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1 Introduction

This document is the 2023 Annual Performance Report of the Sentinel-2 mission prepared by the OPT-
MPC consortium led by ACRI-ST in the frame of the “COPERNICUS SPACE COMPONENT SENTINEL OPTICAL
IMAGING MISSION PERFORMANCE CLUSTER SERVICE”, ESA contract 4000136252/21/I1-BG.

1.1 Scope of the document

This document provides a summary of the end-to-end mission performance of Sentinel-2 from the 1% of
January 2023 until the 31 of December 2023 carried out by the Optical Mission Performance Cluster
during its second year of the routine operations phase.

Please note that a report addresses the Sentinel-3 optical mission (ref. OMPC.ACR.APR.004).

1.2 Applicable and Reference documents

The full Applicable Documents (AD) and Reference Documents (RD) ID correspondence is provided in the
Configuration Item Data List (OMPC.ACR.LST.001).

1.3 Acronyms and abbreviations

The definition of the acronyms and abbreviations used in this document is provided in the List of Acronyms
and Definitions (OMPC.ACR.LST.002).
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2.1

2 Executive Summary

Instrument performance

Both Sentinel-2A and Sentinel-2B are in excellent health and operate nominally.

2.2 Level-1C Performances Overview

The following overview table provides a summary of the Level-1C products data quality performances
measured on products in Processing Baselines 02.01 and higher, for a set of key mission requirements.

Similar performances are observed for both Sentinel-2A and Sentinel-2B satellites.

Table 1: Summary of Sentinel-2 L1C products measured performances for mission key requirements.

Measured
performance

Absolute geolocation

The geo-location uncertainty shall be better than 20
m at 20 confidence level (unrefined products)

<15.5mat
95.5% confidence
(unrefined products)

Multi-temporal
registration

The spatial co-registration accuracy of Level 1c data
acquired at different dates over the same
geographical area shall be better than or equal to 0.3
SSD at 2 o confidence level.

=5mat 95.5%
confidence (refined
products) for S2B and
slightly above the
specifications for S2A (5.5
m at 95.5% confidence)

Multi-spectral

registration

The inter-channel spatial co-registration of any two
spectral bands shall be better than 0.30 of the
coarser achieved spatial sampling distance of these
two bands at 3o confidence level.

< 0.3 pixel at
99.7% confidence

All bands couples are
within or close to the
specifications except the
couples B02/B08 and
BO5/B11.

Absolute
radiometric

uncertainty

The absolute radiometric uncertainty shall be better
than 5 % (goal 3%). (see Table 12 in this document)

B1to B12, excl. B10: <
3%+2%

SNR

The Signal-to-Noise Ratio (SNR) shall be higher than
specified values (see Table 13 in this document)

All bands compliant with
> 27% margin
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Note that a reference article provides an in-depth presentation of Sentinel-2 Calibration and Validation
methods and results after one year in operation (F. Gascon et al., “Copernicus Sentinel-2 Calibration and
Products Validation Status”, RSE, 2017).

All the measured radiometric and geometric performances assessed on Level-1 products are detailed in
the section 5.1.

2.3 Level-2A Performances Overview

The following overview table provides a summary of the Level-2A products data quality performances.
The performances for water vapour and aerosol optical thickness reported have been measured with
Sen2cor version 2.11 (operational processing). Results for surface reflectance retrieval are obtained with

Sen2Cor 2.8.
Cloud masking performance was assessed with Sen2Cor 2.10.

Table 2: Summary of Sentinel-2 L2A products measured performances for mission key requirements.

Measured performance

Uncertainty goal of Bottom-of-Atmosphere

Surface reflectance reflectance retrieval:

U(p) < 0~ospreference +0.005

79% of retrieved SR values are
within uncertainty goal

96% of retrieved Water vapour

Uncertainty goal of WV retrieval:
values are within uncertainty goal

Water Vapour U(WV) € (0.1¥*WV,er+0.2) g/cm2

48% (57%) of Aerosol optical
thickness values at 550 nm
retrieved with DDV algorithm (with
CAMS data as fallback solution) are
within uncertainty goal

Aerosol Optical Thickness Uncertainty goal of AOT550 retrieval:
at 550 nm U(AOT) < 0.1*AOTref+0.03

Commission of clear pixels ranges
from 0% to 8% depending on test
site with the higher values mostly
due to confusion with transparent
clouds. It is 30% for snow covered

Classification / Cloud No requirement defined.
winter-season products.

masking

Balanced overall accuracies of clear

vs cloud pixels range between 84 —

100% and is 81% for snow covered
winter-season products

Starting with Processing Baseline 04.00, Sentinel-2 Level-2A products are compliant with the CEOS-ARD
requirements at the threshold level (see https://ceos.org/ard/).
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Note that a reference article provides an in-depth presentation of Sentinel-2 Calibration and Validation
methods and results after one year in operation (F. Gascon et al., “Copernicus Sentinel-2 Calibration and
Products Validation Status”, RSE, 2017).

More recent information about Sen2Cor surface reflectance retrieval performance can be found in B. Pflug
et al., “Evaluation of Sen2Cor surface reflectance products over land surface with reference measurements
on ground”, IEEE International Geoscience and Remote Sensing Symposium, 2022.

Detailed inter-comparison of cloud masking of Sen2Cor with other processors is published in S. Skakun et
al., “Cloud Mask Intercomparison eXercise (CMIX): An evaluation of cloud masking algorithms for Landsat
8 and Sentinel-2", Remote Sensing of Environment, Volume 274, 2022, 112990, ISSN 0034-4257*,

All the measured performances assessed on Level-2A products are detailed in the section 6.1.

1 https://doi.org/10.1016/j.rse.2022.112990
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3 Processing baseline description

3.1 Processing baseline status

This section lists all processing baselines in operation between the 1% of January 2023 and the end of
December 2023.

Table 3: Sentinel 2 processing baseline

Processing baseline - -
e Deployed in operation

05.09 December 6%, 2022 See §3.1.1
05.10 December 13t, 2023 See §3.1.2
05.00 - See §3.1.3

For further information on the former processing baselines, please refer to
https://sentiwiki.copernicus.eu/web/s2-processing#S2Processing-ProcessingBaseline.

On December 6%, 2022, the processing baseline 05.09 was deployed. The format of the L1C and L2A
products within this new PB remains the same as outlined in the current Product Specification Document
(version 14.9).

The operational processor deployed for this processing baseline is the same as the one used to generate
the Copernicus Sentinel-2 Collection-1 (for more details please refer to the section 3.1.3). The particularity
of this processor is that it can operate with both the Copernicus DEM at 90 meters ground spatial
resolution, and/or with its finer defined version at 30 meters resolution. For this processing baseline, the
90 m version of the DEM is used. Then, the processing baseline identifier 05.09 tags the operational
products generated with the 90 m version of the Copernicus DEM.

Regarding Level-1C products, the following evolutions are included:

++ Update of the radiometric saturation threshold to allow saturation mask computation. This is the
final fix for anomaly #13 (refer to section 8.3.4 for more details) and ensures that the saturation
mask (QUALIT mask layer 8) is now fully operational. Users are advised that radiometric accuracy
requirements are not applicable to saturated pixels.
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Figure 1. BO8 image with saturation mask overlayed (semi-transparent red).

«» Partially corrected mask: flag pixels where there is a crosstalk between one band and another one
which is saturated. With processing baseline 05.XX, the partially corrected quality mask (QUALIT
mask layer 7) becomes operational. The radiometric accuracy of partially corrected pixels may be
slightly degraded.

v

Lot SR
Figure 2. Partially corrected pixel mask for B12.

The mask correctly reflects the impact of crosstalk from B10.

Regarding Level-2A products, the following evolutions are included:

++ ldentification of defective pixels from missing instrument source packets in L2A Scene Classification
layer.

+» Correction of anomalies #5, #65, #66 and #74 (please refer to https://s2anomalies.acri.fr/anomalies
for more details).



https://s2anomalies.acri.fr/anomalies
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On December 13™, 2023, the processing baseline 05.10 was deployed. The format of the L1C and L2A
products within this new PB remains the same as outlined in the current Product Specification Document
(version 14.9).

The operational processor for this processing baseline remains the same as the one used for previous
processing baseline 05.09 (see section 3.1.1), and to generate the Copernicus Sentinel-2 Collection-1 (for
more details please refer to the section 3.1.3). The particularity of the processing baseline 05.10 is that
includes the use in operation of the Copernicus DEM at 30 meters ground spatial resolution
(https://doi.org/10.5270/ESA-c5d3d65), with corresponding improvement of the geolocation
performance over mountainous areas in particular. The Copernicus DEM at 30 meters being already used
for the historical archive reprocessing, the new processing baseline 05.10 ensures continuity with the
Copernicus Sentinel-2 Collection-1 tagged with the processing baseline identifier 05.00. With respect to
processing baseline 05.00, processing baseline 05.10 has been optimized to meet real time processing
constraints. Therefore, very slight differences could be found between PB 05.10 products and
corresponding PB 05.00 Collection-1 products.

This processing baseline is used to generate the Copernicus Sentinel-2 Collection-1. This reprocessing
provides consistent Sentinel-2A and Sentinel-2B time series with an optimized calibration. Moreover, the
L2A surface reflectance product is compliant with the CEOS Analysis Ready Data for Land (CARD4L)
standard from 2015 to the present.

As mentioned previously, the processor used for this processing baseline is the same used for the
operational processing baselines 05.09 and 05.10. The 30 m version of the DEM is used to reprocess the
Copernicus Sentinel-2 Collection-1 products, tagged with the processing baseline identifier 05.00.

The improvements introduced in recent baselines will be generalized to the whole time series:

+» Geometric refining using the high-quality Copernicus Digital Elevation Model (introduced in PB
03.00)

+*+» Harmonized radiometry after alignment of S2B on S2A (introduced with PB 04.00)

«» Most recent product format for L1C and L2A with radiometric offset, quality masks in raster format,
L2A quality indicators, DOI (introduced in PB 04.00)

«» Improved L2A processing algorithms for scene classification and surface reflectance (alighed with
PB 04.00)

In addition, the PB 05.00 will provide some specific improvements over the PB 04.00 used in operation at
the beginning of the Collection-1 reprocessing campaign:

«» Optimization of the applicability of successive radiometric and geometric calibrations
+» Reliable quality mask for radiometric saturation

¢ Identification of defective pixels from missing instrument source packets in L2A Scene
Classification layer

+» Use of the Copernicus Digital Elevation Model at 30 m resolution.



https://doi.org/10.5270/ESA-c5d3d65
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We remind here that a radiometric offset on reflectance digital numbers has been introduced for both
L1C and L2A products with processing baseline 04.00 deployed on January 25%, 2022. Then, the dynamic
range is shifted by a band-dependent constant: RADIO_ADD_OFFSET for L1C products and
BOA_ADD_OFFSET for L2A products. This offset allows encoding negative surface reflectances that may
occur over very dark surfaces.

From the user’s point of view, the L1C Top of Atmosphere (TOA) reflectance (L1C_TOA) can be retrieved
from the output radiometry as follows:

+«» Digital Number DN=0 remains the “NO_DATA” value
«» For a given DN in [1;2715-1], the L1C TOA reflectance value is:

L1C_TOAi = (L1C_DNi + RADIO_ADD_OFFSETi) / QUANTIFICATION_VALUEi

The radiometric offset value is reported in the field General_Info/Product_Image_Characteristics/
Radiometric_Offset_List/RADIO_ADD_OFFSET of the User Product Metadata, as well as in the field
Image_Data_Info/Radiometric_Info/Radiometric_Offset_List/RADIO_ADD_OFFSET of the Datastrip
Metadata. It is set to -1000 Digital counts for all spectral bands.

The L2A Surface Reflectance (L2A_SR) shall be retrieved from the output radiometry as follows:

+«» Digital Number DN=0 remains the “NO_DATA” value
*» For agiven DN in [1; 1;2715-1], the L2A BOA reflectance value is:

L2A_SRi = (L2A_DNi + BOA_ADD_OFFSETi) / QUANTIFICATION_VALUEi

The radiometric offset value is reported in the field General_Info/Product_Image_Characteristics/
BOA_ADD_OFFSET_VALUES_LIST/BOA_ADD_OFFSET of the User Product Metadata, as well as in the
field Image_Data_Info/Radiometric_Info/BOA_ADD_OFFSET_VALUES_LIST/BOA_ADD_OFFSET of
the Datastrip Metadata. It is set to -1000 Digital counts for all spectral bands.

3.2 Configuration and differences with Sen2cor ‘User’ version

The Level-2A operational processor generates, using algorithms of scene classification and atmospheric
correction included in Sen2Cor processor, Level-2A (Surface Reflectance) products from Level-1C products.
Level-2A can also be generated by the User from the Level-1C product using the standalone version of the
Sen2Cor processor: https://step.esa.int/main/snap-supported-plugins/sen2cor/.

Sen2cor configuration applied for the Level-2A operational products:

¢ has Terrain correction activated,

R/

+» uses CCl AUX data to support scene classification.



https://step.esa.int/main/snap-supported-plugins/sen2cor/
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Since Baseline 02.11, individual configuration parameters are set as follows and are the same default
parameters provided with Sen2cor standalone version:

. ~o
Copernicus DEM at 90 m since baseline03.00

DEM Planet-DEM 90 m for previous baselines

Generate_DEM_Output FALSE

Generate_TCI_Output TRUE

Generate_DDV_Output FALSE

Downsample_20_to_60 TRUE

Aerosol_Type RURAL

Mid_Latitude SUMMER

Ozone_Content get the best approximation from metadata

WV _Correction 1: only 940 nm bands

VIS_Update_Mode 1: variable visibility

WV_Watermask 1: land-average

Cirrus_Correction FALSE

DEM_Terrain_Correction TRUE

BRDF_Correction 0: no BRDF correction

Adj_Km 1.000

Visibility km 40.0

Smooth_WV_Map 100.0

WV_Threshold_Cirrus 0.25

Some differences can be found between L2A products generated by users with current Sen2cor version
and the operational products generated using the baseline 02.11:

++ If the Digital Elevation Model (DEM) is different, this can impact terrain correction results (users
have access to SRTM-DEM and Copernicus DEM at 90 m and 30 m whereas L2A operational products
uses Planet-DEM for baseline >= 02.11 and Copernicus DEM at 90 m for baseline >= 03.00),

++» The JP2000 compression library is different, which leads to a slightly different size of the products
and a different compression noise.
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4.1

4 Calibration and characterisation changes

Instrument settings

There has been no change in the Sentinel-2A or Sentinel-2B instrument setting during the reporting period.

4.2 Evolutions in Radiometric Calibration

4.2.1 Overview

Radiometric calibration is performed routinely at the beginning of each month. It includes a dark signal
calibration as well as an absolute and relative gain calibration, and results in the update of the R2ZEQOG
and R2ABCA Ground Image Processing Parameters (GIPP) used by the processor to generate Level-1C

products:

+» R2EQOG GIPP contains information to perform the equalisation on ground, in correcting the
measured signal from the non-linearity of the pixel response and the non-uniformity behaviour of
each pixel with the others. The objective is to get a uniform image when the observed landscape is

uniform.

“» R2ABCA GIPP contains the absolute calibration coefficient for each spectral band to convert the
equalized signal into equivalent radiance at the entrance of the MSI sensor.

The table below provides the start validity dates of R2ZABCA and R2EQOG GIPP released during 2023.

Table 4 : Start validity date of R2ZABCA and R2EQOG GIPP released in 2023

E ) version date version version date
0229 0198 12/01/2023 0093 0092 24/01/2023
0230 0199 09/02/2023 0094 0093 21/02/2023
0231 0200 09/03/2023 0095 0094 23/03/2023
0232 0201 18/04/2023 0096 0095 20/04/2023
0233 0202 16/05/2023 0097 0096 17/05/2023
0234 0203 15/06/2023 0098 0097 15/06/2023
0235 0204 12/07/2023 0099 0098 25/07/2023
0236 0205 09/08/2023 0100 0099 17/08/2023
0237 0206 19/09/2023 0101 0100 19/09/2023
0238 0207 18/10/2023 0102 0101 20/10/2023
0239 0208 09/11/2023 0103 0102 16/11/2023

0104 0103 11/12/2023
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Decontamination operations are scheduled once a year.

A decontamination of the instrument was performed on the 6" — 7" of November 2023. The calibration

coefficients were updated on the 9" of November 2023.

Dark signal stability:

The dark signal is quite stable. Its variation remains:

+* lower than 0.5 LSB for most of pixels in VNIR bands

+* lower 1.0 LSB for most of pixels in SWIR bands

while the mean value of the dark signal is between 440 and 520 LSB, depending on the spectral band.

Table 5 gives the statistics over the year 2023. The highest variation of the dark signal is lower than 3 LSB
for all the bands, except the BO3 and B09 bands (around 4 LSB for only 1 pixel per pixel) and the B12 band
for which it reaches no more than 7 LSB (only 15 pixels have a change of Dark higher than 5 LSB).

