model fit provided is obtained by means of the 
mean z-score computed with all observations accumulated in the corresponding dekad (it should be 
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noticed that for some regions the frequency of observations is sub daily), regardless of the output 
cadence selected. 

To summarize the output control described above, a quality information layer (QUIL - Table 4) is 
provided as an independent extra layer. To further assess the retrievals, the algorithm counts the 
number of observations identified as clear (and snow) that are used in the inversion. Thus, all the 
layers provided in the output product of the BRDF retrieval algorithm are shown in Table 5. For 
details on the output product files see Table 8. 

 

Table 3. Goodness of fit status 

  

Best zscore ≤ 2 

Warning 2 <  𝑧𝑧score ≤ 3 

Extreme warning  zscore  > 3 

 

 

Table 4. QUIL (quality information layer) encoding. The dekad time window is defined as [t0, 
t0+10days] where t0 is the date of the dekad provided.17    

Bit State Value Description 

0 No observations found in a 
predefined time window18 

1 If bit0 is 1 then no clear observations were found 
in the predefined time window  

1 No ReBeLS data 
(unsuccessful inversion) 

2 If bit1 is 1 then no ReBeLS data is provided 
(meaning that the BRDF descriptors were out of 
range, unsuccessful inversion)  

2 Quality of BRDF inversion: 
Best -- zscore ≤ 2 

4 If bit 2 is 1 then an estimation of goodness of fit 
(z-score within a predefined time window) 
indicates that the agreement between 
observations and model fit can be considered as 
best 

 
17  Warning (QUIL=8) does not necessarily mean than the model fit has been degraded. Sometimes when rapid reflectance 
changes take place in a dekad QUIL can take 8 (or 16 – see Figure 12) values. The latter is of course pixel and temporal 
dependent. 
18  10  and 5 days for NDVI and LPS products, respectively. 
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3 Quality of BRDF inversion: 
Warning -- 2 <  𝑧𝑧score ≤ 3 

8 If bit 3 is 1 then an estimation of goodness of fit 
(z-score within the dekad time window) 
indicates that the agreement between 
observations and model fit is adequate, albeit 
results should be taken with caution.  

4 Quality of BRDF inversion: 
Extreme warning --  zscore  >
3 

16 If bit 4 is 1 then an estimation of goodness of fit 
(z-score within the dekad time window) 
indicates that the agreement between 
observations and model fit cannot be considered 
adequate. 

 

 

Table 5: Layers provided as output of the ReBeLS BRDF processor. 

Number of layer ReBeLS BRDF Description 

1 kiso Isotropic BRDF descriptor 

2 kvol Ross-thick BRDF descriptor 

3 kgeo Li-sparse BRDF descriptor 

4 σ𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖
2  Variance of isotropic BRDF descriptor 

5 σ𝑘𝑘𝑣𝑣𝑣𝑣𝑣𝑣
2  Variance of Ross-thick BRDF descriptor 

6 σ𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔
2  Variance of Li-sparse BRDF descriptor 

7 QUIL Quality information layer -- see Table 4 for details on 
encoding. 

8 Nobs Number of clear observations in a predefined  time 
window   and used throughout the inversion.    

9 Nobssnow Number of clear observations used throughout the 
inversion classified as snow19 in a predefined  time 
window   

 
19 Based on pixel_classif_flags layer provided in the Sentinel-3 TOC datasets [CGLOPS1_QAR_S3-
CloudMask] or by using the snow patch introduced during the development of the Copernicus Climate Change 
Services surface albedo product – for details we refer the reader to  Sanchez-Zapero et al. (2023) and 
specifically to their Figure 1. 
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3.3 BRDF ADJUSTED REFLECTANCE (TOCR) 

 

Figure 4: Continuation of diagram flow shown in Figure 1. Stage TOCR allows to compute BRDF 
adjusted reflectances (TOCR) based on BRDF descriptors retrieved in stage B3 and solar zenith angle 

at 12:00 pm local time.  

 

The solution of the inverse BRDF problem stated in the previous section together with BRDF kernels 
allow us to predict the surface reflectance of a region (i.e. pixel) under any observing and illumination 
conditions. Thus, computed reflectances as mentioned above are known as BRDF adjusted 
reflectances -- these are also commonly known as BRDF corrected reflectances. 

Figure 4 shows the continuation of the processing with ReBeLS to compute a BRDF adjusted 
reflectance based on the BRDF descriptors retrieved as described in section 3.2.3. An additional stage 
(ReBeLS TOCR) is shown in Figure 4 ingesting the BRDF descriptors retrieved in ReBeLS BRDF 
stage to compute a BRDF adjusted surface reflectance. Hereafter, the BRDF adjusted reflectance is 
also referred as TOCR -- this naming aims to keep consistency with previous Copernicus Global Land 
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Service BRDF adjusted reflectances such as the 1km spatial resolution TOCR20 based on SPOT-VGT 
and PROBA-V data which is currently discontinued21.  

