Sentinel-3 Doc. No.: SLSTR-RAL-EUM-TN-003

QOQGI’DICUS SLSTR Issue: 3 Rev: 0
C .
RAL Space™\ Uncertainties ATBD  Date: 25-Oct-2019  Page 1 of 42

Sentinel-3 SLSTR Uncertainties in Level-1 Products Algorithm
and Theoretical Basis Document

Name Signature / Date
/]
. M/ Mireya Etxaluze
Prepared By Mireya Etxaluze V4 2019.10.28 09:35:44 7
é_;\'“ ) .10. :35:
. Dave Smith
Checked By Dave Smith W 2019.10.25 13:24:21 +01'00'

Science and Technology Facilities Council
Rutherford Appleton Laboratory
Harwell Science and Innovation Campus
Didcot
Oxfordshire OX11 0QX
United Kingdom

© 2019 RAL Space




Sentinel-3 Doc. No.: SLSTR-RAL-EUM-TN-003

4 N\
Qopernlcus SLSTR Issue: 3 Rev: 0
C .,
RAL Space™\ Uncertainties ATBD  Date: 25-Oct-2019  Page 2 of 42

CHANGE LOG

Date Issue Revision | Pages Reason for change

11-Apr-2019 1 0 Creation

04-Sep-2019 | 2 0 RIDs from EUMETSAT included

25-Oct-2019 3 0 - Potential Evolutions included

- Output file name changed to
<b>_ uncertainties _<g><v>.nc as requested in RIDs

Typographical corrections

© 2019 RAL Space




N\ ) Sentinel-3 Doc. No.: SLSTR-RAL-EUM-TN-003
(opernlcus SLSTR Issue: 3 Rev: 0
C .,
RAL Space 3 Uncertainties ATBD Date: 25-Oct-2019  Page 3 of 42
CONTENTS

1 Scope of Document / INTrOAUCHION ..o e e e e e e e e e e e e e e e e e s e aaaans 5
2 Terms, Definitions and AbDreviations ............ccuuiiiiiiiii e 5
2.1 Terms and DEfiNIfIONS .......ueiiiiiiiiiie et e e et e e e sttt e e e e et e e e e ante e e e e aanraeeeeen 5
A o1 (o] )Y/ 41 SRS 6
K T I To Lo ¥ ] =T o | £ PR 7
T B2V o] o] [ox=1 o] (=31 B To Yot [ 4 1= o | SO O O PPUURP 7
3.2  Reference PUDIICAtIONS ........cooiiiiiii ettt e e e e e et e e e e e ee e e e e snnae e e e e ennees 7
K T © o] 1= Te: 111 SRR 8
7S N [o To 41101 0 T8 0 L= T3 o] o TSRS 8
5  Algorithm Description for TIR/Fire Channels..............ooiiiiiiiiii e 11
5.1  Input Files for TIR ChANNEIS ........oeeiiiiiiieii e eeaa e 11
5.1.1 Level-1 Brightness Temperature Data............coooiiiiiiiiiiiiiie et 12
5.1.2 Radiometric UNCEMAINTY ........coiiiiiiiiiiiie et et e e e e e e e e e e e 13
5.1.3 NEATS @t BB TEMPEIALUIES .......oeviiiiiiiieiiiecite ettt e e e e e e e e e e e e e e e e e e e e eannreeeees 14
5.1.4 Temperature-to-Radiance LUT .........oooooiiiiiieeeee e e e e 15
5.1.5 Reference NEAT MOAEL......cccoo ittt e e e et e e e e e nrae e e e e e 16
5.1.6  INAICES DAASEL.......eeiiiiiiiiiee e e e nrae e e e nnees 17
LS IZZ AN [o To 41101 g T D L= Tor 41 o] (1] o I RS 17
5.2.1 Radiometric uncertainties to Level-1 image pixel IeVvel...........ccoviiiiiiiie i 17
5.2.2  RAIOMELIC NOISE ....eiiiiiiiiiii it e e e e ettt e e e e e st e e e e e snneeeaeeanraeeeeennees 19
5.3 AIGOrithm OULPUL FIlES ...t e et e e st e e e s st e e e annsseeeeeannaeeaas 22
LR R I €110 o T= 1 = 111 011 (=Y SRS 23
5.3.2  Variables and attribULES ..........cccuiiiii i 23
5.4 PropoSed EVOIULIONS .......cooiiiiiiiieiie et e e e e e e e e e e e e e e e e e e e e naabaeaeeeaaaeeeas 25
5.4.1 Changes 0N the LeVEI-T ADFS .....ooo it a e e 25
5.4.2 Changes on the LeVEI-2 ADFS ......ooo it e a e e 25
6  Algorithm Description for VIS/SWIR Channels ...........cooiiiiiiiiiiiiie e 26
6.1 Input Files for VIS/SWIR ChannelS ...ttt e 26
6.1.1  Level-1 radiance data ProAUCES ............coooiiiiiiiiiiieeee e e e e e e 27
6.1.2 Radiometric Uncertainty ESIMates .........cooooiiiiiiii e 28
6.1.3  VISCAL radianCe @nd NOISE .........cccoiiuiiiiieiiiiiee ettt e e e et e ettt e e e e st e e e e e entae e e e e snnteeaeeanraeeeeennnees 29
6.1.4 Blackbody radiance and NOISE...........c.uuiiiiiiiiiie e 30
6.1.5  INAICES DA@SEl.......eeiiiiiiiiiiie e e e ae e e e nnees 31
(ST AN (o To 4110 ¢ T I LYY 41 0] (1) o I RSP 32
6.2.1 Radiometric uncertainties to Level-1 image pixel Ievel...........ccoveeiiiiii i 32
(I ¥ To Lo 40 T= ) (4 ol N[ 1 SRS 33
6.2.3 Map NEAL tO LEVEI-T IMAGE.......eiiiiiiiiiei ettt e e e e e e e e e e nree e e e e nnees 38
6.3 AIGOrithm OULPUL FIlES ... ittt e e sttt e e s s et e e e snnsseeeeeanneeeeas 38

© 2019 RAL Space



C\ ) Sentinel-3 Doc. No.: SLSTR-RAL-EUM-TN-003
opernicus SLSTR Issue: 3 Rev: 0
T~ o

RAL Space™\ Uncertainties ATBD  Date: 25-Oct-2019  Page 4 of 42
LTS T I €1 o) oY= = 1111 01U (=TS 39
6.3.2 Variables and attriDULES ............oo it e e e e e e e aaees 39

A o1 (=101 (= =LY o] [ (o) 1= TR 41

LSS 10 1010 =1 oYU TRRP 42

© 2019 RAL Space



Sentinel-3 Doc. No.: SLSTR-RAL-EUM-TN-003

Qopermcus SLSTR Issue: 3 Rev: 0
C .
RAL Space™\ Uncertainties ATBD  Date: 25-Oct-2019  Page 5 of 42

1 Scope of Document / Introduction

This document describes the theoretical justification for the algorithm developed to allow the estimates of the
SLSTR Level-1 random noise (NEAT and NEAL) and correlated uncertainties (uBT, uL) in the radiometric
calibration to be mapped for each L1 image pixel. This work has been performed under the European Union’s
Copernicus Programme, and managed by EUMETSAT through the contract EUM/CO/18/4600002122/A0C.

2 Terms, Definitions and Abbreviations
2.1 Terms and Definitions

Channel- Spectral channel (S1-S9 + F1-F2)

Calibration is the process of quantitatively defining the system response to known, controlled system inputs.
Error is defined as the difference between a result obtained and the ‘true’ value.

Field-Of-View - is the angular extent of a given scene that is viewed by the instrument.

Infrared (IR) radiation is electromagnetic radiation of wavelengths between about 750nm and 1mm. This is
broken down into 5 wavelength regions

Near-IR - 0.75-1.4 ym
Short-Wave IR - 1.4-3 um
Medium-Wave IR - 3-8 ym
Long-Wave IR - 8-15 ym

Image swath - Maximum distance on ground between the positions of two spatial samples belonging to the
same row.

Image sample - image element containing radiance measurements of co-registered pixels for all bands.

Precision is defined as the difference between one result and the mean of several results obtained by the
same method.

Traceability is the property of the result of a measurement or the value of a standard whereby it can be related
to stated references, usually national or international standards, through an unbroken chain of comparisons
all having stated uncertainties.

Uncertainty parameter associated with the result of a measurement, that characterises the dispersion of the
value that could reasonably be attributed to the measurand.

Type A evaluation (of uncertainty) method of evaluation of uncertainty by the statistical analysis of
series of observations. This is usually given by the standard deviation of a number of measurements
of a variable.

Type B evaluation (of uncertainty) method of evaluation of uncertainty by means other than the
statistical analysis of series of observations. This is usually based on existing knowledge, for example
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data provided in calibration and other certificates or an estimation of the uncertainty based on previous

experience.

