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Abstract: Sentinel-2 is a constellation of two satellites launched by the European Space Agency (ESA),
respectively on 23 June 2015 and 7 March 2017, to map geophysical parameters over land surfaces.
ESA provides Level 2 bottom-of-atmosphere reflectance (BOA) products (ESA-L2A) for Europe,
with plans for operational global coverage, as well as the Sen2Cor (S2C) offline processor. In this
study, aerosol optical thickness (AOT), precipitable water vapour (WVP) and surface reflectance
from ESA-L2A products are compared with S2C output when using identical input Level 1 radiance
products. Additionally, AOT and WVP are validated against reference measurement. As ESA and
S2C share the same input and atmospheric correction algorithm, it was hypothesized that they
should show identical validation performance and that differences between products should be
negligible in comparison to the uncertainty of retrieved geophysical parameters due to radiometric
uncertainty alone. Validation and intercomparison was performed for five clear-sky growing season
dates for each of three ESA-L2A tiles selected to span a range of vegetation and topography as
well as to be close to the AERONET measurement site. Validation of S2C (ESA) products using
AERONET site measurements indicated an overall root mean square error (RMSE) of 0.06 (0.07) and
a bias of 0.05 (0.09) for AOT and 0.20 cm (0.22 cm) and the bias was −0.02 cm (−0.10 cm) for WVP.
Intercomparison of S2C-L2A and ESA-L2A showed an overall agreement higher than 99% for scene
classification (SCL) maps and negligible differences for WVP (RMSE under 0.09 and R2 above 0.99).
Larger disagreement was observed for aerosol optical thickness (AOT) (RMSE up to 0.04 and R2

as low as 0.14). For BOA reflectance, disagreement between products depends on vegetation cover
density, topography slope and spectral band. The largest differences were observed for red-edge and
infrared bands in mountainous vegetated areas (RMSE up to 4.9% reflectance and R2 as low as 0.53).
These differences are of similar magnitude to the radiometric calibration requirements for the Sentinel
2 imager. The differences had minimal impact of commonly used vegetation indices (NDVI, NDWI,
EVI), but application of the Sentinel Level 2 biophysical processor generally resulted in proportional
differences in most derived vegetation parameters. It is recommended that the consistency of ESA
and S2C products should be improved by the developers of the ESA and S2C processors.
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1. Introduction

Sentinel-2 is a constellation of satellites, Sentinel-2A and Sentinel-2B, launched by the European
Space Agency (ESA) on 23 June 2015 and 7 March 2017, respectively. They carry a virtually identical
decametric resolution multi-spectral imager (MSI) having four bands at 10 m, six bands at 20 m, and
three bands at 60 m spatial resolution. The latter are dedicated to atmospheric corrections and cloud
screening [1].
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Together, the Sentinel 2 imagers provide better than 5-day revisits of the Earth’s land surfaces.
As a part of the Global Monitoring for Environment and Security (GMES) space segment, they provide
satellite data that can be used to map widely used land surface variables including global land cover
(GLC), leaf area index (LAI), fraction of absorbed photosynthetically active radiation (fAPAR), leaf
chlorophyll A+B concentration (Cab), and leaf water content (Cw) [2].

Sentinel-2 Level 1C Top-Of-Atmosphere reflectance products (L1C-TOA), acquired since July 2015,
are provided by ESA on the Copernicus Open Access Hub [3]. L1C-TOA products satisfy or exceed
specifications for radiometric performance with typical radiometric calibration uncertainty under ~3%
and worst-case uncertainties of ~5% [4,5].

ESA provides bottom of atmosphere (BOA) reflectance products (ESA-L2A) based on an
implementation of the Sen2Cor algorithm [6], for estimation of vegetation biophysical parameters.
ESA also provides an offline version of the Sen2Cor L2A processor (S2C-L2A) to produce BOA
reflectance (S2C-L2A) products [7]. Both ESA-L2A and S2C-L2A products include BOA reflectance
as well as maps of aerosol optical thickness at 550 nm (AOT), precipitable water vapor (WVP),
scene classification (SCL), quality indicators for cloud (CLW) and snow cover probability (SNW).
S2C-L2A products have been used for a variety of studies, including vegetation related studies [8,9],
forestry [10,11], geological remote sensing [5], glassier remote sensing [12], land use classification [13],
and assessing water quality [14,15]. ESA-L2A products are currently available for Europe with plans
for worldwide coverage [16].