 

Figure 5: Diagram flow for the computation of TOCR. Structured layers aim to represent an example 
where a 3x3 pixel window is processed. The BRDF retrievals  (and their variances) are represented as 

 
20 https://land.copernicus.eu/global/products/toc-r 
21 https://land.copernicus.eu/global/content/toc-r-1km-discontinued 

12 PM 

https://land.copernicus.eu/global/products/toc-r
https://land.copernicus.eu/global/content/toc-r-1km-discontinued
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data cubes because there are 3 BRDF descriptors retrieved: 𝐤𝐤𝐢𝐢𝐢𝐢𝐢𝐢,𝒌𝒌𝒗𝒗𝒗𝒗𝒗𝒗,𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈 with variances 
𝝈𝝈𝟐𝟐𝒌𝒌𝒊𝒊𝒊𝒊𝒊𝒊 ,𝝈𝝈𝟐𝟐𝒌𝒌𝒗𝒗𝒗𝒗𝒗𝒗 ,𝝈𝝈

𝟐𝟐
𝒌𝒌𝒈𝒈𝒈𝒈𝒈𝒈  respectively. The Ross_thick and Li_sparse_reciprocal BRDF kernels for the Sun-

viewing common configuration are shown as 𝒂𝒂𝒗𝒗𝒗𝒗𝒗𝒗 and 𝒂𝒂𝒈𝒈𝒈𝒈𝒈𝒈, respectively. The uncertainty associated to 
the TOCR estimates is denoted as 𝛔𝛔𝛔𝛔𝛔𝛔𝛔𝛔𝛔𝛔 while QUIL+ is the input QUIL layer with an added bit to 

identify pixels for which TOCR values are out of a physically believable range (i.e. [0,1]).  

 

The ReBeLS TOCR stage comprises two steps: BRDF adjustment (C1) and quality control (C2) and, 
in the following sections, details on the processing blocks of the ReBeLS TOCR stage are given. 

 

3.3.1 BRDF adjustment (C1) 

Given the processing framework outlined in Figure 4, for the reader convenience, Figure 5 shows the 
diagram flow for the computation of TOCR detached form the overall processing. The data structures 
(layers) shown in Figure 5  represent an example where a 3x3 pixel window is processed. The BRDF 
retrievals and their variances are represented as data cubes because there are 3 BRDF descriptors 
retrieved: kiso, 𝑘𝑘𝑣𝑣𝑣𝑣𝑣𝑣 ,𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔 with variances σ2kiso,σ2kvol,σ2kgeo, respectively. Following Figure 5, the 
ReBeLS TOCR processor is fed with BRDF descriptors (their variances and quality information 
layer) that have been retrieved by the ReBeLS BRDF processor. It should be noticed that it is not 
mandatory for the ReBeLS BRDF and ReBeLS TOCR to run sequentially. Moreover, the ReBeLS 
TOCR processor runs independently for each spectral band. 

The task was to provide BRDF adjusted reflectances at nadir viewing and solar zenith angle at local 
12 PM. Thus, as shown in the top right of Figure 5, the BRDF kernels for the requested Sun-viewing 
configuration (i.e. SZA corresponding to 12:00 PM local time, VZA= 0∘ -- nadir -- and relative 
azimuth angle 𝜙𝜙𝑟𝑟 = 0∘) are computed for each pixel. It is important to note that the SZA for local 
12PM shows variations along the latitude axis. In other words, the SZA at local 12PM for the top row 
of a tile (10∘ × 10∘) will be different from the bottom row of the tile. 

Once the BRDF kernels for the common Sun-viewing configuration have been computed and the 
BRDF descriptors (along with their variances and quality information layer) have been fed into the 
ReBeLS TOCR processor, the BRDF model  runs forward outputting two layers: TOCR, and TOCR 
uncertainty (σTOCR in Figure 5). TOCR is computed as follows: 

 

 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑘𝑘𝑣𝑣𝑣𝑣𝑣𝑣𝑎𝑎𝑣𝑣𝑣𝑣𝑣𝑣(𝜃𝜃𝑆𝑆12𝑃𝑃𝑃𝑃, 0,0) + 𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔(𝜃𝜃𝑆𝑆12𝑃𝑃𝑃𝑃, 0,0) 

 

Eq. 7  
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 The uncertainty of the TOCR computed is estimated by propagating the BRDF retrievals variances 
through the TOCR computations resulting in the following expression: 

 𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎 = �𝜎𝜎2𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖 + 𝜎𝜎2𝑘𝑘𝑣𝑣𝑣𝑣𝑣𝑣𝑎𝑎𝑣𝑣𝑣𝑣𝑣𝑣
2 (𝜃𝜃𝑆𝑆12𝑃𝑃𝑃𝑃, 0,0) + 𝜎𝜎2𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔2 (𝜃𝜃𝑆𝑆12𝑃𝑃𝑃𝑃, 0,0) Eq. 8  

 

3.3.2 Quality control (C2) 

As shown in Figure 5, four layers are the output of the ReBeLS TOCR processor. Those related to 
the TOCR numerical values are estimated as described in the previous section. The QUIL+ layer is 
basically an augmented version of QUIL (Table 4) (output of ReBeLS BRDF processor) where an 
extra bit has been added to identify TOCR values with unrealistic values. 

The determination of the extra bit added to QUIL is as follows: If the BRDF descriptors retrieved 
when plugged into Eq. 7 yield to a reflectance value outside a physically unacceptable range (i.e. [0, 
1]), the extra bit is set to 1. Otherwise, it is set to 0. 

 

Then, the structure of QUIL+ takes the form as shown in Table 6 . 

Thus, all the layers provided in the output product of the TOCR retrieval algorithm are shown in 
Table 7. Nobs is the result of screenings described in section 3.2.1.2, section 3.2.1.3 and section 
3.2.1.4. For details on the output product files see Table 9. 

It is important to note that the illumination conditions associated with acquisitions in  the 
northernmost regions during wintertime can be exceptionally extreme. In such cases, 𝜃𝜃𝑆𝑆12𝑃𝑃𝑃𝑃 is very 
large, yielding to singularities in the BRDF kernels analytical expressions and the derived surface 
reflectance model becomes unreliable. Therefore, ReBeLS restricts the computation of TOCR to 
instances where  𝜃𝜃𝑆𝑆12𝑃𝑃𝑃𝑃 is less than 90 degrees. As a special case, when the scene is in darkness, no 
data value for  TOCR is provided and this is signalised  by activating  QUIL’s bit 0 and 5, yielding 
to a QUIL value of 33. It is worth noticing that such illumination conditions are predominantly 
occurring at northernmost regions during periods of persistent darkness which have an infrequent 
incidence in the global context. 

  



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 40 of 61 

 

 

Table 6: QUIL for TOCR22 

Bit State Value Description 

0 No observations found in a 
predefined time window 

1 If bit0 is 1 then no clear observations were 
found in the dekad time window  

1 No ReBeLS data (unsuccessful 
inversion) 

2 If bit1 is 1 then no ReBeLS data is provided 
(meaning that the BRDF descriptors were 
out of range, unsuccessful inversion)  

 

2 Quality of BRDF inversion: 
Best -- zscore ≤ 2 

4 If bit 2 is 1 then an estimation of goodness 
of fit (z-score within the predefined time 
window) indicates that the agreement 
between observations and model fit can be 
considered as best 

3 Quality of BRDF inversion: 
Warning -- 2 <  𝑧𝑧score ≤ 3 

8 If bit 3 is 1 then an estimation of goodness 
of fit (z-score within the predefined time 
window) indicates that the agreement 
between observations and model fit is 
adequate, albeit results should be taken with 
caution.  

4 Quality of BRDF inversion: 
Extreme warning --  zscore  > 3 

16 If bit 4 is 1 then an estimation of goodness 
of fit (z-score within the predefined time 
window) indicates that the agreement 
between observations and model fit cannot 
be considered adequate.  

5 TOCR out of range 32 If bit 5 is 1, then the BRDF adjusted 
reflectance is out of range (either negative 
or higher than one) 

 

  

 
22 Warning (QUIL=8) does not necessarily mean than the model fit has been degraded. Sometimes when rapid reflectance 
changes take place in a dekad QUIL can be 8 (or 16 – see Figure 12). The latter is of course pixel and temporal dependent 



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 41 of 61 

 

 

Table 7: Layers provided as output of the ReBeLS TOCR processor 

Number of layer ReBeLS TOCR Description 

1 TOCR BRDF adjusted reflectance 

2 σTOCR BRDF adjusted reflectance uncertainty 

3 QUIL Quality information layer -- see Table 6 for details on 
encoding 

4 Nobs Number of clear observations in a predefined time 
window.    

 

 

3.4 EVALUATION OF THE ALGORITHM PERFORMANCE 

The analyses presented in this section focus on pixels of Sentinel-3 and PROBA-V 333m  datasets 
encompassing the period from July 2018 to June2019 from the above-mentioned dataset.  