Visible light is electromagnetic radiation detectable by the human eye with a wavelength between

approximately 400nm and 700nm.

Validation is the process of assessing by independent means the quality of the data products derived from

the system outputs.

2.2 Acronyms

AATSR
ADC
ADF
ATBD
BB

BT
CPU
GPP
IODD
IPF

IR

LUT
NetCDF
NEAL
NEAT
RAL
SLSTR
STFC
SRD
SWIR
TIR
VIS
VISCAL

Advance Along-Track Scanning Radiometer
Analog-to-Digital Converter

Auxiliary Data File

Algorithm Theoretical Basis Document
Blackbody

Brightness Temperature

Central Processing Unit

Ground Prototype Processor

Input Output Data Definition

Instrument Processing Facility

Infrared

Lookup Table

Network Common Data Format

Noise Equivalent Differential Radiance
Noise Equivalent Differential Temperature
STFC Rutherford Appleton Laboratory, UK

Sea and Land Surface Temperature Radiometer

Science and Technology Facilities Council
System Requirements Documents
Short-Wave Infrared

Thermal Infrared

Visible

Visible Calibration Unit
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3 Documents

3.1

Applicable Documents

The applicable documents are:

Document title Document reference
AD1 | SLSTR PFMr TIR Channel Calibration Report S3-RP-RAL-SL-122
AD2 | SLSTR Level-1 ATBD S3-TN-RAL-SL-032
AD3 | Sentinel-3 Product Data Format Specification SLSTR Level 1 & Level S3IPF.PDS.005
2 Products
AD4 | Sentinel-3 _Core E’_DGS Instrument Prqcegsmg Facility (IPF) S3IPF.PDS.007
Implementation. Auxiliary Data Format Specification
AD5 | PFMr VIS and SWIR Calibration Report S3-PR-RAL-SL-121
AD6 | ESA GMES Sentinel-3 System Requirements Document, Issue 4 S3-RS-ESA-SY-0010
AD7 | SLSTR B FPA Spectral Calibration Report S3-PR-RAL-SL-102
3.2 Reference Publications
RP1 | Book Editor Publisher
Intelligent Production Machines and | John T. Sample & Elias loup Elsevier
Systems
Title Author Year
Spectral Characterization of digital | loannis Chatzis, Dimitris Gauvrilis, 2006
Cameras using Genetic algorithms | Evangelos Dermatas
RP2 | Title Author Reference
The Sea and Land Surface | P. Coppo, C. Mastrandrea, | SPIE, Remote Sensing, 2013
Temperature Radiometer (SLSTR) | M. Stagi, et al.
Detection Assembly design and
performance
RP3 | Title Author Reference
Traceability of the Sentinel-3 SLSTR | D. Smith, S. Hunt, E. In preparation
Level-1 Infrared Radiometric | Wooliams et al.
Processing
RP4 | Title Author Reference
Applying principles of metrology to | J. Mittaz, C.J. Merchant, Metrologia 56, 2009
historical Earth observations from | E.R. Woolliams
satellites
RP5 | Title Author Reference

D2-2a: Principles behind the FCDR
effects table

E. Woolliams, et al.

Technical report. National
Physical Laboratory and
University of Reading. 2017
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3.3 Objectives

This document presents the algorithms to allow users of SLSTR Level-1 data to derive per pixel uncertainty
estimates using the information contained in the Level-1 products, and additional auxiliary data files (ADF).
The per-pixel uncertainty information is provided in complementary datasets that are generated. The algorithm
can either be applied directly by users (by provision of a user tool) or implemented as an upgrade to the IPF
processor.

4 Algorithm Definition

The Level-1 quality data sets contain estimates of the random signal noise (NEAT and NEAL) per scan line
derived from the on-board calibration sources, and correlated radiometric uncertainties as a function of scene
brightness temperature/radiance derived from the pre-launch calibration.

The algorithm requires a combination of uncertainty estimates data provided in the Level-1 products and some
additional parameters derived from the pre-launch calibration contained in Level-1 and Level-2 ADFs.

As part of this work, an article for publication is being written, where the calibration model and the uncertainty
contributions are presented in detail [RP3].

The noise derived from the on-board calibration sources is an uncertainty associated with fully random errors.
Fully random errors vary unpredictably from measurement to measurement. These errors are entirely
uncorrelated between measurements and can be reduced by averaging [RP4, RP5].

The radiometric uncertainty is associated with correlated errors arising from the pre-launch calibration [RP4,
RP5].

Figure 1 shows graphically a description of the algorithm. The noise is estimated for both, for the TIR channels
and for the solar channels. The script provides NEAL for the solar channels and NEAT for the TIR channels.
In addition, the output NetCDF file for TIR channels contain the dL/dT values, which can be used by the user
to transform NEAT into NEAL.

The naming convention of the input data is described in Table 1 using the place holders for the satellite, band,
view and grid names, which are to be substituted for each valid combination.

A limitation of the current Level-1 data quality information is that noise estimates are only provided from the
two on-board blackbodies. For the TIR channels (S7-S9, F1-F2) NEAT values are provided for two scene
temperatures. For the VIS/SWIR channels (S1-S6) only dark noise estimates are provided. A radiometric noise
model is applied to these data to provide noise estimates for the full range of scene BT/radiances.

© 2019 RAL Space
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Table 1 Abbreviation meaning of the place holders for the satellite, band, view, and grid names for SLSTR channels

Variable Place holder Possible Values
S3A or S3B

Mission ID <MMM>

— S1to S6for VIS/SWIR
— S7toS9forTIR

band <b>
— F1, F2 for Fire channels
— ‘n’ for nadir view

view <v> — ‘0’ for oblique view

— ‘a’for 0.5km visible and
SWIR “A stripe” grid

— ‘b’ for 0.5km SWIR “B

grid <g> stripe” grid

— ‘i"for 1km TIR or Fire
channels grid

© 2019 RAL Space
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L1 Product

<b>_quality_<g><v>.ng

BN

New ADF with coefficients
from pre-launch testing

Model
coefficients

L1 Product

m

e
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Indices_<g><v>.ng
and
<b>_radiance_<g><v>.ng.

netCDE file

netCDE file ’

-

Ingest BT/radiance Quality
Datasets

|

NEAT/NEAL per scan

!

Average NEAT/NEAL per granule

'

NEAT/NEAL per granule

I

Apply noise model to get
Noise vs. Radiance/BT

!

NEAT/NEAL vs. Radiance/BT

!

Output to NetCDF file

l

uBT/ul. per granule

Ingest BT/Radiance Datasets

,

BT/L

I

or
<b> BT_<g><v>.ng.

Interpolate Noise and uncertainty to L1 BT/L

|

NEAT/NEAL per pixel

}

uBT/ulL per pixel

Figure 1 Diagram of the proposed algorithm to map L1 uncertainties for each pixel. The script provides NEDL, uL for the
solar channels and NEDT, uBT for the TIR channels. In addition, the output NetCDF file for TIR channels contain the
dL/dT values, which can be used by the user to transform the uncertainties from temperature to radiance units if needed .
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5 Algorithm Description for TIR/Fire Channels

The algorithm requires SLSTR Level-1 product package and auxiliary data files (ADF). Only the data files
required for the algorithm performance are described here.

5.1 Input Files for TIR channels

Figure 2 shows a diagram of the input files necessary for the estimate of the Level-1 uncertainties at the pixel
level.

L1 product package Auxiliary Data Files (ADF)
Measurement Files Annotation Files Level-1 Level-2
v v v
Brightness Temperature Level-1 TIR Quality Indices dataset Temperature- Thermal Infrared
to-radiance LUT Noise Data File
<b>_BT_<g><v>.nc <b>_quality_<g><v>.nc indices_<g><v>.nc
TIR-Calibration-<b>-<v>.nc J

SL_2_<b><v>_AX.nc

Level-1 ADF: <MMM>_SL_1_<v>_<b>AX_<data_start>_<data_stop>_<creation_time> MPC_O_AL_006.SEN3
Level-2 ADF: <MMM>_SL_2_<b><v>_AX _<data_start>_<data_stop>_<creation_time> MPC_O_AL_001.SEN3

Figure 2 Algorithm input files for TIR Channels

The sources of information needed to perform the mapping of uncertainty estimates are described below

1) The SLSTR Level-1 product which is composed of several NetCDF files containing the different
measurement and annotation data sets, including:

a) The measurement datasets comprising the brightness temperature for each thermal infrared channel
S7 to S9 and each fire channel F1 and F2, sampled at 1 km resolution on a quasi-cartesian image
grid. These files are:

<b>_BT_ <g><v>.nc

b) The annotation files contain Level-1 Thermal Infrared Quality data files:

<b>_quality_<g><v>.nc

© 2019 RAL Space
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These files contain estimates of detector noise measured from the blackbody signals, and the LUT of
radiometric calibration uncertainty estimates.

