978-1-6654-2792-0/22/$31.00 ©2022 IEEE

EVALUATION OF SEN2COR SURFACE REFLECTANCE PRODUCTS OVER LAND
SURFACE WITH REFERENCE MEASUREMENTS ON GROUND

Bringfried Pflug ("), Jérome Louis ¥, Raquel de los Reyes ("), Katharina Pflug (",
Uwe Mueller-Wilm®, Carine Quang®, Rosario Quirino lannone®,
Peter Reinartz V)

(1) German Aerospace Centre, Remote Sensing Technology Institute,
email: bringfried.pflug@dIr.de , raquel.delosreyes@dlr.de, katharina.pflug@dlr.de, peter.reinartz@dlr.de

(2) Telespazio France, 26 Av. JF Champollion, 31023 Toulouse Cedex 1 (France),
email: jerome.louis@telespazio.com

(3) TPZV-D - Telespazio Vega Deutschland — A Leonardo / Thales Company
email: uwe.mueller-wilm@telespazio.de

(4) CS- Communication Systems (France), Email: carine.quang@c-s.fr
(5) RHEA spa, email: rosario.quirino.iannone@esa.int

ABSTRACT

Sen2Cor is the atmospheric correction processor selected by
ESA for operational, systematic processing of Copernicus
Sentinel-2 mission data. It is used for generating the Level-
2A products distributed to users by the Copernicus SciHub.
Accurate atmospheric correction of Sentinel-2 data and
knowledge of its uncertainties are preconditions for high
quality downstream applications.

In this work we present the comparison of Sentinel-2
Bottom-of-Atmosphere products with measurements of
surface reflectance on ground. Source of reference
measurements are both surface reflectance data from
RadCalNet and from dedicated field campaigns. The
analysis shows, that the uncertainty of SR-retrieval with
Sen2Cor is better than about 7% for bright surfaces and
about 17% for darker. In addition to this performance
evaluation, the data are also applied to compare the use of
reference data coming from permanent operating bright
RadCalNet sites and from ad-hoc field campaigns at darker
sites.

Index Terms— Copernicus Sentinel-2, Atmospheric
correction, Sen2Cor, Surface Reflectance, Validation

1. INTRODUCTION

Copernicus Sentinel-2 is an optical remote sensing mission
[1] providing global data in 13 spectral bands at different
spatial resolution of 10m, 20m and 60m. It is dedicated for a
wide field of applications on land surface related to
agriculture, forestry and land-cover change and it is also
used to monitor coastal and inland water. These applications
rely on Bottom-of-Atmosphere (BOA)-data. Those data are
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provided by Sen2Cor processor [2] which is used by ESA
for systematic global Level-2A processing of Sentinel-2
acquisitions. In addition, it can be downloaded from ESA
website [3] as standalone tool for individual processing by
the users.

Evaluation of surface reflectance (SR) products is difficult
due to lack of reference measurements. Therefore, reference
measurements at RadCalNet (Radiometric Calibration
Network) [4] sites are frequently used. Reference
measurements from RadCalNet sites LaCrau and Gobabeb
had been used for Atmospheric Correction Intercomparison
eXercise ACIX-2 [S]. These reference measurements are
reused in this study. However, primary objective of
RadCalNet is to serve for vicarious calibration of TOA data.
RadCalNet sites have surfaces which are much brighter than
the surfaces observed by most downstream applications.
Therefore, own field measurements over meadows and dark
soil are additionally used to answer the question of how
representative evaluation of SR retrieval with reference data
from RadCalNet sites is for darker surfaces.

There are only few investigations in the literature for
evaluation of SR retrieval with Sen2Cor based on reference
measurements. Pancorbo et.al. [6] and Origo et.al. [7] used
reference measurements in Spain over wheat and alfalfa for
comparing with SR retrieval of Sen2Cor. However,
Pancorbo et.al. performed only a statistical single-sample t-
test to determine whether the values observed from S2
sensor are significantly different from measured field
spectra. The aim of Origo etal. was a practical
demonstration of a surface reflectance validation based on
fiducial reference measurements (FRM), which utilizes
metrological practices for uncertainty characterization. The
important step forward with this work is to provide a
quantification of the uncertainty of SR-retrieval with
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Sen2Cor on a larger number of overpasses and variability of
surface cover.
2. MATERIALS AND METHODS

2.1. Surface Reflectance Reference Measurements

2.1.1. Data provided from RadCalNet sites

SR reference measurements at RadCalNet sites LaCrau and
Gobabeb had been used in ACIX-2. These data will be
reused in this study. 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 [5].