Figure 6  and Figure 7 show the temporal evolution of the weekly retrieved BRDF descriptors (top 
panel) and BRDF adjusted reflectance (bottom panel) for the pixel of Albufera site, near Valencia, 
Spain, in Sentinel-3 OLCI Oa08 and Oa17 spectral bands, respectively. At first glance, the temporal 
trajectories of the BRDF descriptors retrieved (top panels in Figure 6 and Figure 7) follow a 
phenological cycle expected in a cultivated area in consistency with the land cover for this site. The 
variations in the BRDF descriptors retrieved show a smooth evolution which seems physically 
reasonable for this site in the absence of sharp changes in the reflectance signal (e.g. fire, flash 
flooding, etc.). 

As described in section 3.3, the wavelength dependent BRDF descriptors retrieved are used to adjust 
surface reflectances to a common Sun-sensor configuration. The OLCI Oa08 and Oa17 BRDF 
adjusted reflectances (computed as described in section 3.3.1) for the above mentioned site are shown 
in the bottom panels of Figure 6 and Figure 7, respectively.   
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Figure 6: Temporal evolution of retrieved BRDF descriptors (top panel) and BRDF adjusted 
reflectance (bottom panel) for a pixel near Valencia (this site is also known as Albufera and is a 

cultivated area), Spain – see geographical coordinates at the top of the figure. The temporal 
trajectories of both BRDF descriptors and adjusted reflectances are obtained for OLCI spectral band 

Oa08 (RED spectral range). The bottom panel shows as a reference the MODIS band1 (RED) 
MCD43A4 (Nadir BRDF adjusted reflectances -- NBAR) time series for the same site. The type of 
BRDF descriptors retrieved is colour coded as shown in the legend of top panel. The time series of 

BRDF adjusted reflectances are colour and symbol coded as shown in the legend of the bottom panel. 
The quality information layer (QUIL – for details see section 3.2.4) for the BRDF retrievals is overlaid 

on the top panel where corresponding QUIL values can be found in the left y-axis. The latter also 
applies for the bottom panel, albeit for the TOCR QUIL (see section 3.3.2 for details). The error bars 

shown in both panels correspond to the uncertainties estimated as described in section 3.2.3  and 3.3.1.   
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Figure 7: Same as in Figure 6 but for Sentinel-3 OLCI Oa17 spectral band ( NIR). The bottom panel 
shows as a reference the MODIS band2 (NIR) MCD43A4 NBAR time series for the same location. 

 

The impact of directional effects on TOC surface reflectance time series can be identified by the 
presence of a high frequency noise component which, in turn, results in spurious deviations with time 
scales shorter than the characteristic vegetation activity timescales. From Figure 6 and Figure 7, it 
can be seen that, no step changes in the BRDF adjusted reflectance signal can be identified. Moreover, 
the temporal trajectories of the BRDF adjusted reflectances are consistent with those shown in the 
MODIS MCD43A4 NBAR time series extracted for the Valencia pixel. 

Before performing any comparison with the MODIS MCD43A4 product, there are a couple of issues 
to bear in mind: (i) Although there is an overlap between spectral bands from MODIS and Sentinel-
3 OLCI (and PROBA-V), these are not identical which can, in turn, introduce differences that are not 
intrinsic to the observed targets but associated to the instruments themselves; (ii) Although ReBeLS 
uses the same BRDF kernels as MODIS MCD43A4, the optimal BRDF descriptors estimation is 
significantly different (e.g. accumulation period, BRDF descriptors optimal estimation framework, 
usage of regularisation, frequency of BRDF descriptors retrievals –daily for MCD43A4 while 7-days 
frequency for ReBeLS in these examples).  
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Figure 6 and Figure 7 show an overall agreement between MODIS MCD43A4 NBAR time series and 
BRDF adjusted reflectances obtained with ReBeLS for a pixel near Valencia. The consistency 
between time series is not only at the levels of BRDF adjusted reflectance signal but also in terms of 
phenology. More specifically, the onset of the vegetation growing season denoted by an increase of 
NIR reflectance signal (see bottom panel of Figure 7 around 2019-06) is consistent between both 
BRDF adjusted reflectance time series. 

Since the MCD43A4 product is obtained with a daily cadence, the consistency seen in the bottom 
panels of Figure 6 and Figure 7 adds confidence in the near real timeliness of the BRDF adjusted 
reflectances obtained with ReBeLS which, in turn, suggests that the BRDF descriptors retrievals  
adequately fit the Sentinel-3 TOC observations and the BRDF adjusted reflectance obtained with 
ReBeLS show a phenological cycle consistent with MODIS MCD43A4. 