In terms of the quality of Level 2 bottom of atmosphere reflectance, Pflug [17] assessed S2C-L2A
products with reference measurements from fifteen Aerosol Robotic Network (AERONET, [18])
monitoring stations. They found an overall accuracy of 81% for SLC maps, and a root mean square
error (RMSE) of 0.035, 0.29 cm and up to 0.04 respectively for AOT, WVP and BOA reflectance.
Clevers [19] reported an RMSE of under ~0.05 when comparing S2C-L2A BOA reflectance to in situ
multispectral measurements at four dates at each of 10 agricultural plots. Doxani [20] reported an
overall RMSE of 0.013, 0.147 and 0.346 cm respectively for AOT, WVP and BOA reflectance when
comparing clear-sky S2C-L2A products to in situ estimates using AERONET measurements over
16 sites worldwide. For BOA reflectance, RMSE was below 0.005 + 0.05xBOA reflectance across
all comparisons. They also intercompared eight atmospheric correction algorithms applied to the
same L1C-TOA scenes. The average difference between SEN2COR and the other seven algorithms
ranged from +0.016/−0.013, +0.018/−0.051, and +0.177/−0.065 cm for BOA reflectance, AOT and
WVP, respectively.

Quality assessment of downstream Level 2 and 3 products has been reported by some
producers [21,22] and third-party quality assessment is ongoing [see this issue xx]. In most cases,
these assessments have been performed using S2C-L2A products as input. However, the forthcoming
availability of global ESA-L2A products suggests that it is important to validate both products and to
intercompare them to quantify differences that may impact downstream products.

Simultaneous validation and intercomparison ESA-L2A and S2C-L2A products has not been
performed. While one may assume that the ESA-L2A products and S2C-L2A products are identical, this
has yet to be verified in a systematic manner. The Committee of Earth Observing Systems (CEOS) has
identified four validation stages [23]. Here, we perform the first stage corresponding to comparisons
using limited sites since we are comparing two implementations of the same algorithm and expect
little or no differences a priori. Given that the goal of the Sentinel-2 mission is to provide satellite
data to map land surface variables, the impact of different atmospheric correction algorithms on
biophysical parameters should also be quantified. Validation, corresponding to comparison with
coincident reference measurements of known (presumably better) uncertainty, is one approach to
assess product performance. Product intercomparison is also useful to address the issue of limited
reference measurements and to identify systematic patterns between products [24,25]. Moreover,
as Meroni [25] notes, intercomparison can be used to quantify improvement (or degradation) between
algorithm versions. In consideration of these requirements, this study has two objectives:
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i. To validate (for AOT and WVP) and intercompare (for all L2A parameters) operational
Sentinel-2 L2A products generated from the European Space Agency (ESA-L2A) with products
generated offline using the SEN2COR tool provided by ESA (S2C-L2A) using identical input
Level 1B products and default settings.

ii. To intercompare geophysical products generated using the European Space Agency Sentinel
Level 2 Simplified L2 Product Prototype Processor [26] as well as widely used equations for
spectral vegetation indices using, alternatively, ESA-L2A and S2C-L2A products as input.

With respect to validation, our null hypothesis is that both ESA-L2A and S2C-L2A will exhibit
similar agreement with in situ AOT and WVP as previously reported for S2C-L2A. With respect to
intercomparison, our null hypothesis is that no difference should be observed for any product given
that the algorithms are ostensibly identical. The method used for the inter-comparison capitalizes
on previous studies of image comparison [25,27,28]. Meroni [25] proposed a framework for remote
sensing fAPAR products inter-comparison. This framework included a number of pairwise comparison
including regressions between products as pairwise difference metrics. We follow this approach here
although we use standardized metrics used for other CEOS L2A product intercomparisons [20,29]
based on the Joint Committee Guides in Metrology [30].

The actual study was designed as a simple verification exercise since we expected a priori that
there would be no evidence against the null hypotheses irrespective of the L1C-TOA product used.
Our validation is limited to AOT and WVP since it is primarily to determine if the ESA and S2C
algorithms are performing as previously reported. If the intercompared products validate against
AOT and WVP in a manner similar to previously published experiments but exhibit differences in
geophysical quantities approaching the magnitude of mission performance requirements [31], there
would be a need for a more detailed investigation into both the ESA and S2C processing chains.

The manuscript is organized as follows. The study sites and the used data are presented in
Section 2. The processing steps are presented in Section 3. ESA and S2C maps of SLC, AOT and WVP
and vegetation parameters are validated and intercompared in Section 4. Section 5 places the observed
differences in context of the required and current accuracy of level 2A products derived from Sentinel
2 MSI.

2. Study Sites and Materials

Three study sites, corresponding to existing ESA land products validation sites and available
ESA-L2A products, were selected to span a range of terrain and land cover conditions (Figures 1 and 2).
Barrax is a sparsely vegetated site located in Spain between 38.76◦N and 39.75◦N and 1.73◦W and
3.00◦W. It is predominantly flat with a mean elevation of 850 m above sea level (a.s.l.), although there
is some rugged terrain in the northeast and southeast reaching 1185 m a.s.l. Harth is a forested site
located in continental France between latitudes 46.83◦N and 47.85◦N and longitudes 6.32◦E and 7.82◦E.
It has mountainous terrain, with elevations ranging from 245 m and 1670 m and a relatively uniform
distribution of aspects. La Crau is a pasture and savannah site located in maritime France between
latitudes 43.19◦N and 44.22◦N and longitudes 5.46◦E and 6.87◦E. It has mountainous terrain, with
elevations ranging between 43 m and 2749 m, but aspects are predominantly oriented north and
south facing.

