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1. Introduction
1.1 Purpose of the document
This Algorithm Theoretical Basis Document (ATBD) describes the algorithms
implemented for generating all the Level-1 products from the Sentinel-2.
Copernicus Sentinel-2A and -2B are the high spatial Resolution optical satellites of
the Copernicus program.
Please note that this document is based on initial ATBDs issued by CNES. These
reference documents are listed in section 1.4 (from REF-01 to REF-09) but are not
public.

1.2 Document structure
The document is structured as follows:


The remaining part of the current chapter lists the reference documents for
the processing of the different Level-1 products.



Chapter 2 gives an overview of:
o

Sentinel-2 and its instrument to have
understanding of the Level-1 processing.

o

Level-1 products.

the

basics

for



Chapter 3 gives the details of the generation of the Level-1A products.



Chapter 4 gives the details of the generation of the Level-1B products.



Chapter 5 gives the details of the generation of the Level-1C products.

1.3 Acronyms & Glossary
Acronym

Signification

ATBD

Algorithm Theoretical Basis Document

BX

Band X

CSM

Calibration and Shutter Mechanism

DEM

Digital Elevation Model

DWT

Discrete Wavelet Transform

GCP

Ground Control Point

GIPP

Ground Image Processing Parameters

GPS

Global Positioning System

GRI

Global Reference Image

GSP

Groups of Source Packets

LEOP

Launch and Early Operation Phase

LUT

Look Up Table

the
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MSI

Multi Spectral Instrument

NUC

Non-Uniformity Correction

PDGS

Payload Data Ground System

QL

QuickLook

S2

Sentinel-2

SNR

Signal to Noise Ratio

SWIR

Short Wave Infra-Red

TOA

Top Of Atmosphere

TDI

Time Delay Integration

TMA

Three-Mirror-Anastigmatic

VNIR

Visible and Near Infra-Red

WICOM

Wavelet Image Compression and Memory

WGS

World Geodetic System
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2. Sentinel-2 Level-1 Products
2.1 Sentinel-2 instrument description
Copernicus Sentinel-2A and Sentinel-2B were launched into a sun-synchronous
orbit at 786 km. Each satellite is carrying a single imaging payload named MultiSpectral Instrument (MSI). It covers a 295 km swath allowing a revisit time of 10
days and resulting in 5 days revisit time with the two satellites.
The MSI instrument is based on a push-broom concept, featuring a Three-MirrorAnastigmatic (TMA) telescope feeding two focal planes spectrally separated by a
dichroic filter.
Figure 2-1 depicts the internal configuration of the MSI showing the TMA telescope
configuration and its optical path construction to the SWIR/VNIR splitter and focal
planes. A full field/full pupil on-board diffuser, called Calibration and Shutter
Mechanism (CSM), is employed for radiometric calibration to guarantee a highquality radiometric performance as illustrated in Figure 2-2. This shutter
mechanism is implemented to collect the sunlight after reflection by a diffuser and
to prevent the instrument from direct viewing of the sun in orbit and from
contamination during Launch and Early Operation Phase (LEOP).

Figure 2-1. MSI internal configuration.

Figure 2-2. S2 sun calibration concept.
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Sentinel-2 MSI performs measurements in 13 spectral bands spread over the
Visible to Near-Infrared (VNIR) and Short-Waves Infrared (SWIR) domains with
spatial resolutions ranging from 10 to 60 m [REF-11].
These spectral channels include:


4 bands at 10 m spatial resolution: blue (490 nm), green (560 nm), red
(665 nm) and near infrared (842 nm).



6 bands at 20 m spatial resolution: 4 narrow bands mainly used for
vegetation characterization in the red edge (705 nm, 740 nm, 783 nm and
865 nm) and 2 wider SWIR bands (1610 nm and 2190 nm) for applications
such as snow/ice/cloud detection or vegetation moisture stress
assessment.



3 bands at 60 m spatial resolution for applications such as cloud screening
and atmospheric corrections (443 nm for aerosols, 945 nm for water
vapour and 1375 nm for cirrus detection).

The specified spectral band characteristics and resolutions are summarised in
Figure 2-3.

Figure 2-3. S2-MSI spectral bands and resolution.
The spectral response average for Sentinel-2A and Sentinel-2B are given in Figure
2-4.
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Figure 2-4. Spectral responses average: VNIR on the top graph, SWIR on
the bottom graph. Sentinel-2A data are represented with continuous
lines whereas Sentinel-2B are in dotted lines.
The minimum (Lmin) and maximum (Lmax) radiance levels of Table 1 specify the
instrument full dynamic range. The reference (Lref) and maximum (Lmax)
radiance levels of Table 1 specify the instrument reduced dynamic range.
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Table 1: MSI spectral bands characteristics and specified performances

Due to different thermal regulation constraints, VNIR and SWIR bands are
separated into two distinct focal planes of 12 detector modules each. The 12
detector modules on each focal plane are stagger-mounted, as illustrated in Figure
2-5, to cover altogether the 20.6° instrument field-of-view.

Figure 2-5. Staggered detectors configuration for VNIR focal plane.

2.2 Level-1 products high level description
Through production workflow, different Level-1 products are generated:


Level-1A, which corresponds to a raw image after decompression,



Level-1B, which is a radiometrically corrected product in sensor geometry,
with geometric model refined appended but not applied,
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Level-1C, which is an orthorectified product (geometric ortho-correction
taking into account a Digital Elevation Model (DEM)) providing Top Of
Atmosphere (TOA) reflectances.

Level-1A and Level-1B products are not available for users, only Level-1C are. All
images are in JPEG2000 format.
Level-1 products are generated from the Archive Product, which corresponds to
the output of the inventory. It is itself obtained from the Level-0 product, which
corresponds to the on-board compressed raw images to be delivered by the
Payload Data Ground System (PDGS), as illustrated in Figure 2-6.