The site LaCrau is located in the south of France [8]. The
site area has a pebbly soil with sparse vegetation cover. The
surface reflectance variability across site (uniformity) over
area of 100m x 100m is 3%.

The site Gobabeb is located in Namibia [9]. The site area is
characterized as gravel plains in a desert environment
(without vegetation). Surface reflectance variability across
site (uniformity) over area of 100m x 100m is 3-5% and
better than 3% for larger area from 500-1000m extent.

The ROSAS system (RObotics Station for Atmosphere and
Surface) used for SR measurements at both sites is equipped
with filters at wavelengths near to the position of Sentinel-2
bands in the spectrum. A spectrum based on hyperspectral
measurements on the ground is fitted to the observed surface
reflectance to allow a better matching of spectral bands. The
uncertainties on the surface reflectances vary from 3.5 to 5%
depending on the spectral band [8].

2.1.2. Data provided from field campaigns

Surface reflectance measurements on ground in parallel to
cloudless Sentinel-2 overpasses were performed once per
year since 2018 at different sites in North-East Germany
(Figure 1). Measurements were performed more following
recommended best practices from year to year.

The test areas represent flat terrain containing meadows in
2018, 2019 and 2021 and soil (harvested corn field) in 2020.
They are located in a vegetated environment. Variability of
surface reflectance across site (uniformity of selected test
area) on meadows range from 1% to 6% over 5x5 Sentinel-2
pixels (100m x 100m). Variability across site is below 2%
on the harvested corn field.

A SVC spectrometer HR-10241 [10] was used for SR
measurements. The SVC was mounted on a tripod with a
distance lens-ground of 1 m in 2018-2020 and 1.5 m in
2021. This results in a 7cm respectively 10cm diameter
footprint on ground for the instrument set up with a 4° FOV
fore-optic. The spectrometer was placed over different
points on test area measuring surface reflectance relative to
the reflectance of a white disk. Raw data were corrected for
the real reflectance of the white disk and convolved with
spectral response function of the Sentinel-2 bands [11]
before comparing with Sentinel-2 SR retrievals. Average of
more than 50 spectra recorded at locations distributed over

the test area was computed for upscaling from the small
SVC-footprints to Sentinel-2 pixels. The uncertainty of the
resulting surface reflectance measured on ground is about
20%. Its dominating contribution comes from the variability
of spectra recorded for the small spectrometer footprints.
Aerosol optical thickness (AOT) spectra, vertical ozone
column content and integrated water vapor (WV) were
measured with Microtops sunphotometers [12] additional to
SR measurements. Sunphotometer measurements were
averaged over 15 min to satellite overpass time to give
reference values.

Figure 1: Location of the field campaigns in Germany

2.2. Sentinel-2 data

The used data set contains 21 sample days from January to
September 2018 for LaCrau, 40 sample days from October
2017 to May 2018 for Gobabeb and 4 sample days from
May 2018 to October 2021 for Germany.

Table 1: Characteristics of used Sentinel-2 data

(RO stand for relative orbit, VZA for view zenith angle and
RAA for relative azimuth angle between sun and view
direction)

Site Granule RO | VZA RAA
Gobabeb T33KWP | 107 8° 190°-260°
La Crau T31TFJ 8 9° 110°
La Crau T31TFJ 108 7° 51°
Germany 2°18-201° | T32UQE 22 11° 49°
Germany 20202021 | T33UUU 22 9.1° 59°

Sen2Cor was applied to correct mono-temporal Copernicus
Sentinel-2 Level 1C products from the effects of the
atmosphere in order to deliver radiometrically corrected
surface reflectance images [2]. Sen2Cor 2.8 toolbox version
[3] was used to process all Sentinel-2 images used in this
study uniformly. Spatial averages over 100m x 100m are
computed from Sentinel-2 images for comparison with
reference measurements. Only exception is the campaign in
2018 in Germany where Sentinel-2 data of a single pixel are
extracted for comparison.
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3. RESULTS AND DISCUSSION

Correlation plots of SR retrieval by Sen2Cor over reference
measurements on ground (Figure 2) show good performance
of Sen2Cor SR retrieval for the investigated data set. Results
look similar to equivalent plots in [7]. The uncertainty of SR
retrieval over all sites is 8% and 80% of SR retrievals is
compliant with specification ASR < 0.05*SRref +0.005.
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Figure 2: Correlation plots of SR and AOT retrieval by
Sen2Cor over reference measurements on ground for test
sites Gobabeb, LaCrau, Germany and for all test sites. Gray
lines mark the uncertainty specification.
Note, that BO1 and B12 are not plotted for Gobabeb and
LaCrau due to missing reference data.