An indices dataset containing the scan, pixel and detector number of the image pixel in the original
instrument coordinates.

indices_<g><v>.nc

2) The SLSTR Level-1 TIR ADF used in the Level-1 processing. The file identification is:

3)

<MMM>_ SL 1 <v> <b>AX <data_start> <data_stop>_<creation_time> MPC_0_ AL 001.SEN3

The file contains NetCDF files with the name

updated_v3 <MMM>_SL CCDB_CHAR_TIR-Calibration-<b>-<v>.nc
that contains temperature-to-radiance lookup tables (blackbody emissivity and non-linearity LUT).
Note: These files are not provided with the Level-1 product.
SLSTR Level-2 ADF
<MMM> SL 2 <b><v> AX <data_start> <data_stop> <creation_time> MPC_0_ AL 001.SEN3
This file contains a NetCDF file with the name

SL_2 <b><v> AX.nc

which contains a LUT of detector noise as a function of scene temperature and detector temperature.
The purpose of this file is to provide a reference curve that allows the NEAT values at the two on-board
bb temperatures provided in the quality datasets to be scaled as a function of scene temperature. The
current version of the Level-2 auxiliary files were defined during the original GPP (Ground Prototype
Processor) development from AATSR measurements and do not represent the actual behavior of
SLSTR. For this tool we propose a new, simpler auxiliary file with the noise values vs. temperature.

511 Level-1 Brightness Temperature Data

The calibrated brightness temperatures from each instrument pixel are mapped onto a regular quasi-cartesian
grid with a resolution ~1km for the thermal IR and fire channels. The measurement datasets are contained in

the files:

<b>_BT_<g><v>.nc

Figure 3 shows a typical S3A SLSTR Level-1 Brightness Temperature product observed on the 315t May 2018
(orbit 377). The size of the image is 1441x1200 pixel?> and 810x1200 pixel? for nadir and oblique view,
respectively.

© 2019 RAL Space
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Figure 3: Brightness Temperature map over Red Sea as observed by channel S8 in nadir (left) and oblique (right) views

51.2 Radiometric Uncertainty

The Level-1 quality products contain a LUT with correlated uncertainty estimates in the radiometric calibration
as a function of scene temperature. The key parameters in the LUT are:

<b>_scene_temperature_<g><v> = LUT Abscissa values
<b>_radiometric_uncertainty_<g><v> = LUT Ordinate values

The calibration uncertainties were derived during the pre-launch calibration using the calibration budget
described in the pre-launch calibration report [AD1]. Note that the uncertainty is not a single value (as in the
uncertainty is 0.1K) but it is dependent on the scene temperature.

Figure 4 shows the IR channel radiometric calibration uncertainty estimates provided in the current Level-1
product as a function of the scene brightness temperature.

TIR channels Fire channels
‘|w.wE||rllllvlIl|Illlvlllllvllllllllllllllllg 1-w:llllllIIIIIIII[IIIIIIII'IIIII_
= s7 3 E 1
C S8 A o .
10.005 S9 =
€ = 3 € L -
£ - g £
g 100 = =5 go.w_— —
5 1 5 F E
E C E & o ]
0.105 = .
oo -lIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIlllllla oo - l L L1 l L L L1 [ L L1 l L L 1 l L L1
%00 200 300 400 500 oo 250 300 350 00 450 500
Scene Brightness Temperature (K) Scene Brightness Temperature (K)

Figure 4: Radiometric uncertainty as a function of scene temperature for the TIR channels (left) and Fire channels (right)
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51.3

NEATs at BB Temperatures

The radiometric quality datasets contain the noise equivalent temperature differences (NEAT) in K for each
scan line of the image. The noise is a fully random uncertainty provided for each scan line, integrator and
detector. The derivation of the radiometric noise is provided in the Level-1 ATBD [AD2].

Figure 5 and Figure 6 show the Hot and the Cold blackbody temperature measure per scan, and the measured
NEAT per scan by each detector, respectively. The variation of the Hot and the Cold blackbody temperature
measured per scan along the granule is less than 1 mK.

1200
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400

200

2974 302976 302.978 302.980 302.982 302.984 302.986

| It

ty
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1200

800
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400

200

BB1 temperature (K)

|11

22222

S L
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BB2 temperature (K)

Figure 5: Temperature measured by the Hot (Left) and the Cold (right) blackbodies over each scan.
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Figure 6 NEAT per scan determined over the Hot (Left) and the Cold (right) blackbodies.

5.1.4 Temperature-to-Radiance LUT

The temperature-to-radiance LUT in the Level-1 calibration ADFs provides the in band spectral radiance as a
function of temperature from 77K to 330K for S7-S9, and from 200K to 500K for F1 and F2. Figure 7 shows
the temperature to radiance LUT for each channel.

Note that there are two ADFs for each channel, one for each nadir and oblique scan view. In addition, each
channel contains a 2-dimension LUT of spectral radiance, one for each detector to allow for differences in
the spectral responses of the detectors. However, the temperature-to-radiance LUTs are identical because
the spectral responses are the same for each detector and earth view. The radiance in Wm2sr'um™' for a
specific temperature T(K) can be obtained by quadratic interpolation to the table.

TIR channels Fire channels
15 Trrr I Trrr I TrTrT I TrTrT l TTrorT I Trrr 80 T TrrrT I T Trrr l T T l T Trrrr I Trrr I Trrr
[ s7 i L F1
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Figure 7: Temperature to radiance LUTs from the Level-1 calibration ADFs for TIR (left) and Fire (right) channels
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5.1.5 Reference NEAT Model

The SLSTR Level-2 Thermal Infrared (TIR) Noise Data file contains LUTs of NEAT vs Temperature for each
detector and as a function of detector temperature. These tables act as a reference model that allow us to

scale the NEATs measured at the two internal BBs to the full range of scene temperatures.

Note: The current version of the NEAT LUTs in the SLSTR Level-2 ADF are based on a theoretical model and
pre-launch estimates from the instrument development phase. The pre-launch calibration and in-orbit data
show that these estimates were higher than the measured values and a revised model is needed as a
reference.

Figure 8 shows the NEAT model currently included in the SLSTR Level-2 ADF, and the pre-launch
calibration measurements.

S7 NEDT
0.10

008 - —-—-—-—-—-—-—-—--—-—- - - -~

0.06

0.04

NEDT (K)

0.02

0.0%

Illllllllllllll'lll

b RN RRRERRRRRRRERRR

240 260 280 300 320
Target Temp (K)

S8 NEDT
0.10 T T T T T T T T T T T | T T T T T T T T T

0.08

0.06

NEDT (K)

0.04
Performance Model Prediction

A a)| =) A
7 .8 pBs @
240 260 280 300 320
Target Temp (K)

0.02

0.0%

IllIllIII

8 IIIIIIIIIII IIIIIII

S9 NEDT
0.10 T T T T T T T T T T T | T T T T T T T T T

0.08

0.06

0.04

NEDT (K)

Performance Model Prediction
$., 7 ,% pes@ @
1 1 |

240 260 280 300 320
Target Temp (K)

0.02

0.0%

Illllllll

S TTIT[TTT]T

Figure 8: NEAT versus Temperature for all the TIR channels. (1) NEAT versus Temperature based on the instrument
performance model prediction contained in the SLSTR Level-2 ADF (Red Line). (2) Radiometric noise requirement from
the SRD (Dashed red line). (3) Radiometric noise from the blackbody signals as a function of the temperature from the
pre-launch calibration tests (Symbols).

© 2019 RAL Space



(\ ) Sentinel-3 Doc. No.: SLSTR-RAL-EUM-TN-003

OPEIMICUS SLSTR Issue: 3 Rev: 0
Tk

RAL Space™\ Uncertainties ATBD ~ Date: 25-0ct-2019  Page 17 of 42

5.1.6 Indices Dataset

The Level-1 products contain a NetCDF file of indices which map the gridded pixel detector number in across
and along track direction considering 1 km grid for the TIR and Fire channels.

1200

1000

scan number
g

pixel number

Figure 9: Gridded Level-1 image showing the detector number of each pixel. Yellow shows the pixels
associated with detector 1, and in black are the pixels related to detector 2.

5.2 Algorithm Description

The algorithm uses the input files described in the previous section and computes three Level-1 images, one
image containing the radiometric calibration uncertainties (systematic effects) and a second image containing

the radiometric noise (random) at the pixel level. In addition, the algorithm computes an image of the slope of

radiance vs. BT (Z—;) at the pixel level. This image can be used to make the conversion from NEAT to NEAL.

