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positioned-1500 m, 0 m and 2200 m distant from the SERBH centre............ccccccvvvvveennnns 151
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Figure 70- Simulated MWIR brightness temperature, FRP and the number of detected fire and
saturated pixels from simulations where a fire at four temperatures (500, 700, 900 and 1100 K) is
centrally located in the PSF. Also shown by way of example aral &HYIRI MWIR images (far
right) which display similar spatial patterns in brightness temperature as found in the simulations.
Note that the fire characteristics (e.g. size and temperature) in the real data are unknowirs2

Figure 72 For three fire sizes (100 x 100 m, 100 x 300 m, 200 x 300 m) and over a temperature range
between 400¢ 1300 K, a) FRP percentage difference between the MWIR radiance FRP and the
WiNHzSQ Cwt $KSY (GKS FTANB krdfsataiet firepRels@GBgobM]); £ &
c) the number of detected fire pixels and d) the average FRP error as a function of fire location in
the PSF relative to when the fire is centrally located............ccccccoviiiiiiiiiiiiiieeieeeeeeeee e, 153

Figure 72- FRP percentage difference as a function of the distance from the PSF centre and fire
temperature for three fire sizes. At low fire temperatures, the percentage error results from the
non-detection of fire pixels due to the low fire temperature which fail€levate any pixels above
the 2.5 K threshold needed for detection. At high fire temperatures, FRP underestimation results
from increasing piXel SAtUFAtiON..............cooeiiiii e e 154

Figure 73 (top) Range in the FRP percentage difference as a function of the distance from the PSF
centre for a fire temperature of 700 K at five locations across northern Akigare68) where the
viewing geometry and pixel area of MET and MET08 observations differ. (bottom) Same
simulation characteristics but for a fire temperature of 1100 K. The orange line indicates the median
FRP percentage difference whilst the green barsistie range in the FRP percentage difference
when the fire is located a particular distance from the PSF centre inlMIE&Rd at ~820 different
[0CAtIONS IN METD8 PSF.....cooiiiiiiiiiiieeeee et e e e e e e e e e e e e e aaaaaaaens 155

Figure 74- Perpixel FRP percentage error from real MET and MET8 data (left panel) and
percentage error in pepixel FRP from a modelled 100 x 300 m fire as a function of the pixel area
difference (k) between METL1 and MET8 (right panel).........ccccccveveeiieeiievesieecee e, 156

Figure 75 Midwave Infrared (MWIR) brightness temperature from an easst crosssection across
the PSF centre for MEIL and MET08 simulations at the five locations shownRigure 68or a
900 K fire (300 x 100 m). Shown in each plot are the pixel areas ol M&id MET8 at each
o To7= 1 o] o 1R PSR OPPRPRRP 157

Figure 76- Variation in retrieved FRP with SLSTR adenith angle. The FRP ratio expresses the
retrieved FRP at each scan position relative to that at thesauteéllite point. The inset shows how
the FRP ratio changes with the corresponding footpairda ratio. Results are shown for: (a) an
artificial fire with no S7 saturation; (b) an artificial fire with S7 saturation imposed at 311 K
(matching the SLSTR saturation level); (c) a real Canadian fire (from airborne observations from
FIDEX, 2018) with n/ Saturation; and (d) the Canadian fire with S7 saturation at 311 K. In all
panels, the whiskers mark the full range of values, the boxes represent the interquartile range, and
the horizontal line indicates the median (source: Xu et al., 2021)_............ccooeiiiiiiiiiinnnees 159

Figure 77 Statistics from 15,416 SLSTR Lé&Bebkcenes processed for actifinee information using the
Xu et al. (2020) algorithm under the F1_ON and F1_OFF configurations. Panel (a) shows the FRP
frequency distribution of detected activiire pixels. Pael (b) presents FRP statistics for pixels with
MIR brightness temperatures below 311 K in both the S7 and F1 channels, ensuring that S7 remains
unsaturated. The inset illustrates how the FRP ratio varies with the corresponding foatprant
ratio relative to the subsatellite point (source: Xu et al., 202L)........cccvvviveeeeriiiiiiiiieeeennens 160

Figure 78 SLSTR S7 and F1 spectral response function shown together with atmospheric transmittance
across the 84.5 um range, computed for a standard atmosphere (Berk et al., 2005) and plotted on
the left y-axis. The right-axis shows the bottorof-atmosphere (BOA) thermal emission of a 300
K blackbody and the corresponding topatmosphere (TOA) radiance after transmission through
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Figure 79 Relative spectral response of MIR bands used for FRP retrievals: (S8h@8ie3TR S7/F1,
(AQUA, TERRA) MODIS 21 and 22, (SNBiRj NOAR1, and NOA&?2) VIIRS M12 and M13, (MSG)
SEVIRI 4, and (MTG) FCLO.....cooi ittt 162

Figure 80- Bandaveraged atmospheric transmittance as a function of total column water vapour

(TCWV) for seven MWIR sensor wavebands used in FRP retrieval. The viewing angle is fixed at 0°,
YR G4KS / hi O2yOSYGNI GA2Yy Alaulatossiverdl gerformedwitiLILIY ®

MODTRAN 5 (Berk €t al., 2005).......ccooiiiiiiii it ee e e e e e e e e e e e e e e e e e e e e 163
Figure 81- Bandaveraged atmospheric transmittance as a function of CO2 concentration for seven

MWIR sensor wavebands used in FRP retrieval. The viewing angle is fixed at 0°, and the TCWV is set

to 0.5 gcm2. All transmittance calculations were performaith MODTRAN 5 (Berk et al., 2005).

Figure 82 Bandaveraged atmospheric transmittance as a function of viewing angle for seven MWIR

sensor wavebands used in FRP retrieval. The CO2 concentration is fixed at 420 ppm, and the TCWV

is set to 0.5 gcr2. All transmittance calculations were penfieed with MODTRAN 5 (Berk et al.,

P00 1) TR PO PP P PPRRPPR 163
Figure 83 The checkerboard calibration target used by NPL. ..........ccooiiiiiiiiiiiiie 165
Figure 84: the calibration target captured using the-{&%) 1000 us calibration range (left) and the

calibration target captured using the (48@50) 41us calibration range (right).................... 166
Figure 85: The focus distances as a function of the Iens pasition.............cccoccveeiiiiie e 167

Figure 86: The calculated focal length as a function of focus distance for thé%80000us calibration
range, with and without HDR mode (left panel). Here 0% is near focus and 100% is far focus.
Calculated focal length as a function of focus distafaregach filter using HDR mode (right panel).

Figure 87: Calculated optical centre x position, cx, for thel @) 1000us calibration range, with and
without HDR mode (left panel), and calculated optical centre y position, cy, with and without HDR
mode (right panel). The dashed line represents therage value..............cccccccvvvvvvvvervnnnnnnee. 171

Figure 88: Calculated optical centre x position, cx, for each HDR calibration range (left panel), and

calculated optical centre y position, cy, for each HDR calibration range (right panel)......172
Figure 89: Calibration target corner points localised using thel@3() 1000us calibration range (left
panel) and the corner points localised using the (4260) 41us calibration range (right panel).

Figure 90: Mean distance between calibration target points for thel@) 1000us and (128350)
436us range in different parts of the image (left panel), and average direction vectors from the
corner location in the (8@65) 1000us image to the locatiom the (125250) 436ps image (right

Figure 91.: (left) the mean distance between calibration target points for thd 68) 1000us and (200
550) 35us range in different parts of the image (left panel), and average direction vectors from the
corner location in the (8@65) 1000us image to thecation in the (206650) 35us image (right

Figure 92: Mean distance between calibration target points for thel@®) 1000us and (450250)
41us range in different parts of the image (left panel), and average direction vectors from the corner
location in the (8aL65) 1000us image to the locatiam the (4501250) 41us image (right panel).

.......................................................................................................................................... 175
Figure 93: HistogramS of the horizontal distance between calibration target points in each calibration
range to the (8EL65) 1000US range are SNOWIN.........eeiiiiiiiiiiieiiieieeee e 175
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Figure 94: (left) The distortion map for the (865) 1000 ps filter at far focus. This was averaged over
both the HDR and nehRIDR modes. (right) The average distortion map for the -@&5 436 us

filter at far focus, averaged over the calibrations penfied using HDR mode..................... 176
Figure 95: The rms standard deviation in the distortion maps at infinite focus is shown, calculated as
(@ @ PRSPPI 177

Figure 96: The variations in distortion maps for HDR andHIBR modes for the (8065) 1000 ps
filter, calculated a® adfo ¢ adho o adhp o adho , wheredaand oaare the
distorted pixel coordinates corresponding to pixel coordinaiés. ¢ sand ¢ exorrespond to
distorted coordinates for the HDR and rbiDR modes respectively.........cccccceeeeeeen, 178

Figure 97: The Cartesian distance between the average distortion map at far focus for the (80-
165) 1000 ps filter, using both HDR and non-HDR, and the previous distortion map
determined DY KCL. ... i e e e e e e e s e e e e e e e aae 179

Figure 98: RMS variation for each pixel in the PPVV for thg&g801000 us filter at far focus over the
different calibrations used to generated the average PPVV, expressed in degrees (left panel), and
the associated variation expressed in pixels (MEAME)..........ccccooiiii, 180

Figure 99: The difference in the PPVV between the average for tHESEAL000 ps filter and the PPVV
previously calculated by KCL (left panel), in degrees, and the difference between the two PPVVs,
measured in piXels (Mgt PANEI).........coo e 181

Figure 100: (left) the PPVV rms variation between thel®®) 1000us range and the (1:250) 436us
range. (right) the rms variation between the (865) 1000us range and the (266) 35us range

.......................................................................................................................................... 181

Figure 101: the rms variation between the PPVV for thel@®) 1000us range and the (44@50)
VSN = g o = SN 182

Figure 102 Brightness temperature over time, after turning HDR mode on and off (left). The camera
housing temperature during the same time period (right).........ccccovveeiiiiiieieniiiiieee, 185

CAIdzNBE mMnoY . NAIKIGYySaa GSYLISNI GdzNB +Fa | Fdzy Ol A 2

(left). It can be seen that by varying the frame rate, the apparent brightness temperature changes.
Camera temperature is plotted over the same time perigiht). It can be seen that the
temperature housing temperature increases more when using the 175 Hz frame.rate....185

Figure 104: Change in brightness temperature measured by the imager when observing a blackbody at
yn e/ o0fSTluos Fa GKS FNIYS NIrdS Aa agAiOKSR (2
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It can be seen that there is a noticeable jump as the frame rate is changed.................... 186
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HDR mode on. Camera housing temperature during the same period (right).................. 186

Figure 106: The measured brightness temperature vs blackbody temperature is shown for 116580
1000us calibration range for temperatures below the bottom end of the range............... 188

Figure 107: the measured brightness temperature as a function of blackbody temperature for the (80
165) 1000us HDR calibration range...........oooooiiiiiiiic e e e e e e e e e 189

Figure 108: (left) the measured brightness temperature as a function of blackbody temperature for the
(125250) 436ps HDR calibration range...........ccoooooiiiiiieiieieeeeeeeeeeeee e e e e 190

Figure 109: Measured brightness temperature as a function of blackbody temperature for the (200
550) 35ps HDR calibration range.........ccocooueiiiiiiiieeeeeeeeeee et 191
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Figure 111: The low temperature calibration usingthex8®@ p 0 mnnn xa NI y3IS gAGK
a large deviation in measurement values can be observed, corresponding to changes in the camera
NOUSING TEMPEIATUIE.......eee ettt et e e e e e e e e e e e e e e annrnees 193

Figure 112: the calibration at 3000 ps using the-AtlPR mode. It can be seen that between @&nd
80 O there is a consistent linear relationship between brightness temperature and digital level.

Below 40 Co this relationship appears to plateau.............ueevveeeiiiiiiiiieieeeeeee e 195
Figure 113 CAD design for the SRF derivation experiment, featuring the monochromatic light source
and PYroelecCtriC ELECION.... ... e e e e e e e e e e e aaaaaaaaaaeas 197

Figure 114 Airborne observation strategy designed to characterise directional effects in hotspot FRP
measurements. (a) Parallel flight lines were flown to acquire measurements spanning view zenith
y3ftS& FNRY bunc G2 bH A cthdcgntreorow oftye@andery §etediod = & Y
(b) Radial flight lines provided coverage of a wide range of view azimuths relative to the hotspot.

Figure 115 Photograph taken from the BAS Twin Otter showing the wildfire (centred at approximately
pTPHppPpCcCcY bmMmndmconcld 20aSNBSR 2y wmmiK {SLIISYo.
of the fire that appeared most active (UPPer l€ft).........ccoorr e 199

Figure 116 Photograph taken from the BAS Twin Otter showing the oil sands refinery surveyed on
McUOK {SLIGSYOSNI HAaunE gAGK GKS GF NHS.WG...31200 Ff I NB

Figure 117- Brightness temperature (BT, K) thermal images from the InfraTec ImagelR 8300 hp
mounted on the BAS Twin Otter. Panels (a) and (b) show two examples from tHargdatght,
and panels (c) and (d) show two examples from the wildfire fligheakch case, the full thermal
scene is displayed on the right, with the corresponding region of interest (outlined in red) shown
Lo 11 1= 1 PR 201

Figure 118 FRP (MW) mapped to the measurement location on the InfraTec ImagelR hp detector
array for the (a) gaflare and (b) wildfire flights. For the wildfire, the location was determined from
the FRPRwveighted mean of the pixels within the ROI. Comtoin each plot show the view zenith
21010 | =P PPPP R TPPPPPI 202

Figure 119 Time series (in UTC; LT is )6f mean FRP (MW) for each flightline during theftas
flight. Mean values are grouped into VZA bing5(0Q 510°, 1@15°, 1%20°, and 20°+), with the
total-flight weighted (by the number of measurementseach flightline) mean for each VZA bin
also shown. (b) FRP time series after the normalisation to account for temporal variation. Each
flightline is labelled above the data POINLS..........ueveiiiiiiiiiiiiiieeeeee e, 202

Figure 120 (a) Time series (in UTC; LT is WY Gf mean FRP (MW) for each flightline during the
wildfire flight. Mean values are grouped into VZA bindbfQ510°, and 10°+), with the totdlight
weighted (by the number of measurements in each fliglefl mean for each VZA bin also shown.

(b) FRP time series after the normalisation to account for temporal variation. Each flightline is
labelled above the data POINTS..........oiiiiii e 204

Figure 121- Polar plots of FRP retrievals from the diase flight showing absolute view azimuth
(bearing from north, in degrees) and view zenith angle (from the centre of the camera FOV, in
degrees). Panel (a) shows the raw FRP retrievals prior to texhparrection, and panel (b) shows
these values aggregated as the mean within 5° VZA bins and 45azirewth sectors, expressed
as a percentage of the maximum mean value. Panel (c) shows the temporally normalised FRP
retrievals, with panel (d) displaygnthe corresponding aggregated values (also expressed as
ST (o=t F=Te =T PP PPPPPPPI 205

Figure 122- Polar plots of FRP retrievals from the wildfire flight showing absolute view azimuth
(bearing from north, in degrees) and view zenith angle (from the centre of the camera FOV, in
degrees). Panel (a) shows the raw FRP retrievals prior to teaahpomrection, and panel (b) shows
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these values aggregated as the mean within 5° VZA bins and 45azirewth sectors, expressed
as a percentage of the maximum mean value. Panel (c) shows the temporally normalised FRP
retrievals, with panel (d) displaying the corresponding aggregated sajalso expressed as
SIS (ol =T g F=Te =T PP PPPPPP PPN 207

Figure 123 FRP (% relative to th&B° mean) as a function of view zenith angle (VZA) for thélgaes
and wildfire flights. Values are derived from the mean FRP within each VZA bin used in the
respective normalisation procedures. Linear regression(8& confidence intervals) for both
AtaSELS Are SNOWIL......uiiiiiiii e e e s s s e e e e e e eaneee 208

Figure 124 FRP (% relative to th&B° mean) as a function of view zenith angle (VZA) for the wildfire
flight with data taken from the aggregate plot showrFigure9d. Results are shown separately for
two azimuthal slices 315¢360° (viewing from behind the fireline) and B5° (viewing from in
front of the firelinex as well as for the azimuthal mean across all directions. Linear regression fits

(95% confidence intgals) for all three datasets are ShOWN...........ccooocviieiiiiiiiiiiiiiineee s 210
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1. Introduction

1.1 Scope of the document

This document forms part of the deliveraliter WP1 of the Fiducial Reference Measurements for Fire
(FRM4Fireproject andaimsto provide an overview of the Fire Radiative Power (FRP) retpevedss

the associateduncertainties andthe role thesecanplay in avalidationexercise The work will focus

on EQGbasedretrievak usingthe Sentinel3 SLSTR sensdinose produced usingairborne data, and
howthese can beompaed. An nitial review m availableinformationon the sources ofincertainties
impacting both measurementsis provided followed by complementaryanalysisto characterize
uncertainties understoodo have significant contribution.

In this document we dtate dl information regarding uncertaigtsourcedausing the @Q4EQ(Quality
Assurancdor Earth Observationdyamework (https://gadeo.org/), based on theFIDUCEQFidelity
and uncertainty in climate data records from Earth observatioapproach to characterize
uncertainties developed under an EUfunded H2020 project(https://www.fiduceo.eu/). The
framework was initially developedo be applied forlong term historical records from passive
radiometric sensor@ order toevaluak error correlation structuregand allowto develop methodgo
generate consistent andharmonigd longterm data series.The approach has beesuccessfully
applied on downstream EO processing levEISV product generation and application caBesed on
the QA4EG-step approach for uncertainty characterizatidhe documentfocusesonly the first three
steps, namely we

Define themeasurement function (or series of functions within a procegsyhat is measured
what units, physical rangevhat does it represent and under whatonditions is the measurand
constraired.

Generate a uncertainty treediagram to document the traceability and sources of uncertainty for
each inputvariable ofthe measurement functioteading to the retrieval of Fire Radiative Power
(FRP) estimateand the breakdownprocessingstructure, supportedby corresponding analytical
formulationsis possible

C2NJ SI OK a2dz2NOS 2F dzy OSNIlF Ay e AgbBeaiedWhiclBER Ay
describes the magnitude of the uncertainty, its sensitivity and plogential error correlation
structures interms of therelevant dimensiong the FRRproduct.

This document summarizes all information available on the different sources of uncertainties,
currently identified It containsthe coreinformationto allow for the developmenbf an Eneto-End
uncertainty propagation modégktep 4 of the QA4EO frameworkdr both measurement approaches,
and for the validationcomparison exercisdt is an essential starting point tdevelopa validation
protocol for spaceborne retrievalsased on airborne measuremeritsat isuncertaintyaware andit

for purpose.

1.1 Structure of the document

The document is structured as follows:
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w Section lintroducesthis document its objectives and structure

w Section 2 provides an overview dhe QA4EOQO framework for uncertainty
characterizationand an exampleapplication ofrigorous GUMbased metrological
methods to satellite sensor fundamental climate data records (FCDRS).

w Section 3 provides a detailed description of 8sminel3 SLSTRensorcharacteristics,
followed by a description of the FRP retrieval process, amdncertainty analysis
based on the available information of the input quantities and all the identified error
effects. This isupportedby an uncertainty tree diagram, which graphically represents
the sources of errors in the measurement function. For every error effect identified in
the uncertainty tree diagram, an effects table is provided to describe everything that
needs to be known aut the uncertainty component.

w Section 4 provides the same as section 3 but associated with the airborne based FRP
measurements.

w Section 5 provides the same as section 3 but associated with the comparing model
used for the validation of the SentinrdlL2 FRP retrievals using airborne reference
data.

w Section6 is a summanpof the main outcomesand providesrecommendations for

future research work.
w Section7 presents all the supporting analysis (datethodologyand resultsfrom the

individualexperiments, comparisons and simulatj@onducted under this projedb
characterizesome uncertainty sources
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2. Overview of FIDUCE@pproach

2.1 Principles of Uncertainty Analysis

The Guide to the expression of Uncertainty in Measurenf@uM, 2008)provides a frameworlon

how to determine and express the uncertainty of the measured value of a given measurand (the
guantity which is being measured). The International Vocabulary of Metrgleg\M, 2012 efines
measurement uncertainty as:

a | -yegafive parameter characterizing the dispersion of the quantity vdlees attributed to a
measurand, based on the information used.