Figure 2-6. Processing steps for generating Level-1 products
The processing steps to generate the different Level-1 product levels are detailed
in the following paragraphs.
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3. Level-1A Product Generation
3.1 Inventory: From Level-0 to Archive Product
The Inventory provides an Archive Product containing:






Image data: Level-0 data is kept compressed as on-board satellite
Quicklook (5 bands, 12 useful bits, compressed with JPEG2000 algorithm)
Metadata file
Ground Image Processing Parameters (GIPP)
Quality (for mission a degraded ancillary data) and cloud masks in
quicklook geometry

To generate this product, several processing steps are needed:






Telemetry Analysis
Datation and Low Resolution extraction
Location methods, quicklook and technical masks generation
Cloud mask computation
Quicklook Compression (in JPEG2000 format).

3.1.1 Telemetry Analysis
The goal of this processing is to extract and filter as far as possible erroneous data
in order to make datation and localisation algorithms more reliable, to produce a
synthesis of the detected anomalies and to ensure their traceability for Users.
Level-0 data are also sorted in consistent Groups of Source Packets (GSP), each
gathering the image source packets of one band and one detector in chronological
order, as showing in Figure 3-1. During source packets sorting, data are analysed
and errors are detected, and corrected if possible.

Figure 3-1. Source packet reorganisation.
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3.1.2 Datation and Low Resolution extraction
This processing is divided into 2 parts:


Datation processing

The datation component implements the datation method, the datastrip cutting
(in order to keep only the common part between detectors and bands) and
metadata file formatting.
The datation of the image lines allows to associate GPS time date to each image
line of any (band x detector). Hence, it is possible to know the precise exact time
at which each image pixel has been acquired by the Sentinel-2 instrument. It is
an important pre-requisite to compute any geometric model.
The datation law shall be linear as a function of image lines.
The method consists in detecting the first line of each GSP and its time; the
following lines time can be estimated considering the theoretical line period.


Low resolution extraction

The low-resolution extraction component implements the low-resolution image
generation for the quicklook.
These images are generated for five bands, which are configurable, and for each
detector at the final quicklook resolution (approximatively 320m x 320m). The
default spectral bands composing the quicklook are B2, B3, B4 (respectively, blue,
green and red visible bands), B10 and B11 (SWIR bands).

3.1.3 Location methods,
generation

quicklook

and

technical

masks

The goal of this processing step is to generate the quicklook image and to compute
geometrical information about the segment being inventoried, such as
geographical positions defining the segment’s footprint or technical masks. It is
divided into 5 steps:


Quicklook geometric model initialization: by subsampling the line datation
model and the viewing direction at the quicklook resolution.



Definition of the quicklook display geometry: in order to avoid
misregistration between bands and adjacent detectors, a display geometry
is defined. The images of each detector and each band are resampled in
this common display geometry.
This specific and simplified viewing model is the same as the full resolution
one (see paragraph 4.2.1), except for the datation model and the viewing
directions, which is in the display geometry.



Resampling of the quicklook image in display geometry:
It consists in:
o Retrieving connection columns between adjacent detectors defined
in a GIPP
o Computing the resampling grids between each part/detector of the
display geometry
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Resampling the image on the computed grids with a bicubic
interpolator.

Computation is done for each part of the display geometry; the final image
is built with the connection columns.



Computation of the technical masks (degraded ad lost ancillary and
instrument data) in the display geometry.
Computation of ancillary data information.

3.1.4 Cloud mask computation
At the inventory level, the goal of this cloud mask is to evaluate the cloud cover
on the quicklook image. Only opaque clouds are considered in this mask; cirrus
are not detected.
The discrimination criteria between clouds and landscape are based on spectral
criteria. Only three spectral bands are used to compute the cloud mask: B2, B10
and B11.
Clouds are characterised by a high reflectance in the blue channel. The opaque
cloud detection method at the inventory level is based on this optical property.
To improve this criterion by avoiding false detection, two channels in the SWIR
are then used: B10 and B11.
B11 is used to discriminate snow and clouds. Indeed, snow and clouds have both
a high reflectance in the blue but clouds keep its high reflectance in the SWIR
whereas snow presents a low reflectance.
The Sentinel-2 band located at 1375 nm (B10) is then used to detect the ice high
altitude clouds. Indeed, ice clouds have a low reflectance in the SWIR band as
snow. Therefore, they are eliminated by the second criterion using B11. To keep
them, a third criterion is added using the band B10. At this wavelength, there is a
high absorption band of the atmosphere and only high-altitude clouds are
detected. Finally, in order to avoid the detection of cirrus clouds, this criterion is
applied only after a first detection of the cloud in the blue band (where cirrus are
transparent).
At the quicklook level, images are still in numeric digital counts and not in
reflectance. Therefore, before applying the previous method, the images must be
processed to supply reflectance.
To avoid isolated pixels in the final cloud mask, a filtering is performed on the
cloud mask using an opening (morphology-based operation). This filtering is
configurable and set by default to true.
The cloudy pixel percentage is computed on the cloud mask.
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3.2 Level-1A processing
Through production workflow, the Level-1A product is generated from the Archive
Product through different steps:




Geometric model computation (before decompression and radiometric
processing)
Image Data decompression
Radiometric processing

3.2.1 Geometric model computation
This geometric processing is required for the segment cutting. Indeed, according
to the Level-1A production command, it computes, for each band and each
detector of the Sentinel-2 product, the first and the last lines of the portion of
segment, which is used by the Level-1 processing. It also computes, for each band,
each detector, the first and last strips to be uncompressed to completely cover the
portion of segment.
Geometric computations are based on location methods (direct location, inverse
location and collocation) using the viewing model of the Archive product and a
coarse DEM. The full resolution viewing model is loaded from the Archive product
provided as input, along with the sensor model GIPP and the full resolution viewing
directions GIPP.
The different steps of the segment cutting are:


Segment cutting: for each detector of each band to be produced, definition
of the portion of image (start and end line). It is done for a full segment,
an interest area or from a location and a number of lines, as illustrated in
Figure 3-2.