For each site, five clear sky Sentinel-2A L1C products and the corresponding ESA-L2A products
(Processing Baseline 02.05) were selected at different periods between April 2017 and October 2017
(Table 1).
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Figure 1. Nominal L1C-TOA granules corresponding to study sites (boxes) and nearest AERONET 
station (pyramid). Solid lines indicate intercomparison granules (and also validation for La Crau). 
The dashed lines indicate validation granules. 

 
Figure 2. (a) Sample L1C-TOA products for intercomparison granules containing Barrax, La Crau and 
Harth shown as a linearly stretched false colour composite; and (b) the Digital Elevation Model for 
each tile. 

  

Figure 1. Nominal L1C-TOA granules corresponding to study sites (boxes) and nearest AERONET
station (pyramid). Solid lines indicate intercomparison granules (and also validation for La Crau).
The dashed lines indicate validation granules.
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Table 1. ESA Sentinel-2 Products.

Site Sentinel-2 Granule ID Acquisition Date (Day of Year) Local Overpass Time (hh:mm)

Barrax T30SWJ 18 June 2017 (169) 10:56
Barrax T30SWJ 28 July 2017 (208) 10:56
Barrax T30SWJ 17 August 2017 (227) 10:56
Barrax T30SWJ 16 October 2017 (286) 11:00
Barrax T30SWJ 26 October 2017 (295) 11:01

La Crau T31TGJ 19 June 2017 (164) 10:30
La Crau T31TGJ 18 August 2017 (223) 10:30
La Crau T31TGJ 7 September 2017 (242) 10:30
La Crau T31TGJ 7 October 2017 (271) 10:30
La Crau T31TGJ 17 October 2017 (280) 10:30
Harth T32TLT 10 April 2017 (088) 10:30
Harth T32TLT 30 April 2017 (107) 10:30
Harth T32TLT 10 May 2017 (116) 10:30
Harth T32TLT 19 June 2017 (155) 10:30
Harth T32TLT 18 August 2017 (214) 10:30

AERONET measurements were used to validate AOT and WVP. For La Crau, the Observatoire
de Haute-Provence (OHP) station (5.71◦E, 43.93◦N, 680 m a.s.l.) was used. For Barrax and Harth,
AERONET sites with clear sky Sentinel-2 data were only available in adjacent ESA-L2A product grid
tiles (Aras de Los Almos at 1.10◦W, 39.94◦N, 1280 m a.s.l. for Barrax and Laegeren at 8.36◦E, 47.48◦N,
735 m a.s.l. for Harth) as indicated in Figure 1. For Barrax and Harth, AOT and WVP measurements
were extracted from ESA-L2A or S2C-L2A products processed over adjacent reference grid tiles. For all
AERONET sites, Level 1.5 cloud cleared spectral AOT and WVP from sun-photometer measurements
were used as in situ reference values. Validation experiments indicate a total uncertainty (bias) for
clear sky (air mass of one) AERONET measurements of +/−0.015 (+/−0.01) for AOT at 550 nm [32]
and +/−15% (6%) for WVP [33]. To math in situ measurements to satellite products, linear temporal
interpolation was performed using AERONET measurements within a +/−15 min interval of the
nominal overpass time. Following Doxani [20], AOT at 550 nm was spectrally interpolated using
the Angstrom exponent, and AERONET measurements were compared to a 9 km × 9 km average of
satellite product estimates centred on the AERONET site.

3. Methodology

Sen2Cor (version 2.4.0) was used to generate S2C-L2A products from the L1C products using
default Sen2Cor parameters with the Shuttle Radar Topography Mission Digital Elevation Model
(SRTM-DEM, version 4.1). An examination of metadata files indicates that both ESA-L2A and
S2C-L2A had identical processing parameters including adjacency effect correction, no correction for
bidirectional reflectance distribution function (BRDF) effects, and a rugged terrain correction for slopes
in excess of 7◦. Table 2 describes each BOA reflectance band evaluated here.