The standard uncertainty is the measurement uncertainty expressed as a standard deviation. Please
note this is a separate concept to measurement error, which is also defined by GUM (2012) as:

GOKS YSI AdNBR ljd2t yirde @FtdsS YAydza | NBF

DSYSNIffexz GKS GaNBFSNBYy GXKSI| deiyNHaS( ezl f M2 ¢ O 2yFa AGRKSSN.
therefore unknownTo note that! S NNE N | Yy R Wdzy O S NdambigyiduslybutthelE &2 Y S
are not the samelf an error isknownthen measurementshould becorrected for and uncertainty
expressehow wellandhow consistent, the measurement approaistover ameasuredvalue Later,

in the context ofthe validation exercisgreference valuewill be associated witlthose generated by

the airborneapproachand the errorwill bethe difference between the spaceborne and the airborne

retrievals However this reference values not assumed as theue value which will remain unknown

and characterize by their own uncertajnfigurel illustrates these concepts.

true value of apparent error of
__the reference error the candidate estimate

I
> »

Q-R

- {believed to be zero)

1
1

1

1

| probability distribution
! of the likely values of Q
1
1
1
1
|

X

0 . ; possible
true value best estimate of best estimate values of

(unknowable the reference of the candidate the target

in principle) method method quantity

Figurel- Diagram illustrating the different concepts of measured valoéthe measurandstrue value,
uncertainty, and error In the context of this documenthe measurandfor the spaceborn€Q), the airborne
(R) and the validation metric Q-R), and associated uncertaintiesare defined(source:Widlowski, 2015)

Within the GUM framework uncertainty analysis begins with understanding the measurement
function. The measurement function establishes the mathematical relationship between all known
input quantities (e.g. instrument counts) and the measurand itself (agjanceor, in this casethe
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Fire Radiative Powgr The measurementunction should include all quantities that affect the
measurement resultGenerally, this may be written as,

M QOB
where:

Wis the measurand.
@ are the input quantities.

Uncertainty analysis is then performed by considering in turn each of these different input quantities
to the measurement function, this process is representedrigure2. Each input quantity may be
influenced by one or more error effects which are described by an uncertainty distribution. These
separate distributions may then be combined to determine the uncertainty of the measuban,,

using the Law of Propagation of Uncertainti@sisedto parametrize a MonteCarlo approaciGUM,
2008),

where:
0 is the vector of sensitivity coefficierfts @ @ ;
"Yis the error covariance matrix for the input quantities

TN
N
N
° > Y =X, X300, Xy)  E—

AN
N\
-

>

[

P

\.‘\ |
Measurement model

Qutput quantity
i e

Error effects Input quantities

Figure2 - Conceptual process of uncertainty propagation (Woolliams et al., 2017).

In a series of measurements (for example each pixel in a remote sensing Level 1 data product) it is vital
to consider how the errors between the measurements in the series are correlated. This is crucial when
evaluating the uncertainty of a result derivédm these dataif this caseLevel Z=RPRetrievalfrom

a Lb radiance product). For these higherlevel processingthe measured values from different
positions, times, and/or from different viewing angles, will be different input quantities in calculating
the measurand. Thereforethis multi-stage approach uncertainty propagationrequires the
understanding of what theovariance matrisbetween these measured valuésand formulation is

given in sction2.2
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If is important toclarifyand bring togethethree different concepts; the origin of the uncertaintythe
error-correlation structure and the method to evaluate uncertaint@@@blel). If the origin of an
uncertainty can be a stochastic procesg, cannd be corrected ands subject toa random effect.
Alternatively, the origin of uncertainty may be a systematic effect that coupinciplebe corrected

for, and the uncertainty relates to our lack of knowledge of that correctitow such effects create
correlation structures in multiple measurements at different locations, times or in different spectral
bands, depends on how the measurement system is seang the importandistinctionis between
effects that lead to errors that are common from observation to observation and effects that lead to
errors that are independent from observation to observation

Table 1 - Different words used to describe uncertainties and the methods for evaluating th@ource:
https://qa4eo.org/docs/2_Metrology Document.pdf

Concept for classifying uncertainty ‘Random-like’ behaviour ‘Systematic-like’ behaviour
source
Origin of uncertainty Random origin: stochastic, Systematic origin: in principle
unpredictable correctable (uncertainty in
knowledge of correction)
Error-correlation structures Independent: error different for each | Errors related in a known functional
instance (diagonal covariance matrix) | manner (full or partial covariance
matrix)
Method for evaluating uncertainties: = Type A method for evaluating Type B method for evaluating
uncertainties: assessed through uncertainties: other methods such as

statistical analysis of repeat readings expert judgement.

In their vocabularythe FIDUCEO projedgeFIDUCEO Vocabulg®018 and QA4EQ2015) defines
three broad categories of error correlation effects important to satellite data products, as follows:

Random effectc a 1 K24 S Ol dzaAy3d SNNBNER GKFdG OFyy2d4d oS
value, even in principle, because the effect is stochastic. Random effects for a particular
measurement process vary unpredictably from (one set of) measurement(s) to (another set
of) measurement(s). These produce random errors which are entirely uncorrelated between
YSIFadaNBYSyida 62N asSia 2F YSIF&adz2NBYSydaov yR 3¢

Structured random effects¢ ¢ YSIFya @(K2asS GKIFIG | ONR&aa Ylye
deterministic pattern of errors whose amplitude is stochastically drawn from an underlying
LINPOFOAETAGE RAAGNRAROdzIAZ2YT @aidNHzZOGdZNBER NI yR?2
GO2NNEBf I 0 SRNBIYCGNHIZEE YSI adz

Systematic (or common) effectsd 1 K2 &S F2NJ I LI NI A Odzf F NJ YSI & dzN

vary (or vary coherently) from (one set of) measurement(s) to (another set of) measurement(s)
YR GKSNBET2NB LINRPRdzOS a48adSYIFIGAO SNNBNE GKIF U

2.2 FIDUCE®aseduncertainty Analysis

Based on thé=IDUCE@pproach the QA4Eroject has developedh framework to apply rigorous
GUMbased metrological methodprovide per pixel uncertaintiesf satellite sensor fundamental
climate data records (FCDRs). The fundamentals of this approach are described in thiskagdiidin,
details are available d¥littaz et al. (2019andWoolliamset al. (2025)
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2.2.1 Measurement Function Based Analysis

As outlined inSection 1the core stepsfor any metrologically rigorous measuremeate, first to
understand how the measurand (e.gqdiancg is determined from a set of input quantities (e.g.
detector counts) through a measurement functiandsecondlyto createaschematic representation
of the sensor measurement function, called the uncertainty tree diagthat,providesa traceability
omind-magpg of how data is processed and what potential uncertainty soueresin play

For illustrative purpose®nly, a simplified form of the uncertainty tree diagram for the AVHRR
(Advanced Very HigResolution Radiometer) instrumerds wasnalysedy the FIDUCEO project (see
Mittaz et al., 2019)is shownin Figure3. This was the firsts® | f f SR Wdzy OSNIi I Ay (i &
commonly used for uncertainty analyses.

Detector

noise Digitisation Amplifier
PRT
Earthshine T gradient representation SRF
Noise
x Time
3 uc) mismatch
PRT bias - -
u(PRT) u(T) 2] A (&)« sza
PRT noise T = ‘ T
Space
mismatch
= (L, &a 4 Azimuthal
a=f(L5C T K)+ 0 & - wk) pzimuthal

=, e.g. fit algorithm
e.g. non-quadratic

-linearity
solar a, L—a,C2 non
contamination T gradient Earthshine LF = a()+|—r___2‘I_CE + CIZC% +0 u(0)

’ CT I e.g. self emission

I — variation across
/ T [ | scanline
{u(PRT, )| u(7y) =
T, Zx | per scan il .
T cly ac |perscan | 2 |perpixel
PRT bias PRT noise | -1 =28 (%) o(2) 52+ 0 Amplifier
4
u(C,) u(C,) Digitisation
u(@p(A)) e.g. Detector noise
discretisation Amplifier
? 3 Digitisation
Pre-flight Degradation Instrument
characterisation temperature Detector noise

dependence

Figure3 - Example an Earth Observation sensor uncertainty tree diagram for the AVHRR (from Mittaz et al.,
2019)

For the case in fige 1, & the centre of this diagram is the measurement function for the semsor
here with measurand Earth radiandg,, and input quantities such as Earth courits, and internal
calibration target radiance) . From this function branches spread from each input quantity, which
may themselves be determined by their own measurement functions (for example heris
determined from the measured temperatui® of the calibration target), to their uncertainty. This
uncertainty can be traced back through to its impact on the measurand by the sensitivity coefficients
on each branch. Finally, the effects which cause each respective uncertainty are connectedrtd the

of each branch.

Note thatin some case8 KSNBE I NB WLIR22NI & dzy RSNERG22R ST¥FFSOGaQ

said about their form or magnitudend theextent to which the measurement function describes the
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true physical state of the instrumefprocess Wellunderstood effectshouldbe directly incorporated
and namedasinput quantities in the measuremeritinction; all other effectscan be accountedy
includingin the non-rigorousmathematicatterm & 1€ at the end of the measurement functioi his
explicitly represents effectghat are expected to have zero mean, that are not captured by the
measurement function (i.e. there is an uncertainty associated with this quantity being zero).

2.2.2 Effects Tables Reporting

Each of thauncertaintyeffectsidentified at the end of the branches the uncertainty treeshould be
characterizedquantifiedif possibl€ YR NBLR2NISR Ay Fy a9FFSOGa ¢ 6

Themagnitude of the standardncertainty associated with the given effdaind the shape of

the probability distribution function around the measured value in which the true value is
expected to lie)

The sensitivity coefficient required to propagate uncertainties associated with that effect to
uncertainty associated with the measurand.

The correlation structure ovethe relevant dimensionspatial, temporal and spectral scales
for errors from this effegt

Table 1showsad 9 F T S O teinplatel wath d8scription of how it should be populated/oolliams
et al, 2017; Mittaz et al., 20INPL, 2025Noolliamset al., 2025:

1. The first two rows give a name to the effect (source of uncertainty) and state which term in
the measurement function is affected by that effect.

2. ¢KS WYl GdzZNAGe 2F FylLfearaQ Aa | gle& (2 NBO2N
source of uncertainty. Any pragmatic real uncertainty analysis is likely to require some
uncertainties that have been rigorously analysed and perhaps validatedgh comparison
studies, with other uncertainty analyses that are based on expert judgement or assumptions.
Documenting this distinction can be useful for future users of the .dEt@ maturity of the
effect table is a foupoint scale on the maturity of the evaluation of the uncertainty
magnitude, of the errocorrelation scale and form, and with an impact statement.

3. The uncertainty is documented describing the shape, units and magnitude of the uncertainty
and an expression of calculating the sensitivity coefficient. The uncertainty has the units of
the effect, although in some cases uncertainties may be expressqebrrentage. The
sensitivity coefficient translates the uncertainty associated with the effect, in the units given
AY GKS adzyOSNIFAyGe dzyA(Gaé NRsx Ayl(2 Iy dzyoOsh
of the measurand. Where the measurand is calted from an analytical expression, the
sensitivity coefficient is the partial derivative of the measurement function with respect to the

term that this uncertainty applies tof / ¥ . For uncertainty effects that are shown on the
uncertainty tree diagram as a chained series of calculation, the sensitivity coefficient is
calculated from the chain rule. The PDF shape(usllially)be one of a defined list of shapes
given in Table 8 Woolliamset al. (2017).
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4. Each effect has an associated uncertainty and that means that it will lead to Erisrof
interest to consider the extent to which the (unknown) error in one measurement is correlated
with that in a different measurementhis question can be answered for different dimensions
of the observational data seEor the lowearth orbiting radiometric sensors considered in
FIDUCEQ, the error correlation dimensions are cross track-{pipétel), along track (scanline
to scanline), orbito-orbit and between spectral bands. There is also error correlation that
depends not on the operating mode of the satellite, bah the temporal and spatial scales of
the auxiliary information. The error correlation can take different forms describing the
correlation coefficient between any two measured values in the dimension for which it is
defined. Defined error correlation forms erfor example: random, rectangular absolute,
triangular relative. The different correlation forms and their relevant defining parameters are
listed in Table 2. For further details see Woolliaghsl. (2017). Correlation scaleaust be
evaluated, based on the mechanism of how the instrument takes a measurement and where
the uncertainty comes from, or based on statistical analysis. It might happen that the error
correlation form is not obvious and difficult to quantify and this canreeorded in the
maturity of correlation scale section of the effects table. Tinelti-dimensional error
correlation is evaluated as well for multiplémensions andthé / | w! / ¢ YSGK2R 0 S d:
et al., 2019) can be used to evaluaach correlation matrix. For this method, the error
covariance matrix S is calculated as:

Y 8TYYYO h

Where 0 is the sensitivity coefficient matrix, consisting of elemedtg TOR® ,Yis
the uncertainty matrix, a square matrix with the @ffagonals equal to 0 and the aliagonals
equal to the uncertainty associated with this effect in units of the eff&ds a square matrix
with the error correlation coefficients (the extent to which the original error is common)
between input quantities:

Y pip8ipp8888
For further details sedlerchanteta I. (2019 andWoolliamset al. (2025)

Table?2 - Table for codifying the uncertainty due to an error effect and its correlation structure (Woolliams et
al., 2020)

Table descriptor Value/Parameter Notes

Name of effect A unique name to describe the effect

Instrument Instrument where the effect ig
analysed

Measurement equation parameters subject to thf Name and standard symbol of affectg Usually,an effect will only affect a single term|
effect term though there may be exceptions. The ne
higherlevel identifier should be reported.

Maturity of analysis Maturity of uncertainty [ O ¢ Effect identified; no quantification This allows for the fact in the FDR/FCDR
estimate performed (no further information in| K+ @3Sy Qi (0 K2dza3Kid S@S)
cells below) and makes that very clear to users.
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1 ¢ Rough estimates only

2 ¢ Some analysis performed t
estimate values

3 ¢ Rigorous analysis performed

Maturity of correlation

scale estimate

0¢ Not done
1 ¢ Estimated

2 ¢ Based on analysis, unsure abo
correlation shape

3¢ Strong evidence

If maturity of estimate is O
or 1, how significant do yol
expect this effect to be?

Negligible, Minor or Significant?

For pixel level results and for long
term / large scale results

If the maturity is low, we may still be able t
estimate if it is negligible or minor, or if it i
possibly significant (and therefore needs mo
work soon)

Reference to the evidence for the maturi
assessment, e.g. publication, report, webli
etc.

Correlation type and
form

From level xx

temporal scale type & form
[time]

spatial scale type & form
[geospatial coordinates]

Spectral type & form

Select one of the types of erro
correlation structures, e.g. random
rectangular  absolute, triangula
relative, belishaped relative, etc.

For further details see Table 2 ar
Woolliamset al. (2017)

Define the level of analysis from, then to, e
level 0 to levell, and the relevant scales, €
per scan, orbit, calibration cycle etc.

If there is a correlation with another effec
state its identifier.

Correlation scale

From level xx

temporal scale [time]

spatial scale [geospatig
coordinates]

Spectral scale

What is the correlation scale may b
related to the instrumentitself, or it
can be evaluated using statistic
analysis.

For further details see Table 2 ar
Woolliamset al.(2017)

Channels affected

List of channels

Channels affected

Error correlation| Correlation between channels
coefficients
Uncertainty PDF shape Functional form of estimated erro| For further details seg/oolliamset al.(2017)
distribution for the term
units Units in which PDF shape is expresg For further details se&/oolliamset al.(2017)

(units of term, or can be as percentag
etc)

Sensitivity coefficient

Value, equation or parameterisatio
of sensitivity of measurand to term
[y Ftaz2 F&l3 aA
(by making this equal 1)

Where the uncertainty and sensitivit
coefficient cannot be separated the sensitivi
coefficient should be one and the uncertainty
in units of the measurand.

Correlation between affected parameters

Any identified correlation between the affected parameters

Impact of the effect on the final radiance

Presumed impact of this effect on the final radiances of the measurement function

Correlation form

Table3 - Parameters defined for different correlation forms.

Parameters

Description

random

none required

For fully random effects there is no correlation wi

any other pixel
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rectangle absolute

[-a,+b] (rectangle limits). Provide these pg
pixel/scanline/orbit as required. Allow for a wg
of representind-k Z bk 8

[rmax] States correlation coefficient for all pixel
scanline / orbit pixels. Default is rmax = 1 (fu
correlated)

An effect is systematic within a range and differe
outside that range. For each pixel / scanline / or
in range say number of pixels / etc either side tt
it shares a correlation with. For fully systema
S¥¥FSOha y2ialdraz2y G2 &t

If rmax is defined, then the correlation coefficient
one for the pixel with itself, and is rmax with g
other pixels.

triangle relative

[n] ¢ number of pixels/scanlines being averag
in simple rolling average (should be an o
number)

Suitable for rolling averages over a window fram
n-1)/2 to (+nr1)/2 (i.e. for n pixels/scanlines bein
averaged) Assumes a simple mean, not a weigh
mean.

No rmax is needed, since it is always 1.

Bell shaped relative

[nN] ¢ number of pixels being averaged in
weighted rolling average, from which truncatio
range and standard deviation for Gaussi
representation follow (truncation beyond =+
pixels,

/2~ - /2-1
G:H;ZI =n/21 oy

5T T

(n should be odd)

OR

[n,sigma] n: truncation fromgn to +n, sigma:
width of Gaussian representation

(n should be odd)

Typically provided once per orbit file (soni
further consideration needed about first/lag
scanlines in an orbit)

Suitable for rolling averages over a window from
n-1)/2 to (+n1)/2 (i.e. for n pixels/scanlines bein
averaged). Assumes a weighted mean, for ¢
weights (and thus also includes things like spl
fitting).

Also suitable for anything else where th
FaddzyLliaAzy Aa GKIFG aOt
O2NNBf SR GKFY FdzNIK
terms¢ n gives the truncation range outside whig
the assumption is there is no (or negligibl
correlation, ad sigma gives how fast th
correlation drops off.

repeating rectangles

[-a,+b,rmax,L,h,imax] per pixel/scanline/orbit
etc (rmax,L,h will be same for different pixels)

Correlation coefficient assumed to be rmax f
pixels/scanlines fromca to +b, and h for
pixels/scanlines from-&a to L+b and from 2& to

2L+b and so on @ to iL+b) for all integers i up t
imax.

Repeating bell shapes

[n,sigma,L,h, imax]

Correlation coefficient assumed to drop off as
truncated Gaussian for local pixels/scanlines et
the range defined by n and a similar Gaussian w
a peak of h and the same width for pixels/scanlir
iL pixels apart on either side, for all integergplto
imax.

Stepped triangle absolute

[-a,+b,n] per pixel/scanline/orbit etc (n will bg
same for different pixels)

The step is a rectangular absolute frara to +b
with a correlation coefficient of one, after which th
correlation coefficients drops for another a+b+
lines, and then again. n is the number of calibrati
windows averaged.

Exponential decay

[el,unit]

el: Length scale of exponential decay.

Unit: unit of that length scale

Other

A function describing the correlation

Not yet implemented.
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3. Sentinel3 SLSTR Lev2IFire Radiativé?owerretrievals

3.1 SLSTR description

3.1.1 Sentinel3 Platform

The SentineB mission is part of the Copernicus programme space segment and has the objective of
making global operational observations of ocean, land and atmospheric parameters with its four on
board sensors. Two Sentir@lsatellites are currently in bit, providing neadaily global coverage
(launched on 16 February 2016 and on 25 April 2018, respectively). After these reach their end of life,
expected in 2026 and 2028, two new satellites, Sera@kand Sentine3D, scheduled to be launched
during same year, will ensure the continuity of the Senti®Imission and provide 20 years of
continuous data. Each Sentirgkatellitefliesin a sun synchronous orbit with a mean altitude of 814.5

km and adailylocal solar time of 10:00 at the descending node, and a night ascending node crossing
the equator at 22:00 hrs. The combination of both satellites ensures at ¢galsal daily coverage
(Figured).

On the satellite payload is the Sea and Land Surface Temperature Radiometer (SLSTR). The SLSTR builds
on the highly successful (A)ATSR series, retainingtheZiia 6 60 ay S NJ yIF RANE | yR &
and radiometric accuracy and precision to suppprimarily longterm monitoring of sea surface
temperature (SST) and Land Surface Temperature (LST) for climate data records. In this context, the
instrumentshavebeen designed to fulfil theequirementsof zero bias and an uncertainty of + 0.3 K

and temporal stability of 0.1 K/decade hifps://sentiwiki.copernicus.eu/web/s3Istrinstrument).

Among other provision products are of aerosol retrieval and Fire Radiative Power (FRP) information,
the latter thefocusof this project.

At present, Sentine8 FRP Lew@ products are generated imon-time critical NTGQ andnear real time
(NRTmode. The NRT product is managed by EUMETSAT (Marine branch) and thepéfaied by
ESA (Land branch). Although the core of the algorithm retrieval is the same, small differasties ex
accommodate the different latency requirements. In this project, the focus of our uncertainty
characterization is based on the NTC algorithm.