For a full segment

For an interest area

From a location and a number of
lines

Figure 3-2. Segment cutting: the different cases.
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Start and end strip computation to be uncompressed:
Each image corresponding to a band and a detector is compressed on
board. The unitary packet coming outside of the compression is a strip of
16 full resolution lines.
However, in order to compress one full resolution line, the on-board
compressor uses the content of N lines before and after. N depends on the
parameters used in the compressor. Reciprocally, in order to exactly
decompress a line, the decompression module needs to know all the strips
containing the N compressed lines before and after. This value “N” is
expressed in a GIPP as a compression margin. Another margin defined in
a GIPP will also be used: the radiometric margin. It includes all the margins
necessary for the radiometric processing: one line margin for TDI (Time
Delay Integration) rearrangement, margins for convolution filters, and so
on.

Figure 3-3. Correspondence between begin and end lines in compressed
and uncompressed segment.



Update of ancillary data: all needed data is updated according to the
segment cutting (as an example: QL images and footprint, line datation,
segment and granules footprints, acquisition date, quality and cloud
masks, etc).

3.2.2 Image Data decompression
Images are compressed on board in order to reduce the volume of data to be
downlinked to ground. Before compression, they are roughly equalized to minimize
the signal entropy and improve the compression quality at a given rate (see
paragraph 4.1.1.1.1.). The implemented compression is a wavelet image
compression algorithm close to JPEG2000 standard consisting in a discrete wavelet
transform (DWT).
The Wavelet Image Compression and Memory (WICOM) module is in charge of the
decompression (as well as the compression and processing on board).
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3.2.3 Radiometric processing
The radiometric processing is composed of different steps:


SWIR pixel rearrangement (optional, applied by default if a Level-1B
product is required)
The SWIR pixels re-arrangement is optionally applied to data for Level-1A
production before the image extraction. Indeed, a pixel can be reselected
for SWIR bands if it is “dead” or if it is defective. Figure 3-4 and Figure
3-5 show the three possible configurations.

Figure 3-4. Possible pixel configurations for B10.

Figure 3-5. Possible pixel configurations for B11 and B12.






It consists in shifting the columns of the image. For B11 and B12, two
consecutive lines can be selected and combined, for each pixel. For B10,
one line is selected per pixel.
Inversion of on-board equalization for Level-1A deNUCed products.
(Optional, true by default)
Image extraction: The image extraction from the input segment is based
on the information provided by the geometric processing (first line, last
line). The margin for SWIR pixels re-arrangement and crosstalk correction
have been considered.
Masks generation flagging:
o saturated pixels,
o nodata pixels and partially corrected pixels (crosstalk correction),
o defective pixels.
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Note that 60m bands are not binned on the level 1A product because this product
is a system product, which must keep the native resolution for image quality
purposes.
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4. Level-1B product Generation
Through production workflow, the Level-1B product is elaborated from the Level1A Product through different steps such as:



Radiometric corrections
Physical geometric model refinement

4.1 Radiometric corrections
The different radiometric processing steps are listed below:












equalization with the dark signal correction
crosstalk correction
blind pixels removal:
for each band and each detector module, blind pixels provided in the
GIPP_Blind_pixels are systematically removed from the image product.
Accordingly, the numbering of pixels along each detector is updated for
all metadata.
defective pixels processing
restoration and levelling of the product to 12 bits. By default, the
restoration is disabled.
binning for 60m bands (B1, B9, B10):
the spatial resolution is approximately 60m along the track and
approximately 20m across the track for these bands. To get a
homogeneous resolution (60m) along and across track, pixels of these
bands are filtered and sub-sampled in the across track direction, that is
along the lines in the image. The filter and the sampling rate are set to 3
by default.
« no data » pixels monitoring
saturated pixels monitoring
Radiometric Offset: to avoid truncation of negative values, the dynamic
range of both MSI-A and MSI-B is shifted by a band-dependent constant
radiometric offset called RADIO_ADD_OFFSET and defined in a GIPP. The
new pixel value is computed as following:
NewDN= CurrentDN - RADIO_ADD_OFFSET
Note that in the convention used, the offset is a negative value.
It is important to note that:
o

o

the radiometric offset will have no impact on the generation of the
numerical saturation value, as it will be added up after. Moreover
there will be no saturation due to this offset as the measured
levels are far from the numerical saturation for Level-1B data.
Indeed, for a 12-bit integer, numerical saturation is reached for a
value of 4095.
adding an offset for Level-1B would imply that this offset should
be handled by the refining and should be subtracted before the
Level-1C projection and TOA conversion.
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4.1.1 Equalization
The equalization goal is to get a uniform image when the observed landscape is
uniform. The equalization step consists 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 S2 Radiometric model is expressed as follows:
𝑋𝑘(𝑖, 𝑗) = 𝐴𝑘 . 𝐺𝑘 (𝑗, 𝐿𝑘(𝑖, 𝑗)) . 𝐿𝑘(𝑖, 𝑗) + 𝐷𝑘(𝑖, 𝑗)
Where:








k: spectral band
i: line number in the image
j: column or pixel number in the image
Xk(i,j): raw radiometry for pixel (i,j)
Ak: absolute calibration coefficient
Gk(j,Lk): relative sensitivity for pixel j , also depends on TDI mode for TDI
bands (line A, line B, both)
Lk: equivalent radiance
𝐿𝑘 =

∫ 𝐿(𝜆)𝑆𝑘 (𝜆)𝑑𝜆
∫ 𝑆𝑘 (𝜆)𝑑𝜆

where Lk (λ) is the spectral radiance and Sk (λ) the spectral sensitivity for
band k.


Dk(i,j): dark signal for pixel (i,j). The dark signal dependence as a
function of the line is explained by the fact that:
 the dark signal varies as a function of the time, needing an
offset correction implemented on ground (detector
sensitivity to bias voltages fluctuations)
 the chronograms at detector level are different according to
the integration time of the different bands; some coupling
effects affect the detector’s dark signal with a temporal
frequency equal to 1, 2 or 6 times the integration time of
the 10 m bands (respectively for the 10 m, 20 m and 60 m
bands).

