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ABSTRACT:

Accurate and consistent Surface Reflectance estimation from optical remote sensor observations is directly dependant on the used
atmospheric correction processor and the differences caused by it may have implications on further processes, e.g. classification.
Brazil is a continental scale country with different biomes. Recently, new initiatives, as the Brazil Data Cube Project, are emerging
and using free and open data policy data, more specifically medium spatial resolution sensor images, to create image data cubes and
classify the Brazilian territory crops. For this reason, the purpose of this study is to verify, on Landsat-8 and Sentinel-2 images for
the Brazilian territory, the suitability of the atmospheric correction processors maintained by their image providers, LaSRC from
USGS and Sen2cor from ESA, respectively. To achieve this, we tested the surface reflectance products from Landsat-8 processed
through LaSRC and Sentinel-2 processed through LaSRC and Sen2cor comparing to a reference dataset computed by ARCSI
and AERONET. The obtained results point that Landsat-8/OLI images atmospherically corrected using the LaSRC corrector are
consistent to the surface reflectance reference and other atmospheric correction processors studies, while for Sentinel-2/MSI images,
Sen2cor performed best. Although corrections over Sentinel-2/MSI data weren’t as consistent as in Landsat-8/OLI corrections, in

comparison to the surface reflectance references, most of the spectral bands achieved acceptable APU results.

1. INTRODUCTION

Nowadays, free and open remote sensing data from different
satellites and sensors systems are available to users around the
world (Kuenzer et al., 2015). These Earth Observation (EO)
data provide rich information about Earth surface and atmo-
spheric dynamics. However, the required knowledge to prepare
the data, the volume to process it and the tools required for its
analysis difficulties researchers from focusing on the results and
discussions instead of data preparation. To overcome this limit-
ation, Analysis-Ready Data (ARD) and Earth Observation Data
Cubes (EODC) emerged to handle the complex organisation,
storage, and processing that it requires.

The Committee on Earth Observations Satellites (CEOS) defin-
ition of ARD stands for “satellite data processed to a min-
imum set of requirements and organized into a form that al-
lows immediate analysis with a minimum of additional user ef-
fort and interoperability both through time and with other data
sets” (Siqueira et al., 2019). ARD are procedurally generated
data that ensures consistency and interoperability from data ac-
quisition to a level required by users, which can be TOA (Top-
of-atmosphere) reflectance, surface reflectance (SR) or other
standardized data (Giuliani et al., 2017). In this context, EODC
are a set of images with spatially aligned pixels and one tem-
poral dimension containing a set of values from which time
series can be extracted (Appel and Pebesma, 2019, Ferreira
et al., 2020). Many initiatives started to create EODC from
ARD, the Australian Data Cube (Lewis et al., 2017), Swiss
Data Cube (Giuliani et al., 2017), Armenian Data Cube (As-
maryan et al., 2019), Catalan Data Cube (Maso et al., 2019),
Africa Regional Data Cube (Killough, 2019) and more recently

* Corresponding author

the Brazil Data Cube (BDC) (Ferreira et al., 2020). Considering
that the correction of the atmospheric effects on optical obser-
vations impacts any further quantitative analysis (Vermote and
Kotchenova, 2008, Doxani et al., 2018), it is important to val-
idate how it performs to ensure that the input data is adequate.

BDC is a project that is being developed by Brazil’s Na-
tional Institute for Space Research (INPE), since January 2019,
that aims to create multidimensional data cubes of analysis-
ready from medium-resolution Earth observation images for all
Brazilian territory and to generate land use and cover informa-
tion from these data cubes using machine learning and satellite
image time series analysis (Ferreira et al., 2020). The BDC
uses Landsat-8 and Sentinel-2 images, among other sensors
to generate image data cubes. Landsat-8 is provided by the
United States Geological Survey (USGS), which also maintains
the Land Surface Reflectance Code (LaSRC) to correct the at-
mospheric effects of the Landsat-8 images and more recently
also corrects Sentinel-2 images (Vermote et al., 2018) while
Sentinel-2 images are provided by the European Space Agency
(ESA), which maintains the Sen2Cor to correct the effects of
the atmosphere from Sentinel-2 Level-1C (L1C) (Main-Knorn
et al., 2017).