Within the Sentinel-3 TOC reflectance dataset (see section 1.3.2), the pixel near Valencia is not 
characterised by a high frequency of cloud occurrence. Figure 8 and Figure 9 show the PROBA-V 
based temporal trajectories of BRDF descriptors retrievals (top panels) and BRDF adjusted 
reflectances (bottom panels) for PROBA-V and Sentinel-3 pixels near Starbroek (Belgium) and 
Snargate (England) , respectively. These pixels correspond to geographical regions with high cloud 
occurrence. 

 

Figure 8: Same layout as Figure 7 but for a  PROBA-V 333m pixel near Starbroek, Belgium – see 
geographical coordinates at the top of the figure. 
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Figure 9: Same layout as in Figure 6 but for a Sentinel-3 pixel near Snargate, England – see 
geographical coordinates at the top of the figure. 

 

The above discussion -- on the temporal evolution of the ReBeLS BRDF retrievals and consistency  
between ReBeLS BRDF adjusted reflectance and MCD43A4 -- for the pixel near Valencia (see 
Figure 6 and Figure 7) also applies for pixels where the cloud coverage can be a major concern for 
the retrieval of BRDF descriptors (Figure 8 and Figure 9).  

However, as shown in Figure 9, the Sentinel-3 BRDF adjusted reflectances show a clear deviation 
from the MCD43A4 time series at the beginning of the time series (i.e. around 201808). At first 
glance, this could be attributed to the processing of an undetected cloud. Nevertheless, when looking 
at the observed Sentinel-3 TOC temporal trajectories – see Figure 10,  it becomes evident that the 
peak seen in the Sentinel-3 BRDF adjusted reflectances is associated to the TOC reflectance signal 
rather than a single occurrence undetected cloud as seen by the end of  the time series (around 201907 
in Figure 10).  
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Figure 10 Temporal evolution of OLCI Oa08 TOC reflectance observed and BRDF adjusted for a 
pixel near Snargate (England – see Figure 9). The type of reflectance datasets is colour and symbol 

coded as shown in the legend. 

 

Figure 11 shows the results of the presented algorithm for a Sentinel-3 pixel near Sodankyla (northern 
Finland) for which its TOC reflectance time series is significantly hampered by a high frequency of 
cloud occurrence and long periods of natural darkness. BRDF descriptors retrieved and BRDF 
adjusted reflectances for this pixel ) are shown in the top and bottom panels of Figure 11, respectively. 
By looking at the QUIL states over the time series,  the lack of observations denoted by QUIL state 
equal to 1, (see Table 4 and Table 6 for the definitions of the QUIL layer) spans a period from late 
October to late April which is a significant gap in the time series. 

Nevertheless, for this example, the ReBeLS BRDF processor provides an estimate of the evolution 
of the BRDF descriptors for each week in the time series. These estimates should be interpreted 
bearing in mind that in the event of a persistent absence of observations yielding to significantly long 
gaps in the TOC reflectance time series, the estimation of BRDF descriptors is dominated by the prior 
BRDF descriptors climatology used in the optimal estimation framework. However, as clear 
observations are available (see Figure 11 around May 2019), these are assimilated to provide temporal 
trajectories of BRDF descriptors which can reflect the current conditions of the surface. The 
correspondence between MCD43A4 NBAR and ReBeLS BRDF adjusted reflectances seen after May 
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2019 (bottom panel of Figure 11) adds supporting evidence to the later statement.  Furthermore, it is 
important to observe that the BRDF descriptors and BRDF-adjusted reflectance yielded by ReBeLS 
during periods lacking clear observations align well with the MCD43A4 datasets. This alignment is 
clearly visible from March to May 2019 in the lower panel Figure 11. 

 

 

Figure 11: Same layout as in Figure 6 but for a pixel near Sodankyla, Finland – see geographical 
coordinates at the top of the figure. 

 

The prior of BRDF descriptors (based on MODIS MCD43A1 and MCD43A2 products – see section 
2.2 for details) used by ReBeLS to optimally estimate BRDF descriptors plays a key role in 
constraining the BRDF inversion solution. As shown in Figure 11 and discussed in the above 
paragraph, the prior will dominate the solution in the absence (or scarce availability) of TOC 
reflectance observations. However, the prior does not significantly influence the BRDF inversion 
solution when TOC reflectance observations are available and the information to noise ratio (e.g. an 
ensemble significantly populated with surface reflectance observations for which atmospheric effects 
were not properly removed will have a low information to noise ratio) in the ensemble of TOC 
reflectance observations accumulated is high.  From Figure 11, it is noteworthy that around April 
2019 the surface was snow-covered as seen by MODIS; however, ReBeLS displays a QUIL=1 
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indicating no data. The later apparent contradiction reflects the severe limitations of the snow-cloud 
mask in the Sentinel-3 TOC dataset, which misclassifies the snow pixels as clouds 
[CGLOPS1_QAR_S3-CloudMask]. 