5.21 Radiometric uncertainties to Level-1 image pixel level

The algorithm calculates the radiometric uncertainty per pixel by interpolation over the Level-1 brightness
temperature image (BTscene)-

5.21.1 Read Data
From the Level-1 product NetCDF files read the following:

a) The Level-1 brightness temperature image, for each channel, and each view

BTcene[Ni, Nj] = <b>_BT_<g><v>.data [Ni, Nj] where Ni, and Nj are the size dimensions of the image
b) The scene brightness temperature range values in the LUT

BT[N] = <b>_quality_<g><v>.scene_temperature.value [N]

c) The radiometric uncertainty values in the LUT
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uBT[N, det] = <b>_quality_<g><v>.radiometric_uncertainty.value [N, det]
where, N is the number of elements of brightness temperature values and det is the detector number.

5.21.2 Create output image
For each channel, we can generate a new image for the uncertainty estimates

UBTscene [NI" Nj]

5.21.3 Interpolate to get uncertainty

The scene radiometric uncertainty uBT,..,..[i,j] is computed by a quadratic interpolation of uBT[N, det]
values against BT[N].

We define

Z = BTy.eneli, j1 as the scene brightness temperature on pixel [i,j]

Y = uBT[N, det] is the radiometric uncertainty equivalent for a range of N brightness temperature values
and for each detector given on the Level-1 quality product. However, the radiometric uncertainty is
currently the same on both detectors, so we can assume that:

Y = uBT[N]

X = BT[N] is the brightness temperature on the Level-1 quality product.

For each pixel [i,j] on the Level-1 image, we define s as the element on the brightness temperature LUT, X[s],
that minimizes the function f = |X[N] — Z[i, /]|

min (|X[s] — Z[i, j]1) Eq. 4- 1

We define the values:

X0 = X[s — 1] Eq. 4- 2
x, = X[s] Eq. 4-3
x, = X[s +1] Eq. 4-4

For each pixel [i,j] on the Level-1 image, the radiometric uncertainty uZ is calculated by a quadratic interpolation
defined as:

(Z —x1) X (Z—x3) (Z —x0) X (Z — x3) (Z —x0) X (Z —x1)

e S L 1C T D M [ T S E1 T i feoppos poy copupey

Eq. 4-5

5.21.4 Copy results to image
The result is copied to the uncertainty image such that uBT, .. [i,j] = uZ.

Figure 10 shows the resulting radiometric uncertainty uBT..,. image for channel S8 and for nadir view.
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Figure 10 Per pixel radiometric uncertainty estimate from the Level-1 data products for channel S8 and for nadir view

5.2.2 Radiometric Noise

The Level-1 quality data sets contain the signal noise NEATgg per scan line derived from the two on-board
blackbodies. So, the noise estimates are provided for only 2 radiance levels. To determine the signal noise of
the Level-1 data products per pixel, we need to interpolate to the full range of scene brightness temperature
using the radiometric noise model from the results of the pre-launch calibration.

5.2.21 Read input data

From the Level-1 thermal Infrared Quality NetCDF files <b>_BT_quality_<g><v>.nc, for each channel, <b>,
and each view, read:

a) the hot and the cold blackbodies temperature
Tger[N] = T_BB<k>.value[N]

b) the corresponding radiometric noise estimates
NEATgg [N, int,det] = dT_BB<k>.value [N, int, det]
where N is the number of scans, and <k>= 1 or 2 for the hot or the cold blackbody. In addition, the
Level-1 Quality data files include the blackbody noise equivalent delta brightness temperature per
scan, N, and for each detector, det, and integrator, int

c) Alsoread in the channel band centre

A = band_centre.value
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From the SLSTR Level-1 TIR ADF file named updated v3 S3A SL CCDB_CHAR_TIR-Calibration-<b>-
<v>.nc read:

a) L1_BT[N1] = TEMPERATURES.value [N1] where N1 is the total 324 temperature values between
77K and 400K

b) L1_rad[N1] = RADIANCES.value [N1,det] in Wm™2sr~*um~1. For a range of brightness
temperature values in the lookup table, the equivalent radiance estimates are the same for both
detectors, so L1 _rad[N1] = L1_rad[N1,0] = L1_rad[N1,1]

From the SLSTR Level-2 ADF SL_2_<b><v>_AX.nc read the lookup table of detector noise vs. brightness
temperature:

a) L2_BT[N2] = TEMPERATURES.value [N2] where N2 is the total 201 temperature values between
150K and 350K

b) L2_NEDT[N2] =NEAT_LUT.value [v, N2, int, det] The file contains the same noise model for every
detector, scan view and integrator.

5.2.2.2 Derive Scaling Factor in Radiance Space, KL

The response of SLSTR is really a function of the earth scene radiance, so the scaling of the radiometric noise
is best performed in terms of radiance, L.

The temperature measured at the blackbodies Typ;, is first converted to radiance Lgg; using the temperature-
to-radiance LUTs provided. Following the procedure described in Section 5.2.1.3, we define:

o Z; = Tgp, is the granule averaged temperature for the blackbody i.
e Y =L1_rad[N]is the radiance Wm™2sr~'um™?! from the radiance-to-temperature LUT.
e X = L1_BT][N] is the brightness temperature from the LUT.

Z—x)X(Z—x Z—xy) X(Z—x Z—xy) X(Z—x

Lopi = ¥is 1] (ECO - xii X Exo - ;2)) *¥ls] (551 - xZ; X Ex1 - ;2)) trls+1l (Efz - XZ; X Exz - ;3) Eq.4-6
Where, s is the element on the brightness temperature LUT, X[s], that minimizes the function
f=I1XINT—=Z[i,j]|

min (|X[s] — Z[i,j]1) Eq. 4-7
We define the values:

X0 = X[s — 1] Eq. 4-8

x; = X[s] Eq. 4-9

x, = X[s +1] Eq. 4- 10

Figure 11 shows the radiometric noise model from the Level-2 ADF (NEAL vs. L (Wm?sr'um™)). We can see
that the radiometric noise derived from the BB signals (neAlgg) is lower than the values provided in the auxiliary
file. The LUT in the ADF is derived from the instrument performance model provided by industry. This is the
'pre-launch’ estimation to give us the shape of the noise curve. However, the actual flight performance is much

© 2019 RAL Space



Sentinel-3 Doc. No.: SLSTR-RAL-EUM-TN-003

Qopernlcus SLSTR Issue: 3 Rev: 0
C .
RAL Space™\ Uncertainties ATBD  Date: 25-Oct-2019  Page 21 of 42

better than the predicted values so, the radiometric noise model needs to be rescaled to the measured
blackbody noise provided in the Level-1 data. Applying the quadratic interpolation method defined from Eq. 4-
1 to Eq. 4- 5, NEALgg,[det] and NEALgg,[det] per granule are estimated for each blackbody averaged
radiance (Lgg, and Lgg,), and for each detector. Together with the radiance per scan for each blackbody (Igg,
and lgg,), and the noise per scan neAlgg, and neAlgy, for each detector, a scale factor for each detector is
defined as:

Eq. 4- 11

1 ( N nellgg,[i, det] N nellgg,li, det])

KL[det] = 2N\ NEALgg,[det] NEALgg,[det]

ET T 1 1T 1T LI 17T LI 13

0.006 = | | [ | [ 3

= Radiometric Noise Model NEDL =

0.005 E— NEDLgg, NEDL gg, _é

0.004 E— =

£ 0.003 - =

0.002 ;— (lgss,nedlgg) —i
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Figure 11: Black curve: Radiometric noise model (NEAL vs. L(Wmsr'um™)) determined for the instrument performance
model. Squares: radiometric noise vs. temperature measured over the cold (blue) and hot (red) blackbodies and averaged
over the granule. Green curve: Re-scaled Radiometric noise model (NEALx KL vs. L(Wm2sr'um™))

5.223 Derive new NEAL values as function of scene radiance
The NEAL for each detector as a function of scene radiance L[N], is then computed as L2_NEAL[N] x KL[det].

5.2.2.4 Convert NEAL values to NEAT
We then convert back into NEAT as a function of BT using

oL -
NEAT[N, det] = L2_NEAL[N] x KL[det] (ﬁ (N)) Eq. 4-12

Where Z—; (N)is the slope of radiance vs. BT at the corresponding point in the look-up-table.

This provides new values of NEAT(N,det) vs BT(N) for each detector element that can be interpolated to the
level-1 BT as for the uncertainty estimates.

5.225 Map NEAT estimates to Level-1 Image

By knowing which pixel on the Level-1 image is related with which detector, we can interpolate the radiometric
noise for each detector on to the Level-1 brightness temperature image.

e idet = indices_<g><v>.detector]i,j] is the detector number of each pixel
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o 7 = BT,..neli,j] as the scene brightness temperature on pixel [i,j]

e Y = NEAT]idet, BT]
e X = BT is the brightness temperature on the noise model LUT.

The radiometric noise NEAT ;... [i, ] at the pixel level is determined by interpolation of the new estimates of
noise model (NEAT[idet, BT] x KT[det] vs BT) over each pixel on the Level-1 brightness temperature image,
by following equations Eq. 4- 1 to Eq. 4- 5.

pixel number

Figure 12 Radiometric noise NEAT; one

5.3 Algorithm Output Files

The algorithm provides an output product file in NetCDF format, which is identified as:

<b>_uncertainty_<g><v>.nc

Table 2 shows the CPU processing time for a single channel and for all five TIR/Fire channels processed
together for both scan views. In addition, the table contains the output products size in MB.