This paper presents the results of an extensive validation of the
Landsat-8 and Sentinel-2 atmospherically corrected data, pro-
duce by the BDC and used to create data cubes in the Brazilian
territory by comparing Landsat-8 and Sentinel-2 surface reflect-
ance products and estimated references. For this analysis, two
processors were deployed: LaSRC and the Sen2Cor. These pro-
cessors are in constant development, considering new inputs of
atmospheric and terrain parameters and should be constantly
inspected and compared with a ground truth reference, to main-
tain data consistency.
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2. METHODOLOGY

The AErosol RObotic NETwork (AERONET), a global net-
work of sun/sky radiometers, provides a long-term, continuous,
and accessible public domain data archive for aerosol optical
and radiative properties characterization, as AOT and Angstrom
exponents at different wavelengths (Holben et al., 1998). Due
to that, five AERONET sites, located in Brazil, were selec-
ted to provide reference aerosol optical thickness (AOT) data.
The stations are Alta Floresta, Cuiabd Miranda, Manaus EM-
BRAPA, Itajubd and Rio Branco and can be seen in Figure 1
over the Brazilian territory.
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Figure 1. Five AERONET stations: Alta Floresta,
Cuiaba-Miranda, Manaus-EMBRAPA, Itajuba and Rio Branco,
over Brazilian territory.

The availability of AERONET measurements was used to select
images of the same sites and coincident dates from Landsat-
8/OLI and Sentinel-2/MSI satellite/sensors. Landsat-8/OLI and
Sentinel-2/MSI images were selected only if there was an AER-
ONET valid AOT 500 nm observation on the same day between
10:00 AM to 11:00 AM on a 16 km = 16 km image cropped area
centered on the AERONET station. Considering this coincid-
ences and the period ranging from January, 2016 to December
2020, Table 1 shows the number of available scenes for each
sensor analysis.

Table 1. Aeronet stations data available considering filter
Landsat-8 and Sentinel-2 daily pass.

A . Landsat-8/OLI | Sentinel-2/MSI
eronet station
scenes scenes
Alta Floresta 44 118
Cuiaba-Miranda 40 80
Ttajuba 52 38
Manaus 10 8
Rio Branco 8 3
Total 154 247

It’s important to highlight that using AERONET AOT data,
with a 1 hour temporal variability (between 10:00 AM to 11:00
AM) from daily satellite passage, it may cause significant un-
certainties. Therefore, these temporal discrepancies should be
investigated to quantify differences in AOT retrieval by AC pro-
cessors and AERONET AOT.

Considering that for Landsat-8/OLI and and Sentinel-2/MSI
AOQT are reported at 550 nm, AERONET 550 nm AOT was es-
timated by using the AERONET 500 nm AOT measurements
with the standard Angstrom exponent interpolation approach,

following Equation 1 described by (Doxani et al., 2018, Li et
al., 2019, King et al., 1999):

7(550) = 7(500)7(500/550), (1)

where 7(550) = interpoled AERONET 550 nm AOT
7(500) = AERONET 500 nm AOT

a = AERONET 440-675 nm Angstrom exponent

The Atmospheric and Radiometric Correction of Satellite Im-
agery (ARCSI) software uses an implementation of the Second
Simulation of a Satellite Signal in the Solar Spectrum (6S) at-
mospheric correction model, to correct the atmospheric effects
(Clewley et al., 2014). The AERONET estimated 550 nm data
was used as input to ARCSI software to generate surface re-
flectance reference.

Three sets of target surface reflectance images were gener-
ated: the first one was Landsat-8/OLI images processed using
LaSRC (version 2.0.1); the second was Sentinel-2/MSI images
also processed using LaSRC (version 2.0.1); and the third was
Sentinel-2/MSI images processed using Sen2cor (mainly ver-
sion 2.8.0. Although, versions 2.5.5 was used on older images
that weren’t supported by Sen2cor 2.8.0).