 

 

Figure 12: Layout is the same as in Figure 6 but for a pixel near Gandia, Spain (see geographical 
coordinates at the top of the figure). On 8th of August 2018 a massive burning of vegetation was 

reported in a region surrounding this pixel. A sharp drop in Oa17 BRDF adjusted reflectance around 
this date is evident.   

 

As an example of the later, Figure 12 shows the temporal evolution of BRDF descriptors (top panel) 
and BRDF adjusted reflectance (bottom panel) for a Sentinel-3 pixel near Gandia, Spain. According 
to the CCI Land Cover 23 maps (accessed on 15th June 2020), the land cover associated to this pixel 
is tree or shrub cover. Thus, sharp (and rapid variations) as those seen in August 2018 (see Figure 12) 
cannot be associated to the natural phenological cycle of this site but rather to a reflectance signal 
characteristic of a sudden and devastating event. Indeed, on 8th August 2018 a fire was reported24 on 

 
23 http://maps.elie.ucl.ac.be/CCI/viewer/index.php 
24 https://elpais.com/politica/2018/08/08/actualidad/1533709205_292531.html  

http://maps.elie.ucl.ac.be/CCI/viewer/index.php
https://elpais.com/politica/2018/08/08/actualidad/1533709205_292531.html
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this region. Figure 13 displays the same temporal profiles but for the corresponding  PROBA-V 
dataset. 

Despite the usage of a prior of BRDF descriptors, step events (such as fires) can be well described by 
the methodology presented in this ATBD. The consistency between MCD43A4 NBAR and ReBeLS 
BRDF adjusted reflectance time series shown in the bottom panels of Figure 12  and  Figure 13 adds 
confidence on the implementation of a BRDF model estimation based on Sentinel-3  and PROBA-V 
TOC reflectance data.  

 

 

Figure 13. Same as Figure 12 but for a PROBA-V pixel. 

 

The spatial consistency of the BRDF descriptors retrievals (for 3rd June 2019) at tile scale can be seen 
in the RGB image (R: kiso , G: kvol, B: kgeo) displayed on Figure 14. At first glance, an agreement 
between structures in RGB BRDF images and land cover type can be noticed. 

 



Copernicus Global Land Operations – Lot 1 
Date Issued: 25.09.2025 
Issue: I1.30  

 

Document-No. CGLOPS1_ATBD_BRDFCorrection300m-V1 © CGLOPS Lot-1 consortium  
Issue:     I1.30 Date: 25.09.2025 Page: 50 of 61 

 

 

Figure 14: RGB image of the  Oa17 BRDF descriptors retrieved for 3rd June 2019. The colour channels 
are as follows: R: 𝐤𝐤𝐢𝐢𝐢𝐢𝐢𝐢 , G: 𝐤𝐤𝐯𝐯𝐯𝐯𝐯𝐯, B: 𝐤𝐤𝐠𝐠𝐠𝐠𝐠𝐠.  

 

Moreover, the temporal evolution of the BRDF adjusted reflectance for Sentinel-3 Oa17 and PROBA-
V NIR bands in a  10∘ × 10∘ tile comprising  the Iberian peninsula and Italy  can be found in Figure 
15 and Figure 16, respectively. From these figures, it is evident that the BRDF adjusted reflectance 
time series at tile scale follows the expected phenological cycle for the corresponding geographical 
regions. 
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Figure 15: Temporal evolution of Oa17 BRDF adjusted reflectance (TOCR) for tile X17Y03. The 
BRDF adjusted reflectance time series at tile scale follows the expected phenological cycle for this 

geographical region. 
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Figure 16. Same layout as Figure 15 but for PROBA-V data on tile X19Y03. 

 

3.5 DIFFERENCE WITH PREVIOUS VERSION V1.3 

The main changes in ReBeLS v1.6 are listed as follows: 

• ReBeLS can now process PROBA-V TOC reflectance datasets. 

• Improved outlier detection: The uncertainties linked to the atmospherically corrected Sentine-
3 SLTR TOC data do not account for the radiometric uncertainty associated with the 
measurements, leading to underestimated TOC uncertainties. A module was incorporated into 
ReBeLS to address uncertainties limitations by generating additional synthetic uncertainties. 
Two factors determine these synthetic uncertainties: 

o  A comparison with a reference dataset, which in current versions is the 
MCD43PGF dataset but could potentially be any other reference dataset. 

o An angular weighting factor that considers the geometry of the observation.  
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The procedure to compute the angular weights is detailed in section 3.2.1.4.  However, in 
specific scenarios, the synthetic uncertainties assigned to outliers were smaller than those 
provided by the atmospheric correction process. This behaviour was not appropriate, 
especially in cases where the atmospheric uncertainties were already substantial, indicating 
the unusability of the measurement. This issue has been rectified in version v1.6, where a 
conditional check has been implemented to ensure that the synthetic uncertainties assigned to 
outliers are not smaller than those attached in the atmospheric correction procedure. It is 
essential to note that this modification impacts the covariance matrix of the observations. 
Therefore, when solving the matrix system in v1.6, one can anticipate obtaining a posterior 
covariance that differs from that obtained with version v1.3. This discrepancy manifests as a 
slight difference, which should not be regarded as significant, in the uncertainties associated 
with the retrieved BRDF descriptors and the BRDF-adjusted surface reflectance. 