The image is first equalized on board before compression, so as to reduce
compression effect on detectors photo-response non uniformity. The Wavelets
Image COmpression Module (WICOM) allows equalizing the image using a bilinear
radiometric model.
The equalization operation for the Level-1B processing is an optional operation for
each spectral band:


either the on-board equalization is sufficient and there is no need for a
correction at ground level, which means that the bilinear radiometric
model fits well the measurements
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either the on-board bilinear model is not sufficient and an additional
correction at ground level is necessary (nominal mode). It consists in:
o inversion of the on-board equalization
o equalization based on a bilinear or cubic radiometric model

Each of these two steps is optional as the on-board equalization can be bypassed.

4.1.1.1 On-board equalization inversion
4.1.1.1.1 On-board equalization model

Let X(i,j) be the raw radiometry at the input of the WICOM, coded over 12 bits.
Because of the push-broom acquisition, the columns in the image are in direct
relation with the elementary detectors. The columns are indexed by j defining the
unique position of the pixel in the focal plane.
The lines correspond to the acquisition by the detection line as a function of the
time and are indexed by i.
The on-board equalization consists in computing Y(i,j) for each pixel based on the
raw image X(i,j). The on-board equalized radiometry is linked to the raw
radiometry by a bilinear model, as illustrated in Figure 4-1 where:







X(i,j) is the digital count associated to line i and column j.
D(j) is the dark signal. It is a real value, which only depends on the pixel.
The dependence on the line number is not considered for the board
processing. A mean value is provided for each pixel.
Z(i,j) is the digital count after dark signal correction
Z(i,j)=X(i,j)-D(j)
Zs(j) is the abscise of the break point of the bilinear model after dark
signal correction.
Y(i,j) is the digital count after equalization, coded over 12 bits.

Figure 4-1. On-board bilinear equalization model.
The on-board equalization coefficients are {D(j), Zs(j), a1(j), a2(j)}. They are
defined for all the pixels of the detection line.
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4.1.1.1.2 On-board equalization inversion

The equalization inversion at ground level consists in getting back to the raw
radiometry X for each pixel (i,j). Because of the compression and the digitization,
this operation will not be able to invert perfectly the on-board process. However,
we will still call X the radiometry after the inversion process as follows:
X(i,j)=Z(i,j)+D(j) where:


𝑍(𝑖, 𝑗) =



𝑍(𝑖, 𝑗) =

(, )

if Y(i,j) ≤ a1(j).Zs(j)

( )
(, ) (

( )

( )).

( )

( )

if Y(i,j) > a1(j).Zs(j)

4.1.1.2 On-ground equalization
The equalization processing at ground level consists in computing Y(i,j) for each
non defective pixel or non-blind pixels of the retrieved ‘raw’ image X(i,j):
Y(i,j) = g(j,X(i,j)-D(i,j)) . [X(i,j)-D(i,j)]
So that: Y(i,j) = A L(i,j)
with


D(i,j) is the dark signal for pixel(i,j).



for the cubic model:

g(j, X(i,j)-D(i,j)) = a(j) [X(i,j)-D(i,j)]² + b(j) [X(i,j)-D(i,j)]+ c(j)


and for the bilinear model (see Figure 4-1) :

g(j, X(i,j)-D(i,j)) = 0

if X(i,j)-D(i,j) < 0

g(j, X(i,j)-D(i,j)) = a1

if 0 < X(i,j)-D(i,j) < Zs

g(j, X(i,j)-D(i,j)) = a2 – Zs(a1-a2) / [X(i,j)-D(i,j)]

if X(i,j)-D(i,j) > Zs

Indeed, in a nominal mode, two radiometric models are used: the cubic on-ground
equalization model is applied on the VNIR spectral bands and the bilinear onground equalization model is applied on the SWIR spectral bands.
The parameters a(j), b(j), c(j), or alternatively a1(j), a2(j), Zs(j), and D(i,j) are
provided to the ground segment into a dedicated GIPP. These equalisation
parameters are regularly updated based on diffuser acquisitions.

4.1.1.2.1 Dark correction

Dark signal is computed through the processing of images with the lowest possible
incoming radiance. This is achieved by acquiring images during the eclipsed part
of the orbit over ocean targets at night, since they are dark and since there are
very few human activities. Acquisitions are as well optimised in order to cover
areas without lucent plankton (e.g. South Pacific CEOS test site) and to avoid full
moon conditions. [REF-10]
Dark signal calibration data are acquired more precisely over Pacific or Atlantic
Ocean (except nearby South Atlantic anomaly) in ascending orbit. Possible areas
are in the neighbourhood of position long. 120°W, lat. 0°. Neighbourhood can
easily be +/-10° in both longitude and latitude.
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Exceptionally, the dark signal calibration can be performed with CSM door closed
(before pin-puller release and CSM first operation). Operating with door closed is
however not the baseline.
Dark signal acquisitions last about 40 seconds in order to reduce the noise by
averaging the column measurements.
Because of the dark signal variation with time (bias voltages fluctuations and
chronograms scheme), the dark signal is expressed as follows:
D(i,j)= DNU(i,j) + DOffset(i,j)
Where:


DNU(i,j) is the dark signal non uniformity depending on the bands
chronograms



DOffset(i,j) is the residual dark offset computed for each line using blind
pixels.