To validate the surface reflectance obtained using LaSRC and
Sen2cor processors, the resulted images of each sensor were
compared with the ARCSI surface reflectance reference. The
comparison analysis was implemented per site, and atmosphere
correction method. It is important to note that ARCSI and
LaSRC implements the same radiative transfer model, which
can be an advantage in its simulation when comparing to at-
mosphere correction algorithms that uses a different radiative
transfer model, i.e., Sen2cor (Doxani et al., 2018). Also, con-
sidering that due to differences in atmospheric constituents and
lack of comparable data, i.e., water vapour values can only be
estimated from Sentinel-2, analysis are hard to perform. Based
on that, this study was focused in aerosol, which highly variate
in space and time (Li et al., 2019), and derived SR products.

Figure 2 presents the workflow used to generate the surface re-
flectance images and assess the comparisons.

Similarly as in Atmospheric Correction Inter-Comparison Ex-
ercise (Doxani et al., 2018) and other previous SR derivations
exercises (Ju et al., 2012, Claverie et al., 2015, Vermote et al.,
2016, Ilori et al., 2019), the SR products generated LaSRC on
Landsat-8/OLI images, LaSRC on Sentinel-2/MSI images and
Sen2cor on Sentinel-2/MSI images were compared to a refer-
ence dataset, in this case, SR computed by ARCSI using AER-
ONET interpolated AOT data.

For both Landsat-8/OLI and Sentinel-2/MSI, a cloud mask was
produced through FMASK 4.2 algorithm (Qiu et al., 2019).
This cloud/cloud shadow algorithm was chosen due to its best
overall accuracy (Sanchez et al., 2020). This mask was used
to remove from both reference and target images the pixels
masked as cloud/cloud shadow. Once the mask was applied,
the comparison was performed using all Landsat-8/OLI spectral
bands, while for Sentinel-2/MSI, due to limitations on ARCSI,
the Coastal band was not considered. Per pixel comparison
was performed computing the statistical metrics accuracy (A),
precision (P), and uncertainty (U) as specified in the following
equations:

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper.
https://doi.org/10.5194/isprs-annals-V-3-2021-271-2021 | © Author(s) 2021. CC BY 4.0 License. 272



ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume V-3-2021
XXIV ISPRS Congress (2021 edition)

/ AERONET 550 nm |
' interpolated Data |

ARCSI

| Reference |
/| Surface Reflectance

/ AEROMET
Angstrom Coefﬁment

' Sentinel-2Ms!

Landsat-8/0LI !
Digital Number / Top of Nmosphere
Image Image

7—¢—ﬁ

LaSRC LaSRC SenZcor

/' LandsataioLl |
/ Surtace Reflectance |

I B

Sentinel-2/MSI [ ' Sentinel-2/MS|
/ Surface Reflectance /  / Surface Reflectance /
] (LaSRC) L/ (Sen2cor) J

{LaSRC)

Validation

I — B a
(pair comparison)

'y ILI

Figure 2. Methodology diagram containing surface reflectance images generation and validation.
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where s = surface reflectance product
1t = surface reflectance ‘truth’

N = the total number of observations

3. RESULTS AND DISCUSSION

Considering that this study generated a large amount of
data due to comparing each of the three analysed atmo-
spheric corrected products, for each of the five study sites,
for each spectral band of the used sensors, only the most
significant data is presented here. The remaining graph-
ics not displayed here, as well as scripts used to process
the data and generate the results can be found on this
article repository  (https://github.com/marujore/Evaluating-
the-impact-of-LaSRC-and-Sen2cor-atmospheric-correction-
algorithms-on-Landsat-8-and-Sentin)

The total number of pixels for each analysis varies from band
to band due to differences the product mask, since only pixels
flagged as clear (pixels that aren’t masked as cloud or cloud
shadow) were considered in this analysis result.