Figure 17 shows the temporal evolution of the NIR BRDF-adjusted surface reflectance for a 
pixel near the LANDVAL 133 station (lat=21.6045, lon=58.0374). The time series are derived 
from two versions of ReBeLS: v1.3 (bottom panel) and v1.6 (top panel). For reference, the 
MCD43A4 product for the same location is overlaid in purple. Notably, the bottom panel of 
Figure 15 reveals a distinctive elevation, or "bump," in the BRDF-adjusted surface reflectance 
profile, particularly around the summer of 2018. This bump is unexpected given that the 
station is characterised as a bare area, where such fluctuations are not anticipated and are 
likely attributed to outliers ingested during the BRDF inversion process. It is pertinent to 
observe that during the period when this bump is evident, no high-quality MCD43A4 product 
is available (denoted by grey dots). This absence of clear observations during this period is 
likely due to an unusual and persistent cloud cover. 

In contrast, the top panel of Figure 15 showcases the BRDF-adjusted surface reflectance 
profile obtained with the updated version of ReBeLS, v1.6. Here, it is evident that the refined 
outlier detection strategy effectively identifies and suppresses the spurious deviations in 
surface reflectance, eliminating the bump observed at the beginning of the time series 
generated by ReBeLS v1.3. This example underscores the advantages of improved temporal 
consistency achieved through the updated outlier identification strategy in ReBeLS v1.6. 
Furthermore, one can observe a slight reduction in the uncertainty associated with the BRDF-
adjusted surface reflectance profiles generated by ReBeLS v1.6. This reduction arises from 
the increased selectivity of the input covariance matrix. Although the difference in uncertainty 
between the two ReBeLS versions may be discernible, it does not appear to possess statistical 
significance. 
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Figure 17. BRDF-adjusted surface reflectance temporal evolution for a pixel near station Landval 133. 
Bottom and top panels show the BRDF-adjusted reflectance obtained from ReBeLS v01.3 and v1.6, 

respectively. Datasets are colour coded, as shown in the legend. 

 

• Filtering extreme geometries when computing TOCR: ReBeLS v1.3 computed TOCR for all 
illumination conditions. However, in the northernmost regions, large solar zenith angles at 
12PM are reached during wintertime, and these angles can approach a singularity in the 
analytical expressions used to compute the BRDF kernels. When this singularity point is 
reached, the surface reflectance model becomes unreliable and cannot be applied. It is worth 
noticing that such extreme illumination geometries are not frequently encountered. ReBeLS 
v1.6 introduces a filter to prevent such unusual illumination scenarios. Figure 16 provides an 
example of the BRDF-adjusted reflectances that are excluded due to their extreme geometries. 
The figure displays the Oa17 BRDF-adjusted surface reflectance for the Landval site 631 
(latitude: 67.031, longitude: 26.219) obtained using ReBeLS v1.3 and v1.6 in the bottom and 
top panels, respectively. In late December 2018, TOCR computation occurred under extreme 
illumination conditions, where the Sun was below the horizon. As expected for these high 
northern latitudes, the scene was in complete darkness during these periods. Consequently, 
the BRDF kernels computed to estimate the predicted surface reflectance would reach the 
singularity mentioned earlier, rendering the surface reflectance model unreliable. ReBeLS 
v1.6 addresses this issue, as depicted in Figure 16, by rejecting predicted surface reflectance 
values in December under such extreme illumination conditions. These rejected values are no 
longer included in the BRDF-adjusted dataset, ensuring the quality and reliability of the data. 
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Figure 18. Same layout as Figure 17 but for Landval 631 station. 

 

3.6 LIMITATIONS 

WIS TOC reflectances are the input of the methodology presented in this ATBD allowing us to 
retrieve BRDF descriptors and to adjust TOC reflectances to a common Sun-sensor configuration. 
Therefore, the quality of BRDF descriptor retrievals is fully dependent on the quality of the 
atmospheric correction and cloud-shadow-snow pixel identification. Although a robust outlier 
detection is part of the ReBeLS processor (see section 3.2.1.3), its performance is significantly 
diminished in periods with a high frequency of cloud occurrence. The latter issue can be augmented 
when misclassified shadows -- as identified in the current version of the Sentinel-3 TOC reflectances 
[CGLOPS1_QAR_S3-CloudMask] -- are present in the dataset.   