In order to reduce the output product size, the data are converted to 16-bit signed integer by using the scaling
factors and the offsets provided in the attributes of each variable.

The size of one output product containing all the TIR/Fire channels and both views is 86.5 MB. It is only ~15
% of the total size of the original SLSTR Level-1 product.
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Table 2 CPU Processing time and the output product size in MB for the TIR/Fire channels in nadir and oblique views

Channel | Number of Channels View Processing Time (CPU) Product Size (MB)
Nadir 1.6 10.8
1 oblique 1.2 6.5
) nadir & oblique 2.8 17.3

TIR/Fire

Nadir 7.7 54.0
5 oblique 5.0 32.5
nadir & oblique 13.0 86.5

Every output file contains a set of dimensions, attributes and variables. Table 3 describes the output
uncertainty file provided by the Python script.

5.3.1 Global attibutes
The global attributes are defined as follows:

a) ‘_ncproperties’: Version of the NetCDF and the hdf5 libraries used at creation time

b) ‘Description’: Indicates the channel, the detector array and the scan view

c) ‘Source’: gives information of the software version used

d) ‘References’: string containing the ATBD and the IODD documents number

e) ‘Product_name’: corresponds to the identifier of the input SLSTR Level-1 product package

f) ‘LEVEL-1_ADF_Product_name’: indicates the identifier to the input SLSTR Level-1 ADF

g) ‘L2_ADF_Product_name’: indicates the identifier to the input SLSTR Level-2 ADF

h) ‘contact: it should contain a EUMETSAT email address

i) ‘creation_time’: indicates the date and time of when the <b>_uncertainty_<g><v>.nc file was
created

5.3.2 Variables and attributes
The output file contains three variables:

1) The brightness temperature uncertainty
2) The noise equivalent brightness temperature

3) The partial derivative of the radiance as a function of temperature Z—;

Each variable is mapped onto a grid of 1 km resolution. It is a two-dimensional grid defined by the number of
rows and columns (across-track and along-track) in the input Level-1 brightness temperature image.

The partial derivative of the radiance as a function of temperature, Z—;, is provided in the output NetCDF file.
This variable allows the user to convert NEAT to NEAL
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Table 3 Description of the output NetCDF file for TIR channels

# dimensions: 2
# Variables: 3
# Global attributes: 9
There are no unlimited dimensions.

Dimensions
0 Name: along-track
1 Name: across-track

Global Atributtes
0 _ncproperties:
1 description:
2 source:
3 references:
4 Product_name:

5 L1_ADF_Product_name:
6 L2_ADF_Product_name:

7 contact
8 creation_time

Variables and attributes

Size: 1200
Size: 1500

version=1|netcdflibversion=4.6.1|hdf51libversion=1.10.2

S3 SLSTR L1 rad.
mapnoisS3.py

iometric uncertainty and NEDL. Channel=s8, Array=i, View=nadir

SLSTR-RAL-EUM-TN-003 and SLSTR-RAL-EUM-TN-005
S3A SL 1 RBT __ 20180531T073043 20180531T073343 2018053

ops@eumetsat.int
Wed Aug 14 10:0

S3A_SI 1 N_S8AX 20160216T000000_20991231T235959 20170324T120000..
S3A SIL 2 S8N AX 20000101T000000_20991231T235959 20151214T120000..

9:41 2019

0 s8_radiometric_uncertainty in: int16(1500,1200)= intl6(across-track,along-track)

0 _Fillvalue:

1 Units: K

2 standard_name:
3 long_name:

4 scaling_factor:
5 add_offset:

-32768

toa brightness temperature uncertainty

Radiometric uncertainties at the scene BT on the Level-1 image
per pixel. lkm TIR grid

1.83082627E-05

0.0

1 s8_NEDT in: double(1500,1200)= double(across-track,along-track)

0 _Fillvalue:

1 Units: K

2 standard_name:
3 long_name:

4 scaling_factor:
5 add_offset:

-32768

noise equivalent brightness temperature

Noise Equivalent brightness temperature at the scene radiance on the
Level-1 image per pixel. lkm TIR grid

1.22021700E-06

0.0

2 s8_dLdT in: double(1500,1200)= double(across-track,along-track)

0 _Fillvalue:

-32768

1 Units: mW m*-2 sr*-1 nm*-1 nm"-1 K"-1

2 standard_name:
3 long_name:

4 scaling factor:
5 add_offset:

Partial derivative of the radiance as a function of temperature
Partial derivative of the radiance as a function of temperature on the
Level-1 image per pixel. lkm TIR grid

1.52590218E-05

0.0
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5.4

Proposed Evolutions

The ADFs were defined long before SLSTR was actually built and they have not been changed since then. In
the development of this tool we found several 'features’ of the ADF that are either superfluous or missing. We
propose a series of modifications on the auxiliary data files:

5.41

5.4.2

Changes on the Level-1 ADFs
We proposed to include the temperature and the radiance elements of the temperature-to-radiance
lookup table (Section 5.1.4) inside the Thermal Infrared Noise Data file. So, the algorithm would require
only one ADF as an input.

Changes on the Level-2 ADFs
The Noise Data file now contained in the SLSTR Level-2 ADF is a theoretical model which was defined
back to pre-launch calibration. These files will be updated by a new model predicted based on the
instrument performance.
The dimension of the element NEAT _LUT is not the same for all the channels. The dimension is

[detectors, integrators, Nelem, detector temperature] for channels S8 and S9, and [detectors, Nelem,
view] for channels S7 and F1. In addition, there are two independent ADFs for each channel, one for
nadir view and one for oblique view, so the dimension related to the scan view is not necessary and
should be removed from the NEAT_LUT element. The values of NEAT_LUT are also independent of
detectors and integrators. For all these reasons, we propose to reduce the dimension of NEAT LUT
to [Nelem] where Nelem is the number of brightness temperature values in the B_temperature
element.

The Long_Name value in the element NEAT_LUT is “S7 nadir single pixel NEAT estimate LUT” in all
ADFs, independently of the channel or the view. The Long_Name value should indicate the channel
and the view correctly.
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6 Algorithm Description for VIS/ISWIR Channels

The estimate of the uncertainties and the radiometric noise at the pixel level is more straightforward for the
visible and the SWIR channels than for the TIR and the Fire channels. As in the case of the TIR and Fire
channels, the SLSTR Level-1 product package is required as an input in the algorithm. However, the algorithm
doesn’t need any auxiliary data files or characterization data files.

6.1 Input Files for VIS/SWIR Channels

Figure 13 shows a diagram with the input files necessary for the estimate of the Level-1 uncertainties at the
pixel level for the visible and the SWIR channels.

L1 product package
Measurement Files Annotation Files
Radiance Level-1 TIR Quality Indices dataset
<b>_radiance_<g><v>.nc <b>_quality_<g><v>.nc indices_<g><v>.nc

Figure 13 Algorithm input files for the Visible and SWIR Channels.

The sources of information needed to perform the mapping of uncertainty estimates is the SLSTR Level-1
product which is composed of several NetCDF files containing the different measurement and annotation data
sets, including:

a) The measurement files include a set of gridded pixel images of radiance in mMWm2sr'nm-', for each
visible channel S1 to S3 and for each SWIR channel S4 to S6.

The measurement files are named as

<b>_radiance_<g><v>.nc

The files are written in NetCDF format and contain a collection of variables and dimensions, sampled
at 0.5 km

b) The annotation files contain the Level-1 Visible and Shortwave IR Quality data files. These files
contain estimates of detector noise measured at the VISCAL and the blackbodies, as well as
radiometric uncertainties calculated in scene radiance and determined during the pre-launch
calibration.

The quality data files are named as

<b>_quality_<g><v>.nc
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The algorithm also needs information of the gridded pixel detector and scan number in order to
assign each detector noise to the corresponding pixel in the gridded image. These data sets are
named as

indices_<g><v>

6.1.1 Level-1 radiance data products

The calibrated radiances are mapped onto a rectangular grid of 0.5 km resolution for the visible and the SWIR
channels. The measurement datasets are contained in the files:

<b>_radiance_<g><v>.nc
Figure 14 and Figure 15 show a typical S3A SLSTR Level-1 radiance product observed on the 315t May 2018

(orbit 377) by the S2 visible channel and the S5 SWIR channel, in nadir and oblique views. The size of the
images is 2880 x 2400 pixel? and 1616 x 2400 pixel? for nadir and oblique view, respectively.