The Normalized Difference Vegetation Index (NDVI), Normalized Difference Water Index (NDWI)
and Enhanced Vegetation Index (EVI) were computed from Sentinel-2 spectral bands (Table 2) using
BOA reflectance products gridded to 20 m resolution according to Equations (1)–(3), respectively.
Vegetation biophysical parameters (LAI, LAIxCab, LAIxCw, fAPAR and fcover) were derived at 20 m
resolution from each L2A product using the ESA-SL2P [26] integrated in the Sentinel-2 SNAP toolbox:

NDVI =
Band 8A − Band 4
Band 8A + Band 4

, (1)

NDWI =
Band 8A − Band 12
Band 8A + Band 12

, (2)

EVI =
2.5 (Band 8A − Band 4)

Band 8A + 6.Band 4 + 7.5.Band 2 + 1
. (3)
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A 3 × 3 pixel (60 m × 60 m) moving average filter was applied to all products prior to
intercomparison to minimize uncertainties due to product gridding. Intercomparisons were performed
only for clear sky pixels with the exception of SLC, where all pixels were sampled. Validation and
intercomparisons were summarized using scatter plots and by tabulating R2, RMSE and bias statistics
for matching retrievals over a given site. For brevity, geophysical quantities derived from a given
Level 2 product are described using the same prefix as the product. For example, the AOT from the
ESA-L2A product is described as ESA-AOT.

Table 2. The Sentinel-2 spectral bands evaluated in this study.

Sentinel-2 Bands Central Wavelength (µm) Resolution (m)

Band 2—Blue 0.490 10
Band 3—Green 0.560 10
Band 4—Red 0.665 10
Band 5—Vegetation Red Edge (VRE-1) 0.705 20
Band 6—Vegetation Red Edge (VRE-2) 0.740 20
Band 7—Vegetation Red Edge (VRE-3) 0.783 20
Band 8A—NIR 0.865 20
Band 11—SWIR (SWIR-1) 1.610 20
Band 12—SWIR (SWIR-2) 2.190 20

4. Results

4.1. Validation of AOT and WVP Maps

Figure 3a,b present, respectively, validation of AOT and WVP estimates using coincident to
reference estimates from AERONET stations. The overall root mean square error (bias) for AOT was
0.06 (0.05) for S2C-AOT and 0.09 (0.07) for ESA-AOT in comparison to AERONET. Site-specific RMSE
and bias were higher for Barrax versus La Crau and Harth. S2C-AOT has consistently lower RMSE
and bias than ESA-AOT for all sites although, except at Barrax, the difference between products was
typically within the uncertainty of AERONET AOT.

Remote Sens. 2018, 10, x FOR PEER REVIEW  6 of 17 

 

ܫܸܧ = 2.5	(Band	8A	 − 	Band	4)Band	8A	 + 	6. Band	4	 + 	7.5. Band	2 + 1. (3) 

A 3 × 3 pixel (60 m × 60 m) moving average filter was applied to all products prior to 
intercomparison to minimize uncertainties due to product gridding. Intercomparisons were 
performed only for clear sky pixels with the exception of SLC, where all pixels were sampled. 
Validation and intercomparisons were summarized using scatter plots and by tabulating R2, RMSE 
and bias statistics for matching retrievals over a given site. For brevity, geophysical quantities derived 
from a given Level 2 product are described using the same prefix as the product. For example, the 
AOT from the ESA-L2A product is described as ESA-AOT. 

Table 2. The Sentinel-2 spectral bands evaluated in this study. 

Sentinel-2 Bands Central Wavelength (µm) Resolution (m) 
Band 2—Blue 0.490 10 
Band 3—Green 0.560 10 
Band 4—Red 0.665 10 
Band 5—Vegetation Red Edge (VRE-1) 0.705 20 
Band 6—Vegetation Red Edge (VRE-2) 0.740 20 
Band 7—Vegetation Red Edge (VRE-3) 0.783 20 
Band 8A—NIR 0.865 20 
Band 11—SWIR (SWIR-1) 1.610 20 
Band 12—SWIR (SWIR-2) 2.190 20 

4. Results 

4.1. Validation of AOT and WVP Maps 

Figure 3a,b present, respectively, validation of AOT and WVP estimates using coincident to 
reference estimates from AERONET stations. The overall root mean square error (bias) for AOT was 
0.06 (0.05) for S2C-AOT and 0.09 (0.07) for ESA-AOT in comparison to AERONET. Site-specific RMSE 
and bias were higher for Barrax versus La Crau and Harth. S2C-AOT has consistently lower RMSE 
and bias than ESA-AOT for all sites although, except at Barrax, the difference between products was 
typically within the uncertainty of AERONET AOT. 

 
Figure 3. AOT (a) and WVP (b) from ESA-L2A and S2C-L2A products derived from the same input 
ESA-L1C data compared to measurement from coincident AERONET stations. 
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ESA-L1C data compared to measurement from coincident AERONET stations.

For WVP, Figure 3b indicates that, over all sites, the RMSE (bias) was 0.20 cm (−0.02 cm) for
ESA-WVP and 0.22 cm (−0.10 cm) for S2C-WVP in comparison to AERONET. RMSE was lowest over
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Harth (0.18 cm for ESA-WVP and 0.12 cm S2C-WVP) and slightly higher at La Crau (0.21 cm for
ESA-WVP and 0.27 cm for S2C-WVP) and Barrax (0.20 cm for ESA-WVP and 0.27 cm for S2C-WVP).