Figure4 - SLSTR mean combined revisit time using S3A and S3B (from https://sentiwiki.copernicus.eu/web/s3
mission)
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More informationon the satellite, other onboard instruments and the derived products can be found
at_https://sentiwiki.copernicus.eu/web/s3nission In the next section we will provide details on the
SLSTR instrument, from which data is used to retrieve FRP, followed by sections outlining the retrieval
algorithm and uncertainty characterization.

3.1.2 The SLSTR sensor

In this section we outline the main characteristaf the SLSTR sensor, its data gathering operation,
performance and uncertainty characterization up to LelMI The reviewwill focus on IR channels that
are used to performed FRIRetrievals and to provide the background to the uncertainty
characterization of Lev&l FRP products section103450213.2

The SLSTR was developed for-ESAEC by an industrial consortium led by Leonardo Company
(Firenze, ltaly) involving Jena Optronik (Jena, Germany) and RAL Space (Harwell Oxford,UK). The
instrument builds on the highly successful (A)ATSR series with anad&rand oblique(Figure4).

Information on the heritage ATSR instrument series can be found at
https://sentiwiki.copernicus.eu/web/s3lstrinstrument#S3SLSTHstrumentHeritage This dual

view measurement capability was designed to view the same position on the Earth at two view zenith
angles in order to provide robust atmospheric correction. The two conical scans performed by two
independent scan mirrors rotating in oppositeratitions, at a rate of 200 scans per minute
corresponding to 2 km per scan. The width of the nominal image swath is 1400 km for the nadir view,
FYR Tnn 1Y F2NJ GKS 206fAljdzS GASsD ¢tKS RANBOGAZY
satellitepoint but has anon-symmetrical along track direction and extends to large view zenith angles

(~60°) at the point furthest from the stdatellite point (a 935 km across track distance). The narrower

a6 0K a20fAljdzSé OASHE LINE BAviRE Zenith afgld atdudNBnkark Witich St & ¢
trails the satellite's direction of flighFigure5).

FRM4FIRE Project 2025 FRM4FIRBroject 4000145645/24/NL/1B/ab


https://npluk-my.sharepoint.com/personal/bernardo_mota_npl_co_uk/Documents/Documents/3_FRM4fire/WP1/
https://sentiwiki.copernicus.eu/web/s3-mission
https://sentiwiki.copernicus.eu/web/s3-slstr-instrument#S3-SLSTR-Instrument-Heritage
https://sentiwiki.copernicus.eu/web/s3-slstr-instrument#S3-SLSTR-Instrument-Heritage
https://sentiwiki.copernicus.eu/web/s3-slstr-instrument#S3-SLSTR-Instrument-Heritage

Fiducial Reference Measurements for Fire Version1.0
Date:29/12/2025

D1.0 Uncertainty budget document in support of Page: 29
Copernicus Sentind calibration and validation

Earth backward view

Earth near nadir view

Figure4 - SLSTR design concept and the structural thermal mosi@li(ce Simth et al, 2019

The instrument has the same spectral bands as the ATSR series at wavelengths|aind$S5p 0.660

pum (S2), 0.87Qum (S3), 1.6um (S5), 3.74m (S7), 10.8m (S8), and 12m (S9) to ensure continuity

of data, two new channels at 1.37fn (S4) and 2.25m (S6) for improved cloud detection, two lew
gain, widedynamic range IR channels, at 1{u® channel (F2) and a dedicated detector at A

(F1), designed to deliver the radiometric data necessary for the generation of quantitative active fire
products Table4).
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Figure5 - Sentinet3 SLSTR scan geometry. (a) Schematic of the SLSTR viewing configuration, illustrating the
asymmetric neamadir scan relative tothetruesul I 6 St f A0S LRAYyd 6FRFLWGSR FNRY 9.
conical scanning mechanism produces (b) theamtteristic curved groundrack pattern (adapted from

Wooster et al., 2012). The neaiadir scan extends to roughly 55° on one side of the swath and about 35° on
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the other, creating the inherent leffright asymmetry visible in panel (b) (source:
https://sentiwiki.copernicus.eu/web/s3mission Xu et al., 2021)

The hermal InfraRead (TR detectors (S759, F1, F2) have a resolution din at nadir, and the ViS
SWIR channels ($&b) have a resolution of 0.5 km at nadir. The detectors are arrangég Xxm

pixels (along track, across track) for the TIR, (4x1Rr@.pixels for the VIS channels (S3) and (42)

0.5km pixels for the SWIR ($8b) Figure6). The F1 and F2 channels use the same optical path as S7
and S8 channels, but different solutions are adopted to increase the saturation level, while for F1 a
further narrow pixels column within the S7 is ugétjureée), F2 uses the same S8 pixels but different
gain in the electronic chain. The additional element solution for F1 aimed at reducing-géiotoated
current (RAL.2019. The detectors are located in a Focal Plane Assembly and are aligned so that the
projections of four 500 m detector elements exactly overlay that of a single 1 km thermal channel
detector elements. For $49, and FdF2 housing temperature is cooled to 83by a Stirling cycle
cooler.

The detectors for thermal infrared channels¢S® have an alongcan sampled spatial response that

is approximately a triangular function with a (Full Width Half Maximum) spatial resolution of about
1 km (Coppo et al., 2010yyhile the alongscan spatial responses of the fire channels are closer to a
2L KI G EoppodtyalO@M® provides the most complete description of the SLSTR system
covering the sensor specifications and design detail.

Table4 - SLSTR spectral bands and target applications (souseceith et al., 2013

Band Central Bandwidth  Spatial resolution Detector pixels
number wavelength (xm) (pm) at nadir (km) Function per channel
S1 0.555 0.020 0.5 Chlorophyll 4

52 0.659 0.020 0.5 Vegetation index 4

S3 0.870 0.020 0.5 Vegetation index 4

S4 1.375 0.015 0.5 Thin cirrus cloud detection 8

S5 1.610 0.060 0.5 Clouds, fire 8

S6 2.225 0.050 0.5 Clouds, fire 8

s7 3.700 0.380 1.0 Night-time SST, fire 2

S8 10.850 0.900 1.0 SST/LST 2

S9 12.000 1.000 1.0 SST/LST 2

S7F 3.700 0.380 1.0 Fire 2

S8F 12.000 0.900 1.0 Fire 2
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Figure6 - SLSTR detectors: (a) Channet B, (b) Channel £ 6. For them it will be possible to apply TDI
algorithms for further S/N optimization. c) Channel 7, d) Channé.8/IS channels are composed of Silicon
diodes, SWIR and IR channels are using Meregbagimum Telluride (MCT) technology. X/Y axes are
corresponding to satellite scan/flight directiosource:Coppo, 20138

Calibration of the IR channels

This SLSTR instrument design ensures that the scanners view thaagth cavity blaclkhody (BB)
sources once every scan cycle avoiding the need for special calibration modes. In-tafilzalfion,
one BB is heated to ~302 K by applying a constant pawée cavity baffle and base, while the other
WFE2F0aQ 4G GKS AyadNHzZRIKI Tha Sy hiaskiddiesdaneositiofied Y A y |-
ahead of the complete chain, and are scanned, everys@@an cycle, under a conical geometry to
ensure that the signals from the BBs enter the optics at the same low angle of incidence as the Earth
scene so no corrections for view angle or polarisation are necessary. The radiances of the blackbodies
are derivel via the Planck radiation law from their physical temperatures which are measured by
precision platinum resistance thermometers (PRTs). TR&SEsvere calibratedn situbefore launch

against Standard PRTs to provide traceability to the Internationap@&eature-Scale of 1990 (ITD).

Calibration parameters are determined from the mean value of the Black Body (BB) pixel counts
acquired during the calibration period and the mean BB temperatoreasuredby the PRTsf the

same calibration period. The calibration period is defined as the short interval of time in which the
appropriate mean calibration coefficients are computed and applied to all pixels during this period,
defined as 10 scan cyclégtps://sentiwiki.copernicus.eu/web/sIstprocessin
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Before launch, the instruments underwent a thorough calibration campaign under flight
representative thermal vacuum conditions to verify the eéneend calibration (Smith et al., 2020).

Performance challenges for fire monitoring

The following table presents the declared specifications for the STSTR bandsrewvidw of the
uncertainty characterization of the radiances associated with the IR channels is gbestion3.3.1

Table5 ¢ SLSTRensordesignedcharacteristics andadiometric performance

Capability SLSTR Specifications
Swath Nadir view > 1,400 km
Oblique view > 740 km
Global Coverage Revisit Times 1 satellite (dual view) 1.9 days (mean)
2 satellites (dual view) 0.9 days (mean)
1 satellite (nadir view) 1 day (mean)
2 satellites (nadir view) |0.5 day (mean)
Sp-atlal Sampling interval at Sub-satellite VIS-SWIR 0.5 km
point (km)
IR-Fire 1km
Spectral channel centre (um) VIS 0.554 (S1); 0.659 (S2); 0.868 (4
SWIR 1.374 (S4); 1.613 (S5); 2.25 (S¢
MWIR/TIR 3.742 (S7); 10.85 (S8); 12.02 (§
Fire 1/2 3.742 (F1); 10.85 (F2)
Radiometric Resolution VIS (Albedo =0.5%) Signal-to-Noise Ratio (SNR)
SWIR (Albedo =0.5%) Signal-to-Noise Ratio (SNR) 3
MWIR (T =270K) bon¢ f yn YYr
TIR (T=270K) bon¢ f pn YY
Fire 1 (<500 K) bone f ™ Y
Fire 2 (<400 K) bon¢ f nodp Y
b9nc¢ = Noise-Equivaler
Temperature Difference
Radiometric Accuracy VIS-SWIR (Albedo = 2-100802% (Beginning of Life)
<5% (End of Life)
az2lLw cc¢cLw
<0. .
bHcp ¢ omn Yl,)OZK(OlKgoaI)
Fire (<500 K) <3K
Design Lifetime 7.5years

In the context of thellR channels, due to the superior noise performance at lower scene brightness
temperatures measurements should be done using the S7 and S8 channels whenever these are
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unsaturated and deemed valid. The F1 and F2 channels should be used over high temperature targets
such as fires thataneasilyresultin S7 and S8 saturatio@ontrary to what wasnitial planned the
nominakgain lower noise S7 channel saturates at a lower temperature threshold (311 K), which
frequently is achieved during the day by warm surfaces. This requires the use of tigailgvinigher

noise level F1 channel that saturates at 450 K.

The SLSTR F1 detectors are smaller than treetttors andare not coealigned on the instrument

focal plane (Coppo et al., 2010; Coppo et al., 2015). This means that Fladataifferent ground

pixel footprint shape and sizegsulting ina smaller pixel area (0.9 Kmear nadir compared to the 1

km? of S7), and far more limited growth in pixel area across the-nadir view scan. & means that

apixel measured in the S7 and F1 channels comes from different footprint areas (Coppo et al., 2010;
Coppoet al., 2015nsin the estimateprojectionsshownin Figure?.
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Figure7 - Characteristics of the SLSTR S7 and F1 MIR channels. Detector instantaneous field of view (IFOV)
maps for the (a) S7 and (b) F1 channel, as measured during the Seftnkelboratory characterisation process
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are shown on the left in the instrument frame of reference. Each channel has two detectors, and the IFOV of
detector 1 is plotted in black and that of detector 2 in red. Footprint maps projected onto the Earth are shown
for one detector for the (a) S7 an@) F1 channels, at the far left, centre, and far right swath positions of the
near-nadir scan. Colours represent the spatial weighting function describing the signal origin, with this being
a maximum close to the footprint centre and 10 times lower at tfeotprint edge. The dashed lines represent

the 1 km image grid. Data courtesy tfie Science and Technology Facilities Council (STFC) Rutherford Appleton
Laboratory. The S7 and F1 footprint area (Rnehange with distance from nadir and VZA in the newadir scan

is shown in the lower plot (csource Xu et al.(2021)

The Upper temperature limit for optimally calibrated channel S7 is set to ~305 K for both-SLSTR
SLSTB. All S7 brightness temperatures higher than this ligfiagged. The data is still usable up to
311K butnot considered optimalESAEUM, 2024

In addition, due to the way F1 data is calibrated from digital counts to spectral radiance, it can record
anomalously low brightness temperatures at degean. Thigvershoot effect mostly appears after
detection of high temperatures (fires) or low temperatures (clouds), resulting in a doan pixel
appearing to record a temperature that is much lower than expeadet al., 2020). This significantly
impacts the performance of an active fire detection algorithegquiring adjustment to avoid
commission errors

The differences between S7 and F1 in terms of pixel area and slggindent pixel area growth
characteristics, noise levels, spatial offset and deean BT anomalies present a major challenge to
integrate both channels in an algorithm for fire monitoring &RIP retrievalA review of the strategies
developed to overcome these challenges are giveseirtion103450213.2

3.1.3 Radiometric onsistency betweerA and BSentinet3 platforms

A comparisonanalysis of Sentinéd SLSTRevell radiometricdata between SLSTR and B sensors
using measurementsacquired during thetandem phase (Hunt et al. 2020) showed reasonable
radiometric agreement between the two sensors in the linear region, with mean S7 differeiibes
0.06 K(Table6), but agreementdegrades at colder scene temperatur@dsgure8) which are not
explainedby the large uncertainties.

Table6 - Mean and standard deviation of differences between A and B SLSTR observations in the linear detector
region (source: Hunt et al., 2020)

Channel Name and View Mean Difference/K Standard Deviation/K

57 Oblique 0.06 0.13
58 Oblique —0.01 0.11
59 Oblique —0.05 0.11
S7 Nadir 0.06 0.10
S8 Nadir 0.01 0.06
59 Nadir —0.04 0.06
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Figure 8 ¢ S3B- S3A bightness temperature differenceselative to S3B measured bthe SLSTR thermal
channelsas measurediuring the A/B tandem phase (sourceédunt et al., 2020

3.2 Active fire detection and FRP retrieval

3.2.1 Product Algorithm description

To retrieve the FRP measurements, first the thermal "hotspots" need to be identified and confirmed
as ongoing active fires (ABfter which FRP be retrieveds such,he consolidated detection and FRP
retrieval algorithm for Level 2Nooster et al., 2012; Xu et al., 2020; Xu et al., 2023)s on a series

of pre-processing steps for imagguality screening, several stages for AF detection and associated
confirmationtestsand finally FRP retrieval over those pixels desirto containactivefires.

The input data for the algorithm is the standard SLSTR L1b imagery, nadir view only, for which data has
been radiometrically calibrated using dmoard calibration coefficients (secticdhl.?, time stamped,
geolocated, geaorrected and regridded with viewing angles computed, flagged for surface types
such as land and water, cosmetically fillatbrmationto account for quality issues arbuds, using

the embeddedL1b preprocessedtloudand scenenasks and annotaed with relevanimeteorological
information (https://sentiwiki.copernicus.eu/web/slstprocessing#SLSTRProcessing
ProcessingBaselije

As previouslymentioned in sectiorfl03450212.23.1.1there are two versions of the SLSTR L-2vel
retrieval algorithm, one produced by the Marine Branch (EUMETSAT) and providing an NRT fire
product, and one produced by the land branch (ESA) providing a NTC Fire product. The characterization
of the algorithmpresented in this document is based on the NTC version, considered a more complete
algorithm by covering night and day observagpfocusing orproviding ahigherquality productat a

cost ofhigher latency. The product is availablénéips://cds.climate.copernicus.eu/datasets/satellite
fire-radiativepower?tab=overviewwhere the ATBD and the QA documents can also be found.

The Sntinel3 FRP retrieval algorithm has undergone several iterations, from the initidhpneh
conception based on simulated data and instrument design information (Wooster et al., 2012), to the
initial post launch radiometric adaptatiorie overcome the lower S7 channel saturation andrF37
gridding issuedocussing onnight-time data (Xu et al., 2020)and then o fully capitalize on F1
measurementsalso providing day time data(Xu et al., 2023)The uncertainty characterization
presented in the next section is based on tralated processingof the nighttime and dayime
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versions. A full detailed description of the algorithm is detailed inLiinel 2 producATDBWooster

and Xu, 202Por in the relevantpublications \Wooster et al., 2012; Xu et al., 2020; Xu et al., 2023).
Here we will focus only on how the data flows through the algorithm and not on the supporting
rationalebehindthe innerworkings, e.g., parameters and methodse Tdllowingreview provides the
base to understand the varioutatransformationprocessesnd associaté uncertainty effects that

can contibute to it. Characterizatiorof these sources of uncertaintyill be addressedn section
103450213.3In the followingdescriptionaddressing the algorithrdescription the reader is advised

to jump betweenFigure9 and 10 (section3.2.3 as it provides th¢é mindmap€ that links data,
parameters angrocessunctionsof the retrieval algorithm

Theflowchart Figure9), taken from the Sentinel BRP Level 2 Algorithm TheoreticaliBB®cument
(ATBD) presents the various processing stages fog Mitest version of the AF detection and FRP
retrieval. Due to the lower saturation threshold associated with channel S7, both MIR channels (S7 and
CmM0 N3 FANEBRG O2Y0AYSR Ay I ¢gle& G2 3ISYSNhiS |
Figurel0) whose pixels store F1 measurements in regions containing one or more S7 saturated pixels,
but S7 data everywhere else. The merge process identifies saturated and surroundingaarckas
through a series of thresholdests ensurethat the selection ofF1 counterpartsused to replace
saturated S7 pixelare not affected by the dowsscan anomaly. Ehprocedure {iusion in Figure10)

reliesin absolute differences ibrightness temperature®etween S7, S8 and F1 that meet certain
criteria (s1, ps2 and psz in Figure 10). To note that this fusionprocessonly applies to dayime
observation.For nighttime, BTuir is simply BTsz and the function to replace saturated S7 with F1
counterparts only take place in the clustering stépstering, the last step prior to estimating FRP.
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Figure9 - Sentinet3 Level 2 Non Time Critical (NTC) Fire Radiative Power (FRP) (S®emtieel 3 FRP Level 2
Algorithm Theoretical Base Documerdadaptation from Xuet al. 2023

After creating the fusion BTénagery the following pre-processing step consgstn an improved
versionof cloud makinghanthe oneembedded in the L1b data. This cloud maskiagdin Figurel0)
uses a set of simple thresholds developed specifically for active fire apple@timoster et al., 2012;
Xu et al., 2020)Thiscloud screeningprocessrequires per-pixel reflectance information from S2 and
S3channels and associated threshold parametgxs and pcs, and brightness temperatures from the
newly fused BJdirand S8, and the associated parametpss pc1 and pco. The outputof this process
arethe locationsof pixelsidentified ascloud free.

Thenextfew stages of the algorithm aim at identifying potential active fires, screeghimggefor non-

fire activityandthe characterization of the surroundingpt fire-affectedbackground. This sequence
starts with the application of spectral filter filer1 in FigurelO) to identify the pixelsthat meet certain
brightness temperature thresholds betwe®&ilwrand S8, ovesubscenesections thatare considered
cloud freeaccording todefinedthresholdcriteria (1, p2). Ths stage izomplemened with a spatial
filter (fer in Figurel0), whereby the differences betweernlgz and S8 are assessed over a series of
five growing spatial kernels. Tk testevaluates the level of the thermal anomalfo the subscene
averageaccording to alefinedthreshold fs). The location of the candidate AF pixels that result from
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these two tests are mergedy(in Figurel0) andused in thenext stepto characterie the background
radiance

To characterize the background radian@&ckgrounain Figure10), the surrounding area o&n AF is
searched for no#iire, non-saturated land pixelsnot affected by sun glint that satisfy certain
brightness temperature valueg4), anddifferences with S§ps) andunder certainobservationangles
(ps). The size of the window is extended to ensum@iaimum number (py) of nonfire land pixels is
available for the characterization of the background radiafideemeanof all these backgroungixels
islater usedin the main measurement functicio estimate the FRFf the AF is deemed a true fire.

The next stage of the algorithm is made of 2 steps, one focused in confirming that the relatae

to true fire activity (fconirm in Figure10), through a series on contextual test with different thresholds
(ps, po @andpig) defineddifferently fornightandday observatiog, andan extra screening stejpcused

in identifyingpotential falsepositives(filtaseaarms in Figurel10), such aghose that carresults from hot
desert surfaceand cloud and water edgeA series radiance ratios and absolute thresholusto pis)
are appliedto the background informatiomndthe AF pixels

For night-time processor version, not having been subjectato initial image fusiona clustering
function (ustering iN Figure10) is implemented to findwithin a cluster theF1 pixelcounterpartsof
existentsaturated S7 ipels This identification proced$sst matches clusters of AF pixels between the
two F1 and Sgrids and F1 replacement candidates are tested againspatial kernel (of siZé/;)
according to definedhresholds pis, p20 and p21). Oncethe F1 replaced pixelis identified, the
correspondindocation ofthe original S7 grits assignedo the F1 replacing radiance value

3.2.2 The FRP measuraridr spaceborne retrievals

The algorithm described in the previosgectionis performed over thdevel 1b1 km nadir view
resuling in the geolocation ofidentified active fire pixelsand the information characterizinthe
merged F1/S7 radiae associated with active firemndthe nonfire background in the vicinity of each
active fireisfed directly into the measurement function to estimaier-pixelfire radiative power. Té
equation(inside the blue box ifigurelQ) has its theoretical basisn a power law approximation to
the Planck functiorby exploiting the fact that for the temperature range of active firet MWIR
wavelengths the Planck function relationship between emitted spectral radiance and emitter
temperature approaches drder powerlaw. FRP is calculated from the emitted radiance of the fire,
compensated by the excessive background radiance thedr atmosphere transmissivity and
weighted by the pixel area. This simple expression is the core of the measurement function, displayed
at the top of the uncertainty tree diagranfigure10). In this context,considering thesatellite
observational conditionthe measurandor measuring spaceborne FRRlefined as

Theinstantaneousneasurement of the radiative powprnits: MW] solely emitted by fire at the
Bottom-of-Atmosphere (BOA) associated with ongoingdtgvity withina pixelarea.