Table 5 : Statistics on the MSI-A dark variation (in LSB) from Nov 8" 2022 (after decontamination)
to Nov 6t 2023. The reference date is Nov 8" 2022. The defective pixels are excluded of the analysis.

| Min_J| wean J] wax J] sd
BO1 -0.6 -0.1 0.2 0.11
B0O2 -0.4 0.0 0.5 0.15
BO3 -3.5 -0.1 0.2 0.13
BO4 -0.6 -0.1 0.3 0.12
BOS -0.5 0.0 0.5 0.15
BO6 -0.4 0.0 0.5 0.15
BO7 -0.6 -0.1 0.2 0.10
BO8 -0.4 0.0 0.6 0.14
B8A -1.7 -0.1 0.3 0.10
B0O9 -1.2 -0.1 4.0 0.12
B10 -1.2 -0.3 1.9 0.22
B11 -1.1 -0.3 1.2 0.18
B12 -6.7 -0.4 53 0.45

Absolute calibration:

Figure 3 and Table 6 show a towards increasing absolute gain coefficients for MSI-A over the year 2023.
The shortest spectral ranges are the least impacted: the BO1 band is not concerned, B02 has an increase
of around 0.15% over one year, B04 and BO5 around 0.30%, while BO6, BO7, BO8 and B8A have an increase

of 0.35-0.37% and B09 the highest one with around 0.47%.
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Table 6: Change of MSI-A absolute gains (in %) between Nov 8" 2022 (after decontamination)
and Nov 7" 2023 (after decontamination)

[ Bo1 I so2 Jf soz W Boza W Bos | Bos B07 B08 BSA B09

-0,052 0,154 0,274 0,304 0,301 0,348 0,375 0,374 0,378 0,467

The B10 and B11 SWIR bands show a loss of sensitivity with time which is compensated by the annual
decontamination in November 2023.
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Figure 3: Time evolution of the MSI-A absolute gain coefficients with respect to their values the 8" November
2022, just after a decontamination process. Top figure shows the VNIR bands, bottom figure shows the SWIR
bands.

Relative gains calibration:

Equalization coefficients are updated from the same sun diffuser acquisition than for the absolute
radiometric calibration. Their stability is estimated by the FPN (Fixed Pattern Noise). This is discussed in
section 5.1.2.2.2.

4.2.3 Sentinel-2B

A decontamination was performed on 4™ — 5% December 2023. The post-decontamination calibration
coefficients were updated on 11" of December.

Dark signal stability:
The high stability of the dark signal is similar for both MSI-A and B.

Table 7 gives the statistics of the variation of the dark signal over the year 2023 for MSI-B. For VNIR bands,
the highest variation of the dark signal is lower than 3 LSB. The B12 band shows a variation reaching 10 LSB
due to a RTS pixel (D6 P400). Only two RTS pixels, have a variation higher than 5 LSB for the B12 band.
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Table 7: Statistics on the MSI-B dark variation (in LSB) from Dec 13t 2022 (after decontamination) to Dec 4t
2023. The reference date is Dec 13" 2022. The defective pixels are excluded of the analysis.

| Min_ Q| wean J] wax J] sd
BO1 -0.7 -0.2 0.1 0.15
B02 -0.4 0.1 1.6 0.16
BO3 -0.7 -0.1 0.5 0.17
BO4 -0.8 -0.2 0.9 0.16
BO5 -0.3 0.0 0.5 0.15
BO6 -0.3 0.1 0.6 0.15
BO7 -0.6 -0.1 0.4 0.16
BO8 -0.4 0.0 0.8 0.17
B8A -0.7 -0.1 2.4 0.16
B0O9 -0.7 -0.2 1.1 0.15
B10 -1.9 -0.3 0.8 0.29
B11 -1.3 -0.2 0.6 0.26
B12 -2.3 -0.2 9.9 0.37

Absolute calibration:

The absolute gain coefficients for MSI-B VNIR bands also show a trend of increase over the year 2023.
Table 8 shows the change in percents between December 13" 2022 to December 5% 2023. The qualitative
observation is the same than for MSI-A: the lowest increase of absolute gains is observed for the shortest
wavelengths (except for the BO5 band). However, the quantitative observation shows smaller increases

(typically 0.04 to 0.1 % of difference depending on the spectral band).

The B10 and B11 SWIR bands show a loss of sensitivity with time which is compensated by the annual
decontamination in December 2023.

Table 8: Change of MSI-B absolute gains (in %) between Dec 13t 2022 (after decontamination)
and Dec 5t 2023 (after decontamination)

BO4

B06

BO7

B08

BSA B09

-0.070 0.114 0.238

0.236

0.185

0.290

0.267

0.280

0.301 0.337
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Figure 4: Time evolution of the MSI-B absolute gain coefficients with respect to their values the 13th December
2022, just after a decontamination process. Top figure shows the VNIR bands, bottom figure shows the SWIR
bands.

4.3 Evolutions in Geometric Calibration

4.3.1 Overview

Geometric calibration is performed to ensure the maintenance of the best geometry in the images by
estimating the parameters of the Sentinel-2 MSI geometric model (orientation of the viewing frames and
lines of sight of the detectors of the different focal planes). It results in updated SPAMOD GIPP, that
contains the bias values for each angle (roll, pitch, yaw) in MSI geometric model viewing frame.

The table below provides the start validity dates of SPAMOD GIPP released in 2023.
Table 9 : Start validity date of SPAMOD GIPP released in 2023

SPAMOD version Start validity date SPAMOD version Start validity date

0026 23/11/2023 0034 04/05/2023

0035 23/11/2023

The geometric refinement relies on the Sentinel-2 Global Reference Image (please refer to the section
5.1.1.2 for more details about the GRI). Introduced in operation since 30 March 2021 (PB 03.00), it has
improved the multi-temporal co-registration and the relative geolocation accuracy of the Sentinel-2
products (see section 5.1.1.7 for more details).
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Since the deployment of PB 05.09 in December 2023, the orthorectification is performed with the
Copernicus Digital Elevation Model (DEM) at 30 m spatial resolution. This improves the local geolocation
for all products in mountainous areas. This applies also to unrefined products, although the improvement
is more effective for refined products.

The latest geometric calibration was deployed on November 23, 2023 to improve the geolocation of
unrefined products. The correction concerned mostly the roll and yaw angles.

On May 4™, 2023, a geometric calibration has been deployed on S2B to improve the multispectral
registration. Before that date, the latest S2B multispectral registration results have highlighted that the
SWIR/VNIR pairs are above mission specifications due to an offset of -0.2 pixels in the along-track
component.

On November 23", 2023, as for S2A, another geometric calibration was deployed on S2B to improve the
geolocation of unrefined products. The correction concerned mostly the roll and yaw angles.
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5 Summary of performances MSI L1C

5.1 Measured Product Performances

5.1.1.1 Introduction on geometric refinement

Since 30 March 2021 (processing Baseline 03.00) a geometric refinement step based on the Sentinel-2
Global Reference Image (GRI - see section 5.1.1.2 for more details) is used to improve the multi-temporal
geolocation performance. Thanks to this processing, the performance of refined products is notably
improved compared with the performance of the unrefined ones.

In a first step, the geometric refinement has been applied over Europe and Africa. Starting with
23/08/2021, the geometric refinement is applied globally (except Antarctica, some isolated islands and
some high latitude areas).

With PB 03.00, a new Digital Elevation Model (DEM), the Copernicus DEM, is used to orthorectify the L1C
products. This improves the local geolocation for all products in mountainous areas. This applies also to
unrefined products, although the improvement is more effective for refined products.

Validation results indicate the following performances for the refined products:
++ Absolute geolocation: better than 6 m,

*» Multi-temporal co-registration (same or different satellites), same repeat orbit: better than 5 m at
95% confidence,

“» Multi-temporal co-registration, different repeat orbits: around 5 m for both S2A and S2B.

5.1.1.2 Global Reference Image (GRI)

As highlighted in the previous section, the geometric refinement of the Sentinel 2 products relies on the
Global Reference Image (GRI). The GRl is a layer of reference composed of Sentinel-2 Level-1B images (in
sensor frame) covering the whole globe with highly accurate geolocation information obtained through a
spatio-triangulation algorithm using reference Ground Control Points. The images, acquired between 2015
to 2018, use the reference band (B04) and are mostly (but not entirely) cloud-free. The GRI covers most
emerged land masses except Antarctica and has a global geolocation uncertainty better than 6 m.

The Level-1B GRI, along with new products derived from the Sentinel-2 GRI in a more accessible format
are now freely available.
The list includes:

«» L1B/ L1C GCPs Database: database of GCPs in L1B/ L1C geometry,
«» Multi-layer L1C GRI set of L1C images (orthorectified in UTM projection),

++» Multi-layer L1B GRI — set of overlapping Level-1B images (in sensor geometry) — used currently in
the geometric refinement of the Copernicus Sentinel-2 imagery.

For more information on the generation of these GRI databases, download access, and corresponding
documentation, please refer to the Sentinel Online webpages.



https://sentiwiki.copernicus.eu/web/s2-processing#S2Processing-GlobalReferenceImage(GRI)
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5.1.1.3 Refinement coverage and fallback analysis

In order to avoid any case of badly refined products, refining is disabled if some quality criteria are not
met (“fallback” case). Another instance of non-refined products is when there is no product in the GRI
covering the current datastrip (“unrefined” case). This happens for instance over Antarctica.

Table 10 below shows the breakdown of fallback criteria for two periods of 15 days in summer and winter
2023. The statistics are globally in line with expectations. The criteria on standard deviation of residuals
may need to be revisited as its impact is relatively high in the winter period, especially for S2B.

Table 10 : Datastrips refinement status statistics for 15-day periods in summer and winter 2023.

senneizn____ v (TN |
Unrefined 351 36% Unrefined 382 38%
Fallback cloud cover 37 4% Fallback cloud cover 31 3%
Fallback valid zones 60 6% Fallback valid zones 55 5%
Fallback nb. GCP 12 1% Fallback nb. GCP 26 3%
Fallback corner distance max 10 1% Fallback corner dist. max 7 1%
Fallback std dev 9 1% Fallback std dev 9 1%
Refined 497 51% Refined 499 49%
Total 976 1009
Unrefined 311 39% Unrefined 563 57%
Fallback cloud cover 18 2% Fallback cloud cover 20 2%
Fallback valid zones 70 9% Fallback valid zones 42 4%
Fallback nb. GCP 4 0% Fallback nb. GCP 2 0%
Fallback corner dist. max 6 1% Fallback corner dist. max 6 1%
Fallback std dev 29 4% Fallback std dev 63 6%
Refined 364 45% Refined 288 29%
Total 802 total 984

The fallback rate is higher in the Northern latitudes in winter, as illustrated on Figure 5 below.
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Figure 5: Fallback rate (%) for a set of L1C tiles, during the Northern winter period. Fallback is more prevalent at
high latitudes due to cloud and snow cover as well as shadow effects.

The following maps provide the location of the datastrips in fallback and unrefined for a cycle period during
February 2023 for different quality criteria. The cloud cover criteria is active mainly for high latitude
products in the Northern hemisphere (winter season). The criteria on the number of valid zones also
rejects some cloudy products as well as products with a large part over the Ocean. The criteria on the
number of GCPs rejects a few products over very small, isolated islands. The criteria on the maximum
distance at the corners of the datastrip and the one on the standard deviation of shifts mostly affect long
datastrips on continents. Finally, unrefined datastrips (without a GRI product for refinement) are located
at high latitudes and Antarctica, on very small islands or on open Ocean.

Fallback Datastrips Cloud cover Fallback Datastrips Nb Valid Zones

Latitude (deg)
Latitude (deg)

—-150 —100 —50 0 50 100 150 —-150 —-100 —-50 1] 50
Longitude (deg) Longitude (deg)
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Figure 6 : Location of datastrips in fallback and unrefined over a cycle period in February 2024 for S2A (red

datastrips) and S2B (blue datastrips)

During 2023, the fallback threshold has been adjusted for the “corner max” criteria. According to the
results presented in Figure 7, it seems now correctly set, close to the 3-sigma value of the distribution. On
the other hand, the threshold seems too low for the criteria on the standard deviation of the residual. In

the latter case, the value should be increased to 7.1.
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Figure 7 : Histogram of fallback criteria for the refined (Blue) and fallback datastrips (red): standard deviation of
Y residual (top) and maximum corner shift (bottom). Left: S2A, Right: S2B. The threshold seems correctly set for
the “corner max” criteria, but a little too low for the “standard deviation” criteria.

5.1.1.4 Refinement monitoring

The geometric refinement applies correction to the Roll, Pitch, Yaw angles (linear in time) as well as a
Zoom (or altitude) constant correction. The correction coefficients estimated by the algorithm are
monitored to check for trends or outliers. The impact of calibration events can also be analysed.

A long-term analysis of the refinement corrections at 30°N and 30°S latitudes are presented in Figure 8
(S2A) and Figure 9 (S2B). In the figures, the calibration events are visualized by a vertical arrow showing
the implemented correction.

The correction coefficients do not show strong temporal drifts, which indicates that the alignments are
now stabilized for both satellites. There are however noticeable oscillations with a period close to one
month. These oscillations are currently not understood.
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Figure 8: Evolution of the refinement corrections at 30°N (top) and 30°S (bottom) for S2A. The vertical arrows
display the corrections introduced during geometric calibrations.
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As far as the roll axis is concerned, a bias of around 10 prad was observed for both satellites, at all latitudes.
This bias has been corrected by the geometric calibration of November 2023 and the value of the roll
correction is now close to zero on average.

For the pitch axis the situation is more complex. For S2A, the refinement corrections were close to zero
before the calibration. Nevertheless, a small positive correction was implemented in the November 2023
calibration. There is therefore an inconsistency between the pitch bias measured by the refinement
processing and the one computed by the off-line calibration process. For S2B, a small positive pitch bias
was observed only on the Northern latitudes. No correction was applied for the S2B pitch axis.

The plots of the yaw angle correction show a much larger dispersion, which is expected since the impact
of the yaw angle is more difficult to measure on ground images. For S2A we observed a negative bias in
the Northern hemisphere and large oscillations without bias for the Southern hemisphere. The calibration
of November 2023 implemented a positive correction of the yaw angle, which is observed in the evolution
of the refinement coefficient in the Norther hemisphere. In the Southern hemisphere on the other hand
the correction has no visible effect. This points to a possible issue in the estimation of the yaw refinement
coefficient in that case, which is in line with the lower performance observed for S2A products in this area.
For S2B, a small positive bias was observed for all latitudes, and the calibration effectively corrected this
bias.

Figure 10 shows the applied refinement corrections computed during the period 28/12/2023 to
16/01/2024 as a function of the latitude. Following the geometric calibration of November 2023, the two
satellites show similar profiles, with a nearly zero roll correction, a small positive pitch correction in the
Northern hemisphere and a small positive yaw correction.
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Figure 10: Refinement corrections as a function of latitude for refined datastrips between 28/12/2023 and
16/01/2024.
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5.1.1.5 Refinement performance analysis

As described in section 5.1.1.6.3, the refined products, while compliant with specifications, present an
along-track bias for S2A products. More specifically, some products with a high ALT error are observed
during the summer period (March-October). This concerns products on the Western part of the swath,
which points to an incorrect estimation of the yaw angle correction. Figure 11 shows an example of this
phenomenon for a tile in the Southern hemisphere, while Figure 12 shows a tile from the Northen

hemisphere which does not present the same issue.

Investigations on the origin of this problem are still ongoing.
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Figure 11 : Time series of co-registration errors for tile 38KPC (Madagascar).
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5.1.1.6 Relative Geolocation

5.1.1.6.1 Methodology

The relative geolocation is measured relative to the Sentinel-2 Global Reference Image. Figure 13 below
shows the distribution of tiles used for the assessment.

Until November 2023, orthorectified images of the GRI were used and tentative tie-points were extracted
randomly in the image. After November 2023, the reference database of Ground Control Points extracted
from the GRI was used instead. This new approach provides a more consistent number of matches, but
the measured shifts are comparable.

Number of matches

Latitude (deg)

—=50 0
Longitude (deg)

Figure 13: Set of tiles used for relative geolocation assessment. The colour code indicates the number of
successful product matches over a 90-day period.

5.1.1.6.2 Unrefined products

In this section we report on the co-registration of unrefined products relative to the Sentinel-2 GRI. The
measurements are performed on fallback products, which are mostly located in Northern latitudes. The
measurements are therefore based on a small number of products and with a geographical sampling bias.
The results must therefore be interpreted with care.

Figure 14 and Figure 15 shows the results for year 2023 before and after the calibration of November 2023.
The calibration significantly improved the ACT error for both satellites, while the ALT error was not
improved for S2B and slightly worse for S2A. After calibration, the point clouds for S2A and S2B look very
similar, with a CES5 performance less than 11 m.
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Figure 14: Relative geolocation performance for unrefined products before the November calibration. Left: S2A,

Right: S2B.
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Figure 15: Relative geolocation performance for unrefined products after November 2023 calibration. Left: S2A,
Right: S2B.

5.1.1.6.3 Refined products

Geolocation estimations for refined products relative to the Sentinel-2 GRI show a stable performance in
2023 for both S2A and S2B with a relative geolocation error better than 6.1 m for S2A and 4.6 m for S2B
(at 95% confidence). The bias with respect to the GRI is around 2 m along-track for S2A and below 1 m for

S2B. The across-track bias is negligible for both satellites. The performance is impacted by the presence of

some products with a large Along-Track error, in the southern hemisphere during the austral winter. Please
note that, as for the unrefined products, the real absolute performance is expected to be a little worse
due to the GRI absolute geolocation uncertainty (6 m worst-case).

Figure 16 shows the long-time temporal evolution of the S2A co-registration error, highlighting the

seasonal effect on the ALT component. The bias and dispersions are lower during the austral summer
period. See also section 5.1.1.5.