4.2. Intercomparison of SLC, AOT and WVP Maps

Intercomparisons between SLC, AOT and WVP maps from ESA-L2A and S2C-L2A products for
Barrax, La Crau and Harth sites are presented in Figure 4. Data from the five acquisition dates (Table 1)
were merged for each site and each parameter.

Remote Sens. 2018, 10, x FOR PEER REVIEW  7 of 17 

 

For WVP, Figure 3b indicates that, over all sites, the RMSE (bias) was 0.20 cm (−0.02 cm) for ESA-
WVP and 0.22 cm (−0.10 cm) for S2C-WVP in comparison to AERONET. RMSE was lowest over Harth 
(0.18 cm for ESA-WVP and 0.12 cm S2C-WVP) and slightly higher at La Crau (0.21 cm for ESA-WVP 
and 0.27 cm for S2C-WVP) and Barrax (0.20 cm for ESA-WVP and 0.27 cm for S2C-WVP). 

4.2. Intercomparison of SLC, AOT and WVP Maps 

Intercomparisons between SLC, AOT and WVP maps from ESA-L2A and S2C-L2A products for 
Barrax, La Crau and Harth sites are presented in Figure 4. Data from the five acquisition dates (Table 1) 
were merged for each site and each parameter. 

 
Figure 4. Intercomparison of SCL, AOT and WVP maps between S2C-L2A and ESA-L2A products for 
five dates over Barrax, La Crau and Harth. 

SCL (Figure 4a) showed an overall agreement exceeding 99% for all sites. The land area classified 
as clear sky bare soil (clear sky vegetated) was 94% (5%) for Barrax, 25% (66%) for La Crau and 9% 
(84%) for Harth.  

AOT estimates from both products ranged from 0.1 to 0.3 at Barrax and La Crau and from 0.1 to 
0.2 at Harth (Figure 4b). AOT estimates were relatively uniform over each image (not shown) 
resulting in clusters in Figure 4b corresponding to individual product dates. Over all sites, ESA-AOT 
were positively biased in comparison to S2C-AOT by ~0.02 for La Crau and Harth sites (15% relative 
to the average AOT for the site across all dates) and by ~0.01 for Barrax (5% relative to the average 
AOT for the site across all dates). The RMSE was nearly constant (~0.04) across all sites (>15% relative 

Figure 4. Intercomparison of SCL, AOT and WVP maps between S2C-L2A and ESA-L2A products for
five dates over Barrax, La Crau and Harth.

SCL (Figure 4a) showed an overall agreement exceeding 99% for all sites. The land area classified
as clear sky bare soil (clear sky vegetated) was 94% (5%) for Barrax, 25% (66%) for La Crau and 9%
(84%) for Harth.

AOT estimates from both products ranged from 0.1 to 0.3 at Barrax and La Crau and from 0.1 to
0.2 at Harth (Figure 4b). AOT estimates were relatively uniform over each image (not shown) resulting
in clusters in Figure 4b corresponding to individual product dates. Over all sites, ESA-AOT were
positively biased in comparison to S2C-AOT by ~0.02 for La Crau and Harth sites (15% relative to the
average AOT for the site across all dates) and by ~0.01 for Barrax (5% relative to the average AOT
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for the site across all dates). The RMSE was nearly constant (~0.04) across all sites (>15% relative
to the average AOT for the site across all dates). This suggests that there are both small systematic
and random differences between ESA-AOT and S2C-AOT. Bias and RMSE did not change when
considering only vegetated areas. Correlation coefficients varied across sites, although this is likely
due to the variation in the range of AOT between sites (R2 from 0.67 to 0.69 for Barrax and La Crau,
and R2 = 0.14 for Harth) rather than an indication of actual product differences. This was supported by
the absence of spatial structure in maps of residuals (not shown).

WVP estimates from both products ranged from 0.25 cm to 3 cm at Barrax, from 0.10 cm to 3.5
cm at La Crau and from 0.10 cm to 4.5 cm at Harth (Figure 4c). Over all sites, ESA-WVP slightly
overestimated S2C-WVP by ~0.08 cm (~6% relative to the mean WVP for the site). The RMSE between
ESA-WVP and S2C-WVP was also small and did not vary substantially between sites (~0.09 cm or 7%
relative to the mean WVP value). As with AOT, differences in WVP between products were similar for
vegetated areas. These observations were confirmed by the absence of spatial structure in maps of
residuals (not shown). This is further supported by the almost perfect correlation (R2 = 0.99) when
intercomparing WVP at each site.