4.1.1.2.1.1

Dark signal non uniformity

Because of some coupling effects between bands having different chronograms,
the detector dark signal varies as a function of the line number with a spatial
frequency varying between 1 and 6 lines for 10m bands, and, between 1 and 3
lines for 20m bands.
If we define a cycle by the integration time for 60m bands, we can define 6 subcycles of 10m bands integration time and 3 sub-cycles of 20m bands integration
time. This means that we have 6 different “working configurations” for 10m bands
during a cycle and 3 for 20m bands. This gives rise to 6 different dark signals for
10m pixels and 3 different dark signals for 20m pixels. For 60m bands there is
only one dark signal per pixel.
For a given line i in the image, the corresponding dark signal depends on the line
number inside the “scene” which is the number of spatial samples processed
continuously in the compression module.
This line number noted iscene is retrieved using the packet number and the line
number in the packet (16 lines per packet) and is associated to the image line i.
The dark signal non uniformity is given by:


for 10m bands: Dk,NU(i,j)= Dk,NU(iscene(modulo 6),j)



for 20m bands: Dk,NU(i,j)= Dk,NU(iscene (modulo 3),j)



for 60m bands: Dk,NU(i,j)= Dk,NU(j)

In addition, for the SWIR bands, the computation of the line number in the scene
for each pixel takes into account the pixels re-arrangement.
4.1.1.2.1.2

Dark offset

To compensate for dark signal variation due to voltages fluctuations with
temperature and landscape seen by the detector, we compute a residual dark
offset for each pixel of each line using blind pixels located at both extremities of
each detector module. Indeed, these pixels are hidden from the illumination of the
observed scene.
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The number of blind pixels on each side of the detector module depends on the
band (22 useful blind pixels for 10m bands, and 11 useful blind pixels for 20m and
60m bands by construction).
In order to avoid noise and proton artefacts, the offset levels on the left and the
right sides of the detector are computed on valid blind pixels, using the averaging
on a sliding window, after a K-sigma filtering.
The dark offset is computed for each band, each detector module and each pixel
of the image using a linear interpolation between the average value of the signal
acquired by the ”valid” blind pixels located on both extremities of the detector
module and after dark signal non uniformity correction, as defined below :

(𝑖, 𝑗) = 𝑂𝑓𝑓𝑠𝑒𝑡𝐿𝑒𝑣𝑒𝑙

𝐷

()

+ (𝑗 +

𝑁𝑙 + 𝑙
𝑂𝑓𝑓𝑠𝑒𝑡𝐿𝑒𝑣𝑒𝑙_𝑅(𝑖) − 𝑂𝑓𝑓𝑠𝑒𝑡𝐿𝑒𝑣𝑒𝑙_𝐿(𝑖)
+ 𝑁𝑖𝑛𝑣_𝐿).
2
𝑀+𝜆

where OffsetLevel_L(i) and OffsetLevel_R(i) are the average after K-sigma filtering
of :
[𝐷(𝑖𝑖, 𝑙) − 𝐷

(𝑖𝑖, 𝑙)] ∈

_ /

, ∈[

,

]

where:


j is the column number starting at the first valid image pixel



i is the line of the image



Nl/Nr is the number of valid blind pixels on the left/right part of the detector
module (by default Nr=Nl)



Blind_L/Blind_R is the list of valid blind pixels on the left/right part of the
detector module



L is the blind pixel index



M is the number of useful pixels of the detector module



halfwidth is the half width of the sliding window (in number of lines)



λ is a normalization coefficient.
By default: λ=(Nr+Nl)/2+Ninv_L+Ninv_R-1, where Ninv_L and Ninv_R
are respectively the number of invalid blind pixels on the left and right
parts of the detector module.

4.1.1.2.2 Relative response

At ground level, the relative response g(j) is provided as a function of X(i,j)-D(i,j)
through calibration measurements by fitting a piecewise linear function, or a
second degree polynomial, over the function :
g(j,X(i,j)-D(i,j)) = [A <L(i,j)>i ]/ <X(i,j)-D(i,j)>i
L(i,j) is known (integrating sphere) and A is deduced from the normalization of g
along the field of view at a given known radiance Lref:
<g(j,L=Lref)>j = 1
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In flight, the calibration is based on the diffuser observation:
g(j, Xdiff(i,j)-D(i,j)) = [A < Ldiff (i,j)>i] / <Xdiff(i,j)-D(i,j)>i
with <g(j, Xdiff(i,j)-D(i,j))>j= 1 which allows to compute A.
The average of i observations assumes that the same radiance is observed and
allows to reduce the noise. This new set of equalization coefficients at Ldiff provides
new values for the on-ground equalization coefficients. Ldiff depends on the diffuser
BRDF, the sun irradiance and the sun incidence angle.

4.1.2 Crosstalk correction
Optical or electronic crosstalk may affect the instrument. The crosstalk correction
is performed just after the dark signal correction within the equalization processing
and before correcting from the pixels relative sensitivities.
For both cases, optical or electronic crosstalk, the parasitic signal of a pixel in a
given band is modelled as a linear function of the signal acquired in the other
bands.
The parasitic signal X_talk_opt
crosstalk, is modelled as:

(i,j) on channel Bk for pixel (i,j), due to optical

X_talk_opt (i, j) =

𝑑

_

(𝑘, 𝑙). [𝑋 (𝑖, 𝑗) − 𝐷 (𝑖, 𝑗)]

Where 𝑑 _ (𝑘, 𝑙) provide the coefficient of optical crosstalk generated by spectral
band Bl on band Bk.
The parasitic signal X_talk_elec (i,j) on channel Bk for pixel (i,j), due to electrical
crosstalk, is modelled as:
X_talk_elec (i, j) =

𝑑

_

(𝑘, 𝑙). [𝑋 (𝑖, 𝑗) − 𝐷 (𝑖, 𝑗)]

Where 𝑑 _ (𝑘, 𝑙) provide the coefficient of electrical crosstalk generated by
spectral band Bl on band Bk.
The parasitic signal estimation considers the useful signal of the different bands
because the crosstalk contribution of the bands offset is assessed through the
offset measurement of the processed band.
For both optical and electrical crosstalk, when the contributing pixel has no data
or is a defective pixel, this pixel is not taken into account for the parasitic signal
and the information is made available through a mask.
It is important to note that in the formula giving the parasitic signals, the
radiometry Xl(i,j) corresponds to the signal acquired by band l at the same time
that band k and the same position across the track. It means that for SWIR bands
it is necessary to take into account the pixels re-arrangement made at level 1A
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(see paragraph 3.2.3). The relative position of the SWIR pixels is provided in a
dedicated GIPP.
Optical and electrical crosstalk correction are optional.
When crosstalk correction is required, the equalization processing formula
becomes:
Yk(i,j) = gk(j,X(i,j)-Dtalkk(i,j) ). [Xk(i,j)-Dtalkk(i,j)]
So that: Yk(i,j) = A Lk(i,j)
With :
-

k: spectral band index
Dtalkk(i,j)=Dk(j) + X_talk_opt (i,j) + X_talk_elec (i,j)
gk(j, Xk(i,j)-Dtalkk(j)) the equalization coefficient defined in the
equalization processing formula.