OPT-MPC

Optical MPC

Sentinel-2 Annual Performance Report - Year 2023

Ref.:

Issue:
Date:
Page:

OMPC.CS.APR.003
1.0

29/02/2024

27

20

S2A - 2023-03-20/ 2023-09-21

15

10 A

ALT error wrt GRI (m)
(=]
N

—-10 4

—15 4

—20

60
R Ny )

r20

Latitude (deg)

r—20

| CE95:6.91 m|

—-20

20

-5 0 5 10 15
ACT error wrt GRI (m)

T T
-15 -10 20

S2A-2023-09-21/ 2024-02-15

151

10 4

ALT error wrt GRI (m)

—10 4

—15 4

—20

60

L a0

F20

r—20

[cE95:5.90 m

=20

T
=5 4] 5 10 15 20
ACT error wrt GRI (m)

T T
-15 -10

Latitude (deg)

52B - 2023-03-20 / 2023-09-21

20
15 60
107 O - a0
B
= 51 —
o on
g 20
ERE 2
5 o £
5
<
_10 I —20
—151 -40
[ cE95:4.61 m
-20 T T T T T T T
-20 -15 -10 -5 0 5 10 15 20
ACT error wrt GRI (m)
S2B - 2023-09-21/ 2024-02-15
20
15 A 60
107 L a0
E
= 57 B
o
% r20
o z
= 04 %
5 =
5 oz
5 T2 -
-
ES “
_10 +—20
—-154 —40
CE95:5.16 m
-20 | | ! ! ; T T
-20 -15 -10 -5 0 5 10 15 20

ACT error wrt GRI (m)

Figure 16: Relative geolocation performance for refined products. Left: S2A, Right: S2B. Top row: Summer
2023, Bottom Row: Winter 2023
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Figure 17: Timeline of the S2A co-registration with the GRI, across-track (top), along-track (middle) and
circular error. The timeline shows a seasonal evolution of the ALT error, with a minimum during the boreal
winter (grey arrows).

5.1.1.7 Absolute Geolocation

Absolute geolocation is assessed independently of the GRI. This absolute performance is computed on
Level-1C products compared with reference images. The algorithm used for geometrical calibration with
Level-1B products has been adapted to Level-1C products. Only the B4 spectral band is chosen for
validation because it gives the best correlation with reference data.

Around fifty reference sites are used. Indeed, the range of scenes needs to cover a variety of geographic
sites all over the world with a good distribution in latitude to ensure the non-dependency of weather
conditions and the visibility of a potential dependency on latitude, date or other criteria.

The performances are given below in terms of median circular error, mean circular error probable at 95%,
mean ACT and ALT errors.

5.1.1.7.1 Unrefined products
Performances on unrefined products are not significant because statistics are calculated on few products.

5.1.1.7.1.1 Sentinel-2A

Absolute geolocation estimations for S2A unrefined products show an unstable performance with a mean
circular error probable at 95% equal to 13.72 m over the years 2022 and 2023. The mean ACT error is equal
to 8.79 m and the mean ALT error is equal to 4.18 m.
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Figure 18 : Absolute geolocation performance for Sentinel-2A unrefined products over 2022 and 2023 Top left:
mean ACT/ALT errors; Right: Circular error in ground meters.
Bottom left/right: Mean ACT/ALT errors in ground meters

5.1.1.7.1.2 Sentinel-2B

Absolute geolocation estimations for S2B unrefined products show an unstable performance with a mean
circular error probable at 95% equal to 15.35 m over the years 2022 and 2023. The mean ACT error is
equal to 8.65 m and the mean ALT error is equal to 7.55 m.




OPT-MPC . Ref.: OMPC.CS.APR.003
Optical MPC lssue:
ssue: 1.0
Sentinel-2 Annual Performance Report - Year 2023 | Date:  29/02/2024
Page: 30

Maean ACT/ALT ermers for S2B (282 products)
., #

0
CE in ground maters for 528 (282 products)
= 22
i
20k ey
mn L 20
18
.
_ - E 16k ey oz
E g “ £
] H sMr ' ]
E & = [ °os
& H 3 12l Tt ]
5 a H 3 12 T . £
= 1 3
‘:' £ TS "\
F 3 g
H 0 8k — ®
’
.
.
. o > ‘ 0
[ ) T T T S S T T O S T | T T O S T S LE &1
i ik ik ik ok ok b ol b ok b o o o o g o o Y
S oabad 0"'."0 el igfigl ,1%"'.‘_036" -E gl "'19' @ g m?".@"' ‘.‘_ ] s
» S D Y DD D P D
Dates
-20 13 1a & o 3 1 13 20 O MeanCE for sach product
Maoan ACT error (m) U over | month
Median CE mver 1 month
e S withouit GECF a7 L1 (20m)
0 Hean ACTIALT &707 o 0f [HTHT . G508 weilhiast P 88 LLE (12 51}
Sper without GCF at LIB (20m]
Sger withowt GOCF at LIC (12 5w
58 Mean ACT arrors for 52B (282 products) 20 Maan ALT errors for 528 (282 products)
. b VI
L
N M . Ly i
15 15
¥ [
S 4
Y ’ S
0k 1l BN L w0k " na’i-lu et
P ¢ |'I Y A ‘ .t PP
z . = o :
E 4l " s w o E . “, l" AP B 1 .
‘s £ = 1 Wt . ]
5 Ny H 3 . Nt ‘b i
oot . o v ! « L 2
= 0 * y Or ' AW | e
': - = - Lk . f T =
E B w > g sl . . ' L i 3
z
10 20 - 0
.15 s
0 30
-20 20
BN Y S W T N, N W A B s
10 0"'1".53 10" gy 10 .‘u"'.\ti".‘u e 10 gy s Q'\ Figogogig c"' 6‘6’0‘56‘"”@?6‘-’50‘ S
PP P HFE G E P e Al WL ol o AT Pl
o ¢ W e d & & » P F S EF S FR R
Dates Dates

[T@  Hean ACT omor on one produ

o Sgatc withGuE GEP 31 LLB (20m]
e Gt ithonst G 81 LLE [12.Sem)

G Mean ALT exror on one product
Spec wihout GEP a1 LIB (20m)
witheut GCP 31 LI [125m)

Spec

Figure 19 : Absolute geolocation performance for Sentinel-2B unrefined products over 2022 and 2023. Top
left: mean ACT/ALT errors; Right: Circular error in ground meters. Bottom left/right: Mean ACT/ALT errors in

ground meters

5.1.1.7.2 Refined products

Absolute geolocation performances are compliant to requirements for refined products.

5.1.1.7.2.1 Sentinel-2A

Absolute geolocation estimations for S2A refined products show a quite stable performance with a mean
circular error probable at 95% equal to 8.78 m over the years 2022 and 2023. The mean ACT error is equal
to 3.59 m and the mean ALT error is equal to -0.35 m.
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Figure 20 : Absolute geolocation performance for Sentinel-2A refined products over 2022 and 2023.

Top left: mean ACT/ALT errors; Right: Circular error in ground meters.
Bottom left/right: Mean ACT/ALT errors in ground meters

5.1.1.7.2.2 Sentinel-2B

Absolute geolocation estimations for S2B refined products show a quite stable performance with a mean
circular error probable at 95% equal to 8.29 m over the years 2022 and 2023. The mean ACT error is equal
to 3.64 m and the mean ALT error is equal to 4.74 m.
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Figure 21 : Absolute geolocation performance for Sentinel-2B refined products over 2022 and 2023.

Top left: mean ACT/ALT errors; Right: Circular error in ground meters.
Bottom left/right: Mean ACT/ALT errors in ground meters
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5.1.1.8 Multi-Spectral Registration

The multi-spectral evaluation is performed over refined and unrefined Level-1C products acquired over
suitable validation sites (flat terrain with good appropriate texture and spectral characteristics). The site
used for the present report is tile 41TNK located in Kazakhstan (Figure 22).

P

Figure 22: Location and illustration of the Kazakhstan desert site (Tile 41TNK) used to perform the inter-band co-
registration measurements.

The co-registration requirement (< 0.3 pixel at 99.7% confidence) for both S2A and S2B are met for all
measured band couples, but only marginally for the B02/B08 and B05/B11 couples.

Figure 23, Figure 24, and Figure 25 show the multi-spectral time-series for the 10-, 20-, and 60-m band
resolutions. For the 20 and 60 m bands, only a subset of band couples (including worst-cases) is displayed.
For each band couple, the Circular Error at 99.97% (after filtering of outliers) is displayed and compared
the mission requirement of 0.3 pixel. This plot also indicates (vertical blue bars) the number of matching
image patches. Dates with a small number of matches generally result in unreliable values.

For the 10-meter bands (Figure 23), the performance is stable in time and compliant with mission
requirements. No significant bias in ACT or ALT is measured. As expected, the worst case is for the band
couple B0O2/B08 which are further apart in the focal plane.
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Figure 23: Multi-spectral co-registration for the 10-m resolution bands for Sentinel-2A (left) and Sentinel-2B
(right) over the 2016-2024 period: band couples B02/B08, B02/B03 and B02/B04. For each band couple, the
plots present the across-track, along-track co-registration as well as the circular error at 99.97% confidence
(after filtering of outliers). The green area represents the 0.3-pixel mission requirement.
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Figure 24 below shows the 20-m band couples BO5/B8A (wors-case for VNIR band) and B05/B11
(representative of VNIR/SWIR alignment). For the B05/B11 couple, ALT biases corresponding to
misalignment between the VNIR and SWIR focal planes can be observed. In the case of S2B, the ALT bias
was considered too large as it led to a non-compliance on the circular error. A recalibration was performed
in May 2023 which restored compliance with mission requirements. However small negative ALT biases
remain for both satellites.
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Figure 24: Multi-spectral co-registration for the 10-m resolution bands for Sentinel-2A (left) and Sentinel-2B
(right) over the 2016-2024 period: band couples B05/B8A, and B05/B11. For each band couple, the plots present
the across-track, along-track co-registration as well as the circular error at 99.97% confidence (after filtering of
outliers). The green area represents the 0.3-pixel mission requirement. The impact of the calibration of May 2023
can be seen on the B05/B11 couple for S2B.

For the 60-m bands (Figure 25), the performance is measured against a down-sampled reference 10-m
band spectrally close to the 60-m band: B02/B01 and BO8/B09. In both cases the performance is excellent.
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Figure 25: Multi-spectral co-registration between B01 and B02 (after binning) for Sentinel-2A (left) and Sentinel-
2B (right) over the 2016-2024 period. For each band couple, the plots present the across-track, along-track co-
registration as well as the circular error at 99.97% confidence (after filtering of outliers).
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5.1.1.9 Multi-Temporal Registration

5.1.1.9.1 Methodology

The multi-temporal registration error for one tile is estimated as the mean measured error for all control
points of the tile. Then the global performance is taken as the 95.5% percentile of the mean shift for all
tiles. The performance is measured on the reference band (B04).

5.1.1.9.2 Refined products

Figure 26 below shows the histograms of the co-registration for pairs of S2A, S2B and any S2A/S2B
products. The performance for all cases is around 5 m at 95.45%.

S2A, REFINED - 2023-08-04 / 2024-02-20 52B, REFINED - 2023-08-04 / 2024-02-20
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Figure 26: Multi-temporal 2D co-registration errors for refined S2A (left) and S2B pairs (right), and all pairs
(bottom). The 95.45% performance is around 5 m.
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5.1.1.9.3 All products

The following figure provides the multi-temporal performance for all products, whether refined or
unrefined. The performance drops to 8 m approximately.
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Figure 27: Histogram of the multi-temporal performance
for all products (refined and unrefined)

5.1.2.1 Radiometric Uncertainty

Radiometric validation is performed using several methods:

%+ “Rayleigh” method: measurement of the Rayleigh atmospheric backscattering over deep ocean
sites,

+» Comparison with in-situ data,

“» Measurement over well characterized, temporally stable desert areas (Pseudo-Invariant Calibration
Sites or PICS),

++» Comparison with other sensors such as Landsat-8 OLI (Collection-1 over Libya-4) and cross-
comparison S2A vs S2B,

++» The DCC method for relative radiometric assessments. Because DCC are high-altitude targets, they
are less dependent on an estimation of the radiative transfer through the atmosphere.

The radiometric validation results based on different methods (except the DCC method) are presented in
the figures below.

The results are provided for S2A and S2B and for all bands except BO9 & B10. All results are within the 5%
(3%) radiometric accuracy requirement (Goal) respectively.
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Figure 28: Comparison of radiometric accuracy for all spectral bands (except B09 and B10): ratio of S2A
measurement on reference. Error bars indicate the method uncertainty. Updated over Rayleigh and PICS over
January 2022-December 2023.
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Figure 29: Comparison of radiometric accuracy for all spectral bands (except B09 & B10): ratio of S2B
measurement on reference. Error bars indicate the method uncertainty. Updated over Rayleigh and PICS over
January 2022-December 2023.

5.1.2.1.1 Absolute Radiometry Vicarious Validation with Rayleigh methodology

This activity is dedicated to the assessment of the radiometry measurements of MSI on board of Sentinel-
2A and Sentinel-2B over the visible wavelength spectrum B01-B04 using Rayleigh methodology (supported
by DIMITRI; CFI-15). The Rayleigh method is applicable over oligotrophic ocean with low cloud cover. The
vicarious products over six regions are collected by the OPT-MPC operators and provided to the OPT-MPC
Experts for analysis.
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Note that boreal summer products are too close to sun-glint conditions. Even if some products meet the
criteria, they are close to the limit and then could lead to potentially biased results.

In order to minimize the cloud contamination, AOls surface of 10x10 km? are chosen. Also, to exclude any
cloudy pixels, the Globcarbon-cloud screening module (available in DIMITRI) is applied. Then the TOA
reflectance, the sun and viewing angles, cloud-mask and auxiliary variables are stored for each pixel.
Quick-looks for each tile are generated.

Figure 25 and Figure 26 display the results of Rayleigh methodology averaged over the ocean Cal/Val test
sites. The results are consistent between the different test sites. The results seem sufficiently reliable to
provide an estimate of the absolute vicarious calibration coefficients for S2A/MSI and S2B/MSI (see STD
values in Table 11). The uncertainty over all the acquisitions presented above meets the requirements.
Uncertainties are computed according to the methodology described in the DIMITRI ATBD (Rayleigh
Scattering Methodology for Vicarious Calibration, ARGANS Ref ARG_DIM_QA4EO -TN-004b, September
2019).

Table 11 : Best estimate of the absolute vicarious calibration coefficients (Ak) and the standard deviation for
S2A/MSI and $2B/MSI from Rayleigh methodology application. DIMITRI-Ak are expressed as
Rho_TOA(obs)/Rho_TOA(sim) over Januar-2022 up to December 2023

S2A/MSI S2B/MSI

Vic. Calib. Standard Vic. Calib. Standard
Band / Wavelength L. o o o
Coefficient deviation Coefficient deviation
BO1: 443 (nm) 1.046 0.025 1.050 0.024
B02: 490 (nm) 1.017 0.018 1.018 0.020
B03: 560 (nm) 1.016 0.019 1.014 0.022
B04: 665 (nm) 1.013 0.018 1.017 0.025

5.1.2.1.2 Absolute Radiometry Vicarious Validation with In-situ RadCaTS$ dataset
In this activity we used the in-situ measurements provided by NASA (Landsat Cal/Val Team) via ESA expert
user’s effort.

About 114 S2A and 86 S2B overpasses were acquired over the Railroad Valley-site up to September 2022,
only 19 S2A and 14 S2B overpasses are used post January 2022.

The L1C products that match the in-situ measurements are ingested into DIMITRI, then the reflectances
are averaged over an area of 1x1 km?2,

The ratio of observed TOA reflectance from S2A and S2B over the computed TOA reflectance from the in-
situ measurements are plotted below (Figure 30).
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Figure 30: TOA_reflectance ratio over RRV site as Satellite/in-situ measurements (top) MSI-A and (bottom)
MSI-B as function of the wavelength. Error bars indicate the methodology uncertainty as estimated by the
Univ. of Arizona.

The results illustrate a good agreement over the averaged ratios, displaying bias values < 5% over the
whole spectral range and better than 3% for the VNIR spectral range from S2A, which meets the mission
requirements target. In addition, the standard deviation values over the elementary ratios < 7% for the
whole spectral range express the accuracy of these results.

Finally, the comparison with in-situ measurements from RadCATS has been shown to provide very useful
and relevant results. The method is an excellent complement to the Rayleigh method (which provides
more accurate results for B1 and B2).
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5.1.2.1.3 Absolute Radiometry Vicarious Validation with In-situ RadCalNet dataset

In addition to the RadCaTS measurements, we use the DadCalNet dataset for the radiometry validation of
the L1C product. RadCalNet consists of four reference sites: University of Arizona/NASA’s site at Railroad
Valley Playa, Arizona, USA (RVUS); AoE’s site at Baotou, China (BTCN); the CNES site at La Crau, France
(LCFR); and the new ESA/CNES site in Gobabeb, Namibia (GONA) (see www.radcalnet.org).

RadCalNet provides reference TOA reflectance and Surface reflectance at nadir spectra:

/7

+» Every 30 minutes between 09:00 and 15:00 local standard time (cloud free data only),

«» Over at least a spectral range from 400 nm to 1000 nm (and up to 2500 nm depending on each site
instrumentation) at a 10 nm spectral sampling interval and convolved in 20 nm Full width at half
maximum (FWHM) triangle slit functions,

*» Aerosol optical properties: Angstrom exponent and aerosol optical thickness at 550 nm,

+» Meteorological data: surface pressure, surface temperature, water vapor content, and ozone
column.

All the available TOA reflectance spectra at RadCalNet portal January 2022-August 2023 are downloaded.
First, the concomitant measurements are extracted considering the closest measurement to the sensor
acquisition time with less than 15 minutes interval. Then the selected measurements are averaged
spectrally over 30 nm (the closest band to the sensor one +10 nm) to produce pairs with the averaged TOA
reflectance from the targeted sensor over each ROIs of 1 km?,

The comparison results generally show a reasonable agreement between both sensors (MSI-A and MSI-B)
and RadCalNet measurements over the four test sites with biases range between 0.5% to 5% over the
whole spectral range except B09 and B10 (Figure 31).



http://www.radcalnet.org/
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Figure 31: Scatter-plot of the TOA-reflectance of (top) MSI-A and (bottom) MSI-B vs TOA-reflectance of

RadCalNet for B04. Dashed line indicates the best fit of the dataset.
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5.1.2.1.4 Multi-temporal Relative Radiometry Vicarious Validation

This section reports the evaluation of the long-term trends in S2A/MSI and S2B/MSI sensors performance
and aims to identify relative biases in the radiometric calibration and, thereby, to correct for biases
if/where necessary. The Desert Calibration methodology (implemented in DIMITRI following Bouvet 2014)
is used, which allows observation of the trends in any given sensor, e.g. S2A/MSI, and provides a reliable
assessment of its aging diffuser.