4.3. Intercomparison of BOA Reflectances

Figure 5 compares ESA-L2A and S2C-L2A reflectance for all dates over areas identified as clear
sky land by the SLC map. Statistics are also indicated for vegetated areas only (column 2) and for
bare areas only (column 3) over each site. Figure 6 summarizes the mean and the standard deviation
values of R2 and RMSE between ESA-L2A and S2C-L2A for each MSI band across all dates for the
different sites. All quantities are reported as percent reflectance (%). Tests for statistical difference
between statistics are not presented since the large number of sampled pixels results in extremely small
confidence intervals for each intercomparison statistic. Rather, difference statistics are interpreted
considering the radiometric calibration accuracy (~3%) and the expected accuracy in surface reflectance
(~5%) cited in Section 1.

Over Barrax, an almost linear relationship was observed between ESA-L2A and S2C-L2A
reflectance data for all bands with an RMSE ≤ 1.06%; |bias| ≤ 0.27%; R2 ≥ 0.97 (Figure 5). The RMSE
was up to 30% (in relative terms) lower over bare areas in comparison to vegetated areas, although the
absolute difference in RMSE between products was much smaller than L1C radiometric calibration
uncertainty (Figure 6a).

For La Crau, the scatter between ESA-L2A and S2C-L2A reflectance data was substantially greater
than Barrax (Figure 5). S2C-L2A reflectance data have a small negative bias in comparison to ESA-L2A
(bias from −0.02% to −0.52%), except for SWIR 2 band (bias = +0.06%). The RMSE ranges from
0.79% to 4.48%, and R2 ranges from 0.67 and 0.95. Blue, Green, Red, VRE 1 and SWIR 2 bands had
lower RMSE and higher R2 (RMSE ≤ 1.91%, R2 ≥ 0.88) than VRE 2, VRE 3, NIR and SWIR 1 bands
(RMSE > 3.12%, R2 ≤ 0.60). Unlike Barrax, differences between vegetated and bare areas were
only noticeable in VRE-2, VRE-3 and NIR where vegetated areas exhibited slightly lower agreement
(Figure 6b).

For Harth, the magnitude of scatter between ESA-L2A and S2C-L2A reflectance data was
intermediate between Barrax amd La Crau (Figure 5). S2C-L2A reflectance data were negatively biased in
comparison to ESA-L2A (bias from−0.02% to−0.30%), except for Blue and SWIR 2 bands (bias≥ 0.04%).
The RMSE between ESA-L2A and S2C-L2A ranges from 0.50% to 3.56%, and R2 ranges 0.89 and 0.98.
As with La Crau, the Blue, Green, Red, VRE 1 and SWIR 2 bands had lower RMSE and higher R2

(RMSE ≤ 1.66%; R2 ≥ 0.94) than VRE 2, VRE 3, NIR and SWIR 1 bands (RMSE > 3.12%, R2 ≤ 0.60).
In addition, lower agreement was noted over vegetated versus bare areas only for VRE-2, VRE-3 and NIR.

The vertical bars included in Figure 6 indicates that RMSE exhibited temporal variation that was
on the same order of magnitude as their average levels over the five dates considered. Moreover, the
temporal variability was similar for both vegetated and bare areas. In contrast, R2 only exhibited
substantial temporal variation in comparison to the temporal average for La Crau.
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Figure 6. Mean and standard deviation (between dates) values of R2 and RMSE between ESA-L2A and
S2C-L2A for each MSI band for Barrax, La Crau and Harth.

Figure 7a presents difference maps for each MSI band over Barrax, La Crau and Harth for day
of year (DOY) 230. An apparent spatial structure was noted, particularly for VRE 2, VRE 3, NIR and
SWIR 1 bands at La Crau and Harth, which correlates qualitatively with the DEMs shown in Figure 1.
Similar patterns were observed for all dates at La Crau and Harth (not shown). Figure 7b shows that
differences between ESA-L2A and S2C-L2A reflectance tend to be proportional to local topographic
slope, especially for VRE 2, VRE 3, NIR and SWIR 1 bands. Linear regressions between observed
differences in reflectance and topographic slope indicated R2 ranging from 0.29 to 0.38 for these bands
at La Crau and Harth. Moreover, the estimated line slopes were similar irrespective of site chosen
even though the maximum topographic slope at Barrax was 20◦ versus 50◦ for La Crau and Harth.
In contrast to BOA reflectance, neither AOT nor WVP difference maps indicated either qualitative
spatial structure or correlation to the topographic slope (not shown).
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4.4. Comparison of Vegetation Indices and Biophysical Parameters

Figure 8 shows scatter plots between VIs (NDVI, NDWI and EVI) as well as vegetation parameters
computed from ESA-L2A and S2C-L2A (analysed in Section 4.3) over each site. In addition to R2,
RMSE and bias, the RMSE relative to the average parameter value for the site is presented to better
analyse the magnitude of generated error on the estimated vegetation parameters.