S2 radiance
50 200

S2 radiance
100 200 300 400 S

250 300 350

|

2000
2000

1500 1500

scan number

1000

scan number

1000

500 500

0 0 500 1000 1500 2000 2500 % 500 1000 1500

pixel number pixel number
Figure 14 Level-1 Radiance map over Red Sea as observed by the VIS S2 channels in nadir (left) and oblique (right) views.
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Figure 15 Level-1 Radiance map over Red Sea as observed by the S5 SWIR channel in nadir (left) and oblique (right)
views.

6.1.2 Radiometric Uncertainty Estimates

The Level-1 quality products contain a LUT with the scene radiance [mW m sr' nm™"] for the VIS/SWIR
channels and the radiometric uncertainty estimates at the equivalent radiance. The LUT is used to derive the
radiometric uncertainties at the scene radiance on the Level-1 image per pixel.

The VIS/SWIR channels radiometric uncertainties were derived during the pre-launch calibration by the
combined uncertainty budget provided in the calibration report [AD5]. Similar to the TIR channels, the
uncertainty cannot be specified for a single value of radiance but it is dependent on the scene radiance.

The maximum scene radiance value in the LUT is limited by the dynamic range of each channel (Table 4),
which is defined in the system requirement document [ADG6]. For each visible and SWIR channel, the scene
radiance to radiometric uncertainty LUT is identical for both views and for all the detectors in the same channel.

Table 4 Dynamic range and maximum scene radiance value in the LUT

SRD Req. LUT
Channel Lmax Lmax
(mWm-2sr'nm) (mWm-2sr'nm)
S1 585.0 600.0
S2 475.0 500.0
S3 295.0 300.0
S4 1131 125.0
S5 74.0 75.0
S6 24.3 25.0

The LUT can be used to derive the radiometric uncertainties at the scene radiance on the Level-1 image per
pixel. Figure 16 shows the VIS/SWIR channels radiometric calibration uncertainty estimates as a function of
the scene radiance.
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Figure 16 Radiometric uncertainty as a function of scene radiance for visible channels (left) and SWIR channels (centre:
‘a’ array, right. ‘b’ array)

6.1.3 VISCAL radiance and noise

The Level-1 quality data files contain estimates of detector noise measured at the VISCAL, and the ancillary
information required to scale these to estimates of radiance noise for each pixel in the visible and the SWIR
channels. The VISCAL radiance in units [mMW m2sr' nm], and the VISCAL radiance noise per detector and
per scan are provided for channels S1 to S6, from all valid pixels in the VISCAL illumination period. The
VISCAL radiance, provided in the Level-1 quality products are estimated as

Reflectance factor(ch, view, det) X solar irradiance(ch) Eq. 5- 1
T

L_viscal(ch, view, det) =

Where, the solar irradiance(ch) is adjusted for earth-to-sun distance seasonally variation
The signal channel noise of the VISCAL signal, aC,;s..;(ch, view, t, det), is taken as the standard deviation of
the detector counts for the VISCAL during the illumination period and is defined by

1 m2 1 s=n2 2
0Cyiscar(Ch, view, t, det) = I Z N Z (C,,iscal(ch, view, s, px, t,det) — Cyiscar(Ch, view, t, det))2 Eq. 5-2

px=m1l s=nl

Where, m1 and m2 are the start and stop pixels for the view. M is the total number of pixels used in the view.
n1 and n2 are the start and the stop scan of the calibration window.

And the VISCAL radiance noise, dL_VISCAL, is calculated as

Cyiscai(ch, view, t, det) X cal_gain(ch, view, t, det) X solar irradiance(ch) Eq.5- 3
T

dL_viscal(ch,view, t,det) = g

The Level-1 quality data files contain the calibration slope for the solar channels, cal_gain, which is estimated
as

Reflectance_fator(ch, det) X gain(ch)
Cyiscai(ch, view, t, det) — Cpp(ch, view, t, det)

Eq.5-4

cal_gain(ch,view, t,det) =

And gain(ch) is the instrument gain setting. For SLSTR the default value is 1.

Note: The signal channel noise of the VISCAL signal taken as the standard deviation of the detector counts
for the VISCAL during the illumination period shows strong detector-to-detector variations that are not
consistent with the pre-launch values. The discrepancy in the noise estimates is related with the non-uniformity
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of the VISCAL peak surface. So, when the noise is calculated as the standard deviation of the VISCAL counts
over the surface peak, the slope of the VISCAL peak contributes to the value giving an over estimation of the
noise. Therefore, to derive the noise from the VISCAL signal it is necessary to remove the slope of the VISCAL
peak surface first, by fitting a plane to the peak. The processor needs to be modified to obtain a good estimation
of the noise at the VISCAL radiance level.

6.1.4 Blackbody radiance and noise
The Level-1 quality data files contain estimates of detector noise equivalent radiances (NEAL) measured at
the cold blackbody.

The blackbody radiance is defined as the average value measured by the cold blackbody over the calibration
period (17 PIX10SYNC). For the visible and SWIR channels, the cold blackbody radiance, is equal 0.0, since
by definition the blackbodies are assumed to be completely dark.

L_BB(ch,view, t,det) =0 Eq. 5-5
The radiance noise, is estimated from the standard deviation of the detector counts, oCyj, as follows,

The average pixel count from the cold blackbody as a function of channel, scan view, and detector is given as

m2 S2

_ 1 1
Cyp(ch,view,t,det) = M Z N Z C(ch, s, px, t,det) Eq. 5-6

px=m1l s=s1

Where, m1 and m2 are the start and stop pixels for the view. M is the total number of pixels used in the view.
s1 and s2 are the start and stop scans of the dark signal calibration window.

The standard deviation of the detector counts is measured over 20 scans, and it is calculated as

| 2 s 2
0Cgp(ch,view, t,det) = I Z N Z (CBB(ch, view, s, px, t,det) — Cgg(ch, view, t, det))2 Eq.5-7

px=m1l s=s1

Finally, the noise radiance measured by the cold blackbody is

0Cgp(ch,view, t,det) X cal_gain(ch, view, t,det) X solar irradiance(ch)

dL_BB(ch, view,t,det) = Eq. 5-8

A

The calibration slope for the solar channels, cal_gain, is estimated as in Eq. 5- 4

Figure 17 presents the radiance noise for the cold blackbody measured per scan by each detector for channels
S2 and S5. The plot clearly shows different detectors measuring different noise radiance.
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Figure 17 Blackbody radiance noise per scan and per detector determined over the cold blackbody for channels S2, S5a,
and S5b

6.1.5 Indices Dataset

The Level-1 products contain a NetCDF file of indices which map the gridded pixel detector number, from
detector 1 to detector 4, on the visible and the SWIR Level-1 products (Figure 18) considering 0.5 km grid.

20

OO 5 10 15 20

Figure 18 Small sub-region (21 x 21 pixel?) of the Gridded Level-1 image showing the detector number of each pixel from
detector 1 to detector 4
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6.2 Algorithm Description

The algorithm uses the input files described in the previous section and computes two Level-1 images for each
dataset, one image containing the radiometric calibration uncertainties (systematic effects) and a second
image containing the radiometric noise (random) at the pixel level.

6.2.1 Radiometric uncertainties to Level-1 image pixel level

The Level-1 quality products contain a LUT with the radiance (L) for the visible and the SWIR channels, and
the radiometric uncertainty estimates (uL) given as NetCDF files. The algorithm uses this LUT in order to
calculate the radiometric uncertainty per pixel by interpolation over the Level-1 radiance image (Lg.one)-

6.2.1.1 Read Data
From the Level-1 product NetCDF files read the following:

a) The Level-1 radiance image, for each channel ch, each stripe x, and each view v

Lscenelch, x, v, Ni, Nj] = <b>_radiance_<g><v>.data [Ni, Nj] where Ni, and Nj are the size dimensions of
the image
b) The scene radiance range values in the LUT

L[ch, x,v, N] = <b>_quality_<g><v>.scene_radiance.value [N]
c) The radiometric uncertainty values in the LUT

ulL[ch,v, N, det] = <b>_quality_<g><v>.radiometric_uncertainty.value [N, det]
where, det is the detector number. The radiometric uncertainty was calculated for a range of N radiance values,
for each detector individually.

6.2.1.2 Create Output Image
For each channel, we can generate a new image for the uncertainty estimates

ULscene [Ni’ N]]

6.2.1.3 Interpolate to get uncertainty

Using the Level-1 quality products, we can compute a scene radiometric uncertainty (uLg..,.) value for each
pixel [i,j] on the Level-1 image by a quadratic interpolation of uL values against L.

We define

o 7 = Ly..neli,j] as the scene radiance on pixel [i,j]

e Y =ulL[N,det] is the radiometric uncertainty equivalent for a range of N radiance values, and for
each detector given on the Level-1 quality products. However, the radiometric uncertainty is the
same on both detectors, so we can define:

Y = uL[N]
e X = L[N] is the radiance on the Level-1 quality products.