All the cloud-free available acquisitions from Sentinel-2/MSI over the predefined six PICS recommended
by CEOS-CVWG (Algeria3 & 5, Libyal & 4, Mauritanial & 2) are used.

Note that desert-PICS is a statistical methodology, thus the longer the time-series the better the estimation
of the trends, and the more acquisitions are analysed, the more reliable the estimation is. This
methodology could be used over VNIR bands (B01-B8a) excluding the gas absorption bands.

About 325 S2A-L1C and 300 S2B-L1C (cloud-free) products over desert-test sites over the period 2022-
2023 have been successfully ingested into DIMITRI. The Desert calibration methodology applied
successfully over the whole dataset over the six CalVal sites. The results of the ratios (TOA_obs/TOA_sim)
of the time series over the six sites are presented below.

The Table 12 presents the best estimate of the ratio (gain coefficient) and standard deviations retrieved
over the period January 2022 up to December 2023 over the six sites. We observe that the gains are within
+3% over all the VNIR bands (BO5 excluded due to gas absorption), and compliant with the mission
requirements of 5%. The standard deviation of the gain coefficients is found to be of < 3% (except BO1
S2A/MSI), which illustrates the consistency intra-sites in term of TOA-reflectance. This could be clearly
seen on the time series (Figure 32). Trends of over all the VNIR bands show values less than 0.5%/y, which
attests the stability of both sensors over the mission lifetime.

Table 12: Best estimate of S2A and S$2B calibration gains coefficient and the standard deviation over the six CEOS-
PICS sites over the January 2022- December 2023

Sensrl§ W s N 000os
(nm) Coefficient Deviation Coefficient Deviation
BO1 443 0.987 0.032 0.992 0.030
B02 490 0.988 0.030 0.998 0.030
BO3 560 0.999 0.027 1.013 0.025
BO4 665 0.998 0.014 1.002 0.016
BO5 705 N/A N/A N/A N/A
BO6 740 1.011 0.011 1.019 0.011
BO7 783 1.007 0.010 1.000 0.009
BO8 842 0.992 0.014 0.994 0.013
B8A 865 1.000 0.010 1.003 0.010
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Figure 32: Time series of the ratio of observed TOA reflectance to simulated one from S2A/MSI and $2B/MSI for
B8A over the six PICS. Error bars indicate the desert methodology uncertainty. Averages and standard deviations
over all PICS and for each site are indicated inside the figure.
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5.1.2.1.5 Absolute

Radiometry Cross-Mission Inter-Comparison

This section reports the evaluation of the similarities and discrepancies in terms of reflectance observed
by S2-MSI, Landsat-OLI, S3-OLCl, S3-SLSTR and MODIS-Aqua.

The comparison below is limited to Sentinel-2 L1C products from baselines 02.00 and higher over the
desert sites over different periods shown in the time-series below.
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Figure 33: Time series of the observed/simulated reflectance from (black) S2A/MSI, (orange) LANDSAT-8/0LI,
(purple) LANDSAT-9/0LI, (cyan) Aqua/MODIS, (green) S2B/MSl, (blue) S3A/OLCI, (green-yellow) S3B/OLCI and
(red) S3A/SLSTR over Libya-4. The total uncertainty associated to the elementary ratio as provided for the
desert methodology in DIMITRI is of 5%.
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5.1.2.1.6 Deep Convective Clouds (DCC)

Deep Convective Clouds (DCC) appear as bright and spectrally stable objects. Thus, they are ideal targets
for the radiometric calibration monitoring of spaceborne optical sensors. The DCC method estimates the
relative radiometric uncertainty of Sentinel-2 MSI A and B based on statistics of DCC reflectances. This
method provides a relative comparison of the radiometry between different sensors or different bands,
but no absolute comparison is provided here.

The procedure starts with the selection of products located in the inter-tropical region (+/- 20° of latitude),
for which the cloud cover is greater than 90 %. After, a threshold is applied on band 10: only products
which have more than 5x10° pixels over 0.3 of reflectance are kept. Then, for each selected product, the
10 and 20 m spatial resolution bands are subsampled to align with 60 m bands.

The DCC pixels selection is based on the application of thresholds over bands B10 (reflectance > 0.4) and
B8A (> 0.7), to respectively ensure the high-altitude of the cloud and to focus on high reflectance targets.
In this way, 1000 to 2000 DCC products are typically collected over a month both for MSI-A and MSI-B.
Figure 34 illustrates the exact number of products collected per month over 2023.

Temporal evolution of the number of products
used to compute DCC statistics - Globe
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Figure 34: Temporal evolution of the number of DCC products collected each month for Sentinel-2A MSI, Sentinel-
2B MSI, Landsat 8 OLI and Landsat 9 OLI-2

A morphological dilation is applied to the area selected in the previous step. Indeed, three dimensional
effects can create shadows on the cloud’s surface, and the high spatial resolution of the MSI sensor can
measure low reflectance in these dark areas, leading to gaps in the DCC selection. This morphological
operation fills the gaps in the DCC selection and ensures the whole cloud is processed in the next steps.

The TOA reflectances are then corrected from above-DCC gaseous transmissions to obtain top-of-DCC level
reflectances. The gaseous transmissions come from a precomputed LUT (as a function of MSI band and
ozone content) obtained from radiative transfer modelling using ARTDECO (Atmospheric Radiative
Transfer Database for Earth Climate Observation).
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After reflectances correction, Probability Density Functions (PDFs) are calculated on selected pixels’
reflectances for each MSI band and detector, for each selected product. The PDFs are calculated between
0.5 and 1.3 for VNIR bands and from 0 to 0.8 for SWIR bands. The different PDFs are randomly grouped
into 100 batches, each batch containing the same number of PDFs as the number of available PDFs, but
not necessarily each available PDFs. Indeed, to fill each batch, a random draw with replacement is
performed. In each batch, the PDFs are accumulated, so that 100 sets of 12 detectors x 13 bands PDFs are
obtained. Then, a skewed-Gaussian model is fitted to each accumulated PDFs. The second inflexion point
from each skewed-Gaussian is retained as the reflectance indicator. This indicator is preferred to the mode
because of its statistical robustness. An outliers’ detection method is applied to the ensemble of
reflectance indicators. This method consists in, for a given sensor, a given band and a given detector,
removing the mean of the list of 100 reflectance indicators to that list and dividing that list by its standard
deviation. All values exceeding 5 are removed. This typically removes less than 5 values. Finally, the mean
and the standard deviation of the ensemble of indicators are computed. They provide an estimate of the
reflectance indicator and its uncertainty.

This method has also been implemented for Landsat 8 OLI and Landsat 9 OLI-2. Results are presented
together with the Sentinel-2 ones to compare the radiometry of the different sensors. The extension of
this method to OLCl and SLSTR is currently under development.

The DCC method has been routinely used in 2023 for both MSI-A and MSI-B, but also for Landsat 8 and
Landsat 9. While between 1000 and 2000 products are collected on average over a month both for MSI-A
and MSI-B, between 300 and 400 are collected each month for OLI and OLI-2. This ratio between the
number of collected products for MSI and OLI is expected as it corresponds to the ratio between the
number of L1 products for MSl and OLI. The exact number of collected products per month for each sensor
over 2023 is presented in the Figure 34.

The products are mainly collected over land, with similar collection areas for the four sensors. The Figure
35 shows a map of the collected products for the month of April 2023.

Location of the products used on the 2023-04
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Figure 35: Map of the collected products for the month of April 2023, for Sentinel-2A MSI, Sentinel-2B MSI,
Landsat 8 OLI and Landsat 9 OLI-2
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Results obtained after applying the method described before are presented in the Figure 36. First of all,
absolute reflectance indicators are obtained for the different sensors. Then, ratios between the sensors
are computed to measure the differences between the sensors.
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Figure 36: Absolute reflectance indicators over the month of April 2023 for all VNIR bands, for Sentinel-2A MSl,
Sentinel-2B MSI, Landsat 8 OLI and Landsat 9 OLI-2
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Figure 37: Ratio of reflectance over April 2023 for Sentinel-2A MSI and Sentinel-2B MSI VNIR bands
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Figure 37 shows that all VNIR bands of Sentinel-2A MSI and Sentinel-2B MSI are within 1% of relative
difference over April 2023. Similar results are obtained over all 2023 months (not shown).

Temporal evolution of the ratios can be computed for the different sensors, for bands MSI and OLI have in
common (around 442nm, 490nm, 560nm, 660nm and 865nm). These results are presented in the next

figures.
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Figure 38: Ratios of reflectance over the 12 2023 months for bands centred around 440nm for Sentinel-2B MSI,
Landsat 8 OLI and Landsat 9 OLI-2 over Sentinel-2A MSI
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Figure 39: Ratios of reflectance over the 12 2023 months for bands centred around 490nm for Sentinel-2B MSI,
Landsat 8 OLI and Landsat 9 OLI-2 over Sentinel-2A MSI
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Figure 40: Ratios of reflectance over the 12 2023 months for bands centred around 560nm for Sentinel-2B MSI,

Landsat 8 OLI an

d Landsat 9 OLI-2 over Sentinel-2A MSI
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Figure 41: Ratios of reflectance over the 12 2023 months for bands centred around 660nm for Sentinel-2B MSI,
Landsat 8 OLI and Landsat 9 OLI-2 over Sentinel-2A MSI
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Figure 42: Ratios of reflectance over the 12 2023 months for bands centred around 865nm for Sentinel-2B MSI,
Landsat 8 OLI and Landsat 9 OLI-2 over Sentinel-2A MSI
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Figure 38 to Figure 42 indicate that Sentinel-2A MSI and Sentinel-2B MSI have less than 1% relative
difference for the six bands presented, over all 2023 months. Ratios between Landsat 8 OLI and Sentinel-
2A MSI on one hand, and Landsat 9 OLI-2 and Sentinel-2A MSI on other hand, indicate that the differences
between these sensors are within 3% of relative difference, for the six bands presented. A negative bias
(OLI and OLI-2 reflectances always lower than MSI-A reflectances) can be observed for these sensors. The
ratios seem to be stable over time: no evolution can be clearly noticed over the 2023 months for all
Sensors.

5.1.2.2 Noise

5.1.2.2.1 Signal-to-Noise Ratio
The Signal-to-Noise Ratio (SNR) is computed based on:

«+ diffuser acquisitions for short-term performance monitoring,

**» homogeneous ground images for long-term performance assessment.

The SNR for both S2A and S2B is exceeding requirements (worst-case > 155 for band B8A). The table below
provides the mean estimates over 2023.

Table 13: Estimated SNR performance for S2A and S2B at reference radiance based on diffuser acquisitions.
Average value over the year 2023 of the mean SNR@Lref per month (mean value over all the valid pixels for the
monthly sun diffuser acquisition) and maximum difference over the months.

Cspearmizana JLes Iz JLe I I s e I sl el

[W/m¥sr/um]

S2A
1366 206 235 219 243 212 220 213 155 216 383 156 165
Mean SNR@Lref

Max deviation | 0.8% | 0.3% | 0.4% | 0.3% | 0.3% | 0.3% | 0.6% | 0.5% | 0.4% | 0.6% | 0.7% | 0.6% | 0.4%

129 128 128 108 | 74.5 68 67 103 | 525 9 6 4 1.7

S2B

1326 208 236 225 242 217 226 225 166 231 394 164 169
Mean SNR@Lref

Max deviation | 1.5% | 0.4% | 0.3% | 0.3% | 0.4% | 0.5% | 0.7% | 0.2% | 0.4% | 1.6% | 0.9% | 1.4% | 0.9%

129 | 154 | 168 | 142 | 117 | 89 | 105 | 174 | 72 | 114 | 50 | 100 | 100

As seen in the figure below, the noise characteristics are very stable over time.
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Figure 43: Evolution of the SNR performances in 2023 based on diffuser acquisitions for S2A from 09/01/2023

to 07/11/2023 (top) and S2B from 16/01/2023 to 05/12/2023 (bottom)

The SNR is also computed over cloudless homogeneous landscapes. For this purpose, several pseudo-
invariant calibration sites (PICS) are used, including areas in Niger, Libya, Mali, Saudi Arabia, Algeria and
Mauritania. Small homogeneous regions of interest are identified from these landscapes and the SNR is
estimated from a Fourier Transformation of these small areas. After extrapolating the signal to the
reference values, the SNR results are consistent with the ones calculated from the diffuser. The derived
SNRs in both sensors are stable over time for every band and detector, and consistently exceed the
requirements as shown in Figure 44 for all bands from 2022 to the end of 2023.
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Figure 44 : Evolution of the SNR performances based on homogeneous natural acquisitions for S2A (top) and
S2B (bottom) from 01/01/2022 to 31/12/2023

5.1.2.2.2 Fixed Pattern Noise

Another aspect of the image noise is the so-called Fixed Pattern Noise (FPN): this is the residual pixel
radiometric error after equalization. The performance computed on sun diffuser acquisitions is estimated
with operational equalization coefficients resulting from the sun calibration of the previous month.
Therefore, it is an estimate for the highest changes of the sensor response till the previous calibration.
However, the FPN is better than the specification for all bands except for a few pixels on bands B10 and
B11. The monthly update of the calibration coefficients corrects the few pixels with an equalization fault.

Figure 45 shows typical estimates of the FPN, for the different spectral bands.
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Figure 45: Fixed Pattern Noise (residual error after equalization) measured on diffuser images for S2A (top)
and S2B (bottom). Blue curve: min FPN, marron: mean, green: 98 percentile, red: specified value.

The FPN is also computed on images over radiometrically uniform natural targets like deserts or snow. A
selection based on the cloud cover is performed. The same PICS are used here as for the SNR derivation.
Spline fitting is performed in the across track direction and the residuals to the fit are used to estimate the

FPN.

Here, the computed performance is better than the specification for all bands. For the band B10 the
method is not applicable as the ground is not visible. Figure 46 shows the average values obtained during

2023 for the different spectral bands.
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Figure 46 : Average Fixed Pattern Noise (residual error after equalization) measured on homogeneous natural
images for S2A (left) and S2B (right) from 2023. Blue curve: mean FPN, grey curve: Q95.45 percentile, green
curve: Q98.00 percentile, red curve: specified value.

5.1.2.3 Modulation Transfer Function

The Modulation Transfer Function (MTF) has been estimated by analysing images with sharp edges or lines
for all bands (except B10 for which in-orbit assessment is difficult and for B1 in ACT for S2A as no suitable
areas have been found).

Globally, the values measured in flight are consistent with In Orbit Tests (I0T) measurements and are stable
in time except for 2021. Indeed, the 2021 measurements appear to be biased compared to the other
measurements. No evolution in the MTF assessment is observed when the 2021 measurements are not
considered.

The MTF requirements are satisfied for all bands (minimum specified to 0.15 for all bands). The MTF is
above the maximum value requirement for B5, B6, B7 and B8A for the across and along track directions.
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Note that only the minimum value requirement has a direct impact on image quality. This requirement is
satisfied for all bands.
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Figure 47: MTF performance assessments for S2A (along and across track) performed using products from last
4 years and compared to I0T measurements.
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Figure 48: MTF performance assessments for S2B (along and across track) performed using products from last
4 years and compared to IOT measurements.
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The following table gives the measured values.

Table 14: S2A and S2B performances assessments using products from 2023.

2023 Bl | B2 | B3 | B4 | B5 | B6 | B7 | B8 | B8a | B9 | B10 | B11 | B12
MTF

03/03|02|02|03|03|03]|02]|02]|03 01 | 0.2

S2A ALT 6 0 7 4 0 2 0 3 8 7 7 0
03/03/03|03|03|03]|02]|03]|02 0.1 | 0.2

S2A ACT 7 6 2 9 7 9 7 6 9 7 1
03/03|02|02|03|03|03]|02]|03]|03 0.1 | 0.1

S2BALT | ¢ 0 7 4 1 1 0 1 0 6 9 8
02 | 03|03|03|03|03|03]|02]|03]|03 0.2 | 0.2

S2BACT | g 7 4 0 7 8 9 6 4 5 1 0

5.2 Pixels Status

5.2.1 Defective pixels

In the following tables are listed all the identified defective pixels which are currently replaced by an
interpolation of neighboring pixels.

5.2.1.1 Sentinel-2A

On 04/06/2018, a SWIR reselection operation has been performed. This operation has allowed reverting
some defective status to nominal as indicated in the table below.

Table 15: Defective pixels on S2A

Current status &

R2DEPI defective pixels

B10 4 1104 Nominal 18/07/2018
B10 10 879 Defective 23/06/2015
B10 10 1174 Defective 23/06/2015
B11 11 24 Defective 24/04/2023
B12 1 440 Defective 26/08/2015
B12 1 703 Nominal 18/07/2018
B12 5 174 Nominal 18/07/2018
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In addition to the defective pixels listed above, a group of pixels (570 to 600) of Band 11 D11 are affected
by a non-linear radiometric response. This effect generates a darker along-track area in dark B11 images
(e.g. on snow, see Figure 49).

Figure 49: Along-track stripe on B11 image due to
a non-linear response on D11 (contrast strongly enhanced).