Absolute differences between retrieval and reference are
comparable for all three sites at the low average value of
0.005+0.02. This shows, that performance assessment of SR
retrieval based on reference data from RadCalNet sites can
give results representative also for darker surfaces types.

However, common metrics for performance reporting is
uncertainty. Total uncertainty is the root of squared sum of
random and systematic uncertainty. It is computed as RMS
of the relative differences and systematic uncertainty is
computed as their mean value. The relative total uncertainty
at the darker sites in Germany is much higher than at the
brighter RadCalNet sites. Band average relative total
uncertainty of SR retrieval with Sen2Cor was estimated as
7% over the bright RadCalNet sites and as 17% over the
limited number of darker sites in Germany. The larger
numbers for Germany are at least partly caused by the
relative assessment and the lower surface reflectance values.
Total uncertainties per band are shown in Figure 3. The

results for Germany are consistent with [7] which found
uncertainties between 29% for B02 and 8% for band 08A
over dark surface.

Lowest relative total uncertainty was found for site Gobabeb
(Figure 3) despite this site shows the worst AOT-retrieval
(Figure 2). This can be explained by the less importance of
AOT for bright sites compared to dark because the direct
radiation dominates the signal received at satellite instead of
the diffuse. Gobabeb performs better than LaCrau, possibly
because surface optical properties in LaCrau have larger
annual variation. The different error propagation from AOT
retrieval to SR is a critical aspect in transferring
performance assessment of SR retrieval based on reference
data from RadCalNet sites to darker surfaces types. It needs
very careful interpretation.
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Figure 3: Total uncertainty of SR retrieval per band and site.
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Figure 4: Systematic uncertainty of SR retrieval per band
and site.

Systematic uncertainty shows a tendency for SR
overestimation. Average systematic uncertainty over B02 to
B11 is 1.5% for bright sites and 13% over the darker sites in
Germany. Again, values are much larger for test sites in
Germany because of the darker surfaces except BI1.
RadCalNet test sites show a significant larger systematic
uncertainty for BO5 and B11 than for other bands. This is
not observed for the darker test sites. Current interpretation
is that it may be caused by WV absorption which is present
in both bands. Opposite to Gobabeb and sites in Germany,
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LaCrau shows some underestimation of SR for the NIR
bands.

The current analysis has some limitations. There are only 4
samples for Germany which gives not a statistical reliable
information. Additionally (even if the expected influence is
small relative to observed uncertainties), there was no
correction for BRDF-effects respectively observation
geometry for Germany as was done for the reference
measurements at RadCalNet sites. Sentinel-2 observations
over all sites were acquired with a similar viewing zenith
angle of about 10°, but different view azimuths (Table 1).
Last, analysis was limited to differences per band only and
did not considered spectral correctness of individual SR
retrievals.

4. CONCLUSION

Sentinel-2 downstream applications require an accurate
atmospheric correction together with an up-to-date, reliable
information on the uncertainties in the provided products.
Total uncertainty of SR retrieval with Sen2Cor was
estimated as 7% with a systematic contribution of 1.5% over
the bright RadCalNet sites and as 17% with a systematic
contribution of 13% over the limited number of darker sites
in Germany.

Performance assessment of Sen2Cor SR retrieval at
permanent operating (RadCalNet) sites has the advantage,
that many match-ups with satellite overpasses are achieved.
The sites can be characterized much better and more
extensive than changing campaign locations and the data
processing can more easily follow established, standardized
guidelines, best practice protocols and traceable procedures.
On the other hand, permanent operating sites are currently
limited to bright target surfaces except single sites in
Australia. The results showed, that transferring performance
assessment of SR retrieval based on reference data from
bright sites to darker surfaces types can be critical. Hence,
there is a clear need for establishing permanent operating
sites on dark surfaces around the globe dedicated for
validation of SR retrieval. Additional field campaigns offer
the advantage to have more variability of target surfaces.