3.1 Landsat-8/OLI LaSRC

Landsat-8/OLI LaSRC surface reflectance products were com-
pared to the surface reflectance reference generated using
ARCSI. This was performed by per-pixel comparison from the
target and reference images, considering only pixels not as-
signed as cloud or cloud shadow, by the quality mask, on im-
ages from both sets. APU metrics were calculated for each
study site and are shown in Table 2, and resulted in three types

of scatter plots, Figure 4, Figure 3 and Figure 5 show their dif-
ferences using blue (Band 2), red (Band 4) and SWIR 2 (Band
7) scatter plots and APU metrics obtained during the comparis-
ons.
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Figure 3. Scatter plot of Landsat-8/OLI Band 2 (Blue) image
containing accuracy (red line), precision (green line), and
uncertainty (blue line) as computed in bins (blue bars) where the
magenta line represents the theoretical SR reference for Landsat
SR (0.005 4 0.05p).

A, P and U values were frequently close to 0 for Landsat-8/OLI
LaSRC results, meaning that the reference and target data were
very similar. Most of the U value found were beneath 0.022,
representing low uncertainties values in all stations, except for
bands 1 and 2 (Coastal and Blue, respectively) in Rio Branco
station (0.032 and 0.027 respectively). This AERONET sta-
tion presented the worse APU results, probably associated to
the high cloud cover in most part of the year in the Amazon
region (Sanchez et al., 2020), as this station had lowest number
of observations as presented at Tablel.

The greater errors were found associated with the coastal and
blue bands, band 1 and band 2 (Figure 4), respectively. Which
is known to be the spectral region that has greatest atmospheric
sensitivity (Vermote and Kotchenova, 2008, Claverie et al.,
2015). The green and SWIR 2 bands (Figure 5), band 3 and
7, respectively, showed APU metrics bellow the theoretical SR
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Band | Metric | Alta Floresta | Cuiaba-Miranda | Itajuba | Manaus | Rio Branco
A -0.014 -0.018 -0.002 | -0.039 -0.063
1 P 0.017 0.012 0.010 0.013 0.032
U 0.022 0.022 0.010 0.041 0.071
A -0.006 -0.009 0.002 -0.025 -0.046
2 p 0.012 0.009 0.007 0.011 0.027
U 0.014 0.013 0.008 0.028 0.053
A -0.003 -0.004 0.002 | -0.012 -0.024
3 P 0.005 0.005 0.004 0.005 0.012
U 0.006 0.006 0.004 0.014 0.027
A -0.005 -0.006 -0.000 | -0.012 -0.023
4 P 0.006 0.005 0.003 0.006 0.012
U 0.008 0.008 0.003 0.013 0.026
A -0.006 -0.008 0.005 -0.002 -0.001
5 P 0.012 0.012 0.005 0.001 0.004
U 0.014 0.015 0.007 0.002 0.004
A -0.000 -0.001 0.005 0.001 0.001
6 P 0.007 0.009 0.003 0.001 0.002
U 0.007 0.009 0.006 0.002 0.002
A -0.007 -0.009 -0.005 | -0.002 -0.009
7 P 0.007 0.008 0.004 0.001 0.005
U 0.010 0.012 0.006 0.003 0.010

Table 2. Landsat-8/OLI LaSRC surface accuracy (A), precision (P) and uncertainty (U) comparison between and reference data over
all the sites.
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Figure 4. Scatter plot of Landsat-8/OLI Band 4 (Red) image
containing accuracy (red line), precision (green line), and
uncertainty (blue line) as computed in bins (blue bars) where the
magenta line represents the theoretical SR reference for Landsat
SR (0.005 4 0.05p).

reference for most of the data with more uncertainty over the
parcels with less observations. The red (band 4) scatter plot
(Figure 3), which was very similar to bands 5 and 6 APU results
were always under the theoretical SR reference. Considering all
sites, the results obtained here were similar to the comparison
performed by (Doxani et al., 2018), with the exception the band
7 plot. However, the only Brazilian site used on both studies
was Alta Floresta and for this site the APU metric were almost
entirely under the theoretical SR reference, as is in all sites eval-
uation (Figure 5).