For each pixel [i,j] on the Level-1image , we define s as the element on the radiance LUT, X[s], that minimizes
the function f = |X[N] — Z[i, j]I
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min (|X[s] — Z[i,j]) Eq. 5-9
We define the values:
X0 = X[s — 1] Eq. 5- 10
x; = X[s] Eq. 5- 11
X, = X[s +1] Eq. 5-12

For each pixel [i,j], the radiometric uncertainty uZ = uL,...[i,j] is calculated by a quadratic interpolation
defined as:

(Z —x1) X (Z —x3) (Z —x0) X (Z — x3) (Z —x0) X (Z —x1)

uz=Yls 1] (xog — x1) X (%9 — x3) +Yis] (1 —x0) X (%1 — x3) trls+) (2 —x0) X (xz — x1)

Eq. 5-13

6.21.4 Copy results to image
The result is copied to the uncertainty image such that uBT, ... [i,j] = uZ.

S2 Radiance Uncertainty
4 6 8

S5 Radiance Uncertainty
0.5 1.0

2000 2000

= 1500 » 1500
2 3
[S €
2 =
c c
= [=4

8 1000 8 1000
w w

500 500

0 0

0 1000 1500 2000 2500 1000 1500 2000 2500
pixel number pixel number

Figure 19: Radiance uncertainty map over Red Sea and Arabian Peninsula for channels S2 (left) and S5 (right)

6.2.2 Radiometric Noise

The total radiometric noise for the visible and the SWIR channels at each pixel level is a contribution of several
components: the noise related to the light intensity level (shot noise), and the electronic noise (dark current,
amplifier noise, reset noise, digitization) [RP1].

2 — 2 2 2 2 2
Ototal = Oshot + Odark + O-ampl + Oreset + Gdigit Eq 5-14

At the high-level of quantization of SLSTR (14 bits ADC), the digitization noise is negligible. In addition, the
amplifier and the reset noise are insignificant respect to the dark current noise [RP2].
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So, the radiometric noise given in Eq. 5- 14, can be simplified as

2 — 2 2
Ototal = Oshot T Odark Eq. 5- 15

6.2.2.1 Dark signal noise

From the Level-1 Quality NetCDF files <b>_radiance_quality_<g><v>.nc, for each channel, <b>, each grid
<g>, and each view, <v>, read the corresponding radiometric noise estimates

NEAL 4[N, cyc,det] = dL_BB<k>.value [N, cyc, det]
where N is the number of scans, and k= 1 or 2 for the hot or the cold blackbody. In addition, the Level-1 Quality
data files include the blackbody noise equivalent delta brightness temperature per scan, N, and for each
detector, det, and integrator, cyc

For the derivation of noise per radiance we need to revert back to the raw noise signal using

NEAL 44 (n,v, cyc, det) x o
cal_gain(ch,view, t,det) X solar_irradiance(ch)

ogglscan, cyc, det] = Eqg. 5- 16

NEALyq(n, v, cyc, det) = <b>_quality_<g><v>.dl_bb.value, for channel b, detector array g, and scan view v.
This is the blackbody noise radiance measured by each detector in mW m2sr' nm.

cal_gain(cyc,det) = <b>_quality_<g><v>.cal_gain.value [cyc,det] is the calibration slope per cycle and
detector in W m2sr units.

solar irradiance(ch)= <b>_quality_<g><v>.solar_irradiance.value [det] is the solar irradiance all ready earth-
to-sun distance corrected in mW m=2sr' nm™.

The variation of the detector noise per scan during a whole granule is small compared to the noise levels for
all the detectors of the visible and the SWIR channels. Therefore, the detector noise can be estimate as the
cold blackbody average noise over the whole granule and both integrators

N,2

1
Ogarkldet] = N z oggls, cyc, det] Eq. 5- 17
s=1,cyc=1
6.2.2.2 VISCAL signal noise

From the Level-1 Quality NetCDF files <b>_radiance_quality_<g><v>.nc, for each channel, <b>, each grid
<g>, and each view, <v>, read the corresponding the VISCAL signal noise, 0,;s.a

The estimate of detector noise is provided at the Level-1 quality products and it is calculated with Eq. 5- 3.

dL_viscal(n, v, cyc,det) X &

OviscarlSCAN, CYC, det] = Eq. 5- 18

cal_gain(ch,view, t,det) X solar_irradiance(ch)

dL_viscal(n, v, cyc, det) = <b>_quality_<g><v>.d|_viscal.value
This is the VISCAL noise radiance measured by each detector in mW m2sr' nm™.
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cal_gain(cyc,det) = <b>_quality_<g><v>.cal_gain.value [cyc,det] is the calibration slope per cycle and
detector in Wm2sr.

solar irradiance(ch)= <b>_quality_<g><v>.solar_irradiance.value [det] is the solar irradiance all ready earth-
to-sun distance corrected in mW m=2sr' nm™.

6.2.2.3 Estimate Shot noise

The shot noise is related with the light intensity level; therefore, it is proportional to the number of photons
arriving at the detector. When the detector absorbs a photon, an electron is popped up into the pixel. The
accumulated electrons in each pixel is represented by the measured digital counts (DN). As a result, the shot
noise measured at the VISCAL unit is proportional to the measured signal as

2 —
Oshot,viscal x Nphot,viscal =KX (Cviscal - Cdark) Eq 5-19

where, the C,;s.o; and the Cy,, are the digital counts measured by the detectors at the VISCAL unit when it is
illuminated and obscured, respectively. The Level-1 Quality files don’t provide the digital counts at the VISCAL
unit, but they contain the parameters needed to derive the signal at the VISCAL.

Following Eq. 5- 1, C,;s.; Can be estimate based on the information provided in the Level-1 Quality files, such
as:

(L_viscal(ch, view, t,det) — L_bb(ch, view, t,det)) X
cal_gain(ch,view, t, cyc, det) X solar irradiance(ch)

Cpiscar(ch, view, t, det) — Cyqri (ch, view, t, det) = Eq. 5- 20

for each channel ch, stripe x, and scan view v. Since the radiance emitted by the blackbody at visible and
SWIR bands is 0 (Lyy(chview,caec) = 0), then

L_viscal(ch, view, t,det) X
cal_gain(ch,view, t, cyc, det) X solar irradiance(ch)

Eq. 5- 21

Cpisca(ch, view, t, det) — Cyqri (ch, view, t, det) =

Lyiscai[aet) =<b>_quality_<g><v>.L_viscal.value [det] is the VISCAL radiance measured by each detector in
mWm2sr'nm™.
According to Eq. 5- 15, the total noise at the VISCAL is
2 — 2 2
Oviscal = Odark + Oshot,viscal Eq 5-22
Therefore, we can reduce from equations Eq. 5- 19 and Eq. 5- 22, that

2 2
K = Oviscal — Odark Eq 5.23
Cviscal - Cdark

In the other hand, the shot noise measured at the scene level is

L
aszhot,scene =K X (Cscene — Caark) = K X Cals_cgﬁ Eq. 5-24
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6.2.2.4 Determine total radiometric noise

According to Eq. 5- 15, the total noise at the scene view is
02 one = O34rk + 03 Eq. 5-25
scene dark shot,scene qg.

Combining equations Eq. 5- 23, Eq. 5- 24, and Eq. 5- 25, the total radiometric noise for the visible and the
SWIR channels at each pixel level is

2 2
g’ -0, L
o _  |Sviscal dark o + g2 Eq. 5- 26
scene Cpiscar — C. cal_gain = %7k
viscal dark -9

Where, L is the range of radiance values in mW m2sr' nm™.

6.2.2.5 Convert noise in counts to radiance

The total radiometric noise o,..,., Measured by each detector can be estimated as a function of radiance L.
The radiance values are limited by the dynamic range of each channel. The range of radiance values are
already given in the Level-1 Quality data, in the radiometric uncertainty LUT (see Section 6.1.2)

L[ch, x,v, N] = <b>_quality_<g><v>.scene_radiance.value [N]

For each channel, each stripe, each scan view, and each detector, we can develop a radiometric noise model
LUT in NetCDF format (Figure 20). The radiometric noise varies as the squared root of signal.

The radiometric noise model should be included on the Level-1 Visible and Shortwave IR Quality data files as
a lookup table (os..nc[det] vs L). This allows the user to estimate the radiometric noise at the pixel level.
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Figure 20 Radiometric Noise model for each channel and each detector in Nadir view.
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6.2.3 Map NEAL to Level-1 image

By knowing which pixel on the Level-1 image is related with which detector, we can interpolate the radiometric
noise model (o,..,. VS L) for each detector on to the Level-1 radiance image.

e idet = indices_<g><v>.detector]i,j] is the detector number of each pixel
o 7 = Ly..neli,jl as the scene radiance on pixel [i,j]

o Y = o,..nlidet] radiometric uncertainty in the noise model

e X = L is the scene radiance on the noise model LUT.