5.2.1.2 Sentinel-2B

Besides the defective pixels identified in the Table 16, an RTS pixel of the B12 band is monitored because
of a high change of its dark level during the year 2022 (about 20 LSB). It is not declared as defective because
its SNR value meets specification, its dark noise is in line with common values, and the monthly update of

dark coefficients compensates for its dark level change.

Table 16: Defective pixels on $2B band 12.

Current status &

R2DEPI defective pixels

B10 10 1129 Defective 04/02/2020
B12 3 1132 Defective 30/05/2017
B12 4 1121 Defective 11/04/2023
B12 6 400 Monitored /

B12 11 760 Defective 30/06/2018
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5.2.2 Dust deposit

Following the Sentinel-2B radiometric calibration from the Sun acquisition on October 16", an unusual
increase of the equalization coefficients by about 1.1%, for pixels number 459 to 491, of the band BO5,
detector 7 was observed.

A wide strip is clearly noticeable (see Figure 50) on a desert image acquired on October 16 at 06:31 UTC.
Previous experience has enabled to link this phenomenon to a dust deposit on the detector. The updated
equalisation coefficients correct this phenomenon.

Figure 50: Sentinel-2B Level-1B acquisition on 2023-10-16 at T06:31:37 for detector D07 and band B05. On the
left, the image is equalized with the R2EQOG calibration files from September while on the right side, the image
is equalized with the updated R2EQOG calibration files from October.

The update of the R2EQOG calibration files has been active in operation since 2023-10-20T00:30:00, from
the orbit 34577. Analysis of older images highlighted that the wide strip on B0O5 DO7 might be visible on
products acquired between October 6" and October 20™, 2023 at 00:30 UTC.

5.2.3 Reset Spike pixels

During the MSI design phase, it has been identified that a few pixels of the 10 m bands are affected by an
electronic crosstalk during detector read-out. This results in errors which can reach a few digital counts,
depending on the observed scene.

The following tables provide the list of affected pixels.
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Table 17: S2A Pixels affected by reset spike noise.

=
0Odd detector Even detector
number number
35 2556 Pixel Reset Noise
489 2102 Pixel Reset Noise
781 1810 Pixel Reset Noise
961 1630 Pixel Reset Noise
B02, BO3, B04 1036 1555 Pixel Reset Noise
1177 1414 Pixel Reset Noise
1252 1339 Pixel Reset Noise
1724 867 Pixel Reset Noise
1822 769 Pixel Reset Noise
BO8 35 2556 Pixel Reset Noise

Table 18: S2B Pixels affected by reset spike noise.

618 1973 Pixel Reset Noise

619 1972 Pixel Reset Noise

715 1876 Pixel Reset Noise

895 1696 Pixel Reset Noise

B2 1047 1544 Pixel Reset Noise
1539 1052 Pixel Reset Noise

1596 995 Pixel Reset Noise

1612 979 Pixel Reset Noise

1669 922 Pixel Reset Noise

187 2404 Pixel Reset Noise

B3, B4 619 1972 Pixel Reset Noise
715 1876 Pixel Reset Noise
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Pixel number

0Odd detector number

Even detector number

Current status

895 1696 Pixel Reset Noise
1047 1544 Pixel Reset Noise
1539 1052 Pixel Reset Noise
1596 995 Pixel Reset Noise
1612 979 Pixel Reset Noise
1669 922 Pixel Reset Noise
B5 1243 52 Pixel Reset Noise
B7 1273 22 Pixel Reset Noise
B8 87 2504 Pixel Reset Noise
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5.3 Product Features

5.3.1 Spectral Response Non-uniformity

In this section we report on a known feature of Sentinel 2 products created by the spectral response non-
uniformity. This feature has been anticipated since the design phase and is compliant with mission
specification.

This feature is characterized by along-track soft-edged darker or brighter stripes near the detector
boundaries, as shown on the figure below. Indeed, the spectral response is slightly different at the edges
of the detectors, especially for bands BO3 and B0O5. When the spectrum of the scene has strong gradient
over the spectral bandwidth of the detector, a difference in the measured radiometry can be observed (up
to 2% in worst-cases).

Figure 51: Along-track stripes resulting from spectral response non-uniformity (band B03).

5.3.2 Parallax effects

In this section we report on parallax effects created by the staggered configuration of the focal plane.
Indeed, the instrument swath is covered by 12 individual detectors assembled in a staggered manner.
Because of this configuration, odd and even detectors do not see the ground under the same viewing
angles. This can create visible effects on some images, as detailed in the next subsections.

5.3.2.1 Surface reflectance effects

Because the viewing angles are not the same for even and odd detectors, differences in measured
radiometry can be observed on non-Lambertian surfaces. This is especially visible on Sun glint over sea
surfaces (see Figure 52).
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Figure 52: Stripe pattern over sea surface due to the observation parallax effect between odd and even
detectors.

5.3.2.2 Misregistration of High Altitude Objects

The processing algorithm ensures the co-registration of images acquired by all spectral bands and the
detectors for features at ground level. Objects at a higher altitude like planes and clouds cannot be
properly co-registered. As already reported in the first issue of the Sentinel 2 Data Quality Report, this
effect leads to spectral misregistration (“rainbow” effect) and discontinuities between detectors.

Both effects can be seen in Figure 53 hereafter.

-

Figure 53: Spectral misregistration and detector misalignment for object at high altitude (plane and contrail).
This feature is not an anomaly.
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5.3.3 Gradient crosstalk

This feature can be seen on contrasted images on band B12 (typically near the coast). It can be explained
by a crosstalk signal coming from the along-track gradient of the B11 image. The typical amplitude of the
effect is 10 digital counts.

Figure 54: Gradient crosstalk on band B12 (highly enhanced contrast).

5.3.4 Data-strip overlap

Sentinel-2 products are generated by a network of several ground stations around the globe. Data acquired
by the satellites are split into processing units called “data-strips” which are processed independently, and
subsequently transferred to the Sentinel Data Hub. A given continuous acquisition sequence (or “data-
take”) can be split into several data-strips. In that case, two different products are generated for level 1C
tiles located at the interface between the data-strips.

The two products can be merged to reconstruct the full image.

However, one should be aware that the geometric refinement may introduce a small shift (a few meters)
between the two tiles. This shift is not visible to the naked eye but can be measured by computing the co-
registration between the products on their overlap area. This shift is zero if both products are unrefined,
as in the Figure 55.
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c d

Figure 55: Example of a pair of products at the overlap between two data-strips. a: product from the first data-
strip, processed at Svalbard (SGS) b: product from the second data-strip, processed at Matera (MTI). c: the two
products overlap seamlessly to reconstruct the complete acquisition. d: close-up near the transition line.

5.3.5 Valid pixels

Users are advised that the pixel validity status may be different for different spectral bands: it is possible
to have one band with valid data and one band with No Data (0) at the same location. This happens in
particular at the western and eastern edges of the swath. Any multi-spectral processing should be done
only on pixels having valid data for all spectral bands.




OPT-MPC ) Ref.  OMPC.CS.APR.003
2 Optical MPC lssue:

\ ssue: 1.0

@ Date:  29/02/2024

e E‘( Page: 71

6 Summary of performances MSI L2A

6.1 Measured Product Performances

New quantitative assessment of surface reflectance radiometric retrieval for Sen2Cor 2.8 was done
relative to a limited number of surface reflectance reference measurements (B. Pflug et al., “Evaluation of
Sen2Cor surface reflectance products over land surface with reference measurements on ground”, IEEE
International Geoscience and Remote Sensing Symposium, 2022). Measurements at RadCalNet sites
LaCrau and Gobabeb were provided by CNES and RadCalNet teams and measurements over test sites in
Germany were provided by DLR.

The data set used contains 40 sample days from October 2017 to May 2018 for RadCalNet site Gobabeb,
21 sample days from January to September 2018 for RadCalNet site LaCrau, and 4 sample days from May
2018 to October 2021 for different locations in North-Eastern Germany. Reference measurements from
RadCalNet sites Gobabeb and LaCrau are reused from Atmospheric Correction Intercomparison eXercise
ACIX-2 (G. Doxani et al., “Atmospheric Correction Inter-Comparison Exercise”, Remote Sensing, 10 (352),
pp 1-18. DOI: doi:10.3390/rs10020352 ISSN 2072-4292). They were provided by CNES for Sentinel-2 bands
B02 to B11 in the same angular conditions as Sentinel-2A & 2B observations over the sites.

The site Gobabeb is located in Namibia in a desert environment without vegetation. The site LaCrau is
located in the South of France and has sparse vegetation cover. The test areas in Germany represent flat
terrain containing meadows and soil in a vegetated environment. Note that this data set is still too small
for providing statistically reliable information. It will be extended with availability of new reference
measurements.

The quantitative assessment of surface reflectance radiometric performance is provided for Sen2Cor
version 2.80 ‘user’ processing with CAMS fall back.

The correlation plot of SR retrieval by Sen2Cor over reference measurements on ground (Figure 56) shows
good performance of Sen2Cor SR retrieval for the investigated data set. Results look similar to equivalent
plots in the literature. The total uncertainty of SR retrieval with Sen2Cor over all sites is about 0.02
respectively 9% and nearly 80% of SR retrievals are compliant with uncertainty goal ASR < 0.05*SRe
+0.005. Systematic uncertainty Us,(SR)= (0.02 £0.007) *SR + (0.0 £0.002) is well within the uncertainty
goal. Figure 57 gives deeper insight into SR retrieval performance by looking to average systematic
uncertainties per band. Whereas random uncertainty is little increasing with band number respectively
with SR values, we can observe much higher systematic uncertainty for BO5 and B11. The origin for that is
still not cleared. Current interpretation is that it may be caused by WV absorption which is present in both
bands.
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Figure 56: Correlation plot of SR retrieval by Sen2Cor over reference measurements on ground.
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Figure 57: Average SR retrieval performance per band.
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Optical Mission Performance Cluster

Quantitative assessment of water vapour retrieval uncertainty is determined by direct comparison of
Sen2Cor output averaged over 9 km x 9 km region of interest around Sun photometer location with £15
min time average reference value from AERONET Sun photometer.

The analysis is based on a large dataset of 1989 match-ups in year 2022 at 76 AERONET locations
distributed over all continents and all climate zones.

Table 19 : Site selection: AERONET data (level 2 1.5) available within +15 min to overpass time. Number of sites
selected per continent oriented on data use (2/3 weight) and area of continent (1/3 weight).

climate zone  N-America S- America Europe Africa Asia Australia No. of Sites No. of Tiles
Polar 72 154 7 226
Temperate 159 242 14 401
Midlatitude N 248 191 45 213 21 697
Subtropical N 85 101 116 13 302
Tropical 78 78 39 19 13 214
Subtropical S 9 61 11 5 81
Midlatitude S 23 0 34 4 57
Aural 11 1 11
number of Tiles 564 121 587 285 368 64
percentage of Tiles 28% 6% 30% 14% 19% 3%
% area +3 access 18% 9% 30% 15% 23% 5% =
data access 17% 0.4% 76% 0.1% 4% 3%
area fraction 18% 13% 8% 22% 33% 6%

The correlation plots of WV retrieval by Sen2Cor 2.11 (PB 04.00) over AERONET reference are shown in
Figure 58.
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Figure 58: Correlation plots of Sen2Cor 2.10 WYV retrieval at 20 m resolution over WV reference from AERONET
per climate zone on basis of a data set at 76 AERONET sites. The dashed line indicates x=y and the solid lines
show the limits of uncertainty goal U(WV) < (0.1*WVref+0.2) g/cm2)

Water vapour retrieval is very accurate up to really high WV content with 96% of retrievals within the
uncertainty goal. Average WV retrieval uncertainty is 0.23 g/cm?. Validation shows a trend for little
underestimation of WV by Sen2Cor confirmed by systematic part of the uncertainty:

Usys(WV) = (-0.08 £0.003) *WV + (0.01 +0.006)

Quantitative assessment of aerosol optical thickness retrieval uncertainty is determined by direct
comparison of Sen2Cor output averaged over 9 km x 9 km region of interest around Sun photometer with
+15 min time average reference value from AERONET Sun photometer. The analysis is based on a large
dataset of 1989 match-ups in year 2022 at 76 AERONET locations distributed over all continents (see Figure
58 for more details).

The correlation plots of AQT retrieval by Sen2Cor 2.11 (PB 04.00) over AERONET reference are shown in
Figure 59. The data were processed with DDV algorithm respectively using AOT from the Copernicus
Atmosphere Monitoring Service (CAMS) as fall back-solution for AOT-retrieval when there are less than 2%
Dense Dark Vegetation (DDV) pixels in the image.
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Figure 59: Correlation plot of Sen2Cor AOT550 retrieval at 20 m resolution over AOT550 reference from AERONET
per climate zone on basis of a data set at 76 AERONET sites. Green triangles are AOT550 retrieved with the DDV-
algorithm and orange triangles are AOT550 resulting from using CAMS data as fall-back solution. The dashed
grey line indicates x=y and the solid grey lines show the limits of uncertainty goal U(AOT550) <
0.1*AOT550ref+0.03.

The AQOT-retrieval algorithm implemented in Sen2Cor requires DDV-pixels in the image. If there are not
enough DDV-pixels present, then the auxiliary CAMS files embedded in the L2A products are used as fall-
back solution. Therefore, aerosol optical thickness retrieval results are analysed separately for the DDV
algorithm and the CAMS fall-back solution.

The DDV algorithm gives 25% to 63% of values within uncertainty goal dependent on climate zone (average
48%) with average total uncertainty of 0.11. Validation shows a trend for underestimation of higher AOT
by DDV algorithm implemented in Sen2Cor confirmed by systematic part of the uncertainty Us,°°Y(AOT) =
(-0.54 +0.01) *AOT + (0.08 +0.003).

CAMS fall-back solution is activated mostly in arid, non-vegetated regions or during winter time. It gives
34% to 80% of values within uncertainty goal dependent on climate zone (average 57%), however with
larger average uncertainty of 0.16. This larger uncertainty results at least partly from the higher AOT-values
present in situations when CAMS data are used. Systematic uncertainty Us,s“*M5(AQOT) = (-0.42 +0.01) *AOT
+(0.08 +0.005) again shows a trend for AOT underestimation relative to AERONET at higher AOT values.

Classification performance is evaluated by comparison of the Sen2Cor outputs with reference samples.
The reference samples were labelled visually based on the RGB and false-RGB composites, cirrus band
layer, and the spectral profiles. The main objective of this analysis is to evaluate the performance of
Sen2Cor classification in separating cloudy from clear pixels.
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Current analysis of classification accuracy for Sen2Cor 2.11 SCL products (user processing) were evaluated
on a set of 19 Sentinel-2 L2A scenes at 5 test sites (Table 20) for non-snow-covered products and on a set
of 2 Sentinel-2 L2A scenes for test site Yakutsk with snow coverage. These 5 test sites were selected as
they are distributed over different continents, covering different climate zones, and including various
seasons, and environments. The scene selection is rotated on a monthly basis for each site with cloud
cover closest to 20% and no data pixels of less than 33%. Scenes with snow cover of less than 50% are
considered non-snow-covered, whereas scenes with snow cover of more than 50% are considered snow-
covered. The validation results for snow-covered products are reported separately from non-snow-
covered products. 9 scenes are from 2022 under PB 04.00 and 12 scenes are from 2023 under PB 05.09.

Table 20: Selected test sites and scenes for Sen2Cor 2.11 validation

No data Processing
e —oate Yl cloudcover 0] Baseline
pixels (%)
(PB)

22 March 2022 6.07 0 04.00 No
4 August 2022 18.58 0 04.00 No

Potsdam
T33UUU 3 January 2023 21.28 32.58 05.09 No

(Germany)

12 June 2023 19.12 32.32 05.09 No
7 November 2023 27.44 0 05.09 No
24 April 2022 7.27 1.79 04.00 No
16 September 2022 28.12 2.00 04.00 No

Rimrock
T11TMM 8 February 2023 21.44 1.88 05.09 No

(USA)
25 July 2023 25.66 27.98 05.09 No
25 December 2023 40.18 1.80 05.09 No
15 May 2022 24.01 0 04.00 No
Murcia 7 October 2022 11.00 0 04.00 No
. T30SXH
(Spain) 11 March 2023 29.42 0 05.09 No
8 August 2023 10.94 0 05.09 No
10 June 2022 26.48 6.48 04.00 No
Bandung 22 November 2022 96 0.86 04.00 No
. TA8MZT

(Indonesia) 6 April 2023 48.40 0.75 05.09 No
18 September 2023 30.40 0.62 05.09 No
28 July 2022 12.84 0 04.00 No

Yakutsk
T52VEP 1 May 2023 15.48 0 05.09 Yes

(Russia)
28 October 2023 27.16 0 05.09 Yes
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Table 21: Summary of the cloud masking validation results for 5 non-snow-covered study areas already analysed

Potsdam

Clear

Cloud

Murcia
~sum |
.
o |

Rimrock

Clear

Cloud

“ciear [l covs M sm W v M cc W o

63%

3%

66%

96%

4%

92%

5%

29%

34%

86%

14%

68%

32%

100%

93%

91%

Balanced
OA

7.0%

8.6%

94%

“ciear [l covs [l s W2 W W oA |

51% 3% 55% 94% 6% 92%
5% 41% 45% 90% 10%
56% 44% 100%
Balanced
92% 92%
(0]
8.2% 7.7% 93%

52%

3%

| sum i uA il ce Qi 0A |

55%

95%

5%

94%

3%

42%

45%

93%

7%

55%

45%

100%

95%

94%

Balanced
(o).