3.2 Sentinel-2/MSI LaSRC and Sen2cor

Similarly to the Landsat-8/OLI LaSRC comparison, Sentinel-
2/MSI LaSRC and Sen2cor surface reflectance products were
also compared to the surface reflectance reference provided by
using ARCSI and the evaluation only used pixels that were clear
on both images. APU metrics were calculated for each study
site are shown in Table 3. Moreover, were produced two types
of graphics, which are represented in Figure 6 using blue (Band

0.0 0.1 0.2 03 04 05
Surface Reflectance Truth

Figure 5. Scatter plot of Landsat-8/OLI Band 7 (Swir 2) image
containing accuracy (red line), precision (green line), and
uncertainty (blue line) as computed in bins (blue bars) where the
magenta line represents the theoretical SR reference for Landsat
SR (0.005 4 0.05p).

2) and red (Band 4) bands as scatter plots and APU metrics
obtained during the comparisons.

Atmospherically corrected Sentinel-2/MSI bands scatter plots
presented two specific behaviors independent of the atmosphere
correction processor, except for the blue band (band 2). This
behaviors were: (i) APU close to the theoretical SR reference,
as observed for most bands 4, 6, 8, 11 and 12 as illustrated in
Figure 6 b, c and d; and (ii) APU that surpasses the theoretical
SR reference during most part of the data, as observed mainly
for bands 3, 5, 7 and 8A, represented in Figure 6 a. The first
type of scatter plots indicate a consistent atmosphere correction,
while the second type may indicate modeling problems.

Comparing Sentinel-2/MSI results to the Landsat-8/OLI
LaSRC results, the Sentinel-2/MSI using both LaSRC or
Sen2cor presented greater APU values, with no band always un-
der the theoretical SR reference. However, one point that should
also be considered when comparing Sentinel-2/MSI LaSRC
and Sen2cor results is that we considered as SR reference the
results from ARCSI software, which uses the 6S model to
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Band | Metric Alta Floresta Cuiaba-Miranda Ttajuba Manaus Rio Branco
LaSRC | Sen2cor | LaSRC | Sen2cor | LaSRC | Sen2cor | LaSRC | Sen2cor | LaSRC | Sen2cor

A -0.014 0.003 -0.010 0.001 0.000 0.005 -0.012 | -0.005 -0.012 0.016

2 P 0.024 0.018 0.014 0.009 0.014 0.014 0.009 0.007 0.016 0.012
U 0.028 0.019 0.017 0.009 0.014 0.015 0.015 0.009 0.020 0.020

A -0.010 0.007 -0.008 0.004 0.001 0.009 -0.008 0.000 -0.005 0.019

3 P 0.019 0.016 0.012 0.008 0.012 0.013 0.006 0.007 0.011 0.012
U 0.021 0.017 0.014 0.009 0.012 0.016 0.010 0.007 0.012 0.023

A -0.012 0.000 -0.011 -0.000 -0.002 0.005 -0.006 | -0.001 -0.007 0.012

4 P 0.018 0.012 0.013 0.008 0.010 0.010 0.006 0.006 0.011 0.012
U 0.022 0.012 0.017 0.008 0.010 0.011 0.009 0.006 0.013 0.017

A -0.026 0.001 -0.021 0.003 -0.009 0.006 -0.015 0.002 -0.011 0.027

5 P 0.020 0.014 0.016 0.011 0.013 0.016 0.006 0.008 0.011 0.012
U 0.033 0.014 0.026 0.012 0.016 0.017 0.017 0.009 0.015 0.029

A -0.042 -0.020 | -0.026 | -0.008 -0.014 0.002 -0.034 | -0.013 -0.004 0.031

6 P 0.022 0.018 0.018 0.016 0.021 0.026 0.008 0.012 0.013 0.013
U 0.047 0.027 0.032 0.018 0.025 0.026 0.035 0.017 0.014 0.034

A -0.030 | -0.015 -0.014 | -0.002 0.005 0.015 -0.024 | -0.009 0.019 0.041

7 P 0.022 0.020 0.018 0.017 0.024 0.027 0.010 0.012 0.012 0.016
U 0.037 0.025 0.023 0.017 0.024 0.031 0.026 0.015 0.023 0.044