3.2.3 The uncertainty tree diagram
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In Figure 10, we present the uncertainty tree diagram associated with the spaceborne FRP
measurements as retrieved by the SLSTR sensors onboard the S8rsatellite platforms. Each input
quantity in the measurement function might be influenced by one or more esrad uncertainty
effects. It is important to identify and consider each of theseertaintyeffects in turn, as every effect

will lead to an uncertainty in the estimate of the input quantity. This invobegsideringeach term in

the measurement function and investigating all the possible sources of uncertgimsid this process

an uncertainty tree diagram is used. The uncertainty tree diagyeeaented belowllustrates the full

set of identified error effects that could influence the measurand artkit connection to the
measurement function. The diagram maps out any hierarchical aspects and dependencies of the
uncertainty analysis, where input quantities are determined through their own separate measurement
function of other quantities.

The main measurement function of the measurand is outlineslilue boxfrom which we traced the
source of itdnput quantitiesand the functiosthat are used to calculate them. The final leaves of the
diagram (in yellow) outline the uncertainty effects that can impact each variable/function. These will
in turn be discussed isection3.3, and for the ones that werexploredin this project {ask numbers

in red), the analysis andesultsare availablén section?.
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Figure 10 - Uncertainty Tree diagram for Sentinel 3 FREvél 2 retrievals. The measument function is
displayedat top (blue boxy and input variables and parameters atianked to the different processeassociated
with active fire identification andbackground characterizationréd boxes), feed by thdata pre-processing
steps (green boxesand L1b S3data (pink box) and auxiliary data (violet box). Uncertainty source effects
representing the leaves of the treare identified inyellow andthose that have been analysed are markéy

the associated project task number (in red)
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3.3 Discussion on the uncertainty contributions

Based on the uncertainty tree diagram, each source of uncertampacting the measurement
functionwill now beaddressegand the results withs much as possibbe recorded in an effects table.

Each input quantity may be influenced by one or more error effects, but all quantities in the

measurement function have at least one associated effElaere are two aspects to determining the

individual uncertainties:

W 9@ fdzh GAYy3a GKS dzy OSNI I AyihGe Ay Fy AY
I u

Jdz(i
© 90 fdt GAYyI GKS dzyOSNIFAYGE FaazoAl GSR o

L
S

The effects table (described section2.2.2 is a way tosummarize all the informatioron the
uncertainty componenand allow for the development of an evidenbaseduncertaintypropagaton
model In this section the different sources of uncertainty are analysed incluilipgssiblethe error
correlation structure for each effect. Where two quantities in the measurement function rethen
sameeffect, known as having common erroybreakdownof the individual impact ishallengingand
will not be explored

The extent to which the effects tables are populated depends on the available public inforpmation
analysis resultsonductedwithin this project or based on best gusfudgements In this regard, the
maturity of the analysis section that is included in the effects table, will reflect the evaluation that was
carried out onthe magnitude, errofcorrelation scale and forraf the uncertainties There are many
ways to do the uncertaintgvaluation,and the choice will depend on the nature of the uncertainty
and the available information, when this information is omitted, our best guess is expressed and noted
as such.

Within the scope of thigroject, our discussion on the uncertainty effeatsll only addresshe main
measuring functior(blue square ofigurel10). The remainingoreakdown function representing the
pre-processingsteps, active fire detection and screening, fall out of the scopphase one of the
FRM4fire projectwith plans to tackle this in phase two

The +0 term at the end includes uncertainties associated with model errors of the assumed
approximations. These will also be explored to the best of our abiityn mostcasesthese cannot
be fully characterised

3.3.1 Review d L1b productradianceuncertainties

ForLevellb, the IR radiancefisuir and L) are calculated from Lewv@ raw counts by applying the
calibration offset and slope parameters that describe the linear relationship between numerical counts
and radiance The associatedjeolocationis computed foreach pixel andadditional flagging
information on the observed surfaces, either by an internal classification algorithm or using auxiliary
informationis computed

The design of SLSTR instrumestsuch that the intended primary sources of uncertainty are the

radiances from the ofboard calibration blackbodig®B)used to calculate the calibration parameters.
These BB temperatures are traced to their physical temperature as measured by the precision PRTs,
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themselves calibrated priaunch against the IT®) standard, providing theequired metrological
traceability.

A omprehensive analysis has beg@erformed by Rutherford Appleton LaboratoryRAL on the
uncertainties affecting the SLSRasurement$asedon pre-launchlab measurements (Smith et al.,
2020 and 2021) and th®&entinel3 SLSTR Uncertainties in Lev&lroducts Algorithm and Theoretical
Basis Document (RAL, 20p®videall thedetails of how these are characterizédgurellillustrates
their findingsshowing how thecombinedradiometric uncertaintyvaries with scene temperaturd.o
note thatthe SLSTR based active fire detection algoritiseda brightness temperatur¢hresholdof
310 K taseparate not fire pixels for background. As stichihe context of fire monitoring the value of
interest are at the higher end of the scale.

TIR channels Fire channels

'Imm:.rrlrlrl[l.l|rr|r|rr|.|r'|r||.|r.__ 1.00 o171 T T T LB LI T
10.00 = S99 o
€ 3 E g | i
F— C - z
€ B . €
= =
§ 10FE = § 00 3
3 E E g = =
- - - 3 - -1
= = » -1
@ u 7 @ - .
0.10 —= L -
got b Lo e o a s Loy 0.01 btd Lo oo o L oo oo Lo oo Lo o oo | o a1y
Y00 200 300 400 500 oo 250 300 350 a00 450 500
Scene Brighiness Temparature (K) Scene Brightness Temperature (K)

Figure11 - Radiometric uncertainty as a function of scene temperature for the TIR channels (left panel) and
the Fire channels (right panel) (source: RAL, 2019).

In the next sectioa we willbreakdownall the available information omhe individual sources of
uncertaintyfocusing only on the Tléhannels.

Radiometric noise

Each detector has its own noise characteristigsject todifferenttypes ofnoise such as thermal noise
related to the detector temperature, noise from surface effects and noise generated by the electronics.
As such,he total signal noise can be a combination of shot, thermal, digitisation and amplifier sources,
for which individual contributions caot be isolated.

PrelaunchLaboratory characterization showed that the uncertainties associated with the calibration,
had a strong dependence on the sceteamperature Figurell). As such, thee are characterised in
terms of noise equivalent differential temperatur@NEDT)that representsa signalto-noisein the

form of atemperature difference that wouldesults fromradiometric noiseat certain temperatures
(Williamson, 1970)kstimates during the instrument development phasgsed on a theoretical model,
resulted ina LookUp-Table LU of NEDTvalues,proposed to be assimilated by lev2lproducts.
However, these showed to be higher than the measured values and a revised model was needed
(Figurel2).
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Figure12 - NEDT versus temperature for th&7A (left panel) and S7B (right panebhannek based on the
instrument performance model prediction in the SLSTR L-2wdDHred line), Radioretric noise requirements
from SRD (dashed lingand the radiometric noise from the blackbgdsignals as a function of the temperature
from pre-launch calibration testgsymbols) (Sourcesmith et al., 202D

Nonr-linearity

It is known thatthe SLSTRensorhas a nodinear response caused by Auger recombinatitrat
manifests as a fall of in response with increasing photon Tltis non-linearity response is detector
and wavelengtidependent and can be as much as 108@re-flight correction modewasdeveloped
to reduce the noHinearity effect uncertainty to <0.2% for S7 and <0.01% for S8 af@ndth et al.,
2020) As highlighted bysmith et al., (2020), thaeon-linearity correction assumes thail detectors
are under the same conditionduring flight operations i.e.,that these areunderthe same detector
temperatures, biases and voltage sets.

Another aspect to consider is the temperature range for which the linear response is valid, it is
expectedthat non-linearity will be more extreme closer it gets to the sensor saturation pokig(re

13), which calibration tests showed that S7 saturates at a scene temperature around 305ckrbut
measure BTs just beyond 31laKd 450 K , for S7 and F1, respecti&snith et al., 2020)This is
particular relevant as the SLSTR active fire dete@ligarithm applied a 310 K threshold to separate
between fire and not fire affected measurements.
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Figure13 - SLSTR (left) and SLSTR (right) nadir view measured detector counts vs. scene radiarams
brightness temperatures for channels Sthe corresponding scene temperature is shown in the lower axes
Legend is as followdDetector 1, Integrator 1(red square) Detector 1, Integrator Ablue square) Detector 2,
Integrator 1(red triangle), Detector 2 Integrator 2 (blue triangle) 2. The SLSTR Thermal Infrared (TIR) channels
have two detector elements in the alongack direction and are read out in altemte integration cycles, which

are calibrated separatelysource Smith et al, 2020).

BB emissivityeffects

Emissivity of theonboard blackbodies should be accounted fas it can contaminate the
measurements taken in flight. The emissivity depends on the temperature, solid angle and other
components directly visible by the detectéior theSLSTR blackbaaymissiviteswere determined by
combining reflectance measurements of the black coating material and a Moatie simulatioriool
accountngfor the cavity geometry.

Solar Contamination

Solar contamination can result in two separate effediect solar radiation in FOV when viewing Earth
(usually seen on one side of FOV) aothr radiation reflecting off internal components of the
instrument into the inflight calibration system.

Only the first effecis consideredto haverelevant impacton the spectral range covered by/81
channelsduring daytime observationehenthe spacecraft moves out of thgarth shadow and the

Sun begins to illuminate the instrument. However, seasor was desigrd so this effect is minimized

and, as sucthit is considered na-significant If it were present it would be expected to impact only a
short period of the orbit near one of the poles where fire activity is almosterstent. Any resuiihg

errors are expected to be highly correlated between adjacent orbits and between adjacent scanlines.

Stray light
Straylight refers to the unwanted light that enters an optical system, reducing image quality and

signatto-noise ratio. During praunch testsdiscrepanciesvere detected between the measured BT
andthoseof external sourcesAssumed to be related to unperformed coating materatorrection
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model was developed but it is unknown to be implemented. Howgiver correction model @l not

fully address the actual sources of the stray light signals nor aceddmt on-orbit variations in the
AYaGiNHzYSyiQa GKSNXYIf SyYy@aNRyYSydGo LG Aa SELISOGSFE
the Earth views, affectinghannelsS8 and S9, mainly for the oblique views suchthis effect will be

considered negligible in the context of fire monitoring.

Spectral response function

The SLSTR spectral response function was measured in the kduped through experimental
characterisation. The measured spectral responses of the nine standard chanr&9 8ilthe focal

plane of the SLSTR FMO02 instrument on board the Ser&kekellite, and the SLSTR PFM instrument

on board the SentinedB satellite are available at: SLSTR A SRFs and SLSTR B SRFs, respectively. These
were made during spectral calibration campaigns conducteRAt littp://www.stfc.ac.uk/) in July

and August 2014 for SentinBA (SLSTR A FPA Sped@alibrationjand February 2016 for SentingB

(SLSTR B FPA Spectral Calibration). To note that the responses of the fire channels F1 and F2 are
identical to the responses of standard channels S7 and S8.

The result showed that, for both SLSTR sensors, thesfl®F were generally compliant with the
mission requirements in terms of the spectral template, spectral responsegfeband integrated

signal, and polarisation sensitivity. However, the SRF for band S7 on S3A failed to be compliant on the
longwave left orner exceeding by 0.6% the 2% compliance threshold and similarly, band S8 for S3B
on the marginal longwave template left corner

SENTINEL 3A SENTINEL 3B

S7 S8 S7 S8

maseanesscese
o s

response at 87K.

=
||
-

normalised
unpolarised spectral

sensitivity (87,
92, and 100 K)

Temperature

Figure 14 ¢ Normalised unpolarised spectral response and uncertainties (upper panels) and associated
temperature dependence for the S7 and S8 channels (Source: RAL, 2017)
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Uncertainties in the spectral response profile can have two main effects: errors in the spectral band
centre and in the bandwidth. These effects may be correlated, as a shift in theveoregdength edge
of the response will affect the band centre and thendwidth.

Results from the SLSFRand B spectral response testing showed an uncertainty in the band centres
and edge positions of <0.001 um and that sensitivity to temperature-a883 um K.

To note that, for the S7 channel (especially for S3A), because the spectral response is pitched at some
distance from the peak of the 290 K sou(E&gureld) and the radiance at the centre is 3.3 % that of

the peak, this means that uncertainties near the peak are amplified. In terms of L1b product, the effect
on converted radiances is presented Figure 15. For temperatures associated with fires, the
uncertaintiesare atits maximum and can reach 0.1% in radiance.
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Figure 15 -Sensitivity coefficient for spectral radiance errorgd/[m2sr!pum™ nm] due to uncertainty in the
spectral bandcentre (blue lines) and bandwidth (red line) (Source: Smith et al., 2020)

In is unknown if this original characterization on the spectral response function uncertainties
conducted in the lab is still valid-fiight. The launch shock, temperature sensitivities of the filters or
mismatch in illumination conditions between calibioan and use, and/or degradation over longer
timescales, can be affecting the performance of the SRF. These effects can result in different types of
errors, such as a systematic or random radiometric error. Stnisenot known which kind of error

affects the SRR generic SRF systematitect for all the measurements consideredThe combined
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uncertainty results by Smith at al. (2021) presentedable7 already consider the uncertainty from
the S3 SRF.

Radiometric ombined uncertainties

A comprehensive uncertainty characterisation analysis was presented by &miit{f2021) providing
results on combined uncertaintie®nsidemgsomeof the discussedources of uncertaintyl@ble7).

The studyalsoconcluded tlat the combined uncertaintis dominated by detector nois@ndtried to
propagate the level of contribution of the different effects according to the measured scene
temperature Figurel6), concludingthat overallNEDT tends to be stable

Table 7 ¢ Breakdownof uncertainty budget expressed as BT in mdélvin for SLSTR IR Calibration for a
reference scene temperature at 270(%ource:Smith et al., 2021)

o SLSTR-A Uncertainty in BT (mK) SLSTR-B Uncertainty in BT (mK)

“ 57 S8 $9 s7 s $9

NEDT * 40.0 13.4 20.2 37.6 14.8 18.2

BB1 Noise 0.4 0.2 0.2 0.7 0.3 0.2

BB2 Noise 67 1.9 19 113 25 1.5

BB1 Temperature Measurement 34 23 23 3.7 25 24

BB1 Temperature Gradients 17 1.2 1.2 6.2 42 41

BB1 Emissivity 20 1.0 1.1 21 1.1 1.2

BB1 Background 0.1 0.1 0.1 0.1 0.1 0.1

BB2 Temperature Measurement 14.1 15.6 15.6 138 15.4 15.4

BB2 Temperature Gradients 31 3.4 3.5 5.0 5.6 5.6

BB2 Emissivity 15 0.8 0.9 1.6 0.9 1.0

BB2 Background 1.1 0.6 0.7 1.0 0.6 0.7
Non-Linearity >0.1 0.1 0.1 0.1 0.1 0.1

ISRF Band Centre 0.1 >0.1 >0.0 0.1 >0.1 >0.1
Combined standard Uncertainty (k =1) 16.8 164 16.4 20.3 17.4 17.3
Combined expanded Uncertainty (k = 3) 50.4 49.1 49.3 60.9 52.1 52.0
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Figurel6 ¢ Correlatedcombined uncertainties according to temperatuess evaluated from prdaunch analysis
to L1 productsgource Smith et al., 2021)
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Thenoise contributionfor F1channelis known to be higher than in S7. Due to its dynamic range, it is
generally recommended not to use F1 detectors for BTs < 305 K.

Thecombineduncertainty for all spectral channels in the form of fully random noise expressed as NEDT
derived from the orboard sourceghased on the préaunch test results (Smittt al., 2021) have been
estimated for Level data productsand a python tool has been developed to deriper-pixel
uncertainties and is available for users to utilise within their own l@verocessing chains and
applications to derive per pixel uncertainties for geophysical retrievals. More information available at
https://www.eumetsat.int/S3TIRuncertainties

For most practical applications, the documentation of SLSTR-1Lelata advises that users should
consider the NEDT as fully random and the calibration uncertainty as fully correlated between spectral
channels, meaning that noise is independent from one pixel to another.

In terms of radiometric validation, EUMETSAT using comparisons againstadéBconfirmed very

good performance with almost no bias (< 0.1 K) for channels S8 and S9 in the nadir view over the
temperature range 22@, 280 K (ORMPC, 2025). No such information is available for th&=57
channes.

Uncertainties due to scene namiformity will need to be considered as part thfe subsequent data
processingf resampé basedon averagings used An example ats application has beedonewith
comparisons of SLSPRand B during th&entinel3 tandem phase in 2018 (Hunt et &020), noting

that uncertainty due to random effects is reduced due to the spatial averaging, whereas the correlated
component of uncertainty does not.

Temperature to radianceonversionmodel error

The temperatureto-radiance LUT in the Levklcalibration ADFs provides the in band spectral
radiance as &unction of temperature from 7K to 330K for S7S9, and from 208 to 50K for F1 and
F2.The LUTs channel and detector specific to allow fhe differencesThe radianceaincertainty[W

m2 srtum?] for a specific temperaturés obtained by quadratic interpolatio(RAL, 2019)
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Table8 - Hfects table forthe uncertainty sources associatedeasured radiances

Instrument SLSTR SLSTR SLSTR SLSTR SLSTR SLSTR
Contribution
identifier u(Ly) u(L) u(ly) u(ly) u(Ly) u(Ly)
Measurement
equation
parameter(s) Ls, b Ls, b L, b L, b L, Lo L, L
subject to
effect
. Maturity  of
Matunt.y of uncertainty 2 2 2 2 0 2
analysis :
estimate
Maturity of
correlation 2 2 2 2 0 2
scale
estimate
If maturity of
estimate is 0
or 1, how
significant do
you expect| Significant negligible Significant Minor Significant Significant
this effect to
be on pixel
level
estimates?
If maturity of
estimate is 0
or 1, how
significant do
you expect . - S significant for - .
this effect to Minor negligible significant Lf negligible significant
be on large
spatial scales
/ long time
series?
Correlation . Rectangular Rectangular Dependent on Rectangular Function of Rectangular
Time . number of
form/type absolute absolute the correction absolute scanlines absolute
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response of the scene impact on fire | on the the sensor and
detector, with temperature temperatures | brightness on the radiance
consequent dependent resulting in a | temperature to brightness
effects on the | error in the final systematic temperature
scene radiance. bias in BT conversion and
temperature calibration
dependent coefficients
error in the final
radiance.