BRDF descriptors and BRDF adjusted reflectances (TOCR) estimates are provided each dekad (or 
any cadence defined by the user) even if no observations were available within that dekad (e.g. see 
Figure 11). These estimates are significantly dominated by the prior of BRDF descriptors (based on 
MODIS MCD43A1 and MCD43A2 products – see section 2.3 for details) used by ReBeLS. Since no 
Sentinel-3 observations are available to verify these estimates (which do follow the temporal 
evolution of the prior), caution should be exercised when using and interpreting these values.  

The MCD43P dataset matches adequately the spatial variability displayed by the Sentinel-3 TOC data 
at a global scale. However, a caveat to bear in mind is that the MCD43P dataset has been assembled 
by reprojecting and resampling (these steps can alter the original data) MODIS MCD43A1 and 
MCD43A2 products from 500m to 333m spatial resolution. 

When assembling this climatology of kernel weights MCD43P, the most recent version of the MCD43 
suite of products was V006. However, since 2021, an updated version V006.1 is available, and a 
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potential update of the ReBeLS processor must consider updating the MCD43P climatology by using 
MCD43 V006.1 products. For other caveats related to the MCD43P dataset, we refer the reader to 
section 2.3 

 

3.7 RISK OF FAILURE AND MITIGATION MEASURES 

In case of Sentinel-3A or Sentinel-3B fails, the amount of data provided by only one of the Sentinel-
3 sensors can serve to deliver BRDF descriptors retrievals and BRDF adjusted reflectances. As a 
probe of the later, the Sentinel-3 TOC reflectance dataset used to develop this algorithm encompasses 
the period July2018 to Jun2019, tough the first half of the Sentinel-3 time series is populated solely 
by observations acquired with the Sentinel-3A sensor. The latter adds supporting evidence for the 
ReBeLS BRDF processor being able to deliver adequate results with data from a single Sentinel-3 
sensor. 

Since the methodology presented in this ATBD is sensor independent, in the unfortunate event of 
losing both Sentinel-3A and Sentinel-3B satellites, thanks to the algorithm implementation structure 
of ReBeLS, the data stream of other satellites (e.g. MODIS, VIIRS) can be fed to ReBeLS without 
requiring a large amount of effort for implementation. Thus, minimizing a large interruption of the 
near-real time services.  
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4 COPERNICUS BRDF DATA (CBD) PRODUCTS 
 

The output of the algorithm are  the BRDF descriptors (CBD_K) and the BRDF adjusted reflectances 
(CBD_TOCR) . The BRDF adjusted reflectances in the NIR and RED spectral ranges are used to 
perform an arithmetic computation of NDVI  and are  the inputs for  the LSP products within the 
Copernicus Global Land Service. Therefore, as an aid to users, the main characteristics of these 
intermediate products are in Table 8 and Table 9. 

 

Table 8: Information on the ReBeLS BRDF (CBD_K) product files. 

  

Data format GEOTIFF 

Cadence User defined 

Naming convention CBD_K_Tile_SpectralBand_Year_Doy.tif 

Tile: PROBA-V XY tile grid 

Doy: day of year 

Example: CBD_K_X17Y03_Oa17_toc_2019_161.tif 

Projection and Grid 
information 

Coordinate System is: 

GEOGCS["WGS 84", 

    DATUM["WGS_1984", 

        SPHEROID["WGS 84",6378137,298.257223563, 

            AUTHORITY["EPSG","7030"]], 

        AUTHORITY["EPSG","6326"]], 

    PRIMEM["Greenwich",0], 

    UNIT["degree",0.0174532925199433], 

    AUTHORITY["EPSG","4326"]] 

Number of layers 9 (see Table 5) 
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Table 9. Information on the ReBeLS TOCR (CBD_TOCR) product files 

  

Data format netCDF 

Cadence User defined 

Naming convention CBD_TOCR_Tile_SpectralBand_Year_Doy.nc 

Tile: PROBA-V XY tile grid 

Doy: day of year 

Example: 
CBD_TOCR_X17Y03_Oa17_toc_2019_161.nc 

Projection and Grid information Coordinate System is: 

GEOGCS["WGS 84", 

    DATUM["WGS_1984", 

        SPHEROID["WGS 
84",6378137,298.257223563, 

            AUTHORITY["EPSG","7030"]], 

        AUTHORITY["EPSG","6326"]], 

    PRIMEM["Greenwich",0], 

    UNIT["degree",0.0174532925199433], 

    AUTHORITY["EPSG","4326"]] 

Number of layers 4 (see Table 7) 
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