Y(i,j) negative or null values are set to 1 to avoid confusion with NO_DATA
reserved value=0.
The parameters 𝑑 _ (𝑘, 𝑙) (k,l) and 𝑑 _ (𝑘, 𝑙) is provided through a dedicated
GIPP to the ground segment.
In the operational configuration, only electronic crosstalk is corrected.

4.1.3 Defective pixels processing
Different singularities could affect the pixels response:


dead cells or too weak response that cannot be compensated by
equalization: this corresponds to the called dead pixels;



saturated response: this corresponds to the saturated pixels;



temporal instability (“degraded SNR”): this corresponds to the noisy pixels.

Another defect could affect Sentinel-2 images because of holes in the spectral
filters. These defects, characterized on ground, are perfectly located before the
launch and do not evolve in flight.
The radiometry of these defective pixels is interpolated using their valid
neighbours.

4.2 Geometric processing
4.2.1 Viewing model refining
The viewing model consists in:


a datation model, allowing to know precisely the datation of the beginning
of each line.



tabulated orbital data, allowing to know the position of the spacecraft at
the time of the line acquisition.
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tabulated attitude data, allowing to know the orientation of the spacecraft
at the time of the line acquisition.



viewing directions in the spacecraft piloting frame.

The viewing model allows to compute the viewing vector (line of sight) at the time
of the pixel acquisition.
By intersecting this viewing vector with an Earth model, it is possible to compute
the geolocation (or direct location) of the pixel, and inversely, to compute the
position in the image of a point located on ground (Image location or inverse
location).
However, the attitude and orbital data are known with a given precision, due to
the sensors inaccuracy: GPS, attitude sensors. There may be also thermo-elastic
effects at the scale of the orbit, which affect the geolocation performances.
Geometric refining consists in adding polynomial corrections to the viewing model,
so as to improve the geolocation performances.
To correct the position data, a polynomial function of time is estimated. The
polynomial coefficients are estimated by a mean square regression called the
spatio-triangulation. The polynomial functions coefficients, correcting the attitude
and orbital information used by the location functions (geolocation function and
inverse location function), are computed so as to minimise the average residual
values (cf. Figure 4-2) of a large number of Ground Control Points (GCP). To sum
up, the refining outputs are the polynomial functions correcting attitude and orbital
data.

Figure 4-2. Illustration of residuals distance values (P-P') and (M-M')

4.2.1.1 Ground Control Points Selection
4.2.1.1.1 Common geometry resampling

For finding GCP necessary to the refining, a correlation is performed between the
reference segment and the segment to refine. Three factors improve the
correlation performances:
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correlation of images with similar spectral contents,



at a similar resolution



and in a similar geometry.

The first two conditions are guaranteed by using one reference spectral band for
the correlation process. The reference cover is called the Global Reference Image
(GRI).
The GRI is a set of globally acquired, cloud-free, mono-spectral (B4, red channel)
Level-1B Sentinel-2 images. The GRI, illustrated in Figure 4-3, is composed of
roughly 1000 images. The cloudy areas are constituted of a stack of overlapping
images in order to limit clouds and ensure a full coverage.

Figure 4-3. Overview of Sentinel-2 GRI images.
Products over Svalbard, isolated islands at high latitude and Antarctica are not
covered by the GRI so are not refined. Moreover, several orbits covering Greenland
and Northern Canada (Nunavut and Yukon territories) could not be completed.
Please also note that orbit R109 is empty because it is almost totally located over
sea.
For the last condition (similar geometry), it is necessary to resample the two
segments in a common virtual geometry, because of Sentinel-2 specificities: the
images are split in 12 detectors and the pointing precision is at worst 2 kms.
This viewing model of the common virtual geometry is computed


by constructing an average regular datation model over the segment to
refine footprint



by picking the attitude and orbital data of the segment to refine



and by computing regular viewing directions, as if it were a pushbroom
sensor, composed of one single detector, covering the whole Sentinel-2
swath.

The two images are then resampled, using the resampling grids, an interpolation
filter and the definition of interest area for each detector, as illustrated in Figure
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4-4. Then the correlation is performed between two monolithic images composed
of one single detector. This guarantees that the processing is homogeneous for all
the detectors and allows detection of yaw angle. It has to be noticed that this
common geometry is only used for the correlation process for finding GCP and is
then discarded.

Figure 4-4. Resampling in monolithic geometry.

4.2.1.1.2 Tie points collection and filtering

A spatial correlation between a correlation window of reference image (vignette 1)
and a research window image to refine (vignette 2) is performed for each pixel.
Then, for each pixel of the vignette 2, a resemblance criterion is computed: it is
the normalized covariance. The set of all criterion values make a grid of
resemblance criteria. The maximum of correlation and a curvature are computed
by fitting this grid of resemblance criteria to a quadratic function. The best
candidate points coordinates correspond to the maximum of the quadratic function
with high curvature. A threshold on the maximum correlation value and the
curvature and a filter to eliminate wrong points are applied to obtain the
homologous points.
This defines a set of tie points, as illustrated in Figure 4-5.
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Figure 4-5. Tie-points collection.

This grid of measured differences between the two images is filtered in order to
select tie points with a specific strategy: the image is divided into several areas
(sub-scenes) and a given number of trusty tie points is required for each subscene. If the required number of points cannot be found in a given subscene, this
area is densified using image matching with a lower step. If there are more tie
points than the required number, a random selection is performed. The algorithm
fails if it cannot get the requested number of points for a minimum number of subscenes.
4.2.1.1.3 From tie points to GCPs

Due to parallax between odd and event detectors, as shown in Figure 4-6, the tiepoints need to be converted in native geometry.