5.3%

5.9%

95%
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Bandung

“ciear M cows M s B ua W W oa |

38% 3% 41% 92% 8% 84%
12% 47% 59% 79% 21%
| sum [V 50% 100%
Balanced
OA
| OF YRS 6.9% 84%

Yakutsk

| Clear i Cloud il sum QN UA J cE QI OA |

75% 0% 75% 100% 0% 100%
0% 25% 25% 99% 1%
[ sum [EVEDA 25% 100%
Balanced
OA
B o 0.7% 100%

The accuracy assessment for cloud masking per test site is presented in

Table 21 for products without snow cover. Sen2Cor classes cloud medium probability, cloud high
probability and thin cirrus are aggregated to clouds, whereas Sen2Cor classes water, vegetated, non-
vegetated and snow are aggregated to clear pixels. Commission and omission errors correspond to user’s
(UA) and producer’s (PA) accuracies respectively. Balanced overall accuracy (OA) is the average of omission
(OE) and commission (CE) errors. Results show good cloud masking performance with balanced overall
accuracies of clear vs cloud pixels ranging between 84 — 100%. The overall accuracy of 100% is achieved
only in 1 Yakutsk scene without snow cover. In terms of commission errors of the clear pixel the range is
between 0 - 8% with the lower values in Potsdam and Yakutsk and the higher in Bandung which show also
a 21% omission of clouds. This high omission of clouds is due to confusion with thin cirrus clouds visible
in the spider plots (Figure 60). Another remarkable omission in the spider plot is between different cloud
classes of Sen2Cor and thus not important. In addition, the omission of clear pixels for Bandung which are
classified as ‘unclassified’ is not critical.
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Table 22: Summary of the cloud masking validation results for snow-covered products

Yakutsk (snow covered)

“ciear M cows M s B ua W W oa |

31% 13% 44% 70% 30% 84%
3% 54% 56% 95% 5%
[ sum  [EEEEDA 67% 100%

Balanced
| oF [F: 19.6% 81%

The accuracy assessment for cloud masking on snow-covered products (so far only in test site Yakutsk) is
presented in Table 22. Results show slightly lower accuracy of cloud masking compared to products
without snow cover, with balanced overall accuracy of clear vs cloud pixels of 81%. Commission errors of
the clear pixel is 30%. It is important to consider that labelling the snow-covered product is more
challenging than products without snow cover, which leads to higher uncertainties in the labelled masking
references. The high omission of clouds due to confusion with thin cirrus clouds and shadows is visible in
the spider plots (Figure 60). There are more cloud shadow pixels in winter due to the low sun elevation,
which are difficult to recognize over the bright snow surface.

Omitted clear pixels misclassified as

cloud high probability

thin cirrus

——Potsdam ——Bandung —— Rimrock

unclassified
0.0%

» .,y cloud shadow

dark area pixels

Murcia — Yakutsk - summer —— Yakutsk - winter

Committed clear pixels reference class

unclassified
0.0%

cloud high probability cloud shadow

thin cirrus dark area pixels

——Potsdam ——Bandung —— Rimrock Murcia — Yakutsk - summer — Yakutsk - winter
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Omitted thin_cirrus pixels misclassified as

vegetation

mm-vege!ated > cloud shadows

water dark area pixels

snow < / ) cloud high probability

unclassified cloud medium probability

——Potsdam ——Bandung Rimrock Murcia — Yakutsk - summer —— Yakutsk - winter

Omitted cloud_high_probability pixels misclassified as

vegetation
0.0%

non-vegetated cloud shadows

water dark area pixels
snow ' ! L thin cirrus
unclassified cloud medium probability
—Potsdam ——Bandung Rimrock Murcia —Yakutsk - summer ——Yakutsk - winter

Committed thin_cirrus pixels reference class

vegetation

non-vegetated ~ T w, ClOud shadows

dark area pixels

snow . / cloud high probability

unclassified cloud medium probability

——Potsdam —— Bandung Rimrock Murcia —Yakutsk - summer ——Yakutsk - winter

Committed cloud_high_probability pixels reference class

vegetation

non-vegetated - i cloud shadows

water dark area pixels

snow . / \ / thin cirrus

wunclassified cloud medium probability

—— Potsdam ——Bandung Rimrock Murcia — Yakutsk - summer ——Yakutsk - winter

Figure 60 : Summarized results of omission and commission classification errors for clear pixels, thin cirrus pixels

and clouds detection for the 5 analysed sites

6.2 Auxiliary Data Monitoring

This section reports on the monitoring of two auxiliary data parameters provided in L1C and L2A products
in the granule AUX_DATA folder, respectively in the files AUX_CAMS_FO and AUX_ECMWFT:

++ Aerosol Optical Depth at 550 nm (in AUX_CAMS_FO),

+» Total Column of Water (in AUX_ECMWFT).

The parameters in AUX_CAMS_FO originate from ECMWF through the Copernicus Atmosphere Monitoring
Service that generates every day, five-day forecasts of aerosols, atmospheric pollutants, greenhouse gases,

stratospheric ozone, and the UV-Index.

The Aerosol Optical Depth at 550 nm from AUX_CAMS_FO can be used as atmospheric information
fallback in the L2A processor when performing the atmospheric correction for certain Sentinel-2 tiles when
not enough dark dense vegetation pixels are present to perform an independent aerosol retrieval (see

6.1.3).

The parameters in AUX_ECMWFT originate from ECMWF that generates every day global meteorological

forecasts.
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The Total Column of Water from AUX_ECMWFT is not used in the L2A processor when performing the
atmospheric correction. However, it is interesting to check how its performance compares with the L2A
processor outputs (see 6.1.2).

The monitoring is performed on 24 different locations distributed over all continents and all climate zones
using 24 AERONET stations.

We would like to express our gratitude to the Principle Investigator(s) and Co-Investigator(s) as well as all
the persons involved for establishing and maintaining the 24 sites used in this analysis: 'Lille', 'Kyiv',
'‘Kangerlussuaq', 'NEON_UNDE', 'Toravere', 'MetObs_Lindenberg', 'NEON_CVALLA', 'Medenine-IRA’,
‘Valladolid', 'XiangHe', 'OHP_OBSERVATOIRE', 'Gangneung_WNU', 'NEON-Disney', 'Tamanrasset_INM',
'‘Kanpur', 'Dhaka_University', 'llorin’, 'Silpakorn_Univ', '"Huancayo-IGP', 'Jambi', 'Rio_Branco', 'Mongu_Inn',
'Fowlers_Gap', 'CEILAP-RG".

In this section the monitoring results are focused on a single AERONET site located in Lille, France.

The data period covers about 24 months of data, between 25/01/2022 and 22/01/2024, starting with
Sentinel-2 PB 04.00, since the AUX_CAMS_FO files are embedded in the L1C and L2A products.

The values of AUX_CAMS_FO and AUX_ECMWEFT are extracted at the AERONET site location using its
geographic coordinates.

The Aerosol Optical Depth at 550 nm AERONET values are spectrally and temporally interpolated to the
Sentinel-2 acquisition time. The Precipitable Water AERONET values are temporally interpolated to the
Sentinel-2 acquisition time.

Figure 61 presents all the concomitant Sentinel-2 auxiliary CAMS data (in red) with the AERONET data (in
light red) on a temporal plot.

Aeronet site: Lille

10
AERONET AOD_550nm v3DS
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Figure 61: Aerosol Optical Depth at 550 nm; AERONET data (light red) and S2 CAMS data (red)
Lille: Sentinel-2 products between 25/01/2022 and 22/01/2024

Figure 62 presents a scatter plot of all the concomitant Sentinel-2 auxiliary CAMS data with respect to the
AERONET data for all the 24 AERONET test sites.
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These consolidated statistics on all test sites show that 53% of CAMS data is within the uncertainty goal
with an overall uncertainty of 0.16 without significant bias. It should be noted however that depending on
the test site this value can range from 22% for the lowest agreement (llorin, XiangHe) up to 88% for the
best agreement (CEILAP-RG). In general, the agreement is better for test sites with lower aerosol load.
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Figure 62: Aerosol Optical Depth at 550 nm; scatter plot S2 CAMS data vs AERONET data
24 test sites: Sentinel-2 products between 25/01/2022 and 22/01/2024

Figure 63 presents all the concomitant Sentinel-2 auxiliary ECMWF data (in blue) with the AERONET data
(in light blue) on a temporal plot. A seasonality can be observed with an atmosphere wetter in summer
and dryer in winter.
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Figure 63: Total Water Column [g.cm-2]; AERONET data (light blue) and S2 ECMWFT data (blue)
'Gangneung_WNU': Sentinel-2 products between 25/01/2022 and 22/01/2024
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Figure 64: Total Water Column [g.cm-2]; scatter plot S2 ECMWFT data vs AERONET data
24 test sites: Sentinel-2 products between 25/01/2022 and 22/01/2024

Figure 64 presents a scatter plot of all the concomitant Sentinel-2 auxiliary ECMWF data with respect to
the AERONET data for all the 24 AERONET test sites.

These consolidated statistics on all test sites show that 88% of ECMWF data is within the uncertainty goal
with an overall uncertainty of 0.26 g.cm™ with a slight positive bias of 0.14 g.cm?. It should be noted
however that depending on the test site, this value can range from 69% for the lowest agreement
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(OHP_OBSERVATOIRE) up to 97% for the best agreement (Kangerlussuaq). In general, the agreement is
better for test sites with dryer atmosphere.

6.3 Product features

The current scene classification algorithm has some known limitations:

+» Under-detection of semi-transparent clouds or cloud edges,

+» Cloud pixels miss-classified as snow (shaded parts of the clouds),

+» Over-detection of clouds over bright targets,

+» Topographic shadows may be miss-classified as water,

++» Open fires can be miss-classified as cirrus.

«» Dark areas miss-classified as cloud shadows. This can occur in particular when bright objects are
incorrectly classified as clouds,

+» Degraded pixels from data loss at L1C are currently not supported by the L2A processor. Users are

advised to check the TECQUA mask to identify affected pixels.

These problems have been significantly reduced starting with baseline 02.09.

Starting with baseline 02.10, terrain correction is no longer applied for pixels identified as cloudy. This can
lead to visual artefacts at the edges of semi-transparent clouds, see figure below.

Figure 65: Visual artefacts at the edges of semi-transparent clouds.

scl_cloud_medium_proba

scl_cloud_high_proba

scl_thin_cirrus
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Another known issue concerns the occurrence of blocky patterns on the Scene Classification mask, as
illustrated in the figure below. This issue is due to the coarser resolution of the CCl auxiliary data used to
improve the scene classification. In some cases (as on Figure 66 — Left) it can lead to a local over-detection
of clouds.

Figure 66: Blocky patterns on the scene classification layer (SCL). Left: near the coastline. Right: near city
boundaries.

6.3.2 Overlap between tiles

The L2A products are processed at tile level and some differences can occur in the overlap area between
adjacent tiles:

++ The scene classification may be different for a few pixels,

++» The AOD and surface reflectances are generally different, although the difference should be small.

6.3.3 Terrain over-correction on shaded areas

Due to inaccuracies of the Digital Elevation Model, a strong terrain correction may be applied in totally or
partially shaded areas. This results in a bluish colour in colour composite and inaccuracy in the surface
reflectance.

Figure 67: Terrain over-correction on shaded areas.Left: Level 1C true colour image, right: L2A true colour image.
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Users are advised that products with a Sun-Zenith Angle (SZA) higher than 70° are processed with a clipped
SZA value of 70°. This results in an under-correction of the atmospheric signal, which results in a bluish
colour on the L2A products. The surface reflectance of products with SZA > 70° should not be used for
guantitative/scientific analysis. The value of the SZA can be obtained from the GRANULE metadata
(MTD_TL.xml, field Mean_Sun_Angle/ZENITH_ANGLE). In the coming period, a warning message will also
be introduced in the GENERAL_QUALITY report to identify these products.

Figure 68: L2A True Colour Image of tile 30VVH; left: 10/10/2018, SZA = 62°; right: 24/12/208, SZA = 80°. The
radiometric quality for surface reflectance is not ensured for SZA > 70°.

In L2A products up to PB 04.00, corrupted pixels affected by missing or degraded instrument source
packets are not reported in the Scene Classification Layer. Users are advised to check the TECQUA mask to
identify affected areas where the SCL is not reliable.

Figure 69: Left: TCl image of a product affected by missing packets. Right: Scene Classification Layer.

Note that missing packets in atmospheric correction input bands (B10 and B09) can affect surface
reflectance of other spectral bands.
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6.3.6 Discontinuities visible in Terrain Correction on very flat areas

This apparent contouring in L2A products arises on images over very flat area with high Sun-Zenith angles.
This artifact comes from the impact of the vertical quantization of the Digital Elevation Map (1 meter steps
in the current production) on topographic correction.

Figure 70: Contour-like line features (red box — right) visible in L2A products over Antarctica

6.3.7 Artefacts at the edge of the swath due to L2A NoData mask

The nodata mask at L2A is common to all the bands and computed at 20 m resolution, while each band
has its own nodata mask at L1C. Indeed, the nodata masks of the 10 m bands are downsampled at 20 m,
merged with the nodata masks of all the other bands, and the resulting common mask at 20 m is then
oversampled at 10 m during the processing of 10 m bands.

In some rare cases, this process of generating a common nodata mask to all bands from heterogenous
spatial resolution, by nearest downsampling to 20 m followed by nearest oversampling to 10 m can induce
some artefacts at the edge of the swath. That means that it could happen that some artificially created 10
m bands pixels are filled with interpolated data, resulting in very low reflectance values at the edge of the
swath border area.

This behaviour can also be observed in the 10 m bands that have been downsampled at 20 m (but also at
60 m, even if less noticeable), and in the 20 m (60 m) TCl as it is created by a downsampling of the 10 m
TCI.

Users are advised to pay particular attention to the swath border area for downstream applications (e.g.
mosaicking, temporal synthesis). It is recommended to use the MSK_DETFOO per band (available in L2A
Granule Ql_DATA folder) to filter out those additional artificial pixels and keep only pixels for which data
has been acquired.
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Figure 71 : Artefacts observed at the swath border of the
S2B_MSIL2A_20220228T102849 _N0400_R108_T31UGR_20220228T134712.SAFE tile highlighted in the red
rectangles on a True Color Image at 10 m resolution (left) and on the BO4 image (right)
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7 Insights into the Copernicus Collection-1

The Copernicus Sentinel-2 Collection-1 provides consistent Sentinel-2A and Sentinel-2B time series
reprocessed with an optimized calibration and flagged with processing baseline 05.00. The entire time
series from 2015 up to now of the L2A surface reflectance product is compliant with the CEOS Analysis
Ready Data for Land (CARD4L) standard.

Additional information regarding the status and accessibility of Collection 1 reprocessed data can be found
on: https://sentiwiki.copernicus.eu/web/s2-products#S2Products-Collection-1ProductsDescriptionS2-
Products-Collection-1-Products-Descriptiontrue.

To ensure that the Collection-1 products are well reprocessed and that are in agreement with the PB 05.00,
the OPT-MPC team performed some validation activities.

Besides regular quality checks on randomly reprocessed products, specific assessments performed by the
Experts from the OPT-MPC team are showed in the following sections.

7.1 Radiometric assessment over PICS sites

The radiometric verification of the reprocessed products consists of two folds:

1. to verify that the bias correction is applied over S2B products,
2. to check the alignment of S2B with S2A radiometry.

To achieve these objectives, the verification over desert-PICS test sites is performed. About 700 S2A
acquisitions and 500 S2B reprocessed acquisitions are collected over 2015-2022 and ingested to DIMITRI
successfully. Then the Desert-PICS methodology is applied, and the outputs are compared to the same
operational acquisition’s period (comparing the ratios of TOA-Reflectance). Table 23 and Table 24 show
the ratios of the Operational products (OP) and the Collection-1 (C1) ones and the differences between
them from both sensors. Figure 72 and Figure 73 below show the reprocessed Collection-1 time series of
and S2B over both Desert and Ocean CalVal sites. These results illustrate the successful reprocessing and
attest that the bias correction is considered for S2B radiometry.
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Table 23 : The operational and Collection-1 averaged ratios (TOA-obs/TOA-Sim) and its difference (OP-C1) from
S2A/MSI over Desert-PICS over 2015-2022,

Wavelength M8 MSEA Difference
#846 Acq #685 Acq
443 0.991 0.992 -0.001
490 0.993 0.993 0.000
560 1.006 1.006 0.000
665 1.000 0.999 0.000
705 1.002 1.004 -0.002
740 1.011 1.011 0.000
784 1.007 1.007 0.000
842 0.992 0.993 0.000
865 1.000 1.000 0.000

Table 24 : The operational and Collection-1 averaged ratios (TOA-obs/TOA-Sim) and its difference (OP-C1) from
S$2B/MSI over Desert-PICS over 2017-2022.

MSI-B MSI-B .
Wavelength Difference
(0] c1
(nm) OP-C1
#627 Acq #484 Acq
443 0.979 0.995 -0.015
490 0.987 1.000 -0.014
560 1.003 1.016 -0.013
665 0.991 1.003 -0.012
705 0.990 1.004 -0.014
740 1.007 1.019 -0.012
784 0.988 1.001 -0.012
842 0.983 0.995 -0.011
865 0.991 1.003 -0.012
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S2A/MSI B8A @ 865 nm
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Figure 72: Collection-1 time series of the ratio of observed TOA reflectance to simulated one from S2A/MSI and
S2B/MSI for BSA over the Desert- PICS over 2017-2022. Error bars indicate the desert methodology uncertainty.
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Figure 73: Collection-1 time series of the ratio of observed TOA reflectance to simulated one from S2A/MSI and
S2B/MSI for BO4 over the Ocean-Sites over 2017-2022. Error bars indicate the desert methodology uncertainty.

7.2 \Verification of Scene Classification

The verification of the Scene Classification in the reprocessed products started for several products of test
sites Potsdam/Berlin (Germany), Rimrock (US), Barrax/Murcia (Spain) and Yakutsk (Russia). Visual
inspection of 24 products from January to March 2019 and from October to December 2021 doesn’t
showed artefacts caused by the reprocessing chain.