ACKNOWLEDGMENTS

The authors would like to thank the CNES- and RadCalNet-
teams of sites LaCrau and Gobabeb providing reference
data. Reference measurements in Germany were funded by
DLR-internal project AC2020.

REFERENCES

[1] M. Drusch et al., "Sentinel-2: ESA's Optical High-Resolution
Mission for GMES Operational Services," (in English),
Remote Sensing of Environment, vol. 120, pp. 25-36, May 15
2012.

[2] "Sentinel-2 Level-2A Algorithm Theoretical Basis Document
(ATBD), S2-PDGS-MPC-ATBD-L2A," 2020, issue 2.9.
Available:
https:/sentinel.esa.int/documents/247904/446933/Sentinel-2-
Level-2A-Algorithm-Theoretical-Basis-Document-
ATBD.pdf/fe5bacb4-7d4¢c-9212-8606-
6591384390c3?t=1618563205231, Accessed on: 5. January
2022.

[3] European Space Agency, "Science Toolbox Exploitation
Platform, SNAP Supported Plugins: Sen2Cor - Atmospheric
Correction for Sentinel-2 images (Level-2A)," Available:
http://step.esa.int/main/snap-supported-plugins/sen2cor/,
Accessed on: 15. December 2021.

[4] M. Bouvet et al., "RadCalNet: A Radiometric Calibration
Network for Earth Observing Imagers Operating in the Visible
to Shortwave Infrared Spectral Range," Remote Sensing, vol.
11, no. 20, Oct 2019, Art. no. 2401.

[5] G. Doxani and E. Vermote, "ACIX II - CMIX; Atmospheric
Correction &-Cloud Masking Inter-comparison eXercises,
LAND Group preliminary Results," ESA-ESRIN, Presentation
December 2019, Available:
https://earth.esa.int/eogateway/documents/20142/1484253/Atm
ospheric-Correction-and-Cloud-mask-Inter-comparison-for-S-
2-and-L-8-%28ACIX-1I-CMIX%?29.pdf, Accessed on: 6.
January 2022.

[6] J. L. Pancorbo, B. T. Lamb, M. Quemada, W. D. Hively, L
Gonzalez-Fernandez, and 1. Molina, "Sentinel-2 and
WorldView-3 atmospheric correction and signal normalization
based on ground-truth spectroradiometric measurements,"
ISPRS Journal of Photogrammetry and Remote Sensing, vol.
173, pp. 166-180, 2021/03/01/ 2021.

[7] N. Origo, J. Gorrofio, J. Ryder, J. Nightingale, and A. Bialek,
"Fiducial Reference Measurements for validation of Sentinel-2
and Proba-V surface reflectance products," Remote Sensing of
Environment, vol. 241, p. 111690, 2020/05/01/ 2020.

[8] A. Meygret, "RadCalNet site description, La Crau," in "CEOS
Reference:," 2018, Available:
https://www.radcalnet.org/sites/LCFR/documentation/Site%20
documentation/QA4EO-WGCV-IVO-CSP-
002_LCFR 20180405.pdf, Accessed on: 6. January 2022.

[9] C. Greenwell and E. Wolliams, "RadCalNet site description,
Gobabeb,"” in "CEOS Reference:," 2018, Available:
https://www.radcalnet.org/sites/ GONA/documentation/Site%2

Odocumentation/QA4EO-WGCV-IVO-CSP-
002_GONA _20180405.pdf, Accessed on: 6. January 2022.

[10] Spectra Vista Corporation, Available:
https://spectravista.com/instruments/hr-1024i/, Accessed on:
January 06, 2022.

[11] European Space Agency, "Sentinel-2 Spectral Response
Functions (S2-SRF)," Technical Document COPE-GSEG-
EOPG-TN-15-0007, 2017, issue  3.0.  Available:
https://sentinels.copernicus.eu/web/sentinel/user-
guides/sentinel-2-msi/document-library/-
/asset_publisher/WkOTKajilSaR/content/sentinel-2a-
spectral-responses, Accessed on: 11.06.2020.

[12] M. Morys et al., "Design, calibration, and performance of
MICROTOPS 1II handheld ozone monitor and Sun
photometer," (in English), Journal of Geophysical Research-
Atmospheres, Article vol. 106, no. D13, pp. 14573-14582,
Jul 2001.

4311