3.3.2 Pointing and ceregistrationerrors

Ortho-geolocation of the SLSTR data requires precise determination of the pixef-snght (Lopwith
reference to the satellite reference frame. SLSTR has two separate scanners and telescopes that move
the detector field of view in a conical scan to achieve the 1400 km swath width. Hence, there is no
static LoS for each pixegquiring ageometric calibration model. Each view is a linear transformation
and can be representedylvector directions (known as the direction cosin€xmbining the direction
cosines, time calibrationgnd the satellite navigation vectors, allows to compute the intergsmtof

each pixel at th&d NI K Q & usiagdarsimplellifsoid model and digital elevation mode(DEM) is
usedto obtain theortho-geolocation information orthe altitude, longitude, view, and solar geometry

of each pixelTable9 summarizesll the components that can contribute to determining tbgection
cosineerror. Detailed information on theo-registration model is described in Smith et al. (2014) and
RALZ2019

Table9 - Breakdown of the error sources for LoS model (sousteith et al., 2014

Component Term Characterization
Scan cone singles [T — Scanner testing
Scan axes orientation Ly Design analysis
Scan rotation angle L Encoder readout
Alignment cube orientation um, WS, UE Testing at OME level
Interchannel co-registration Ui, Up, U Instrumernt level tests
Flip mirror repeatability uloSe, Instrument/subsystem tests
Themo elastic distortion ULOS hesmal Instrument/OME tests
O-1g release uloS, gy By analysis

LoS characterisation Wiy, Uiy, Wiy Instrument calibration
Alignment with respect to satellite Udg, Uug, Uig Postlaunch calibration

AtLBGKS Y8 2 dNBYMIWRRS R WB2 Wi | INIGEMT /NI AYdZIBA I NA RQ
tothesubd 6 St f A0S GNIF O]l 6KAOK F2N¥a (KS weQ lEAAZ 6
the Equator. Each image grid pixel is a uniform degigo be lkm x 1 km. A commonimage gridis

used forchannelsS7#S9 and F2yut an independent grid is setup for B% this channel uses its own

detectors as outlina in section 3.1.2 The re-gridding process is based on a nearesighbour
algorithm.Note that the geographic centre of each measurement pixel is not necessarily the same as

the geographic centre of the image grid pixel, nor is it always the same shigjpreel7). Due to the

curved measurement scans of the SLSTR, this approach can lead to some image pixels with no
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measurements, or with more than one measuremémnt each 1 kngrid. In the case there are gaps

(normally at the edge of the swatts) G KS&S I NB  YOR08KY SARANIBK drasdatt ALOATESSK ¢
result from the resampling seme However, these are flagged as such and can be excluded from the
processingf required A detaileddescription on thegeoregistration and regridding processes is

available atSentinel3 SLSTR LevEAlgorithm and Theoretical Basis Document (RAR1).

Example of cosmetic fill for 1km image
grid.

FOVof pixel, geo-located toits === sssssssssscnanann
centre =)
Image grid, centre position used to
re-grid instrument pixels to

Figure 17 - Diagram showing the definition of the 1km image grid. The x andCgrtesian coordinates are
defined relative to the Ascending Node Crossid the subsatellite track (left panel), andrepresentation of
the filling processusingcandidate pixel centre locationgight panel) (source RAL.2021and OPGMPC, 202)

Geolocalisation performancef L1 imagewith referenceto ground control points (GCB)monitored

by the missiorthe Sentinel3 Mission Performance CentriPQ. Their lates cyclic repostates that
geolocation uncertainty is stable and within requireme(@CMPC, 203). However,there are ce
registration issues, with supixel misregistration of S7 with regard to S8 and S9 of ~ 250 m for SLSTR
A and ~120 m for SLSBRand the identifiedmisregistration between the fire channel, F1, and
channel S7 of an order ofkin at the centreof the swath but increasing with the SEAPGMPC 2024).

Coregistrationissueshetween theS7 and S8hannel detectorswill be propagated to L1b data and
impactthe performance of the active fire detecticand FRP retrievelMeaning that i observed pixel
coordinatesare atthe edge ofthe centre of the 1 km gridthere issomeprobability that will fall on
differentgrid-cell. Asillustratedin Figurel0, the extra cloud screenin(tioud, Spectrabnd spatiafilters
(filerrandfery), background characterizatiofbéekground, and indirectly AF confirmation and false error
screening functios (feonfirm and filtase aiarmd, depend in one form or another oper-pixel S8 data
information.

In termsof S#F1coregistration err@, the consequenceare more significant as not only do the pixels
have different FO¥rojections,but the coregistrationdifferencesincrease withviewing zenith angle
(VZA. TheFRRletection and retrieval algorithradopted some procedures to overcorttee potential
misrepresentatiorusing a clustering approadfor the night datg or a S7/Flimage fusiorapproach
basedon tests with S8(for the day data), also prone to gegistration issuesAll this issues mainly
impact theactive fire procesdor whichthe associated uncertaintiesill not be characterizedn the
phase of the projectHowever, future researcbhould evaluate thémpact of ceregistration errors.

It is not clearf the information on VZA anglgsovided in the L1lproductis a directestimatefrom

the LoS calculations if it correspondgo zenith angleselated tothe centre of the 1 knmegulargrid.
Although the angle difference would be insignificanf0.04) assuning the level of reported ce
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registration error it canhaveimpacton the AFidentificationalgorithmto eliminate falsedetections
(filrasealarms) @nd indetermining what pixels can be used for the background characterizétieiyround-
In addition, the VZA is an important parameter used to determinedtmeospheric paththe FOV
projection size and theshape of the point spread functiprwhichindividualy, contribute to FRP
uncertainty. Pointing uncertainty is not characterized under this phase of the project isit
contribution needsto be fully understood.

Table10 - Hfects table forthe uncertainty sources associated with pixel area term.

Coregistration oy
Name of effect Ponting error 9 localisation
error .
uncertainty
Instrument SLSTR SLSTR SLSTR
Contribution identifier u( ) u(x), u(y) u(lat), u(lon)
Measurement
equation parameter(s) X,y lat/lon
subject to effect
Maturity of
Maturity of analysis uncertainty 1 0 1
estimate
Maturity of
correlation scale 1 0 1
estimate
If  maturity of
estimate is 0 or 1,
how significant do
you expect this Significant significant Significant
effect to be on
pixeHevel
estimates?

If  maturity of

estimate is 0 or 1,

how significant do

you expect this Minor Minor Minor
effect to be on

large spatial scale

/ long time series?

Correlation form/type | Time unknown independent independent
Pixels alongrack independent unknown unknown
Pixels acrostrack dependent dependent dependent
Orbit FEEETRIIEN independent independent

absolute

Correlation scale Time unknown 0 0
Pixels alongrack 0 unknown unknown
Pixels acrosgack | [ Hh Hb unknown unknown
Orbit [ Hh b 0 0
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Channels affected
List of channels

within [S7, S8, F1] Al Al Al
fully
Error correlation correlated
coefficient between A A
channels
Uncertainty PDF shape ASS“”?Ed rectangular rectangular
gaussian
Uncertainty & units <0.04° m degrees
Sensitivity coefficient
Correlation(s) between Possible
unknown - . unknown
affected parameters correlation with
systematic error
Impact of the effect on translated Assumed
fire event based FRF random error differently random error
retrievals between F1 and
S7 grids

3.3.3 Pixel defined area

The area of a pixel at L1b is defined by ghielding spatial resolution of the producteaningthat it
is set to 1km? However FRP retrieval algorithmeequire consistency between theixel area
representationand theemitted radiance(brightnesstemperature)of the pixelarea As such, thes3
FRP L2 retrieval algorithmeeds the area information associated with the F@Wjection on the
surface(grey area irFigurel?). For that purposeRAL supplied LUT(fLup) of the area associatewith
eachposition of the crossrack SLSTRcan independentlyfor the S7 and F1 detectofas showrin
Figure7). Howeverthe areaestimates are believed toepresent thestandardsatellite altitude of
814.5 kmto the surface duringwithin its orbit relating to the average radius of the eartis is, he
estimated ar@does nottake into accoun&arthQ éllipsoidshapeor topography Because the satellite
altitude changeghe associated-OV projectiorsize changesmeaning thatpixels athigher latitudes
are bigger that the onesver the equator.In addition,topographycan further introduce additional
errors. Thecurrent approachto estimate area if not fifor-purposeas it introduces amnnecessary
uncertainty of 4% to the estimatal area, which needs to be propagated to FRP estimates
consequencef thissource ofuncertanty is further propagatedvhen characterizing theincertainty
of the position on the fire within the point spread functi¢gection3.3.7).
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Figure18 ¢ Sentinet3A altitude with reference to the earttellipsoid during an orbit, as simulated for the®'1
January 2025vith the Orekit (https://www.orekit.org/) satellite orbital propagation toll.

Tablel1 - Hfects table forthe uncertainty sources associated with pixel area term.

Instrument DEM product Sentinel 3 SLSTR
Contribution identifier u(A) u(A) u(A)
Measurement
equation parameter(s) A A A
subject to effect
Maturity of
Maturity of analysis uncertainty 0 0 0
estimate
Maturity of
correlation scale 2 1 0
estimate

If  maturity of
estimate is 0 or 1,
how significant do
you expect this Significant Significant Significant
effect to be on
pixeHevel

estimates?

If  maturity of
estimate is 0 or 1,
how significant do
you expect this| Significant Negligible Minor
effect to be on
large spatial scale
/long time series?

Correlation form/type | Time independent independent independent
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Potential
. . rectangular rectangular
Pixels alongrack triangular
. absolute absolute
relative
Potential
Pixels acrosgrack triangular Independent dependent
relative
. Depend on rectangular rectangular
Orbit .
orbit absolute absolute
Correlation scale Time 0 0 0
Pixels alongrack unknown unknown [ Hh Hb
Pixels acrostrack unknown unknown high across
scanline
Orbit 1 1 1
Channels affected
List of channels
within [S7, S8, F1] Al Al Al
Error correlation| High between Fully correlated High between S7
coefficient S7 and S8 Y and S8
Uncertainty PDF shape gaussian gaussian gaussian
Uncertainty & units degrees degrees m?
Sensitivity coefficient
Correlation(s) between None None None
affected parameters
systematic error
systematic dependent on
Impact of the effect on eyrror over latitude systematic error
fire event based FRF . (undeestimation | dependent on VZA|
. mountainous . )
retrievals . at higher lat and impact unknown
terrains L
underestimation

and tropics)

3.3.4 Atmospheric transmittance

The current Sentinel3 FRP level groducttransmissiorparameter ishased ornthe BeerLambert Law
for nonvertical paths takingthe form of:

taoi

Wheret refers to atmospheric optical deptin the MWIR spectral window— is the \ZA andA,

B, Care model parametergTablel1?2) that have beerpre-computed as a function of the total column
water vapourfTCWV'Y  in Figurel0), estimatedvaryingCQ concentrationbetween 330ppmvand

380 ppnv, and using amerosol optical thickness between 0.2 and 1.0 for various aerosol types,
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different atmospheric vertical profiles and surface brightness temperaturedozone concentration

value wasset to 354 DUThe transmittancefor a specificwater vapourcontent is then linearly

interpolated from this LUTSection7.2.4 provides the evidence, based on MODTRNulatiors,

wherefor the case oSLSTRtransmittance isnainlydepended on thefCWM Y R A G Q& ,02 LJG A O f
around12.5% across the TCWV range and about 10% across the SLSTRavigleingnge.

Tablel12 ¢ LUT of the &mospheric transmittancenodel parametersthat result for a setof pre-computed
water vapour concentration CO2and AODvaluesand profilesusing MODTRANATBD 2024).

Y i A B C
5 0.132334 0.03464 0.807271  0.109722
10 0.167676  0.034524  0.797931  0.109198
15 0.198686  0.035494  0.783314  0.113246
20 0.226906  0.036565  0.769342  0.118173
25 0.253197  0.037469  0.757317 0.12285
30 0.278131  0.038189 0.7473 0.126978
35 0.305502 0.0387 0.740741  0.130468
40 0.333303  0.039033  0.736158  0.133339
45 0.361108  0.039229  0.732941  0.135641
50 0.384307  0.039393  0.728737  0.137681
55 0.408425 0.03947 0.725873  0.139317
60 0.429562  0.039525  0.722495  0.140805

In terms of uncertaintythe modelled precomputationserrorsconsideed two types ofcontributions
onerelated to theuncertainty d the actual atmospheric vertical compositianith the excepton the
water vapour concentration andne consideing theuncertainty onthe water vapour concentration
Thecombined uncertaintgan be estimated as:

0 0 0

where each component can be reduced to:

6o pmnut Uphp ¢ B®— C®— T&UL YV TBITTRY
and
0 TNT PR T PYRP P XIY0 owTdT T T BYD 0 W

In terms of otheratmospheric effectsuch as thenfluence of aerosols on MWIR radiances remains
poorly characterized andquantified. Detailed smokeplume vertical profiles field data and its
representativenesss limited.As a result, current FRP retrieval algorithms typically assume negligible
aerosol impac{scattering and absorptigrin the MWIR tharn comparison witlshorter wavelengths
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Thisassumption has yet to be rigorously validated, and further work is required to assess its validity
under real fireaffected atmospheric conditions and its impact on FRP retriessisssed

Although Wooster et al. (2015) demonstrated that the primary atmospheric effect of significance with

regard to FRP derivatioris the non-unitary atmospheric transmittangeadditional atmospheric
contributions arefurther discussed isection3.3.7under model errors

Tablel3- Bfects table forthe uncertainty sources associated with atmospheric transmittance term.

Name of effect CQ TWCH Ozone Smoke Path length
Instrument ? ? Climatology ? SLSTR
Contribution identifier U(Tatm) U(Tatm) U(Tatm) U(Tatm) U(Tatm)
Measurement
equation parameter(s) Tatm Tatm Tatm Tatm Tatm
subject to effect
Maturity of
Maturity of analysis uncertainty 2 3 2 0 3
estimate
Maturity of
correlation scale 2 8 2 0 3
estimate

If  maturity of

estimate is 0 or 1,

how significant do

you expect this| Significant Significant Minor significant Significant
effect to be on

pixetevel

estimates?

If  maturity of
estimate is 0 or 1,
how significant do
you expect this| Significant minor minor minor Minor
effect to be on
large spatial scale:
/ long time series?

) . rectangular rectangular rectangular rectangular rectangular
Correlation form/type | Time
absolute absolute absolute absolute absolute
highly
Pixels alongrack rectangular rectangular rectangular correlated rectangular
absolute absolute absolute with adjacent absolute
AF pixels
highly highly
Pixels acrosgack rectangular rectangular rectangular correlated correlated
absolute absolute absolute with adjacent between
AF pixels pixels
. rectangular rectangular rectangular rectangular rectangular
Orbit
absolute absolute absolute absolute absolute
Correlation scale Time [ Hh B [ Hh W [ Hh W [ Hh B [ Hh B
Pixels alongrack [ Hh B [ Hh B [ Hh W unknown [ Hh W
Pixels acrosrack | [ Hh Hb [ Hh B [ Hh B unknown unknown
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Orbit 1 1 1 1 1

List of channels
Channels affected within [S7, S8, F1] All All All All All

Error correlation

- N/A N/A N/A N/A N/A
coefficient

Uncertainty PDF shape gaussian gaussian gaussian unknown gaussian
Uncertainty & units ppmv kg/m? DU unknown m
Sensitivity coefficient
Correlation(s) between N/A N/A N/A N/A N/A
affected parameters
Impact of the effect on
fire event based FRF systematic systematic systematic systematic systematic

retrievals

3.3.5 FRP parameter

Thep parameter results from the assumption that in the MWIR atmospheric windo® ¢ -mi>dvH) > Y
and over the fire temperature range, th&' ower lawfunction of temperatureis approximate to the
Planck function (Wooster et al, 2003). As such, the parameter representedhgersion factat for
balancingthe two functionsand avoids any dependence on measuring the emitter temperatures for
FRP calculation. The soundness of this approximation varies somewhat over the temperature range
considered appropriate to active firebdtween600K and 1600 K), breaking down markedly outside

this range. In Wooster et al (2005), it is shown that this approximation varies within +12%. However,
this was calculated assuming the pixel is filled by fire, the fire is a blackbody, atmospheric effects are
negligble, and the temperature range isetween 665 K and 1368 igure19). The parameter
balancesFRP underestimatianoccurring towards the upper and lower temperature limitsth
overestimatiors that result from the midrange temperature emitters. In real firea mixture of
temperatures exists at the subpixstale,andit is assumed thathesetemperatures areuniformly
distributed. To note that combustion temperatures below 665 K may occur in smouledrmmated

fires, but these represent the limits of smouldering combustion (Ohlemiller, 1995).
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Figure 19 - Percentage difference between the true FRP derived via the St&alizmann law and its
approximation derived via the MWIR radiance method for a 50300 K fire temperature, the horizontal lines
denote + 12% accuracy limits of the MIR radiance methodhdywithin the temperature range 666 1365 K
(vertical lines). Calculations here assume fire fills the piésglurce: Wooster et al., 2005)

Thevariability between over and undesstimation of FRBue to firetemperaturesis the source of the

FRP pamaeter uncertainty, andhow it is derived fothe Sentinel3 Level2 FRP productt is assurred

that the FRP parameter representise temperatures rangng between 675 to 1300 Kand the
associated10% variability represens 1-sigma ofthe parameter uncertainty This variability was

estimated using the S7/F1 channel central wavelength to représgiitK S OK Il yy St Qa a LIS O
function.

Within this projectthe calculations were redoneéction7.2.1) taking into accounthe full shape of

thea Sy aSRRERrthe MWIR channel¥he result show thassumingauniform distribution offire
temperatures (675 to 1300 K not onlyis there consistency betwedfRP parametarderivedfor the

two SLSTR sensors (onboard Sentinel 3A and 3B)thbuassociated variability (representation
uncertainty)shows minimal difference$iowever, the FRP parameter g&nsitive tol KS a Sy a 2 NR &
differencesf othertype of temperature range and/or distribution is consider@&tie results showthat

the uncertaintyfor this parameter i®n averager.6 %for the temperaturerange 663Kto 1365 K

Tablel14 ¢ Hfects table forthe uncertainty sources associated withthe FRP parameter

changes in fire fire temperature
Name of effect temperature representativeness SRFeffects
range (distribution type)
Instrument Independent independent SLSTR
Contribution identifier u(p) u(p) u(p)
Measurement equation
parameter(s) subject to p p p, L, Lo
effect
Maturity of analysis Ma_turlty of  uncertainty 2 2 2
estimate
Maturity of correlation scale
; 2 2 2
estimate
If maturity of estimate is O o1
L, how significant do you Significant Significant Significant

expect this effect to be or
pixetlevel estimates?
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If maturity of estimate is 0 o1
1, how significant do you

expect this effect to be or Minor Minor Minor
large spatial scales / lon
time series?
Correlation form/type Time independent independent independent
Pixels alongrack independent independent independent
Pixels acrossrack independent independent independent
Orbit independent independent independent
Correlation scale Time 0 0 0
Pixels alondrack 0 0 0
Pixels acrostrack 0 0 0
Orbit 0 0 0

Channels affected
List of channels within [S7

S8, F1] N/A N/A S7/F1
Error correlation coefficient N/A N/A 1
Uncertainty PDF shape rectangular rectangular gaussian
Uncertainty & units K UlniEeEale unitless
parameters
Sensitivity coefficient
Correlation(s) between assumed
None None i
affected parameters negligible

systematic erroof 7.67 % and 7.64 % for SLSTR A and B,
respectively, for a temperature range betwe665 to 1365 K and
rectangular distributionincreasevalues forA onother temp.
ranges differences with B (section.2.1)

Impact of the effect on
fire event based FRF
retrievals

3.3.6 Background radiance

Theradiance data used for thealculationof the background radiance is thelbproduct, the same
data as the firerelated radiancefor whichthe radiometric relateduncertainty effectshave already
been characterizeth section3.3.1

However, he process ofidentifying the background ncfire radiancerelies on estimating a
representative value(average)from the surrounding nonfire affected neighbouring pixelsThe
product algorithmis designed teelectonlyland pixelgdiscardng pixelsthat could be either o€loudy
and bad qualityor fire pixels anda minimum number ofobservationsis assuredoy expandinghe

neighbouringassessmenarea radius The resultis a representative value of whad the radiance
emitted by thepixel proportionthat is not burningwithin the pixelidentified as an activére. As such
uncertaintywith the processsclassed asepresentativeandisdrivenby the assumption thabon-fire

radiance is relative uniforracross a fmader area

The current process uses tlgtandard deviation (kigma) around the average as thecertainty

associated with théackground radianc&he impact of this uncertainty souraam FRP retrieval would
be minimaldue the degree of dominance of the fire radiance, buis unclear what is the impact of
using different sample sizes and their representativends®e degree ofandscape heterogeneity
changesthe sizeof the activefire, the proportion of solatheatedor stillcooling fire scars can make
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the radiance of these surrounding nodfire pixels somewhat different to that of thembient
background part of the fire pixel itselhd deserves further research to understand its effédtsoster

et al. (2005) concluded that for an extreme caseadktectabk fire of 600 Kwith a fractional pixel
areaof 0.001, adifference ©.3% in background radiandgat is at300 Kcan result ina maximum
differenceof 8%in FRPand larger differences can lobtained when simulating background radiance
emitted by piels contaminated with recently burned areds.addition,surrounding pixels that where
fire activity is ongoing buére undetected by the algorithmcan inflate the background radiance
estimatesand therefore lead to FRP underestimation

Tablel5 - Efects table forthe uncertainty sources associated with the background radiance.