All three VIs indicated a similar range of ~0.8 units for each site. In contrast to reflectance, the VIs
showed strong linear relationships (R2 ≥ 0.99) between products with low RMSE for NDWI (≈0) and
NDVI (≈0.01), and slightly higher for EVI (between 0.03 to 0.06). Differences were proportional to
VI indicating a multiplicative error source for differences. These may due to numerical differences in
algorithm implementations since signal quantization was observed for NDVI > 0.9 and EVI > 0.9.
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The scatter of ESA-L2A versus S2C-L2A vegetation parameters around the 1:1 line is generally
proportional to the parameter. In contrast to LAIxCw, where the difference is very low (R2 = 0.99;
RMSE = 0; bias = 0), substantial differences are obtained for other vegetation parameters, with the
relative RMSE ranging from 10% to 14% for LAI, 10% to 36% for LAIxCw, 5% to 9% for fAPAR and 7%
to 15% for fcover. The bias, relative to the average parameter value for the site, ranged between 0% and
−6%. Regressions of differences versus local topographic slope indicated R2 (linear slopes) reaches
0.14 (0.007 units/degree) for LAI, 0.09 (0.308 units/degree) for LAI.Cab, 0.45 (0.002 units/degree) for
fAPAR and 0.48 (0.003 units/degree) for fcover.

5. Discussion

Validation of AOT and WVP using AERONET measurements indicated similar levels of RMSE
and bias reported in Pflug [17] and Doxani [20]. S2C-AOT exhibted systematically lower bias than
ESA-AOT. While this systematic difference was not large overall, it was substantial (≥0.15 units or
≥100% of the in situ AOT) for two dates over Barrax corresponding to DOY 169 and 227. Biases in
AOT lead us to hypothesize that the S2C and ESA algorithms are using different dark dense vegetation
(DDV) targets or assume different values for DDV reflectance during processing. The S2C algorithm
theoretical basis document [34] specifies that the L1C input to S2C should correspond to nine 100 km
× 100 km product grid tiles centred on the nominal centre product grid tile. The offline S2C processor
operates on only the data contained in the nominal centre product grid tile. This data includes granules
from the same data take that extend past the grid tile boundary. However, these granules do not
contain all data in adjacent tiles within the data take and it is not clear whether the DDV algorithm
operates using data past the tile boundary. As such, we hypothesize that there may be different DDV
targets used by the ESA-L2A and S2C-L2A products. This is especially critical in areas such as Barrax
where there are potentially few DDV targets. Maps of DDV targets are not provided with ESA-L2A
or S2C-L2A products so we cannot further assess this concern. A second concern is that DDV targets
are used to provide an estimate of BOA reflectance initially assuming a certain (clear sky in this case)
atmosphere for infrared wavelength bands. The initial DDV reflectance is then iterated, which will
result in sensitivity to differences in the rugged terrain correction induced by differences in input DEM.
This second source of differences between ESA-L2A and S2C-L2A is likely small since it would result
in substantial differences (e.g., order 0.1) in AOT over vegetated regions while overall biases in AOT at
Harth and La Crau were less than 0.02 and less than 0.05 on a scene specific basis.

Intercomparison of reflectance indicated a spatially persistent difference related to the topographic
slope. The S2C ATBD indicates a rugged terrain correction is applied where local slope exceeds 7◦.
This correction increases the incident irradiance on the target by adding a factor proportional to the
cosine squared of the local slope and the reflectance of surrounding 500 m × 500 m. We hypothesize
that the large differences in BOA reflectance observed over mountainous areas could be due to
differences in DEMs used as input to ESA-L2A and S2C-L2A notwithstanding the fact that the
ESA-L2A metadata indicates the same DEM was used as we used for S2C-L2A products. Testing this
hypothesis is complicated by the rugged terrain correction depending on initial estimates of reflectance
of surrounding pixels that will vary with spectral band and with differences in AOT between products.
Irrespective of the hypothesized cause, observed differences in the BOA reflectance approach (for
bands Blue, Green, Red, VRE 1 and SWIR 2) exceed (for bands VRE 2, VRE 3, NIR and SWIR 1) the
uncertainty due to radiometric calibration and have comparable magnitude to the uncertainty in
S2C-L2A reflectances cited in Doxani [20] over AERONET sites.