The radiometric uncertainty for each pixel is then calculated by interpolation following equation Eq. 5- 9 to Eq.
5-13

S2 radiance Noise S5a radiance Noise

0.4 0.6 0.8 1.0 1.2 1.4 1.6 0.5 1.0 1.5

2000 2000

1500

1000

scan number
scan number

500 500

0 500 1000 1500 2000 2500 500 1000 1500 2000 2500
pixel number pixel number

o

Figure 21: Radiance noise map over Red Sea and Arabian Peninsula for channels S2 (left) and S5 (right)

6.3 Algorithm Output Files

The algorithm provides an output product file in NetCDF format, which is identified as:
<b>_uncertainty_<g><v>.nc

Table 5 shows the CPU processing time for a single channel and for all six VIS/SWIR channels processed
together for both scan views. In addition, the table contains the output products size in MB.

The size of the SWIR output products is twice larger than the size of the VIS outputs because, the code
provides two NetCDF files, one for each detector array for each SWIR channel.

In order to reduce the output product size, the data are converted to 16-bit signed integer by using the scaling
factors and the offsets provided in the attributes of each variable.

The size of one output product containing all the VIS/SWIR channels and both views is 415 MB. ltis ~72.9 %
of the total size of the original SLSTR Level-1 product
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Table 5 CPU Processing time and the output product size in MB for the VIS and the SWIR channels in nadir and oblique
views

Channel Number of Channels View Processing Time (CPU)  Product Size (MB)
Nadir 3.6 28.8
1 oblique 2.1 17.3
nadir & oblique 5.9 92.2
Vs Nadir 11.4 86.4
3 oblique 6.9 51.9
nadir & oblique 18.3 138.3
Nadir 7.6 57.6
1 oblique 4.7 34.5
SWIR nadir & oblique 12.6 92.2
Nadir 20.8 172.8
3 oblique 12.7 103.7
nadir & oblique 33.9 276.6
Nadir 32.2 259.3
VIS & SWIR 6 oblique 19.8 155.7
nadir & oblique 52.3 415.0

Every output file contains a set of dimensions, attributes and variables. Table 6 describes the output
uncertainty file provided by the Python script.

6.3.1 Global attibutes
The global attributes are defined as follows:

a) ‘_ncproperties’: Version of the NetCDF and the hdf5 libraries used at creation time

b) ‘Description’: Indicates the channel, the detector array and the scan view

c) ‘Source’: gives information of the software version used

d) ‘References’: string containing the ATBD and the IODD documents number

e) ‘Product_name’: corresponds to the identifier of the input SLSTR Level-1 product package

f) ‘contact’: it should contain a EUMETSAT email address

g) ‘creation_time’: indicates the date and time of when the <b>_uncertainty_<g><v>.nc file was
created

6.3.2 Variables and attributes
The output file contains two variables:

1) The scene radiance uncertainty
2) The noise equivalent radiance
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Each variable is mapped onto a grid of 0.5 km resolution. It is a two-dimensional grid defined by the number
of rows and columns in the input Level-1 radiance image.

Table 6 Description of the output NetCDF file for VIS/SWIR channels

# dimensions: 2
# Variables: 2
# Global attributes: 7
There are no unlimited dimensions.

Dimensions
0 Name: along-track Size: 2400

1 Name: across-track Size: 3000

Global Atributtes

0 _ncproperties: version=1|netcdflibversion=4.6.1|hdf5libversion=1.10.2

1 description: 53 SLSTR L1 radiometric uncertainty and NEDL. Channel=S5, Array=a, View=nadir
2 source: mapnoiS3.py

3 references: SLSTR-RAL-EUM-TN-003 and SLSTR-RAL-EUM-TN-005

4 Product_name: S3A SL_1_RBT __ 20180531T073043_20180531T073343_20180531T093

5 contact ops@eumetsat.int

6 creation_time Wed Aug 14 10:09:41 2019

Variables and attributes
0 s5 radiometric uncertainty an: int16(3000,2400)= intl6(across-track,along-track)
0 _fillvalue: 32768
1 units: mW m*-2 sr*-1 nm"-1
2 standard name: toa radiance uncertainty.
3 long_name: Radiometric uncertainties at the scene radiance on the Level-1 image
per pixel. 0.5km VIS-SWIR grid
4 scaling_factor: 6.10360876E-05
5 add_offset: 0.0

1 s5_NEDL_an: int16(3000,2400)= intl6(across-track,along-track)
0 _fillvalue: 32768
1 units: mW m"-2 sr”-1 nm"-1
2 standard_name: noise equivalent radiance.
3 long name: Noise Equivalent radiance at the scene radiance on the Level-1 image
per pixel. 0.5km VIS-SWIR grid
4 scaling factor: 5.79842832E-05
5 add_offset: 0.0
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7 Potential Evolutions

The uncertainty algorithm developed under this contract takes uncertainty information provided in Level-1
products and maps the values for each image pixel.

Random noise effects (NEDT, NEDL) are derived from the on-board blackbody sources and scaled for all
scene BTs, radiances via a noise model. Currently the noise model is contained in the Level-2 ADFs which
was defined during the Level-2 GPP development based on an early estimation of the noise performance. A
modification to the Level-1 ADF is needed to include the noise model based on the actual pre-launch
measurements of the SLSTR radiometric noise.

Correlated uncertainties in the Level-1 Quality Auxiliary Data files are derived from the pre-launch calibration
and are assumed to be fixed for the mission. No consideration for variations in the flight configuration
(instrument temperatures etc..) or instrument drifts are accounted for in the uncertainty estimates.

There are 3 alternative approaches:

1.

Update the Level-1 IPF to compute uncertainties directly from the Level-0 data and replacing the existing
LUT. Additional parameters are also needed for improving the information in Level-1 products. This would
result a moderate change to the Level-1 Quality Auxiliary Data files content. The algorithm could be used
to map the uncertainty information for each pixel. This would be the ideal solution since the uncertainty
information will be provided directly to the Level-1 users and no further computation is needed.

This would require an evolution of the Level-1 IPF but is the simplest from a user perspective.

Update the Level-1 processor to provide additional parameters in Level-1 Quality Auxiliary Data files to
allow uncertainties to be derived as a post-processing. This would be a moderate change to the Level-1
product format and size. Additional parameters include:

Blackbody detector counts for each channel and detector

Blackbody detector counts noise for each channel and detector

Individual thermometer readings for black-bodies (currently baseplate averages are provided)
Instrument temperature readings

The algorithm would need to be modified to compute the uncertainties for each Level-1 product using the
uncertainty model.

A moderate update to the Level-1 IPF is needed since parameters are already computed but not saved in
Level-1 Quality Auxiliary Data files.

Derive the correlated uncertainties from the outputs of the Level-0 monitoring tools. This would require an
evolution to the tools (monitoring and uncertainty tools) to provide the additional functionality. The expected
output would be orbital trends and orbital averages of the Level-1 uncertainties. The orbital averages could
be an input to the algorithm.

No update to Level-1 IPF would be needed since all the parameters are generated by the Level-0
monitoring tools. However, several additional steps and tools will be needed to map the derived
uncertainties to Level-1 products. This could be difficult to implement in an operational environment since
there is no direct link between the Level-0 monitoring and the Level-1 and Level-2 processing chains.
Instead this could be seen an interim step to evaluate how Level-1 uncertainties are evolving during the
S3 mission, and to explore further the feasibility of implementing options 1 or 2.
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8 Summary

This document presents the algorithm to allow users of SLSTR Level-1 data to derive per pixel uncertainty
estimates using the information contained in the Level-1 products, and additional auxiliary data files (ADF).

At this stage, the way the algorithm will be managed is under discussion. The algorithm could either be applied
directly by users (by provision of a user tool) or a future upgrade to the IPF processor.

The document describes the datasets required by the algorithm. We propose some modifications of the Level-
1 and the Level-2 ADFs required by the algorithm. These ADFs were defined long before SLSTR was actually
built and they have not been changed since then. In the development of this algorithm, we found several
'features' of the ADF that are either superfluous or missing. The size of the Level-2 ADF could be reduced by
removing the extra dimensions of the Noise Data.

We also propose to include the temperature-to-radiance LUT available in the Level-1 ADF, inside the Noise
Data available in the Level-2 ADF. So, all the input datasets required by the algorithm would be available in
one set of ADFs.

The derived per-pixel uncertainty information is provided in complementary datasets that are generated. The
generated datasets are converted into 16 bits integer to reduce the size of the products. The size of one
output product generated for a full SLSTR Level-1 product (all channels and both scan views), is estimate to
be 22% smaller than the correspondent input SLSTR Level-1 product.

The CPU processing run time is ~65 with average CPU usage of 45.5 % for a full SLSTR Level-1 product.
But, these values are estimate on one particular product, and they might differ from product to product,
particularly, when S4 and S7 channels are included in the processing. The processing time of these two
channels is subject to cloudiness and saturation, for S4 and S7, respectively.
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