Size of the aggregation sensitivity to scale
Name of effect o . .
spatial window metric test parameters heterogeneity
Instrument SLSTR Independent SLSTR Independent
Contribution
identifier u(ls) u(lo) u(ls) u(ls)
Measurement
equation
parameter(s) subject . . . =
to effect
Maturity of
Maturity of analysis uncertainty 1 1 1 0
estimate
Maturity of
correlation scale 1 1 1 0
estimate
If  maturity of
estimateisOor 1,
how significant
do you expect Significant Significant Significant unknown
this effect to be
on pixetevel
estimates?
If  maturity of
estimateis O or 1,
how significant
do you expect i
this effect to be unknown negligible unknown unknown
on large spatial
scales / long time
series?
Correlation . . .
form/type Time independent independent Independent Independent
Pixels alongrack unknown Independent Independent Independent
tF;z(cel‘!S across unknown Independent Independent Independent
Orbit independent independent Independent Independent
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Correlation scale Time 0 0 0 0
Pixels alongrack unknown 0 0 0
Pixels across unknown 0 0 0
track
Orbit 0 0 0 0
List of channels
Channels affected within [S7, S8, N/A N/A N/A N/A
F1]
Error' _correlatlon N/A N/A N/A N/A
coefficient
Uncertainty PDF . . . .
triangular gaussian uniform uniform
shape
. . number pixel
Uncertainty & units radius rule type
Sensitivity coefficient
Correlation(s) d:o;gtéilce
between affected None None None epen
with window
parameters .
size
contaminated
) average rule .
bigger area can ; signal from non
not fit for .
Impact of the effect lead to more . veg signals and
) : ) bimodal
on fire event based diluted signal, o undetected AF, unknown
. : distribution .
FRP retrievals potential combined effect
L (under or over
underestimation N can lead to
estimation) S
underestimation

3.3.7 Model assumptions in the main measurement equation

The +0 term in the measurement equation includes all the effect that result from model errors, either
that result from insufficient parametrization and from limiting assumptioB®urcesthat could
contribute with uncertainty aregrouped in two groups Theseare:

Group 1¢ additionalatmospheric effects
Solar Radiation reflected by fire
SolarRadiation reflected by the background
Atmospheridhermalradiation
Atmospheric radiation reflected by fire
Atmospheric radiation reflected by background

Group 2¢ sensor and environment effects
Impact of wgetationstructure
Directional effects
Location of fire within the pixegloint spread function (PSF)
Fire size antemperaturedependence

Althoughthere is not much researchn the impact of theunrepresentedcontributions of the first
group, we provide a briefassessmenbased on Wooster at al. (2009n term of the uncertainty
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sourcesrelated to the second groyphese have beewiscussedvith more detail, supported with
analysis reviews arghalysisonductedpresented in section 7. To note that these sources are difficult
to untangleand uncertainties can onlye, in most cases, characterized with comparisowhat would

be thedtrue FRE.

Solar Radiation reflected by firesolar Radiation reflected by the backgroundtmosphericthermal
radiation, amospheric radiation reflected by fireand a@mospheric radiation reflected by
background

Due to he coarse spatial resolutioof the SLSTRixels fire radiance(ls) cannot besolelyattributed to

the radianceemitted by fire within the pixel The estimatds of anintegrated radiance given by the
mix of fire and ambient background. It is for this reason that the radiance surroundirfira@mbient

Wo I O1 3 NR dmedsQo bedhbiftect However, as carefully explained in the ATBD, this is a
simplification that neglects many other contributions to the pixel integrated radiance, including
emissivity atmospheric and solar radiation effects. Under the assumption of cloud free conditions, for
a subpixel sized fire, the MWIR radiance will be the summation the following terms: (1) emitted fire
thermal radiance, (2) emitted thermal radiance from the Hom background, (3) solar and
atmospheric downwelling irradiance reflected from the fire, (4) the solar and downwelling
atmospheric irradiance reflected from the ndime background, and (5) upwelling atmospheric
thermal radiation (eq.4, page 22 of the BD). The FRP measurement functibiggrel0), is a result

of simplification where relatively unimportant terms are neglected. Tokowing assumptions
assessed in Wooster at al. (200&) made

9 the contribution from the solar and downwelling atmospheric irradiance reflected from the
non-fire background will be balanced by the same contribution from the backgroundireon
radiance,

1 the upwelling atmospheric thermal radiation will always be small compared to at least one of
the contributions from the fire and background,

9 the fire area proportion for the calculation of the background radiance contribution is removed
as for the SLSTR resolution fire sizes rarely occupy more than 10% of the pixel, and even for
bigger fires any error introduced by this assumption remains gibddi, since the spectral
radiance of the fire pixel will be increasingly dominated by emittance from the (increasingly
large) fire rather than from the much cooler ambient background.

i the same reason is also assumed for solar and downwelling atmospheric radiation reflected
from the fire.

Within this projectwe do notinvestigate the impact of iseassumptions, and as such do not make
anyfurther considerations.
Tablel6 - Bfects table forthe uncertainty sources associataither model errors &tmospheric processés

Solar Radiation Solar radiation ~ Atmospheric AT LS

) radiation radiation
Name of effect reflegted by reflected by dlffu§e reflected by reflected by
fire background radiation :
fire background
Instrument SLSTR SLSTR SLSTR SLSTR SLSTR
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Contribution identifier "+0" "+0" "+0" "+0" "+0"
Measurement
equation parameter(s) Ls, b L, Lo L, Lo L, b L, b
subject to effect
Maturity of
Maturity of analysis uncertainty 1 1 1 1 1
estimate
Maturity of
correlation scale 0 0 0 0 0
estimate
If maturity of
estimate is 0 or 1,
how significant do
you expect this Minor Minor Minor Minor Minor
effect to be on
pixetevel
estimates?
If  maturity of
estimate is O or 1, \jinor and Minor and
how significant do| jmpacting only | impacting only
you expect this' i mination illumination - Vier Virer
effect to be on| oievals non | retrievals, non
large spatial s_cal(?)s existent for existent for
/ long time series? night night
. Time . . . .
Correlation form/type Independent independent independent independent independent
Pixels alongdrack
Potential Potential independent Potential Potential
triangular triangular P triangular triangular
Pixels acrostrack
Potential Potential independent Potential Potential
triangular triangular P triangular triangular
Orbit Independent
el O.nly independent independent independent independent
on descending
orbits
Time
Correlation scale 0 0 0 0 0
Pixels alongdrack
unknown unknown 0 unknown unknown
Pixels acrostrack
unknown unknown 0 unknown unknown
Orbit 0 0 0 0 0
List of channels
Channels affected within [S7, S8, F1] All All All All All
Error correlation
coefficient N/A N/A N/A N/A N/A
Uncertainty PDF shape unknown unknown unknown unknown unknown
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Uncertainty & units Wim2 Wim? Wim? Wim? Wimz2

Sensitivity coefficient

Correlation(s) between

unknown unknown unknown unknown unknown
affected parameters
Impact of the effect on
fire event based FRF systematic bias| systematic bias| systematic bias| systematic bias| systematic bias

retrievals

Impact of vegetationstructure

Measurement of the energy emitted from actively burning fires is influermethe environmental
characteristics of thé& A NdBaflan, including theatmospheric opacity, solar geometry and surface
characteristics The latter includes surface vegetation which influences FRP retrieval through its
structural and biophysical properties. Although not a direct impact on the measurement of radiative
emission, fuel moisture content reduces the amount of energy releasedipié of fuel consumed

(MJ kg?) by up to 28% which influences the relationship between FRP and fuel consumption (Smith
et al., 2013). Vegetation structure directly impacts the amount of energy reaching the sensor with
small scale experiments indicatifgRP decreases linearly with the percentage vegetation cover
(Mathews et al., 2016).

Building on this, Roberts et al. (2018) assessed the extent to which overlying vegetation intercepts
surface fire emitted radiance using the Discrete Anisotropic Radiative Transfer (DART) model.
Simulationdocussed on dorest scene with differing leaf area densities and canopy percentage tree
cover (5% ¢ 95 %) anda 2D hot surface with a uniform temperature was used to simulate a fire
positioned beneath the canopy in the MWIR and LWIR wavelengths. The results show that when tree
crowns are modelled agpaque objectsthe FRP measured at a sensor at nadir decreases linearly with
the percentage canopy cover, with near complete obscuration aa@dver. This matches the results

of Mathews et al., 2016) whose experiments were conducted using a real fire but at a small spatial
scale (~In?). A similar linear relationship was found when the canopy is modelled as a turbid medium
but the relative decrease in FRP with increasing canopy cover wa&s tdlder than that of an opaque
canopy. When factoring in varian in leaf area index (LAI), the reduction in FRP measured at the
sensor decreases exponentially with percentage canopy cover with a distribution resembling the Beer
Lambert law. When canopy cover and LAl are low, the reduction in FRP measured atsthreisen
modest at 6% but this increases to 92 when LAI (8) and canopy cover ¥8pare high.

For example,@recting the SEVIRI FRP retrieved across Africa for impact of canopy interception using
the relationships found between FRP and canopy cover and LAI in the DART simirtatieased the
continental fire radiative energy (FRE) by%5A correctivefactor could also be applied to tHelL. STR
based FRP retrievsalwhereby associateduncertaintieswould result from a combination of several
effects (data input uncertainties, model representativene&sming geometry and the absorption
properties of the emittel smokg.

Angulareffects, fire locationwithin the pixel and fre size and temperature
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Angulareffects arerelatedto how the pixel FOVchangeswith VZA, not only resultingn changesn
monitoredareasizeon the surfacéut alsodeformsthe associatedensorpoint spread functionthat

will integratedifferently the radiancesources at subpixel, namely the dominant fire source, making its
locationwithin the FOMmportant. If not parametrizedthe resultcan lead to FR&nderestimationin
comparison wittthe true FRPandthe magnitudeof this errorwill alsodepend on the firesize andts
temperature

Due to the scanning nature of SLSTR, the growth of pixel area and the substantial oversampling at high
view-zenith angles cause sydixel fire radiances to be distributed across a larger effective footprint,

and overlapping footprints reduce radiance ditut in a way that amplifies the apparent signal. As a
consequence, the FRP retrievals atddge scan positions cdre two to three times larger than the

nadir value for the same intensity fire. This effect was carefully studied using a-thgitahodel of

SLSTR (review2.3 whereby simulations showed that FRP retrievals based on the S7 channel exhibit
strong sensitivity to scan angle (Xu et al., 2021) and lead to the decision for the processing chains to
rely on F1 wherever possible (Xu and Wooster, 2023).

The acrosgrack differences can be further amplified by the shape of the PSF and the role it plays
regarding the position of the fire within the FOV. As explorezkttion7.1.3 the comparative analysis
conducted by Xu et al. (2020) using FRP retrievals from the S3A/B tandem phase, showed that 85% of
matchups fall within a factor of two. Although both SLSTR instruments view each fire with the same
VZA and thus scan location thesulting differences can be linked to the fires fikel position and
temporal difference (up to ~1 km and 30 s). In addition, the same study also showed that even slight
differences in their pixel footprint sizes can results in differences in minimum FRP values, as highlighted
before,these alsdmpact the detectability of an AF. The same combined effect of fire location within
the pixel and angular effects is evidenced in the comparison between the two Meteosat/SaSER |

FRP retrievals (sectionl.4), whereby pixebased comparisons showed moderate correlation and
significant average percentage differenc82.0%). Although other factors may be impacting this
difference, such as environmental factors (e.g. atmospheric path length, smoke columrodirect
surface vegetation structure), when performing the same analysis focusing on pixel clusters the
average percentage error is reduce@1.9%) and 45% of fire cluster FRP is within2®£6 of one
another, 81% is within +50% and 94% is within-+70%.Clustering minimizes the fire location effect

and ensures that all fire emitted radiance is included that is contingent on the radiance of neighbouring
pixels being of sufficient magnitude to elevate their brightness temperature above the detection
threshold employed by the fire detection algorithm.

FaSR 2y { 9+ Lthe kifulatiots pr&senté® iRk SEtidrv.2.2 confirm these results and
conclue that when a fire is centrally located in a nadir pixel, the FRP retrieval ertbt.ig% when
I SN} 3SR | ONR&aa Fff FTANB aArisSa FyR 20SNI I+ GSYLISN
location in the PSF is varied, this error increases3i®when averaged across all fire sizes and a
temperature range. However, much of this error results from underestimation of FRP due to pixel
saturation. The average error (fire sizes and over a temperature range) due to variation of a fires
location within a pixel is5.7% but can reach a maximum differenceld %.

The magnitude of thisincertainty will vary with the sensor imaging characteristics and the fire

detection algorithm. This source of uncertainty is not yet built into the uncertainty metric present in
the Sentinel 3/STSTR FRP products but should be taken into consideration when vaké&&ing
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retrievals. For that, it recommended that similar simulations using the SLSTR-tdigitahodel me

performed to quantify the contribution of these uncertainty sources.

Tablel7 - Hfects table forthe uncertainty sources associated model errors.

Instrument SLSTR SLSTR SLSTR SLSTR SLSTR
Contribution identifier "+0" "+0" "+0" "+0" "+0"
Measurement equation
parameter(s) subject to Ls, Lo Ls Ls Ls Ls
effect
Maturity of
Maturity of analysis uncertainty 1 1 1 1 1
estimate
Maturity of
correlation
scale 1 1 1 1 1
estimate
If maturity
of estimate
isOorl,
how
significant
do you significant significant significant significant significant
expect this
effect to
be on
pixetevel
estimates?
If maturity
of estimate
is 0 or 1,
how
significant
do you
expect this significant significant significant significant significant
effect to be
on large
spatial
scales /
long time
series?
Time
Correlation form/type independent independent independent independent independent
Pixels correlated
alongtrack between
adjagent independent independent independent independent
scanline,
possible
triangular
Pixels correlated
across between
track scanline pixels independent independent independent independent
possible
triangular
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Orbit
independent independent independent independent independent

Correlation scale Time 0 0 0 0 0

Pixels

alongtrack unknown 0 0 0 0

Pixels

across unknown 0 0 0 0

track

List of

channels
Channels affected within [S7, All All All All All

S8, F1]

Error

correlation N/A N/A N/A N/A N/A

coefficient
Uncertainty PDF shape uniform rectangular

Dependence The average error (fire sizes and over a temperature range) due ti

Uncertainty & units V\F/)ith LAl variation of a fires location within a pixel-57% but can reach a

Sensitivity coefficient

Correlation(s) between
affected parameters

Impact of the effect on
fire event based FRF
retrievals

3.3.8 Uncertainty Budgefor spaceborne FREstimates
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developed and maintained by the Joint Committee for Guides in Metrology (JCGM), which provide
recommendation on how to propagate uncertainties throughout the full processing chain up to the
measurement function in order to provide a combined product utaiaty information associated

with each observation that is metrological traceable. The two approaches to propagate uncertainty
are the Law of Propagation of Uncertainty (LPU) (JCGM 100:2008 2008), and the Monte Carlo method
(MCM) for propagating probaliy distributions (JCGM 101 2008). Whereas MCM is computationally
expensive and flexible, it requires full knowledge of the uncertainty distribution of every souige. |
most suitable for complex systems that cannot adequately be linearised, and accounts for the more
complete description of input quantities conveyed by probability distributions. LPU is an analytical
approach requiring knowledge of the standard uncertti#is associated with each input variable and

the overall understanding of correlation structure associated with the measurement function.

The Sentinel 3 Level 2 FRP product providegpp&l uncertainties estimated using the LPU method.

It is based on the firsbrder approximation of the Taylor series of the measurement function taking
into account the estimated uncertainties associatednwibur of the inputquantities- radiance from

the fire pixel, radiance from the background radiance, atmospheric transmissivity and with the FRP
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parameter¢ and assumes that these aafl uncorrelated. As such, product uncertainties are calculated
from:

, o~z 0
(0] OYD -
N

Whereestimatesthe uncertainties for the atmospheric transmittance, FRP paranadbackground
radiance(6 ,6 ando ) have already been discussed in sectéa® 7, andthe uncertainty for fire
radiance (0 fthe value is taken from the levéllb productcharacterisation(defined as 1%) but

adjusted to saturated F1 channel measurements (above 500 K) to 5.1%.

The combined relative uncertainty associated with the spaceborne FRP product tends to decrease with
the retrieved FRP estimateBigure20 shows a step decrease on the average relative uncertainties

for FRP retrievaléfrom 40% to around 14%) up to 100 MW followed by a small trend for higher FRP
values. To note that estimated uncertainties associated with retrievals made by platform A tend to be
higher than BlIn addition, it is noted that for a portion ofdetections throughout the full range
uncertainty is set ta fix value oflO0 MW. This is believed to be an algorithm error that affécth
daytime or nighttime observations but ndetected on years 2020 and 2021, only from 2022 onward
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Figure20 ¢ Mean relative combineduncertainty by measured FR&ssociated with retrieval made by the SLSTR
sensors aboardsentinel 3A(green)and B(blue) satellites globally for the year 2021 Greybackgroundlines
correspond the sample size fat each MW bin and horizontal lines correspond to 15 and 13 % uncertainty
(left panel). RelativeFRPuncertainty asa function of FRFor retrievals made during the night for year 2023
Horizontal black linendicates 10% level angdoints below that line haveset uncertaintiesof 10% believed to

be an algorithm error (right panel).

In this phase of the FRM4fire projecio plan or activity focused on developing a new or improved
version of an Entb-End propagation model. The information collected in the previous sections, and
supporting analysis, on the uncertainty sources provide some informatidndirectionif such task is

to take place Here are some considerations for future improvements of the uncertainty quantification
of the Sentinel 3 Level 2 FRP product
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1 The applied method for estimating uncertainties is based on the-didér approximation
which is appropriate for the degree of complexity of the measurement function. However, the
input variables are considered uncorrelated aad discussed before, the estimation of these
variables depend on shared quantities and properties. Among these are the SLSTR SRF and
VZA, for which information isharedin the calculation of pixel area and atmospheric
pathlength, for VZA, the FRP parameter and measured radiances, for theeSRfNgin
correlationsthat need to be explored and screened if is deemed negligible. One such way can
be by using a subset of example of input data deemed representative of the real data, that can
be used in a MCM approach to derive a lagktable of sensitivity coefficients anded to
propagate uncertainties according to the LPU.

1 Another aspect to consider is the term from the measurement fundtian is not considered
for uncertainty propagatiort pixel areaThe current approach to estimate pixel area results
in a representation uncertainty d&&@o. Future iterations of the product should either include
this missing contribution of uncertainty or improve how pixel area is accounted by assimilating
the value estimated at L1 #&erebysignificantly reduce its uncertainty. Future research should
focus on quantifying this source uncertainty if that is the case.

1 From the point of view of a validation exercise the focus is on the fire event, meaning that it
can refer to a cluster of detections and not a single pixel detection. As characterized in the
effects tables, the uncertainty source correlation structure need be considered when
estimating the clustebased FRP uncertainty. Hrror correlation structures arenot
considered, systematic effect can lead to inflated uncertainties.

1 Interoperability between EO products, even between similar sensors, requires that these
estimatesare linked toareference that is defined by a common measurement standard. The
model errors discussed in the +0 terms contain uncertainty sources that are dependent on the
aSyaz2Nna OKIFNIOUSNRAGAOAE YR YSIFada2NEBYasy i Sy @A
difference that results from a comparisonexercise- being a validation exercise the most
relevant case cannot be properhevaluatedasthe role ofdifferent sources of uncertainty are
not understood.In addition, if FRP is to be used for downstream applications, such as for
biomass burning GHG emission estimates, these uncertainty contributions need to be available
for proper propagatiorof uncertainty emission estimates
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4. Airborne Fire Radiative Poweaeferenceretrievals

4.1 Airborne setup

In this section we discuss the airborne setup for retrieving FRP measurements over ongoing fires, in
the context of generating independent data for the validation of spacebornes.FRi@¢ described
instrumentationand operational setup is based on the experience gathered during the FIDEX (2018),
FIDEX (2023), and CarbonARA (2024) campaigns run by IKED.Nhese campaigndested
instrumentation setupdor the evaluaion of the performance ofSentinel3 SLSTRF detection and

FRP retrieva] that resulted m instrumentation and setup upgrades to produce more
accurate/traceable dataand the following descriptiodepictsits last iteration

The setup presented here represexthe current best practice for the evaluation and validation of AF
products from polar orbiting satellite platforms (such as the S3 SLSTR), through providing (near)
coincident measurements of actively burning fires made with the same (or similar) mididiesth
(MWIR) waveband (the S7/F1 spectral channels as in the case of SLSTR).