Both NDVI and NDWI rely on bands for which observed differences in BOA reflectance between
ESA-L2A and S2C-L2A were similar. As a result, the impact of these differences on NDVI and NDWI
was negligible. Indeed, this is what we would have hoped for all bands and parameters. The larger
systematic difference for EVI is likely due to the large sensitivity of the blue band to small differences
in AOT [35]. For vegetation biophysical parameters, differences between ESA and S2C, especially
over rugged terrain, were non negligible and in some cases exceeded 10% in comparison to the site
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average. As expected, these differences were typically related to slope (Figure 9), although not as
clearly as for reflectance. This finding is explained by the fact that the SL2P algorithm used for land
surface parameters ingests almost all spectral bands and applies a nonlinear regression to estimate each
parameter [26]. As such, the propagation of differences in BOA reflectance to differences in geophysical
quantities is non-trivial. Indeed, it is exactly for this reason that the observed differences in reflectance
due to slope are of concern. Even if a single operational DEM was used for all processors, the sensitivity
to slope implies that there is an additional underlying uncertainty in input reflectance that must be
included when developing and evaluating land surface parameter algorithms and their products.
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6. Conclusions

The goal of Sentinel-2 constellation is to provide satellite data that can be used to map widely
used land surface variables including global land cover and vegetation parameters. ESA has provided
both the Sen2Cor processor for offline processing of single L1C products to L2A products and
systematic processing of L2A products using the Sen2Cor processor integrated in the ESA Data
Hub. While considerable effort has been placed in validating and comparing the offline Sen2Cor
processor, the same cannot be said for the operational processor until now.

In terms of validation against reference measurements, AOT and WVP estimates from both S2C
and ESA provided similar levels of agreement to AERONET estimates (RMSE from 0.06 to 0.09 for AOT
and RMSE from 0.20 to 0.22 for WVP) published in other studies (RMSE≈ 0.14 and for AOT and RMSE
≈ 0.30 for WVP [17,20]). However, the ESA-AOT bias was ~100% larger than the S2C-AOT bias for two
scenes over the arid Barrax region. These differences are of similar magnitude to the typical error of
existing Sentinel-2 atmospheric correction algorithms for clear sky conditions [20]. Intercomparison of
AOT and WVP between S2C and ESA indicated that the differences are not substantial over granules
with substantial vegetation, leading us to hypothesize that they are due to differences in the selection
of dense dark vegetation targets. Indeed, the Sen2Cor ATBD envisions atmospheric correction using
nine product tiles while the offline S2C implementation uses only one tile. We recommend that both
ESA and S2C L2A products provide a map of DDV targets used during processing. Considering the
regional variation of sensitivity to DDV target selection, we also recommend that users be provided
with either a local uncertainty estimate of BOA reflectance and AOD based on perturbation of DDVs
or based on multi-algorithm intercomparisons.

Intercomparison of SLC and VIs showed negligible differences between ESA and S2C except for
EVI. We hypothesize that the bias between S2C and ESA EVI observed over Barrax was due to a bias
in AOT. This would be consistent with the hypothesis that AOT estimates were most uncertain over
arid regions with few DDV targets. We recommend that the EVI be used with caution in areas with
few DDV targets since biases may change over a growing season as vegetation density changes.

Intercomparison of BOA reflectance and vegetation parameters indicated systematic differences
related to local slope. The RMSE in BOA reflectance of 4.9% in the red-edge observed over Harth and
La Crau sites are of the same magnitude of the L1C radiometric calibration uncertainty and the RMSE
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relative to reference estimates based on AERONET sites and in situ measurements. Intercomparison of
vegetation parameters indicated differences varied by parameter but were not negligible over rugged
terrain in comparison to performance requirements (RMSE = 0.23 for LAI; RMSE = 13.27 for LAIxCab,
RMSE = 0.05 for fAPAR and RMSE = 0.07 for fcover). We hypothesize that some of the differences in
BOA reflectance and subsequently derived vegetation parameters are due to differences in DEMs used
during the rugged terrain correction. However, it is not easy to quantify this impact of the DEM without
controlling for atmospheric parameters such as AOT and WVP. One could argue that having a standard
DEM across all users will eliminate the difference in downstream products due to DEM specification.
However, the fact that there is substantial sensitivity of L2A products to the implemented rugged
terrain correction suggests that the accuracy and precision of the correction should be quantified.
We recommend that this task be accomplished by the data producers prior to considering the ESA-L2A
products completely operational. Until that time, we recommend that the rugged terrain correction
not be implemented systematically but only provided on demand. Furthermore, regions in each scene
impacted directly by rugged terrain correction (versus indirectly from the impact of this correction on
AOT or WVP estimates) should be mapped.

This study is indicative but not comprehensive in its evaluation of the consistency of ESA and S2C
L2A products. Chiefly, we did not expect to see any differences and were rather surprised that they
existed over the three study sites. One could argue that the study does not cover a large number of
sites or processor configurations. However, we note that both the ESA L2A products and the Sen2Cor
processor are available in the public domain so even some evidence of differences between these
sources of L2A products is sufficient to warrant concern. The study could be expanded to more sites,
but it seems that the nature of the differences can be better diagnosed by those having access to the
processor code. At present, this is in the hands of ESA and the producers of the processors.
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