A -0.041 -0.023 -0.024 | -0.008 -0.011 0.009 -0.034 | -0.017 0.003 0.031

8 P 0.024 0.019 0.020 0.016 0.025 0.027 0.009 0.013 0.016 0.015
U 0.048 0.030 0.031 0.018 0.027 0.029 0.035 0.022 0.016 0.034

A -0.029 -0.020 | -0.012 | -0.005 0.009 0.014 -0.022 | -0.014 0.026 0.038

8A P 0.024 0.021 0.019 0.017 0.026 0.028 0.012 0.014 0.013 0.016
U 0.037 0.029 0.022 0.018 0.028 0.032 0.025 0.020 0.029 0.041

A -0.028 -0.008 -0.015 0.002 -0.002 0.009 -0.014 | -0.001 0.011 0.034

11 P 0.020 0.018 0.016 0.015 0.018 0.019 0.008 0.008 0.008 0.011
U 0.034 0.020 0.022 0.015 0.018 0.021 0.016 0.008 0.014 0.035

A -0.030 | -0.003 -0.023 0.005 -0.014 0.002 -0.011 0.003 -0.005 0.030

12 P 0.020 0.015 0.017 0.013 0.014 0.014 0.007 0.006 0.007 0.016
U 0.037 0.015 0.029 0.014 0.020 0.014 0.013 0.007 0.009 0.034

Table 3. Sentinel-2/MSI LaSRC surface accuracy (A), precision (P) and uncertainty (U) comparison
all the sites.
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Figure 6. Scatter plots of Sentinel-2/MSI atmospherically corrected images containing accuracy (red line), precision (green line), and
uncertainty (blue line) as computed in bins (blue bars) where the magenta line represents the theoretical SR reference for Sentinel SR
(0.005 + 0.05p). (a): Band 2 (Blue) corrected with LaSRC; (b) Band 4 (Red) corrected with LaSRC; (c): Band 2 (Blue) corrected
with Sen2cor; (d) Band 4 (Red) corrected with Sen2cor.
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correct the atmosphere effects, the same model LaSRC uses.
This would benefit the LaSRC correction when compared to
Sen2cor, meaning that the results using Sen2cor may be under-
estimated in the performed comparison. Even though, Sen2cor
better performed the atmosphere correction. This behavior were
most drastically in the blue band (band 2), as can be seen in Fig-
ure 6 a (LaSRC) and ¢ (Sen2cor).

These surface reflectance A, P, U results indicate that LaSRC
perform a good atmospheric correction to Landsat-8 data, sup-
porting the findings of (Doxani et al., 2018). Moreover,
Sentinel-2A/2B surface reflectance best results, regarding
LaSRC and Sen2cor, were obtained using Sen2cor. Although,
both results were satisfactory, Sentinel-2/MSI A, P, U results
did not have similar performance as obtained by (Doxani et al.,
2018).

4. CONCLUSIONS

Landsat-8/OLI images atmosphere correction was more con-
sistent than the Sentinel-2/MSI images, when comparing to the
reference surface reflectance. The LaSRC atmospheric cor-
rection over the Landsat-8/OLI images in Brazilian territory
showed feasible surface reflectance values when compared to
estimated surface reflectance reference. This was expected,
since LaSRC was developed specifically for Landsat-8. How-
ever, it is always important to quantifying any discrepancies and
verify the correctness of the product.

Considering Sentinel-2/MSI images, the Sen2cor correction
outperformed the LaSRC correction and we could see their dif-
ferences most on the blue (band 2) band. However, both meth-
ods presented elevated uncertainty, mainly for bands 3, 5, 7 and
8A, which could be due to the reference using a different atmo-
spheric correction model than the atmospheric correction pro-
cessor itself (Sen2cor), while for the remaining bands it showed
SR values similar to the adopted reference.

Considering that both LaSRC and Sen2cor algorithms are be-
ing updated to newer versions (Main-Knorn et al., 2017), the
advent of Landsat Collection-2 and the recent inter-comparison
exercises (Doxani et al., 2018), it is expected that LaSRC and
Sen2cor will converge to produce consistent and comparable
data from both sensors. Based on that it is important to con-
tinue measuring the suitability of the atmospheric correction
processors.
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