Thereferenceairborne platform is thede Havilland Twin Otter (DH8} aircraft owned by the British
Antarctic SurveyFigure21). The Twin Otter is a highing, twin-engine turbeprop aircraft, renowned

for itsrugged construction, reliability, and short takéf and landing (STOL) capabilitiegualities that

make it wellsuited for operations in remote areas. The range of the aircraft is usually 1435 km, with a
maximum speed and flight altitude of 130 knots &@800 m, respectively. More information on the
aircraft can be found on thBAS website

BAS operates four Twin Otters in total. Two of theseF¥XE and \AFBL) can be modified for remote
sensing campaigns. These aircraft have two open hatctes main hatch and the boot hatdRkigure

22)t that can be exposed for mounting growatbserving sensors. Aircraft electronics racks can also
be installed on these aircraft to provide power and the computers necessary to operaseiteific
instrumentson board. Each aircraft can carry up to four scientists and may be operated by a single
pilot.
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Figure21 - BAS de Havilland Canada DisQwin Otter (VF-BL) positioned in the Ontario Ministry of Natural

Resources (OMNR) Aviation Forest Fire and Emergency Services (AFFES) Fire Base hangar in Dryden, Ontario,
during the FIDER installation (Image credit: Bernarml Mota)

4.1.1 Instrument setup

The primary instrument deployed on airborne campaigns to validate Set®iR&P retrievals is an

InfraTec ImagelR 8300 hp (referred as the ImagelR). This is a thermal frame camera that measures
broadband MWIR (1.5 Y¢p @ 1 ), butvhas been fitted with a custom spectral filter that replicates

G6KS {wC 2F {[{¢w {T YR CmM O0FyYRa O0OYINNRBgoOolYyR OSy

The replica of the SLSTR filter that is installed in the camera has a diameter of 25.0 mm and is 0.5 mm
thick, and is constructed with parallel Sapphire substrates in multilayers. These replicas filters were
spectrally measured in transmission at room tesrgture (~293 K) at 0° normal incidenBadiometric
accuracy of the filter measurements is approximately +1.0%. All measurements are presented in a
report by the Infrared Multilayer Laboratory, University of Reading.

The ImagelR is also fitted with a secondary layer of filtering in the form of a second filter wheel that
can spin at very high speeds. The combination of a set of various neutral density (ND) filters in the fast
spinning secondary wheel with different irgeation times, allows for measurements with a high
dynamic range (HDR). This is designed in order to maintain a high accuracy when taking measurements
over the high range of temperatures observed from landscape fires. The camera hasangleléens
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with a focal length of 12 mm to provide high spatial coverage suited for monitoring fires at flight
altitude of 2500 m. With this lens the frame size covers a FOV’ef 3@ resulting in an IFOV of 0.069
per pixel. Full technical specification of the camera can be found omflel ec website

When taking measurements with the HDR mode, the ImagelR cycles through four distinct calibration
settings. These settings combined different integration times and ND fllters to modulate the amount

of radiation reachlng the detector. The maximum achievd@hl YS NI S &I man 112
'y SFFSOGABS NI GS 2F wuwp 11T LISNI OFfAo NJ-G)\zy asSada
¢KS FTANODNIFG Aa Ft26y G | NBfFGAGSte KAIK € aAi

chosen to increase the spatial coverage, minimising the temporal offset between airborne and satellite
acquisitions. It also reduces the likelihood spatial drift between calibration settings, allowing
successive frames from different settings to image nearly the same point on the ground. Given the
¢CogAyYy hOGGSNDa GeLAONE &adz2NBSe &alLIlSSR 2F wmyn -1 YKKI |
framS OF t AONI GA2y O&O0tS ondnn avd !'dG GKA& FEGAGdR
LYF3SLw A& | LIINRBEAYLFGSte odmup YI YSIyAy3a GKEG |
pixelt though not negligible, introducing some minor spatidftdand uncertainty.

A second thermal frame camera is also deployed, the Infratec VarioCAM HD Head 800 covering the
LWIR (7.5 Ygm n ) #itdéd with a wide angle lens with a focal length of 15 mm. This results in a FOV
of 60° x 47 (IFOV of 0.059. More information can be found on tHafraTec website

The HD Head is the source of temperature information to be used to retrieve the spectral radiance
that characterises the background with no fire activity. This is done by first converting the
measurements (calibrated to ambient temperature) to Land Surfeemperature(LST)and then
converting those to what would be the equivalent radiance as retrieved from the ImagelR.

Both cameras are installed on the hatch of tHeape with lenses oriented at the surface in a nadir
position, meaning that theentre pixel of the camera frames is characterized by a VZA=0 deg. In the
case of the Twin Otter, the cursing pitch is the same as when it is parked on the ground, meaning that
no angle correction needs to occur when mounting the cameras.

Thetemperatureof the instruments is often changing during science flights, primarily due to changes
in altitude, as the aircraft has an open cabin. This leads to the amount of light emitted from each
thermal camera itsel{selfemission)to vary and therefore being captured in the measurements.
Therefore, a noruniformity correction (NUC) is required. The HD Head has an internal shutter for
performing a NUC that will adjust the calibration biases accordingly in NRT. However, a mechanical
shutter plate hasbeen designed to cover the FOV of the ImagelR so that a NUC could also be
conducted. The shutter plate is made from aluminium and has been coated with arefigditive

black paint. It is operated by the Science Operator controlling the ImagelR, wies dhes shutter
(obscuring the FOV of the camera) to allow a NUC to be performed at the start of each flightline. Data
is recorded of the shutter plate both at the start and end of each flightline to assess any drift.
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Figure22 - Photos taken during the installation of scientific equipment onto the aircraft in Dryden, Ontario, for

the FIDEX campaign in August 2023. (a) Instruments (InfraTec ImagelR 8300 hp, Specim AisaOWL, SWING,
HD Head, Optris, PhaseOne) installed into the maegwing bay of VFFBL. (b) Specim AisaFENIX 1K and Specim
AisalBIS installed into the boot of the WBL. (c) Computer/electronics racks being installed into the aircraft.

(d) Thermal cameras being installed into the main viewing bay (including InfalfreagelR 8300 hp). Image
credits: Farrer Owslefrown, Toby Wainwright, Callum Middleton.

All instruments are synchronised to a common time reference. A Trimble Applanix POS AV 510 is a
GNS$Snertial system designed for direct georeferencing, by providing precise measurements of an
FSNRAFE aSyaz2Nna LJ2aaiidAiz2y ThenaRgatdrNd&raneier(rollipgtafi, ahdi KA 3§
yaw)parameters, along with the relative position of each instrument with respect to the Applanix IMU,

are then used to georeference the data collected by the remote sensors. More information on the
instrument can bdound on theTrimble website
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Figure23 - View underneath the aircraft after the installation of the (a) main camera bay and (b) the boot
hatches of the aircraft during the FIDEXcampaign.

To monitor the ambient temperature of the area surrounding the instruments, a couple of
thermocouple loggers are placed in the cabin interior, specifically near or to the side of the installed
thermal cameras mounted over the plane hatch. This informatidirallow us to trace any drift effects.

4.1.2 Planning and operational procedures

The campaign team usually conducts two daily briefings. The primary briefing includes all staff and
covers fire activity forecasts, weather/cloud conditions, and the timing and location of upcoming
Sentinel3 (S3) overpasses. Target fires for the next ewgand morning flights are selected based on

factors such as size, intensity (efgigure24a), distance from the forward operating base (FOB; e.g.,

Pickle Lake, Ontario, during FIDEX = YR @AaAoAfAde (2 {[{¢wd CANE:
excluded to allow sufficient time for transit and data collection. Cloud forec#&stgire24c) and

observations Figure 24d) are considered to ensure clesky conditions for alignment between

airborne and satellite measurementBigure24b). A second, smaller briefing also usually takes place

in the early morning to confirm if the morning flight plan can be conducted, based on updated cloud

cover (GOES), overnight active fire detections, and AFFES recon reports, if available.

Once a target is confirmed, a preliminary sortie plan is developé&glie25), typically mapping a

Mn 1Y P wmentreil2ry FNNBSOSY G &l 0SttAGS RSGSOGA2yad Cf A3
ensure broad coverage and nesimultaneous satellit@irborne acquisitions. Plans are uploaded into

NexTrack 3 FMS pfeght, with inair replanning also possiliea capability dded since the 2018

campaign.

FRM4FIRE Project 2025 FRM4FIRBroject 4000145645/24/NL/1B/ab



Fiducial Reference Measurements for Fire Version1.0
Date:29/12/2025

D1.0 Uncertainty budget document in support of Page: 77
Copernicus Sentind calibration and validation

Upon arriving at the target typically 45 minutes before the S3 overpaghe team identifies which
flightlines contain the fire. If needed, flightlines are replanned in the air to correct for inaccurate
satellite detections, fire movement, or to optimizevaage. If needed, the entiright plancan be
remade: the pilot and fronseat spotter visually identify active areas, these are then confirmed with
the thermal cameras, and the Applanix data is used to establish a new central coordinate for an
updatedsortie plan. This full flighglanning is rarely needed in flight but has been proven effective.

Fire-containing lines are roughly ranked by fire intensity using the live feed from the thermal cameras,
primarily the ImagelR. The flight order is then planned to prioritise alignment with the S3 overpass
e.g., if five lines are identified, they might flewn in the order 5, 3, 1, 2, 4, with line 1 (containing the
most fire activity) coinciding with the overpass. This minimises the time gap between satellite and
airborne measurements.

In some cases, such as the mappinghefREDO70ire during the 2023 FIDEX campaign, a single line
captures the entire fire resulting in excellent temporal alignment with the satellite observation. In
contrast, the large WETIKOO fire in 2024 required six lines to fully suaapyiring a compositing
approach
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Figure24 - Example information used to inform the decision to conduct a science flight: (a) screenshot from
NASA FIRMS showing multiple AF detections of a nearby potential target fire, (b) determination of S3 pass over
target fire, (c) cloud forecast over Ontario, Y@GOES imagery showing cloud cover over Canada. This uses an
example from the 2023 FIDEX campaign in Ontario, however, the procedure was the same for the 2024

CarbonARA campaign.
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Figure25- Example sortie flight plan of a target fire for the FIDEX objective. Shows 11 adjacent lines and their
swath below (total 10 km x 10 km) for the instrument with the smallest FOV (IBIS) to have sufficient 20%
overlap to account for lateral aircraft movemenduring lines. Also includes two more lines and their swath:
one perpendicular to the 11 lines stated previously and a line following the S3 orbit trajectory.

4.2 Preprocessing and FRP retrieval

This section covers the all the functions that are applied to the airborne thermal measurements leading
to the retrieval of airborne FRP. The sequence of functions reflects the batmhmk highlighted in

the uncertainty tree diagranHgure33) starting with the preflight proceduregviolet boxes), the data
pre-processing (green boxes), active fire detection (red boxes) up to the measurement function (blue
box).

4.2.1 Lab-based preflight calibration of the thermal camera

This section covers the procedures that are conductedfiight to assess the radiometric accuracy of
the imager and generate theer-pixel viewing vecta associated with the lens geometric distortion.
These processes are highlighted by the functions in violet coldtigimre33.

Radiometric calibration

As mentioned previously thinagelRs the InfratecimagerlR8300 hp, cooled, medium wavelength
thermal imaging system that utilises a 640512 InSb (Indium Antimonide) detector with a spectral
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range of the detector is 1.5 pmg 5.7 um. The camera is fitted with a 12 mm wide angle lens, giving a
Chz+ 27T n Tadetd). Fhe aombinpddens transmission and sensor response give an effective
spectral range from roughly 2.3 um to 5.7 um; although the transmission profile of the lens is relatively
flat with respect to wavelength, there is a noticeable variation in the respafighe sensor as a
function of wavelength.

Table18- Specifications of the Infratec ImagelR 836f

Infratec ImagerIR 8300 Parameters:

Resolution 640*512

Lens 12° Wide-angle
lens

Focal Length 12 mm

FOV 43.6 x35.5

NETD 25 Mk

Sensor spectral range (nominal) 1.55.7 um

The temperature calibration process was performed by the manufacturer Inf(&tein Figure33).

This is done to generate a relationship between the digital level and brightness temperaturewn

as the Signal Transfer Function (SiTF). The digital level reflects the output signal at a specific point in
time and under certain conditions, and does not have an intrinsic physical meaning. It is dependent
not only on the radiance from the scenayt also on a variety of other factors such as the gain and
dark current of the detector, as well as the séllimination of the thermal imager housing onto the
sensor.

For the calibration only a portion of the dynamic range is suitable for accurate temperature
measurement. At low levels of irradiance, the sensor output is dominated by the noise floor of the
detector, and as such it is not sensitive to changes in théiarmce on the sensor. At high levels of
irradiance, the detector saturates and again is no longer sensitive to changes in irradiance. As such,
only the central region is considered to be usable for temperature measurement.

The calibration of the ImagelR performed tye manufacturer was basedn a suite of blackbody
sources using a set of transfer infrared radiation thermometers terte calibrated by the German
National Measurement Institute (NMI), PhysikaliSatchnische Bundesanstalt (PTB). The imager is
therefore traceable tahe International Temperature Scale of 1990390).
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The standard calibration operations are done at determined temperature setpoints, defined distance
to a blackbody, aperture size, filter and integration time / gain configurations. The transfer
thermometer is aligned on the centre of the aperture of thaddbody source at the correct working
distance and focused on the aperture. At each setpoint, the radiance temperature of the blackbody
source measured by the transfer thermometer is recorded, along with the output of the thermal
imager at all relevant cdigurations for this setpoint. The transfer radiation thermometers used are
calibrated by PTB and have low uncertainties; the 2) uncertainties are 0.1Gbelow 100 Gand

some of the transfer thermometers used in the calibration operate at different wavelength bands
compared to the ImagelR 8300, which has an effective spectral range from roughly 2.3 um to 5.7 um
e.g. below 1B °C no infrared radiation transfer thermometer with a wavelength < 5Time camera

was radiometrically calibrated by Infeat (5/7/2023, certificate 7597/2023) with uncertainties
reported by the manufactureof 2 Kfor temperatures between 81250°C.

As part of this project activities, a calibration validatiwasmade at NPLo better inform the level of
uncertainties that can result from using different integration times with special focus on the edge of
the calibrated temperature rangesand to explore the applicability of the imager to retrieve
background temperaturesheanalysis ipresented irsection7.3.2andthe resultsconfirmthe validity

of the manufactures calibration certificate, but showed that for measuring lower temperatures (<80
°C) the imager is sensitive to the housing temperatures and to the mode of operation. The gain and
offsets are pixel ND and spectral filter depended,and were derived bythe manufacturerand
embeddedh y 12 GKS OFYSNI Qa LINRPOSaaiAy3da KIFINRgINBOD

Geometric correction

To2oGFAYy Fy | OOdzNY GS LR aAdAaAz2yAa ylahdsufd® aheptdpektiesy 2 F
of the camerasuch as the focal length, principal point and lens distortie®d to be determinedThis

allows the 2D data from an image to be correlated with 3D space in the real world. While there are a
number of different models and approaches for camera calibration that can be employed, the most
common approach is the Zhang method (Zhang, 2000ichwutilises a planar calibration target with
known reference points to determine the camera parameters.

These parameters are known as the camera intrinsics. In particular, there are two main components
to the intrinsic parameters that are determined; these are the camera matrix and the distortion
coefficients.

The camera matrix is a 3x3 matrix containing the focal lengths in the x and y direfitenmafy, and
the principal point, &,G,). This is expressehalytically as:

“Q T[ (E’)
mT Q w
T Tmop

The focal length here is defined in units of pixels and determines the field of view of the instrument.

The second main component of the camera intrinsics are the distortion coefficients. Due to the optical
design of lenses, straight lines in the real world are not projected perfectly as straight lines in the
image. Distortion most commonly manifests itsa$f either barrel or pincushion distortion. This is

caused by radial distortion, where rays near the edges of the lens are refracted more strongly than
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those near the centre. Another type of distortion that can be observed in imaging systems is tangential
distortion (sometime called decentring distortion), which is caused by the lens not being properly
aligned with the plane of the sensor, which can mestiin the image being skewed.

There are a number oflifferent ways in which lens distortion can be modelled but are often
represented as a 1xN matrix of parameters. For examplegpar&meter modetan berepresentedby
the following set

"QhQm 1 FQ

where ki are radial distortion parameters, arl are tangential distortion parameters. Higher order
termsks, ks andks can also be included to model more complex lens distortion.

Lens distortion can be effectively corrected for by a camera calibration, where a known target is
imaged at a variety of different positions in the frame, in order to determine the set of intrinsic
parameters that best describe the behaviour of the optiss.the camera intrinsics vary with focus,
the calibration is performed at the specific focus setting that the device will be used with in application.

An initial assessment wgwseviously performed on the ImagelR by KElgenerate theper pixel
viewing vectors (PPVVs) from the principle point of the canfleran Figure33). The procedure is
detailed in the Data Acquisition Report from the FIE2E¢ampaign projectRIDEX D-40, 2024) and
consisted irusing an aluminium/LDPE composite board from calib.io. The calibratiort,tahgsvn in
Figure26, is an 800nm x 600 mm board with 30 mm checkers arranged in an 18x25 grid, with a good
level of accuracy in the position of checker corners (feature distance toleranf@®3omm + 0.2
mm)/m) and flatness (flatness tolerance of 0.5 mm per 200 niroy. the procedure, #&otal of 40
images of the checkerboard target were taken at a distance of nominally 1 m, with a variety of target
orientations in the frame folloing the best practices, such as keeping the target stationary, filling as
much of the frame as possible, and ensuring that there is a variety of target positions and orientations,
in particular varying the tilt of the instrument

Within this project, and assessment was also made at NPL to overcome the limitations of n¢heising
same focus setting as will be usedtie fire monitoringapplication i.e., with the camerdocusedon
near infinity. Theanalysisdetailed in sectiof@.3.1, provided an updaten the model parametersThe
associated uncertainties with the geometric characterisation will be discussed in sé@&ibn
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Convergance Inialization Paramesers RFE Bars RPE ScamerDensity RPEI4 »

Figure26 - Screenshot of calib.io software after converging distortion parameterinal values outputted on
the rightt and outputs of the errors on bottom left.

4.2.2 Pre-processing

Non-Uniformity correction

Non-uniformity correction (NUC) is required for operating the Imads#Bausethe temperature of

the camera is often changing, which causes the amount of light emitted from the camerdsedelf
emission)o vary. This change in the amount of light emitted from the camera and being measured by
the detector is corrected foby the NUCprocess For that, amechanical system was designed to
operate a shutter obstructingthe camera FOV. The shutter is maaliea surfacecovered with high
emissivity paintfor which the temperatures are measuredby four connected thermocoupledn
additionto the internal heat driftjnherent pixellevel variations in sensor sensitivity, electronic noise
can be corrected with NUC to enswecurate, highguality imagesWithout NUCthermalimagescan
appear noisy, with distracting patterns (stripes/spots), making it hard to distinguish real thermal events
from sensor artifacts

At the start of every flightline the shuttes closed across the camera lefszery pixel of the camera
frame measures thaniform, known thermal referencé., in Figure33) and newpixelbased offsets
are derivedo calibratefor pixel differencegfs, inFigure33). At the end of every flightline the shutter
is closed againshutter measurementsre recorded by the camera to ensure no naniformity over
the course of the flightline.

High Dynamic RangéHDR)maging
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The combination of various Niased image framess designed to maintain a high accuraafy
measurements over the high range of temperatures observed from landscapeTiresameravas
radiometrically calibrated by Infratagsing theNDfilter setcombined with a series of integration times
to ensure that accuracy is between the 2% accunatyightness temperaturacross théemperature
range.

A detail description of thgeneratingprocess to retrieven HDR image frame évailable at~FIDEX 2
D-40 (2024) In summarymeasurements follow aycle through four calibration settingmade of a
combination of integration times and ND filters. The highest framerate ithathievedis 100Hz, or
25Hz per calibration settingand @ 2500 m and under a flight speedof 180 km/h the plane
displacements of 2 m every full cycleesulting in an average imager pixel size of 3.1Z&rger than
the displacement)

As a resulof the four different calibrationsettings valid for four overlapping BT ranges (368438

K, 398K¢ 523 K, 47K 823 K, 72X ¢ 1523 K)images arenerged into one largesceneof continuous
range(fs, inFigure33). The merging process for competingeasurements between to valid calibration
rangesis based on the minimum distanoéits value to the centre of theandidatecalibration ranges
(Ry, in Figure33),. Values outside the valid rangese excluded but forthe lowest calibration range
low measuremenrg below the valiccalibrationrangearekept so that features in the background, such
as lakes, are visible to determine the accuracy of the georeferencing

Brightness temperature to radiance conversion

Converting brightness temperature (BT) to spectral radiance involves inverting the Planck function,
using sensaspecificspectral responsés, in Figure33). Assuming an emissivitf a blackbodyequal

to one, and using the cameras SLSHRY A Yfiked SRF towveightaveragethe conversionfactors
withing the camerapectral rangea singleconversiorfunction isbetween brightness temperature
radiance is derive@Figure27).
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Figure27 - Dependence of spectral radiance emitted with brightness temperature of a blackbody in the SLSTR
filter spectral band. Note the log scale on theaxis.

Navigation andGeoreferenceing

Following the 2023 and 2024 campaigns, a new georeferencing workflow was adopted using the
Airborne Processing Library (APL), developed by NEODAAS. Originally designed for pushbroom sensors
based onWVarren et al(2014)approachthe APL was adapted to support frarbased thermal imagery

from the ImagelR systerffio, in Figure33). This process used a combination of navigation data
(position, yaw, pitch, roll), the known offset between the camera and IMU, aneiget viewing

vectors (PPVVs) derived from a geometric calibration of the thermal caf@ectiornd.2.1).