Figure 4-6. Line on ground seen at different dates by odd as even
detectors.
Then the tie-points coordinates of the reference image are converted in geometric
coordinates (latitude, longitude, altitude) using the DEM and the reference
geometric model.
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The following Figure 4-7 sums up the different steps, which take place for the
conversion of tie points to ground control points.

Figure 4-7.Tie points to GCPs conversion.
4.2.1.2 Geometric refining
The geometric refining of the viewing model is done by spatio-triangulation using
GCPs extracted at the previous step, with the parameters to refine and for each,
the degree of the modelling polynomial function, chosen among:


Spacecraft gravity centre position: X, Y, Z in WGS and type of correction:
constant or polynomial function of time.



Attitudes: roll, pitch and yaw, type of correction: constant or polynomial
function of time.



Spacecraft to focal plane transformation: rotation (3 angles), translation,
homothetic transformation, type of correction: constant or polynomial
function.

The default setting is given below and illustrated in Figure 4-8:




Attitudes:
o

roll, pitch, yaw in spacecraft frame

o

correction modelled by a bias and a drift

Spacecraft gravity centre position:
o

X, Y, Z in WGS84

o

correction modelled by a second-degree polynomial function
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Figure 4-8. Viewing model and parameters to refine.
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5. Level-1C product Generation
Through production workflow, the Level-1C product is elaborated from the Level1B product through different steps such as:




Ortho-image generation
Top Of Atmosphere (TOA) reflectance computation
Cloud and snow/ice masks generation

5.1 Ortho-image generation
The different steps of this ortho-image generation are:




Tiling module to select pre-defined tiles, which intersect the image
footprint.
Computation of resampling grids, linking the image in native geometry to
the target geometry (ortho-image).
Resampling of each spectral band in the geometry of the ortho-image
using the resampling grids and an interpolation filter to compute the pixel
radiometry.

5.1.1 Resampling grids computation
For Sentinel-2 orthorectification, the resampling is complex and cannot be
modelled by analytic transformation. Figure 5-1 shows the resampling grids that
have to be computed between the source geometry of the native sensor (Level1B geometry) and the target geometry (each ortho-image tile).

Figure 5-1. Resampling grid.
For each point (a,b) of the ortho-image, the coordinates (l,c) of the corresponding
pixel in the native image is computed by bilinear interpolation of the 4 adjacent
nodes (L, C), as shown in Figure 5-2.
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Figure 5-2. Resampling grid interpolation.
The geometric deformations are then supposed to be linear within a mesh; this
approximation is acceptable if the step of the resampling grid is “small” enough.
Resampling grids computation is based in three steps:


Transformation of the native coordinates into the DEM referential.



DEM interpolation to get each grid point altitude.



Image location computation to the source geometry by the physical model.

There is a grid for each band and each detector.

5.2 Top Of Atmosphere (TOA) Reflectance computation
The conversion of a numeric digital counts image to a TOA reflectance image, in a
spectral band k, consists in correcting the radiometrically equalized image
considering the following parameters:


the equivalent extraterrestrial solar spectrum Eseq in the Sentinel-2 spectral
bands,



the incoming solar direction (defined by its zenith angle θs for each pixel of
the image),



and also the absolute calibration of the instrument Ak,NTDI.

It is given by the following formula:

𝜌 (𝑖, 𝑗) =

𝐴

;

𝜋. 𝑋 ,
(𝑖, 𝑗)
. 𝐸𝑠 . 𝑢(𝑡). cos 𝜃 (𝑖, 𝑗)

Where:


𝑋 ,
(𝑖, 𝑗) is the equalized numeric digital count of the pixel (i,j), with NTDI
the number of S2 TDI lines, after removing the Level-1B offset (RADIO
_ADD_OFFSET) added during the Level-1B generation.



𝐴



𝐸𝑠



𝑢(𝑡) is a correction to take into account the Sun-Earth distance variation
1
𝑢(𝑡) =
(1 − 𝑒. cos(𝑛(𝑡 − 𝑡0)))²

is the absolute calibration coefficient.

;

=

( ) ( )

∫
∫

( )

, with S the spectral response of Sentinel-2 bands
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Where:
o

t is the Julian Day which corresponds to the acquisition date
(reference day: 01/01/1950)

o

t0=2

o

e is the eccentricity of the Earth orbit, e=0.01673

o

n is the Earth orbit angular velocity, n=0.0172 rad/day

Please note that to avoid truncation of negative values, the dynamic range of both
MSI-A and MSI-B is shifted by a band-dependent constant radiometric offset called
RADIO_ADD_OFFSET and defined in a GIPP [REF-12] The new pixel value is
computed as following:
NewDN= CurrentDN - RADIO_ADD_OFFSET
Note that:


the radiometric offset is defined as a negative value.



the radiometric offset will have no impact on the generation of the
saturation value, as it will be added up after. Moreover, there will be no
saturation due to this offset as the measured levels are far from the
numerical saturation level (32767) for Level-1C data.

5.3 Cloud and snow/ice masks generation
The cloud mask includes both opaque clouds and cirrus clouds with an indicator
specifying the cloud type (cirrus or opaque cloud). Three spectral bands are used
to process this mask: a blue band (B1 (443 nm) or B2 (490 nm)), the band B10
(1375 nm) and a SWIR band (B11 (1610 nm) or B12 (2190 nm)).
The blue and the SWIR bands are defined in a GIPP. By default, the BLUE band is
the band B1 and the SWIR band is the band B11.
The processing is performed at a spatial resolution of 60 m (the lower resolution
of the three spectral bands).
The processing steps are:


Resampling the data in 60 m resolution (modification of the spatial
resolution + radiometric interpolation),



Cloud detection.

The cloud detection is based on spectral criteria:


Opaque cloud mask: the same criteria as for the inventory, described in
paragraph 3.1.4, are used.