Besides visual inspection, differences of class percentage in reprocessed products to class percentage in
earlier products were computed. Figure 74 shows typical results. We find generally a remarkable decrease
of unclassified pixels. A clear change from dark features to not vegetated (or vegetated) classes is
connected with a redefinition of that class. Class dark features in earlier products could contain any dark
area like dark water or land area, burned area or topographic shadows. In PB 05.00 this class is changed
to contain only topographic or casted shadows and other dark area is now attributed to the class it belongs
to. Differences of scene classification in reprocessed products to older PB increase significantly for low sun
elevation and can reach 25%.
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We observe a slight increase of noData pixels in the reprocessed products due to solving of the reported
issues at the swath boarder. Reprocessed products mostly report more clouds than previous products
what could be expected due to introduction of a dilation of clouds. We also find improvements in cloud
shadows with few exceptions. Figure 74 shows a strong increase of cloud shadows at test site Rimrock.
This issue occurs for images with low sun elevation in the presence of both cirrus clouds and lower-altitude
clouds in the image resulting in extreme long cloud shadows. It is an issue in the Sen2Cor classification
and doesn’t come from the reprocessing chain.

I LD HLED 2021.10: NO500 minus N0301
w— Potsdam 20211013
== Rimrock 20211016
s Barrax 20211007 NODATA PIXEL
wm— Potsdam 20211008 -
e Rimirock 20211011 6.0
= Potsdam 20211028 SNOW_ICE 5.0 CLOUDY_PIXEL_OVER_LAND

THIN_CIRRUS DARK_FEATURES

HIGH_PROBA_CLOUDS

CLOUD_SHADOW

MEDIUM_PROBA_CLOUDS VEGETATION

UNCLASSIFIED NOT_VEGETATED

WATER

Figure 74: Difference of class percentage in reprocessed products (PBL N0500) minus class percentage in earlier
products with PBL N0301 resulting from Sen2Cor 2.80. Analysed data are from October 2021 and test sites
Barrax, Rimrock and Potsdam/Berlin. The black line marks the line indicating no change.

Figure 75 gives similar results for images with remarkable snow cover. Again, there are less unclassified
and dark features pixels and more not vegetated. We observe also changes between cloud and snow
detection in both directions — either more clouds classified and less snow or opposite.
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Figure 75: Difference of class percentage in reprocessed products (PBL N0500) minus class percentage in earlier
products with PBL N0301 resulting from Sen2Cor 2.80. Analysed images are from test site Yakutsk (Russia) in
April 2019 and October/November 2021. The black line marks the line indicating no change.

Please note that the changes in the scene classification sound reasonable and look like improvements.

However, the performed analysis is no quantitative justification which requires comparison with labelled
reference data.
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8 Instrument and processing anomalies

This section describes all known product anomalies. Each anomaly is tagged with a code “#N” allowing
linking it to a given processing baseline through the three tables provided in the sub-sections below.

The complete list of anomalies is available on-line in the Sentinel-2 anomaly database
https://s2anomalies.acri.fr/anomalies. Anomalies affecting obsolete products (baseline 02.00) are no
longer described in this report.
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8.1 Level-1C processing anomalies

8.1.1 Introduction
The table below summarizes the known processing anomalies affecting the L1C production according to the different L1C processing baselines.

Note that anomaly #37, which was duplicating #11, has been deleted.

Table 25: Summary of identified processing anomalies and associated processing baselines. Red: systematic anomaly. Orange: random anomaly affecting only a few products
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missing metadata
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06/12/2022

13/12/2023

Anomaly title

Misregistration of some

A few products
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S2A products
C ted product
52 orrupte ;?FO uc A few products
footprint
S2A orbit 20681,
53 Missing AUX files and S2B orbits
11772 and 11773
S2A orbit 20892
54 Empty ECMWF AUX files and S2B orbits
11983 and 11984
61 Spurious viewing angle A\ ey el
metadata
Orbits S2A
67 Platform mismatch 21551 and S2B
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Orbit S2A
Z lar irradi
70 ero solar irradiance -
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71 misregistration following A few products
missing packets
Corrupted ECMWF
72 prec - Some products
auxiliary files
Inconsistent data loss
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35292
Some TCI from
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S2A L1C TCl contain
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incorrect odata attribute
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Within the satellite ancillary metadata, the value of Instrument Measurement Time (IMT) is not
represented correctly due to a formatting error. This anomaly is corrected with product baseline 02.05.

Band 12 is missing in the “physical gains” metadata of the user product. However the full list of physical
gains is present in the metadata at granule level. This error was corrected early August 2016 and recent
products are not anymore affected.

This anomaly affected a few products of baseline 02.01: the viewing angles (part of the granule Metadata)
are missing for some spectral bands. It has been corrected on 31/03/2016.

This anomaly is characterized by anomalous pixel values at the boundary of a datastrip. This anomaly has
been corrected with baseline 02.02.

vk X

Figure 76: Anomalous pixels on band B4 (anomaly #12).

This anomaly is characterized by an incorrect appearance of the 60 m bands: images are stretched across-
track and discontinuities are visible between detector boundaries. A few occurrences have been observed,
and none since 27/04/2016.




OPT-MPC . Ref.: OMPC.CS.APR.003
Optical MPC

Issue: 1.0
Date:  29/02/2024
Page: 104

Figure 77: Stretching of 60 m bands (anomaly #16).

With the introduction of single tile products in October 2016, an issue has been identified in the product
footprint for tiles crossing the ante-meridiem (180° longitude). The footprint should be composed of two
polygons (above -180° and below +180°). Instead, only the second polygon is present.

This anomaly has been fixed on 26/01/2017. All points are now present but in a single polygon.

This anomaly affects the ECMWEF auxiliary files, for some specific tiles. The files are truncated and contain
aberrant values. This anomaly is fixed with production baseline 02.05.

Since October 2016, technical quality masks (TECQUA) are reporting instance of lost data packets (see
anomaly #10). However, it has been found that the masks are not perfectly accurate (see figure below).
This anomaly is essentially corrected with production baseline 02.05. Some residual errors have been
observed, which led to a further improvement deployed the 07/06/2018. A final fix has been implemented
with PB 03.00 (30/03/2021).

Figure 78: Technical Quality masks (green: lost packets, red: degraded packets) overlayed over an affected
image. A small gap exists between the mask and the affected area (anomaly #24).
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A geolocation error of more than 100 m has been observed on the first datastrip of orbit 7174 (acquired
05/11/2016).

In products generated before 18/05/2017, the meteorology Auxiliary files are missing from the file listing
in the manifest.safe. Affected products are still available in the archive.

This anomaly occurred on January 20%" 2017 following a change in the user product generation chain and
was solved on January 26th 2017. The anomaly affected the diffusion of products on the SciHub, and as a
result few products affected by this anomaly have been disseminated. The characteristics of this anomaly
are:

+«» Coarse precision of product footprint (1/3°),
+«+» Missing Datastrip Identifier and granule Identifier attributes.

Affected products have been replaced with corrected products.

Two products have been found affected by this anomaly. The products have very small data coverage and
are completely cloudy. The cloud mask is accurate but the cloud coverage metadata is reported as zero.
The affected products are still present in the archive: 30UXB on 11/02/2017 and 50KQL on 12/04/2017.

The issue has been fixed the 07/06/2018.

The product for tile 50SQA generated on 20/03/2017 has several metadata with an incorrect “0” value
(quantification value, spectral irradiances). No other product has been found with this anomaly so far.
Affected products have been removed from the archive.

Viewing angles metadata (part of L1C granule metadata) are systematically missing for tiles of UTM zone
01 crossing the ante-meridiem. This anomaly is fixed with baseline 02.06. The affected products are still
present in the archive.

Some recent products have been found with one or several files missing (spectral bands or metadata files).
This anomaly is now corrected for real time processing.

In some products from baseline 02.06, the meteorology auxiliary files (ECMWF data) are missing in the
products. The issue has been solved in February 2018. The affected products are still present in the archive.
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An incorrect calibration file has been deployed by error for S2A on 12/06/2017 and affected orbits 10724
to 10729. The quantification value is 1,000 instead of 10,000. The affected products have been
reprocessed and the archive will be updated. A new occurrence was found on orbits 634, 704 and 705.
The Collection-1 products are ok and should be used instead of the pre-Collection-1 products.

On 25/09/2017, an anomaly at the reception station led to a severe loss of instrument source packets. As
a side effect, a misregistration of bands B09 and B10 has been observed downstream of the area affected
by missing packets. In view of this strong degradation, the affected orbit (S2A orbit 11799) has been
removed from the archive.

A few products of baseline 02.04 have been generated with an additional empty Granule folder with a
name ending with “null”. As a side effect, this generates a failure with Sen2cor. This very minor anomaly
can be corrected by deleting the empty folder.

The spectral response functions provided in the metadata of the S2A products are affected by errors
affecting mostly bands BO1, B02 and B0O8. The anomaly has been corrected on January 15%, 2018.

Note that this issue has negligible impact on the radiometry of the L1C reflectance products. On the other
hand, the conversion to radiance values and the computation of downstream products relying on the
spectral response function can be impacted (such as L2A products).

$2 spectral response : band B1 $2 spectral response : band B2

\/’\\/\F\/\

normalized response
normalized response

a0 450 ™ am 50 20 a0 i 260 1= sm 50 s
wavelength in nm

-
wavelength in nm

Figure 79: Spectral Response Functions for bands B01 and B02.
Red - dashed: S2A before correction. Red - solid: S2A after correction. Green: S2B.

This anomaly affects the Instrument temperature data reported in the “expertise” section of the Datastrip
metadata. The temperatures are not converted to degrees Celsius as they should be. In addition, the GPS
time is not correctly reported. This minor anomaly affects all products of baseline 02.06 and earlier. The
affected products are still present in the archive.
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A few products from baseline 02.06 have been generated which use a comma *’ instead of a decimal point
‘’"in the description of the mask polygon (NODATA and DEFECT masks). This minor error is due to an
incorrect language setting which has been corrected. It does not prevent the handling of the products by
such tools as SNAP, QGIS or Sen2cor. The issue has been finally solved on 24/05/2018, and the affected
products corrected.

This anomaly affects the “Cloud_Coverage Assessment” parameter reported in the user product
metadata as well as the “CLOUDY_PIXEL_PERCENTAGE” of the tile metadata for products with a partial
acquisition. The percentage is not correctly computed and can lead to over- or under-estimation of the
percentage. The affected products are still present in the archive.

Since the Copernicus Data Space Ecosystem uses this metadata to record catalogue entries, requests using
filtering on cloud percentage can be affected.

On the other hand, the cloud mask itself is correct.

Figure 80: Tile 40UGE acquired on 12/06/2018 by S2B. Left: RGB composite, Right: cloud mask (in red). The cloud
coverage percentage is incorrectly reported as 19.3% (anomaly #44).

Anomaly #44 is corrected with baseline 02.07.

Until product baseline 02.01, several products had valid pixels with a reflectance value of 0 (No Data)
instead of 1 (minimal reflectance). This anomaly was essentially fixed with baseline 02.01. However, errors
induced by compression noise can still be found on very dark areas (e.g. over topographic shadows or
water on SWIR bands). The affected products are still present in the archive. The anomaly has been fully
corrected with the introduction of the radiometric offset with PB 04.00.
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Figure 81: Pixels with 0 value (No Data) shown here as transparent, in a dark area of a B12 image (Anomaly #5).

Since 18/07/2018, equalization issues have been observed on S2A products. The issue is especially visible
on Band 10 if the contrast is enhanced. This issue also affects the cirrus cloud mask which may exhibit
discrepancies between detectors. Note that the impact on the radiometry is limited to a few percent. The
anomaly has been corrected on 30/07/2018. The affected products are still present in the archive.

Figure 82: Incorrect equalization of B10 for S2A (anomaly #45).

Since 22/06/2018 an anomaly affects all L1C products. A triangular area of 50 to 100 pixels is systematically
missing on the top-right and bottom-left corners of each tile. The affected area can be larger at high
latitudes.

These pixels are flagged by the “No-Data” mask so no impact on downstream processing is expected.
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Figure 83: Top-right corner of the image of the same L1C tile
from orbit 7053 (unaffected, left) and orbit 7196 (affected, right). (Anomaly #46)

This anomaly has been fixed on 08/09/2018. Affected products are still present on the archive.

8.1.28 Corrupted footprint (#52)

The product footprint is reduced to a very small triangle. This anomaly occurs randomly with a very low
rate. This anomaly is fixed with processing baseline 02.09. The affected products are still present in the
archive.

8.1.29 Spurious viewing angle metadata (#64)

In some cases, the L1C user product metadata MSILIC_MTD.xml contain viewing angle information for
detectors which are not present in the product. This minor anomaly is corrected with processing baseline
02.09. The affected products are still present in the archive.

8.1.30 Products with incorrect checksum (#69)

On 21/05/2021, around 600 L1C products were processed with an SHA-256 checksum instead of the
expected md5 for products of PB 03.00. The product quality is otherwise nominal and the affected
products are still present in the archive.

8.1.31 Zero solar irradiance (#70)

0On 02/09/2021, one S2A datastrip from orbit 32364 (over East Africa) was incorrectly processed which led
to an incorrect value of O for the solar irradiance metadata. An example of affected product is:

% S2A_MSIL1C_20210902T072621_N0301_R049_T37NGJ_20210902T100010

The affected products have been removed from the archive.

8.1.32 Products with large misregistration following missing packets (#71)

This anomaly concerns datastrip for which data packets have been lost. The processed products are
affected by large geolocation errors and possibly spectral co-registration errors. Three occurrences were
detected:

«» S2A orbit 31188, datastrip over Borneo (12/06/2021)

7
0.0

S2A orbit 32722, datastrip over the Middle East (27/09/2021)

)/
0.0

S2B orbit 24978 (17/12/2021) Gambier islands, South Pacific
+» S2B orbit 25041 (22/12/2021) Qinghai province, China

The corresponding products have been removed from the archive.
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This issue affects random products from Processing Baselines 03.00 and 03.01. The auxiliary ECMWF
contain erroneous values. This anomaly is corrected with baseline 04.00. The affected products are still
present in the archive.

This anomaly concerns products affected with missing packets (data loss). The reports in the Datastrip
Metadata and the Granule metadata are inconsistent. Known occurrences are listed below:

«» S2A_MSIL1C_20220110T155631_N0301_R054 T18UXE_20220110T175004.SAFE  has  missing
packets on bands 1,7,8A,9, and 12 but reports O lost packet at datastrip level

«» S2B_MSIL1C _20211215T234509 N0301_R044_T54DVM_20211216T003204.SAFE has missing
packets on band 3 but reports 0 lost packet at datastrip level

«» S2B_MSIL2A 20220131T161509 NO0O400 R140 T17RLN_20220131T185140.SAFE has missing
packets reported in the datastrip metadata but missing from the tile metadata.

Some Sentinel-2A L1C end user products published on DHuS (sensing date from 23/08/2022 to
30/08/2022) have been identified with an invalid TCI due to a processing error. The affected products have
been reprocessed and republished successfully.

The metadata file of the product S2B _MSIL1C 20210314T200529 N0209 R099 TO2CNC_
20210314T212550.SAFE is corrupted and cannot be unzipped properly. Some lines are missing in this file.
The product has been reprocessed and republished successfully.

Several products on SciHub have an incorrect footprint geometry reported. The GML footprint is wrong
because there are additional “0”, as if a x,y,z footprint was wrongly converted to x,y.

The impacted products are:

% S2A_MSIL1C_20160122T142942_N0201_R053_T18GWQ_20160122T144426
% S2A_MSIL1C_20160122T142942_N0201_R0O53_T17FPA_20160122T144426
% S2A_MSIL1C_20160122T160122_N0201_R054_T18SWJ_20160122T160124

As these products are mainly cloudy, they have been removed from the catalogue.
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United States

Figure 84: Corrupted footprint observed on SciHub

8.1.38 QUALIT_MSK not detecting all missing packets (#83)

All the lost packets are not flagged in the quality masks of some products. The cause of this problem has
been found by the processing chain maintainers, and a fix will be implemented.

e - : e 7
Py ;b'ag-s»a Ayt
I % ok 2 P

Figure 85: BO2 of S2B_MSIL1C_20230110T073159_N0509_R049_T36KYC_20230110T092744 in background with
band 3 (dedicated to lost packets) of the corresponding MSK_QUALIT superimposed in yellow. All the black
pixels, due to data loss, in BO2 are not flagged in the quality mask.

8.1.39 Incomplete product on Scihub (#84)

The product S2B_MSIL1C_20230305T140709_NO0509_R110 _T18FXG_20230305T191054 was incomplete.
A lot of sub-folders and files were missing. The product has been removed from the catalogue and
republished successfully.
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The footprint of S2A and S2B products generated from datastrips crossing the antemeridian and acquired
between 19/10/2023 and 31/10/2023 is not displayed correctly on Copernicus Data Space Ecosystem. The
issue has been solved and the impacted products are now displayed correctly.

Figure 86 : Footprint of S2 tiles crossing the antemeridian were not displayed correctly

Due to a processing issue, some tiles of two datastrips

e S2B OPER_MSI_L1C_DS_SGS__20170910T170015_520170910T113505_N02.05, and

e S2A_OPER_MSI_L1C_DS_MPS__20170420T194923_S20170403T7104019_N02.04
have a corrupted detector footprint mask. The impacted products are still in the archive and will not be
reprocessed as the corresponding Copernicus Sentinel-2 Collection-1 products are fine and will be
disseminated to the users soon.

Due to a processing issue, some tiles of the datastrip S2A OPER_MSI_L1C DS MPS
20161101T124351 S20161101T085223 NO02.04 have an empty preview image. The impacted products
are still in the archive and will not be reprocessed as the corresponding Copernicus Sentinel-2 Collection-
1 products are fine and will be disseminated to the users.



https://dataspace.copernicus.eu/
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8.2 Level-2A processing anomalies

8.2.1 Introduction

This chapter describes anomalies observed on the L2A production. Note that some L1C anomalies affect also the quality of L2A products. Whenever this is the case,
any reprocessing to correct an anomaly will include level 2 products.

Table 26: Anomaly and processing baseline summary.

Baseline
02.07 02.08 02.10 02.11 03.01 04.00
Cozor I o208 M o200 W oza0 [ oza | “oso0 JI osor M oso0 W osos [ osa0 |
Anomaly
ID Deployment
26/03/2018 j§23/05/2018 g§ 08/09/2018 §§ 06/11/2018 §§ 21/112018 §§06/05/2019 g§ 30/03/2021 jj§ 30/06/2021 §§25/01/2022 g 06/12/2022 §§ 13/12/2023
momavee JL__ L L I — I | |
Afe
No data pixels roc‘iAlIJcts
5 identified in the freoccurren
swath ce)
All
55 Wrong tile ID products
metadata until
05/04/2018
Incorrect No Limited occurrences for
56 Data mask pixels near the edge of the
swath (Until 19/09/2018)
Encoding of
59 Until 19/09/2018
Quality Bands : e
Terrain
60 Correction over | A few products
clouds
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Anomaly
[»)

Baseline
number

Deployment
date

26/03/2018

23/05/2018

08/09/2018

06/11/2018

21/112018

06/05/2019

30/03/2021

30/06/2021

25/01/2022

06/12/2022

13/12/2023

Anomaly title

61

Naming of
quality mask
files

A few
products

62

Cloud
Probability
mask

Some products

63

Products
processed
without DEM

Until
09/05/19

65

Incorrect SCL at
high Sun Zenith
Angle

High SZA

66

Halo near image
boundaries

Some products

74

L2A surface
reflectance
overflow >
32768

Some
product
s

81

Very low
negative
reflectances
near the edge
of the swath

Some products
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This minor anomaly affects the L1C_TILE_ID field of the tile metadata. The processing baseline of the
source L1C product is incorrectly reported as 02.07 instead of 02.06. The issue has been corrected on
05/04/2018. The affected products are still present in the archive.

In the Scene Classification mask (SCL) some pixels near the edge of the swath may be incorrectly flagged
as “water” instead of “No Data”. The issue has been fixed on 19/09/2018. The affected products are still
present in the archive.

Figure 87: Incorrect No Data Mask (anomaly #2). Left: pixels incorrectly flagged as water (blue)
near the swath edge. Right: same image after correction.

In products from processing baselines 02.07 and 02.08, the quality bands are coded over 16 bits instead
of 8 bits as specified in the Product Definition Document (PDD). This minor anomaly affects the following
bands: SCL, CLD, SNW, PVI, TCI. The correction has been deployed on 19/09/2018. The affected products
are still present in the archive.

This anomaly creates spurious topographic correction over cloudy pixels. Please note the impact of this
anomaly is limited to the visual appearance of the images. Cloudy pixels are flagged in the scene
classification mask and shall not be used for quantitative remote sensing.

Terrain correction has been de-activated for cloudy pixels with processing baseline 02.10. The affected
products are still present in the archive.
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Figure 88: Band B04, Tile 32TLP from orbit S2B 7098. Left: L1C image; Right: L2A image.
The topography seems to be visible through the opaque clouds. (Anomaly #4)

This anomaly affects the naming of the quality mask files in the QI _DATA folder. The “long name”
convention (e.g. S2A_OPER_MSK...) is used instead of the “short name” convention (MSK_DEFECT...). This
anomaly has been found on L2A products of orbit S2B 8458 only. No re-occurrence has been observed.
The affected products are still present in the archive.

This issue affects the computation of the cloud probability (CLDPRB mask) near the boundary of the swath.
The mask extends outside the area of valid data. Users are advised to disregard the cloud probability values
for pixels which are flagged as No Data in the spectral band images. This issue is fixed with PB 03.00. The

Figure 89: Incorrect values of the cloud probability mask (CLDPRB) near the boundary of the swath.
Left: L2A true colour image, Right: CLDPRB mask.

This anomaly affects products acquired at high Sun-Zenith Angle (SZA). Due to a processing anomaly, the
scene classification contains pixels incorrectly classified as “Dark Features”. A fix has been activated since
December 6%, 2022, with the deployment of the Processing Baseline 05.09.
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Figure 90: Incorrect Scene Classification for products at high Sun-Zenith Angle. Left: True Colour Image (Snow and
clouds). Right: Scene Classification. Black pixels are incorrectly classified as “Dark Features”.
Ref: (S2B_MSIL2A_20191105T022549 N0213_R017_T46DEH_20191105T064747, Australian Antarctic Territory).

A light halo can sometimes be observed along image boundaries, either edge of the swath or end of data-
strips. The issue is fixed with the deployment of PB 05.09.

Figure 91: Halo near a swath edge (left) or data-strip end (right). Anomaly #66.
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Some no data pixels were identified in one L2A product since the deployment of the baseline 04.00
(reoccurrence of anomaly #5 but affecting only L2A products).

Figure 92: No data pixels identified in the swath [band B12]
Product: S2A_MSIL2A_20220125T032021_N0400_R118 T48PWC_20220125T060655.SAFE

The issue rises in Sen2Cor when reading the L1C JP2000 image using the offset of 1000 DN (PB >=04.00).
This leads to those L1C pixels with a value of exactly DN = 1000, being converted to a TOA reflectance of
0.0, which is interpreted by Sen2Cor processor as NoData. A fix to correctly handle those pixels has been
activated since December 6™, 2022, with the deployment of the Processing Baseline 05.09.

Some occurrences of yellow pixels over extra bright clouds have been identified when looking at the True
Colour Image (TCl) visualization in EOBrowser since the deployment of the baseline 04.00. These pixels
seem related to an overflow (or rollover) of the integer 16-bit, DN > 32768, when surface reflectance data
is converted from float to 16-bit signed integer. It corresponds to a “surface” reflectance higher than 318%.

Please note that these yellow pixels are correctly flagged as clouds in the Scene Classification Map (SCL).

After further investigation, it turns out that the issue is not related to Sen2Cor processing but to the
JPEG2000 encoding of Sen2Cor raw outputs. A fix by clipping data to a value of 32767 DN has been
activated since December 6™, 2022, with the deployment of the Processing Baseline 05.09.
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Figure 93: lllustration of the L2A surface reflectance overflow > 32768 in the L2A TCl image (top left).
The L2A SCL image (top right) and the associated L1C (bottom middle) are also shown.

L1C product: S2B_MSIL1C_20220125T073109_N0400_R049_T38PKB_20220125T093037.SAFE

L2A product: S2B_MSIL2A_20220125T073109_N0400_R049_T38PKB_20220125T102321.SAFE

A new anomaly consisting in a dark area with very low negative reflectances near the edge of the swath
was observed by the S2GM team on the product:

S2B_MSIL2A_20220329T105629_N0400_R094_T30SXJ_20220329T134242.

This anomaly is particularly visible on the B02 band. This radiometry “distortion” defect is not present in
the L1C image. This defect is the result of an overcorrection of the adjacency correction algorithm for the
case when the radiometry of the pixels near the swath border is noticeably different from the average
radiometry of the scene. The blue bands are the spectral bands which are affected the most. An evolution
is in preparation to improve the quality of the adjacency correction for the pixels near the swath border.
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Users are advised to pay particular attention to the swath border area for the cases mentioned above (very
heterogeneous radiometry of the scene). The effect can be visible up to 1 km from the swath border.

L1CTCI L2A TCI L2A SCL

Figure 94 : lllustration of the very low negative reflectances near the edge of the swath observed on the L2A
product: S2B_MSIL2A_20220329T105629_N0400_R094_T30SXJ_20220329T134242. An illustration of the
corresponding L1C product (first column) is also shown
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8.3

Instrument anomalies

8.3.1

Introduction

The table below provides the status of anomalies which are not related to processing and can therefore
not be corrected through reprocessing. It complements the tables provided in the two sub-sections above.

Table 27: On-board Anomalies.

Anomaly ID Anomaly title Criticality m Affected products Product status
ipi f SWIR Af i
9 Striping of S Minor A ew orbltsf not Available
bands systematic
10 Striping of Visible Major $IA A few orbltsf not Removed from archive
bands systematic
13 B10 saturation Minor S2A Products with high Available
reflectances
its 3218, 4
14 Geolocation error Major S2A Orbits 3 4088'1 080 and Removed from archive
17 Misaligned detectors Minor SIA A .fevs./ orbits |mpacted. Available
onband 1 (beginning of the datastrip)
Orbits 6003 to 6011
18 Geolocation Error Major S2A Removed from archive
Orbits 16381 to 16392
Acquisiti ith
23 cquisttion wi Major S2A Orbit 1037 To be removed
shutter closed
43 Geolocation error Major S2A Orbits 1296 to 1304 Removed from archive
Geolocation error
48 following orbit Minor S2AB Orbit 8366 Available
control manoeuvre
50 CAM — missing pixels Major S2B Orbits 10439-10440 Not disseminated
CAM — maj
51 major Major S2A Orbit 19751 Removed
geolocation error
Geolocation error
ft Ilisi
85 ater coflision Major S2A Orbit 42831 Removed
avoidance
manoeuvre
Geolocation error
ft Ilisi
87 arter cotlision Major S2A Orbit 43812 Removed
avoidance
manoeuvre
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Anomaly ID Anomaly title m Affected products

Missing LO granules
88 causing bad Major S2B Orbit 34954 Removed
processing

Missing LO granules

89 causing bad Major S2A Three datastrips To be removed
processing

8.3.2 Striping of SWIR Bands (#9)

This anomaly is characterized by along-track stripes on some detectors of SWIR band images (see image
below). Other detectors are also misaligned (along-track shift).

| B

Wis2 =

Figure 95: Striping of SWIR bands (anomaly #9). Top: B11, Bottom, B12.
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This anomaly occurred during commissioning as a result of an incorrect instrument configuration. Users
are advised to use only VISNIR bands for the corresponding orbits.

Table 28: List of orbits affected by anomaly #9.

1118 1205 1302 1404
1143 1218 1308
1146 1227 1314
1151 1234 1319
1156 1244 1326
1159 1246 1329
1171 1251 1337
1175 1256 1342
1186 1261 1343
1272 1348
1274 1391
1298 1394

Data downlink issues sometimes lead to missing instrument source packets. This results in missing or
corrupted pixels in L1C image, typically affecting only odd or even detectors and some spectral bands. The
figure below presents an example of product affected by missing packets.

Figure 96: L1C product affected by a large number of missing packets.
This type of feature is not considered as an anomaly and will not lead to removal of affected products.

Under the current quality control policy, this effect is not considered as an anomaly. Products affected by
missing packets will remain in the archive.
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This type of behaviour is expected and traced in the product:

++ a technical quality check is performed at datastrip level and reported in the End User product

metadata in case of failure;

+* the number of missing packets is reported in the datastrip metadata;

+ the affected area is described in the technical quality masks (TECQUA gml files for masks previous

to the baseline 04.00 and QUALIT JP2000 masks for the baseline 04.00).

This feature is characterized by noise patterns on bright images. It has now been identified as generated
by saturation of the detector. This effect is not an anomaly in itself, however the saturation is currently not
correctly reported in the image quality masks. An improvement of quality mask for radiometric saturation

has been implemented in Processing Baseline 05.09, deployed on December 6%, 2022.

| Y8

Figure 97: Along-track noise pattern on B10 images over bright clouds (#13).

A major anomaly has led to a strong and temporary geolocation and spectral registration errors. The
anomaly occurred on February 3™ (orbit 3218) and April 3, 2016 (orbits 4080, 4081 and 4082). This
anomaly has been correctly identified by the automatic on-line quality control and the degraded
geometric performance is reported in the product metadata (geometric quality check status is “FAILED”).
After identification of the anomaly, the defective products have been removed from the public archive.

The root cause of this anomaly has been identified. Missing data from attitude control telemetry is at the
origin of the anomaly. An optimization of the management of the on-board telemetry has been

implemented since and should avoid any re-occurrence.
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Figure 98: Spectral co-registration error (anomaly #14).

An anomaly on the receiving ground station occurred on 12 of July 2016 and led to corrupted products
for a few orbits (5509 to 5525). The anomaly affects only band 1 and is limited to the first products of the
datastrips (Northern part). It is characterized by a misalignment of the odd and even detectors, as
illustrated in the figure below. The affected products are still available in the archive.

Figure 99: Detector misalignment on band B1 (anomaly #17).

This anomaly occurred while the satellite was performing a collision avoidance manoeuvre on 16th August
2016. One Star Tracker was temporarily blinded by the Sun, which led to a degradation of the attitude
estimation. As a result, the geolocation of the products acquired during this period (orbits 6003 to 6011)
is affected by a variable geolocation error of up to 100 meters.

Another occurrence of the same anomaly was detected on 12/08/2018 and affects S2A orbits 16 381 to
16 392.
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The anomaly is related to the handling of the redundant Star Tracker in the attitude estimation system. A
realignment of the Star Trackers has been performed on 20/05/2019 to prevent any new occurrence.

Figure 100: S2 image superimposed with reference map, showing a geolocation error of 35 m (anomaly #18).

8.3.8 Acquisition with shutter closed (#23)

On 03/09/2015 S2A orbit 1037 has been acquired with the shutter closed in order to verify the instrument
straylight performance. The product was released by mistake to the public archive. The images are almost
completely dark (< 5 digital counts). This orbit has been removed from the archive.

8.3.9 Geolocation error due to GPS anomaly (#43)

Due to an anomaly on the GPS receiver of S2A in September 2015, orbits 1296 to 1304 (inclusive) were
affected with a large geolocation error (up to 1000 m). Affected products have been removed from the
archive.

8.3.10 Geolocation Error after orbit control manoeuvre (#48)

On 12/10/2018 (orbit 8366) a geolocation error of up to 40 m has been observed. This error is caused by
a collision avoidance manoeuvre performed during observation time. The products are available from the
archive but should be used with caution. The manoeuvre planning procedures have been updated in order
to avoid a repetition of this anomaly.

8.3.11 Collision Avoidance Manoeuvre: missing pixels (#50)

On 07/03/2019 S2B performed an emergency collision avoidance manoeuvre which required a slew
performed during acquisition. Several orbits were lost while products from orbit 10439 and 10440 were
affected by missing data at the interface between detectors. Other occurrences:

% 31/01/2020: S2B orbit 15170
% 02/05/2021: S2B orbit 21702

% 06/27/2021: S2A orbit 31409

Affected products have been removed from the archive.
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Products acquired shortly after a collision avoidance manoeuvre (S2A orbit 19751 on 04/04/2019) are
affected with a geolocation error larger than 50 m. Products have been removed from the archive.

Products from datastrips DS_2APS_20230904T082658_S20230904T062632, DS_2APS_
20230904T083522_520230904T063121 and DS_2APS_20230904T090309_520230904T063906, acquired
shortly after a collision avoidance manoeuvre on 04/09/2023 are impacted by a geolocation error higher
than 30 m. L1C and L2A products have been removed from the archive.

Following a collision avoidance manoeuvre on 2023-11-11, one datatake
(GS2A 20231111T210921 _043812_NO05.09) suffers from a high geolocation error. Corresponding L1C and
L2A products have been removed from the archive.

Because of snow on radome at Svalbard station, several LO granules were lost, causing an issue in the
processing of the datastrip S2B_OPER_MSI_L1C_DS 2BPS 20231115T114821 S20231115T095127_
NO05.09. The impacted L1C and L2A products have been removed from the archive.

Missing LO granules have caused an issue in the processing of three datastrips:
% S2A_OPER_MSI_L1C_DS_MPS__20170316T132839_S20170316T112104_NO02.04
% S2A_OPER_MSI_L1C_DS_MPS__20180510T133456_520180510T112250_N02.06
% S2A_OPER_MSI_L1C_DS_SGS_ 20180905T111600_S20180905T085814 NO02.06

The impacted L1C and L2A products have been removed from the archive.
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9 General information on products

9.1 Copernicus Data Space Ecosystem

In 2023, the Copernicus Data Hub Services have been phased out, and replaced by the Copernicus Data
Space Ecosystem to download Sentinel-2 products.

The ecosystem offers immediate access to large amounts of open and free Earth observation data from
the Copernicus Sentinel satellites, including both new and historical Sentinel images, as well as Copernicus
Contributing Missions. The Copernicus Data Space Ecosystem is poised to become the go-to platform for
anyone looking to extract insights from Copernicus data. It is designed to be flexible and adaptable to the
needs of different users, while ensuring continuity of the existing distribution services and DIAS-es.

9.2 Product Format

On December 6%, 2016, a new naming convention has been introduced (Product Specification Document
version 14). The new convention leads to shorter product paths with less redundancy of information. The
product name now includes the acquisition date and a “product discriminator” which is related to the
acquisition date but can be different in some instances.

A reformatting of the Data Hub product archive to the single-tile, short name format is currently in
progress. The JP2000 images are not affected by the reformatting.

Note that the product footprint for all products generated before July 20™, 2016, include areas of No Data,
while for the later product the footprint outlines valid pixels only.

9.3 Reprocessed products

Two situations can lead to a recovery reprocessing and update of the archive:

*+ Products affected by major anomalies tracked in the Sentinel-2 anomaly database,
«» Datastrips with missing L1C tiles. In this case the products are not tracked in the anomaly database.

In both cases, the original products are removed and replaced by products with a more recent generation
time. However, in the latter case, the original products can still be considered as valid.

End of document
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