Cirrus mask: the cirrus clouds are very wispy and are often transparent.
They form themselves only at high altitudes (about 6 or 7 km above the
Earth’s surface). These properties are used to discriminate this type of
clouds from opaque clouds. Therefore, the cirrus mask processing is based
on two spectral criteria. As cirrus clouds are formed only at high altitude,
they are characterised by a high reflectance in the band B10 (1375 nm).
As they are also semi-transparent, they are not detected by the blue
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threshold defined above. A pixel, which respects these two criteria, has a
good probability to be a cirrus. Nevertheless, it is important to notice that
it is just a probability and not a certainty. Indeed, there exists some opaque
clouds which are characterised by a low reflectance in the blue band and
which are detected by this cirrus mask algorithm.
The cloud mask determination method is then composed of theses following steps:







Atmospheric correction
Threshold on blue reflectance for opaque clouds detection
Threshold on B10, including a threshold modulation in accordance with
ground elevation, to detect cirrus clouds.
Snow index calculation
Cloud masks refinement
Mathematical morphology

Some of them are detailed in the next paragraphs.

5.3.1 Atmospheric correction
Ground reflectance is not the only contributor to the signal observed by the
satellite. In fact, the Rayleigh diffusion and the aerosols diffusion add a positive
contribution. Consequently, by removing the diffuse atmospheric contribution, it
should improve the effectiveness of the thresholds that are applied to the
reflectance.
The aerosols atmospheric content is very variable in time and space, and it is
almost impossible to predict it. On the other hand, Rayleigh diffusion depends on
the acquisition geometry (solar and viewing angles) and is perfectly modelled by
radiative transfer code. It is then proposed, as a pre-processing, to remove the
effect of the Rayleigh diffusion. For that, a Look Up Table (LUT) was created. It
contains the top of atmosphere reflectance due to the Rayleigh diffusion for many
different acquisition geometries. The solar zenithal angle has been chosen in a
range from 0° to 90° with a step of 5°, the viewing zenithal angle in a range from
0° to 20° with a step of 5° and the difference between the solar azimuthal angle
and the viewing azimuthal angle in a range from 0° to 360° with a step of 10°.
The reflectance due to Rayleigh diffusion has been calculated in each case with
the 6S radiative transfer code and is stored in an ascii file.

5.3.2 B10 altitude thresholding
The B10 band is an absorption band of water vapor so, at low altitude, this band
shows clouds and not ground. Indeed, the B10 band detects only things at high
altitude (cirrus clouds, top of the opaque clouds and mountaintops). The cirrus
cloud mask is essentially calculated with the spectral band B10. Nevertheless,
mountaintops higher than about 3,000 m of altitude are, at least, as bright as
cirrus clouds. So, beyond an elevation of 3,000 m, it is impossible to distinguish
cirrus clouds and ground that is why the cirrus cloud mask is calculated only below
3,000 m. Moreover, at this altitude, ground has, in general, a reflectance on B10
below 0.0220.
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To avoid these false detections, a modulation of the B10 threshold value is created
as follows:

Max

Min

Figure 5-3. Absorption spectrum of water vapor with Sentinel 2 band
B10

This modification is applied on cirrus cloud mask and opaque cloud mask.

5.3.3 Snow index calculation
With the spectral criteria used for opaque cloud detection algorithm, snow is most
of the time identified as opaque clouds. Snow, on mountain, is as bright as opaque
clouds in bands B1 and B10. To avert these false detections, a snow index can be
derived from bands B4 (665 nm) and B11 (1610 nm). Indeed, snow reflectance is
very low in B11 but not in B4 as shown in next figure:

Figure 5-4. Evolution of threshold_B10 with ground elevation in
wetlands.
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The snow index is defined as follows:
Snow_index = (B4) / (B11)
Then it is possible to create a snow mask with this index:
𝐼𝑓 (𝐵1)>𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑_𝐵1 𝑎 (𝐵10) < 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑_𝐵10modulatedWithGroundElevation 𝑎𝑛𝑑
𝑠𝑛𝑜𝑤 𝑖𝑛𝑑𝑒𝑥 >𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑_𝑠𝑛𝑜𝑤_𝑖𝑛𝑑𝑒𝑥
𝑃𝑖𝑥𝑒𝑙 𝑖𝑠 𝑠𝑛𝑜𝑤
This mask allows distinguishing snow and opaque clouds.

5.3.4 Cloud mask refinement
The clouds masks can be computed taking the snow masks and the threshold on
B10 modulated with ground elevation as follows:
𝐼𝑓 (𝐵1)>𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑_𝐵1 𝑎𝑛𝑑 Pixel is not snow
Pixel is opaque
Else 𝐼𝑓 (𝐵1)<𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑_𝐵1
(𝐵10) > tℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑_Cirrus_𝐵10modulatedWithGroundElevation
Pixel is Cirrus
A pixel is declared cloudy if it satisfies the criteria defined above. A cloud image is
then filled in with 0 if is a cloud free pixel, 1 if it is an opaque pixel and 2 for a
cirrus pixel. Nevertheless, these criteria are not perfect. There could be false
detections due to a high reflected feature in the blue band or due to a geometric
error. Indeed, clouds are not spectrally registered.
To limit the impact of such errors, a filtering is performed on the cloud masks (on
the opaque and on the cirrus masks separately) using an opening (morphologybased operations). This processing ensures that a pixel declared cloud free is really
cloud free. The intersection of the two masks is then handled after the filtering
operation. If a pixel has two labels (i.e. 1 and 2), the opaque label (1) prevails.
The percentage of cloudy pixels is calculated on the cloud mask. It corresponds to
the ratio between the pixels declared cloudy (including opaque and cirrus clouds:
label 1 and label 2) and the total number of pixels in the image.
The percentage of cirrus clouds is also calculated on the cloud mask. It
corresponds to the ratio between the pixels declared cirrus (label 2) and the pixels
declared cloudy (including cirrus and opaque clouds).
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