Using thePPVVs derived froeometric calibratiorallowstranslation ofimage coordinates into real
spatial geo-positions. Combining navigationinformation, high accuracy location from afferential
Ground Positioning Syste(®@GPS$etup at the takeoff airfield, andinformation fromwith a digital
elevation model (DEM,) currently usingNASA Shuttle Radar Topography Missi(8RTM version3
(FarrandKobrick 2000 - thermalimagerycan be projecteadnto a surface gridAnearestneighbour
algorithm(R., inFigure33) isapplied to conpensatefor viewing geometry and surface effects, such as
varying pixel size across the field of viéike final output spatial resolution for all images is set to 1
m.

Temporal samplingframe/line selection

Due to the highlirequency of data collection by the imager, a temporal sampling approach was adopted
to select the frames that best capture the entire, or partially, the surveyed fire €fxenin Figure33).
The purpose is to reduce the volume of processing time concentrating only oninthge
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representativeness of the fire, i.e., the selection is based on expert judgetheotigh visual
inspection wherebytemporalmismatch between the flightlireand the satellitefire overpasss the
distribution of pixel VZ/As covering the fire area is considerethe are no definedriteria other than

an effort to minimize (Rs, in Figure33) the number of images needed to cover the fire in its entirely
during the valiation exercise.

Additional geo-correctionand spatial resamplingfi2)

While established processing procedures of pushbroom systems often use a "boresighting" procedure
to fine-tune sensor alignmenfWarren et al., 2014), this has not yet befely implemented for the
ImagelR. Instead, small linear correctiaras beapplied post hoc to the ARleoreferencingoutput

(f12, in Figure33). These were based on ground control points (GCPs), identified in thermal imagery
and aligned with featuregaptured in the SWIR by aadditional instrument (SpecimFENIX 1K
Correctionsappliedusing a linear transformatiorR{, in Figure33) cansignificantly improve alignment
betweenthe ImagelR and referend&1K)ata for both day and night flight{Figure28).

Recentimprovementsby APL allowed for thenplementingof a boresight calibration procedure for
frame-based systems like the ImagelRe results, fronthe CabonARAcampaign in 2024howed an
improved accuracy andesulted inareduce reliancd on manual corrections.
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Figure28- Examples of georeferenced ImagelR data with Google Earth satellite and FENIX 1K for comparison:
(a) image from 23226a georeferenced by APL with FENIX 1K data at 2200 nm overlayed in reds; (b) example
from (a) manually corrected after processed by APLitelup with ambient background from Google Earth

and hotspots with FENIX 1K fire pixels; (c) image from233 georeferenced by APL underlaid with colour
composite imagery (R: 2200 nm, G: 1600 nm, B: 1200 nm) from the FENIX 1K; (d) the (c) exampleeafter
correction. Details on the flight code are shown in Table 5; colour composite was not used for the FENIX 1K
imagery in (a) and (b) for clarity as the flight was at night. Examples from 2023 FHBDEaMmpaign.

Event fire image compositing

Image compositing is the procesdereby the selectedHDRimageframesin the temporal filtering
step are fused together tareatea mosaic covering the entire fire affected arga, in Figure33),
mainly focusing on the padf the firethat isongoing it R 2 S &ngt€ssarilcover the entire burned
scaras the fire could have been active fveraldays The curent practice is to use the mean rule
(Rs, inFigure33), for competingl mpixels weroverlappingmage areas.
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Atmospheric correction

MODTRANersion5 (Berk et al., 2005} used to atmospherically correct the -aénsor radiance
measured by the thermal camera to that of the radiance emitted at the surflgein Figure33).
Nearby radiosonde measuremer(&ection4.3.2 for each flight provide the atmospheric profile data
used as inputs into MODTRAN, including altitude, temperature, pressure, and relative humidity. The
effective transmittance for the SLS@Ranne] T , was calculated using the following relationship:

B YYD
B t

where"Y'Y "@ndt are the spectral response function and transmittance at wavelergthspectively.
This gives the average transmittance, weighted by the SRF of the SLSTRdilteR9).

Transmittance for flight 23-226a
~—= SLSTR SRF (normalised)
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Figure29 - Spectral response function of SLSTR and the atmospheric transmittance estimated using MODTRAN
5 for flight 23-226a from FIDER (2023)with atmosphericinformation from radiosondedata.

To account forthe different atmospheric path lengths of effadir measurements the process
estimates thedecrease in transmittance increased viewing geomess (Figure30).
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Backgroundradiancecharacterization

The baclround radiancewas estimated using measurements from teecondaryLWR thermal
camerag the HD Head(fis, fi7 and fis, in Figure33). Tte ImagelR is not calibrated for ambient
temperatures,and anexplorationunder this project wagonductedto understand the feasibility of
usingan alternative calibratiorsetup for this effect, but consisten@nd operation limitationshow
that this was not possibl¢Section7.3.2. As a result, thd WIRHD Headcamerameasurements
(calibrated for temperatures from between@¢ 800°Q are usd® using the following approach:

9 Firstly, land surface temperature (L$lgstimated using the asensor radiance measured by
the HD Headlmeasurea This is donéoy converting the average brightness temperatureaof
sample siz€n=1000) of representativebackground pixels using the Planck function and SRF
(Figure3l). and taking a weighted averags, in Figure33).

f This, and tha the reflected downwelling radiance)’, and upwelling path radiance)’,
estimatedby inputting the radiosonde data intODTRAN %or the atmospheric correction
(section 4.3.2)arethen used to solve the following equation feuand Surface Temperature

(LST:

0 -t60YY p - T U

wherethe functionBindicates the Planck function ands emissivity, whicis assumed to be
0.95,atypical valuefor vegetation.t is transmittance, whicls estimated using calculations
by MODTRANNAG KS | 5 | BiguR¥l)a { wC 6
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Figure31 - Spectral response function of the HD Head and the atmospheric transmittance estimated using

After LSTis derived using the HD Head daifjs usedto estimate the atsensor measured
radiance in the MVIRspectraldomain as would beneasured by the Imageliamerausing its
SRFKigure30). The estimated value issad as reference in the retrieval of airborne FRPs.

Transmitance for flight 23-226a
= HD Head SAF (normalised)
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MODTRAN 5 for flight 2226a from FIDER (2023).

4.2.3 FRP retrieval

Similar to the spacebornetrievals, FRP for the airboriederived using the IWIR radiance method,

RSOSt2LISR o0& 222a0SNJ SG Ffd ownnpud ¢KAA A&
StefanBoltzmann law for a given temperature range. Th&/N® method is commonly used as it can
be applied to a measurement from a single band and does not make any assumptions about the exact

emissivity of the emitter in that band, only that it is a greybody. TMIR radiance method is given
by the followingrelationship:

oY@y 0 5 0., 0
where,, is the StefarBoltzmann constant (5.67x3®Wm?K*) andd .. (Wm?sr um?) is the fire
emitted spectral radianceat the locationx,y and timet, and 0 is the surrounding non fire
a ol O1 3 nderdnfeRradianceThis equation assumes that bothe radianceterms have been

atmospherically corrected so thatanly accounts fothe additional radiance emitted by the fire at the
surface over the background radiangeis the FRP parametewith units of W m2 sr* um? K* whose

value is governed by the exact wavelength measured and fire temperature range over which the linear

approximation is made. Finall§y, representsthe pixelarea which in this case set tol nv.
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Active Fre Masking

FRP is calculated for every pixel of the composite image, regardless of whether the pixel is related to
an ongoing fire or the backgrourffds, in Figure33). Total FRP (sum of all individual pixels) is calculated
assuming different BT threshold values that separates fire pixel from background. It is assumed that
the BT distribution over an ongoing fire area is composed of two overlapping distributions: one made
of low, background, noffire related BTs; and another representing higher BTs associated with active
fire and recently burned areas.

The BT threshold() that determines which pixels are considered active fire and therefore contribute

to the fire event FRP lies within the transition region between the two BT distributions, and its selection
represents a best compromise between omission and contaminafimrautomatic process(R;, in
Figure33) determines a minimum BT threshold by identifying the point at which a sudden drop in total
FRP occurs as the BT threshold is progressively increased; this drop corresponds to the exclusion of
ambient (background) pixelsshich produce an overestimated FRP despite their low radiance due to
their large number within the scen@ften 95% of pixels). A realistic maximum fire BT temperatures is
defined as 80°C, corresponding to the lower limit of the ImagelR.

Y

Total FRPLMATD

L f >

Erighinace tompambune Sirechold (K]

Figure32 ¢ lllustration representing thetypical variation oftotal FRP as aelection oforightness temperature
Optimal BT thresholdassumes thathe minimum temperature ofpixels where an active fire is taking plaée
located between300 and 370 KRed error bars represent uncertaingssociated with threshold selection

Fire eventFRRetrieval

The last step of the FRP retrieval process for the airborne measurements is to is calculated by taking a
mean of all total FRP values calculated between the minimum and maximum BT thresholds. The upper
uncertainty of this value is taken as the total FRirgughe minimum realistic BT threshold, and the
lower uncertainty using the maximum threshold. This total FRP represents the FRP associated with the
surveyed fire in reference to the time of the satellite overpass and used for the validation of the
spacebone FRP, as the ones retrieved by SLSTR sensor onboard the Setfttisegh&retrievalthat

results directly from theneasurement function to estimate pdire event FireRadiativePower. In this

context, the measurand for measuriagtborne FRP is defined as:
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Themeasurement of the radiative power [units: Mf]the Bottomof-Atmosphere (BOAjom
a particular fire evendf a certain size during atgarticular instance

4.2.4 Uncertainty Tree diagram

In Figure33, we present the uncertainty tree diagram associated withahleorne FRP measurements

as retrieved by theéhermal camerasnboard theHavilland Twin Otter (DHE) aircraft As for the
spaceborne casesgection3.2.3 we apply the same approach for th@bornecase wheresach input
quantity in the measurement function might be influenced by one or more error and uncertainty
effects. It is important to identify and consider each of thageertaintyeffects in turn, as every effect

will lead to an uncertainty in the estimate of the input quantity. This involves thinking about each term
in the measurement function and investigating all the possible sources of uncertatotyaid this
process an uncesinty tree diagramwas developed Kigure 33). The uncertainty tree diagram
presented below illustrates the full set of identified effects that could influence the measurand and
their connection to the measurement function. The diagram maps out any hierarchical aspects and
dependencies of the unceritaty analysis, where input quantities are determined through their own
separate measurement function of other quantities.

The main measurement function of the measurand is outlined (in blue) from which we traced the
source of its components and the functions that are used to calculate them. The final leaves of the
diagram (in yellow) outline the uncertainty effects that carpact each variable/function. These will

be discussed isection103450214.3and for the ones that were explored in this project (task numbers

in red), the analysis and results are available in segtion
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Figure33- Uncertainty Tree diagram foairborne-basedFRP retrievals. The measurement function is displayed
at centre right(blue box) and input variables and parameters are linked to the different processes associated
with active fire identification and background characterization (red boxes), feed by the datageessing
steps (green boxes) angre-flight calibrations (pink box) and auxiliary data (violet box). Uncertainty source
effects, representing the leaves of the tree are identified in yellow and those that have been analysed are
marked by the associated project task number (in red).

4.3 Discussion on the uncertainty contributions

As was done for the spaceborne FRP retrievgkection 103450213.3 we now apply the same
uncertainty characterizatiodiscussiorior the airborne FRP retrievalEach source of uncertainty that
was identified m the uncertainty tree diagram is considered carefully, and the results of that analysis
will bedisplayed in an effects table. Each input quantity may be influenced by one or more error effects
but all quantities in the measurement function have at least one associated dtieavhich its
characteristics will be summarized in an effects table

The extent to which the effects tables are populated depemdinlyon the study cases conducted for
this project. In this regard, the maturity of the analysis section that is included in the effects table, will
reflect the evaluation that was carried out on the uncertainty magnitude, ecosrelation scale and
form. Some uncertainty effects athie same as those for the spaceborne measuremanid those
cases it will be noteds suchUncertainty characterization of airbordgased FRP retrievalsiisits
initial stages, and as suthe analysis done withithis project targeting airbornebased uncertainty
effects focused on whaare considered the major sources. For the remaining effects available
information may bescace andour best guess is expressed and noted as suchintigrtant to note,

that objective of this project to focus on particular effetiist could be minimized in ordeo inform

a validation protocol As the nature of thebserving airbornelatform differs from the spaceborne
platform, the effects tables have beemdjustedin terms of dimension of interesto reflect this
difference,namelyby assessingorrelation scaldetween flightlines instead of satellite orbits.

We will start our discussion with the pfiight calibrations to thelmagdR by characteriing the
uncertainty effects and then move to the operational deployment and FRP retrieval measurement
function. For each component of the different measurement functions the uncertainty effects will be
considered and discusseds for the spaceborne measuremerthe +C€ term at the end of each
function includes other uncertainties associated with model errors of the assumed approximations.
These will also be explored to the best of our ability.
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4.3.1 Preflight characterization

Measurementuncertainty

One of the most obvious contributors to the uncertaintypoborne-based FRP retrievatstheimagelR
measurement uncertainty. Thiélccurac®stated on the calibration report is g and this is assumed

to be the uncertainty associated with the measutedhperature when using the spectral filters. It is
important to note thatthis term is based othe manufacture@stated tolerancesand thosegenerally
represent the maximum permissible error (MPE) of the device rather than the actual uncertainty. As
shown inFigure34, many thermal imagers exhibit temperature errors greater than the MPE when
tested in laboratory conditions (Whittam, Simpson, & Mcevoy, 2014). The calibration procedure seems
to be broadly robust, with the exception of differing wavelengths between tertsfermometer and
thermal imager, with clear traceability to PTB. Given this, there should be a good level of confidence
that the instrument performs to its stated specification.

* Imager A ®  Imager B Imager C

X Imager D = Imager E Imager F

+ Single spot IRT - = = NPL accredited uncert. Maximium permissible error
50

45

40
35
30

750 850 950 1050

Figure34 - The measurement error for a crosection of thermal imagers. It can be seen than several of the
imagers exhibit temperature errors greater than the MPE when tested in laboratory conditions. From (Source:
Whittam, Simpson, & Mcevoy, 2014)

In the absence of further information, it is often necessary to assume that the MPE represents an
uncertainty component with a rectangular distribution. Due to the central limit theorem, when
combining a number of components with different distributions, lang as the uncertainty is not
dominated by a single component with a rectangular distribution, the overall uncertainty of a device
will usually be closer to a normal distribution.

2 KAES I GK2NRdAK OKIF NI OGSNRAlFIGAZ2Y 2F (GKS RSOAOSQ
of information can be garnered from the calibration certificate provided by Infratec. Four filter
configurations were used in the calibration, with eacdvimg seven corresponding integration times

that calibration setpoints were measured at. A total of 18 calibration setpoints were used, although

many integration times were only used on a subset of these setpdimt®tal, more than 200 total
measuremens were taken during the calibration.
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J IO

y2i ljdzk yiAlriAg@gSted ¢KAA Aa Ay LINI G2 F@2AR AaKAIKSN
mean quantitative uncertainty and that meaning is assumed here.
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Thedifference between the measured value on tbeviceunder testand that from the reference
thermometer is shown irFigure35 andFigure36. By plotting the relativelifference we can see that

the distribution is not uniform, and it does not appear to be completely gaussian in nature. There is
also an apparent bias in the calibration points to urteEad compared to the transfer thermometer.

The meardifferencewas approximately 0.1%, with a standard deviation of 0.6%. The limits that gave
a 95% coverage probability (equivalent to k=2) were approximatefp% and 1.2%. Using this, we
can estimate thathe (k=1) uncertainty of the device using the factory calibration is on the order of
around 0.6% 0.7%over the calibrated temperature range. Due to the limited resolution to which the
temperature results are listed on the calibration certificate, and the uncertainty of the transfer
thermometer, only arough order of magnitude can be determined. This would mean that the (k=3)
uncertainty of the instrument, giving a coverage probability of ~99.7%, would be around 2%, which is
the measurementlccuracybf the device with filters in place, stated on the calibrataantificate

Calibration measurement errors Calibration measurement errors
200 = * 201 ° .
1.51 ¢ . 1.54 * .
—_ . ® —_ | . . .
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= 2] % = y .o * F 4 5 ’ ° : ° . (] ¢ : .
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Figure35 - Relative errors for each measurement in the calibratidieft) andthe relative errors for each
measurement(right), plotted against the temperature setpoint

Calibration measurement errors

-15-1.0-05 00 05 1.0 15 2.0
Error (%)

Figure 36 - Histogram of the calibration measurement errors. It can be seen that this is not a symmetric
distribution.

While this value is only a rough order of magnitude estimation, it gives a decent starting point to use
for a preliminary assessment of uncertainteesd its propagatioon downstream applications

Impact of optical pathway and variation in camera housing temperature
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The impact of each element of the optical pathway can have a noticeable impact on the overall
radiance scene by the detector. Short to medium term variations in the temperature of the lens, filters
and the housing can cause the background irradiance oseheor to fluctuate, making it difficult to
accurately determine the brightness temperature when viewing cooler surfaces. This can be
particularly problematic in cases where filters are used that restrict most of the incoming radiation,
such as the SLSTiRer. A simplified diagram of the optical pathway is showfigure37.

L198um
Z199Um

. NEUTRAL DENSITY FILTER

0 oummy FiLTERS
Figure37 - A simplifiedillustration of the optical pathway of the ImagelR containing the/o spinning wheels

The spectral transmissidanction of the Infrateclens is commercially sensitive and as such it is not
shown in this report. However, the transmission is below 85% across the &pmm range. The
resultant transmission for the lens, SLSTR filter and secondary filters are shéwgure38. For a

scene at a temperature of 350 K, for example, only around 8% of the incident spectral radiance in the
3um ¢5 Am range passes through the lens and filters when using a dummiy filter, and only around 0.7%
when using the neutral density filter. As a result, the signal to background ratio will be substantially
lower than without the filters.
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Resultant transmission

—— lens + dummy + SLSTR
—— lens + ND + SLSTR
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Figure 38 - Resultant transmission for the optical pathways used for measurements. Note that here the lens
transmission was taken to be flat and given a nominal value as it could not be shared in this report.

The variation in the camera housing temperature during one of the previous test campaign flights is

shown inFigure39. The housing temperature can vary by several deg@sdsiusvithin a single flight,
but also significantly between flights.
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Figure39- The variation in camera housing temperature during test flights is plotted. It can be seen that there
is a significant variation in camera housing temperature between test flights.

Cooled infrared detectors will generally have a cold shield, whliotksirradiance from most angles
outside the nominal field of view of the detector. Thisld shieldis usually held at the same
temperature as the detector, meaning that the eof-field irradiance on the sensor is kept as low as
possible. However, multiple scattering events, radiation from the aperture wheels, and heating of the
lens, lens housing arfdters may all contribute to background radiation on the sensor. Given the low
proportion of radiance from the scene that is seen on the sensor, at lower scene temperatures the
background components may dominate the signal output.
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It is unclear to what extent any corrections performed by the Imagaffiinimise these impacts; the
residual error after these corrections will define the uncertainty contribution from this. Deviations in
the conditions from which the calibration took place can potentially increase the measurement
uncertainty, in particulardr low temperature scenes.

In-lab measurements of the instrument, such as varying the environmental temperature of the climatic
chamber and recording the variation in brightness temperature of a blackbody, for example, may be
able to provide an evidence base as to the level of wttighis a problem.

Non-uniformity

The nonuniformity of the device can be a significant contributor to the overall uncertainty of
measurements. Each pixel in the array can be thought of as an independent sensor, with its own unique
signal response to incident radiation.

A common IR sensor model used in the derivation of NUC models was developed by Mooney et al
0az2ySesy {KSLILINRI 9¢Ay3aAX 9¢Ay3aAI g {AfBSN¥YIyYZ
simplified version of this shown in (Perry & and Dereniak, 1993gesps the output of a pixel (i,j),

N, in terms of the number of electrons:as

6 Y Y O0_AY- _Q_0

Here,— _ is the photoresponsivity of the pixeliQ at wavelength_, _ and_ are the lower and
upper bounds of the spectral response, _ is the quantum efficiency of pixéllQas a function of
wavelength. Y is the scene temperature pixel@Q is viewing andO is the dark charge per
integration time at pixelQ 'Y is a response coefficient that includes a number of terms such as the
integration time, f number, and the active area of the pixel.

This effectively models the response of the sensor as some function that increases linearly with
increasing irradiance of the forth & O @ , whered represents the photoresponsivity of pixel
(AQandw represents the dark current. As such, we can apply a linear correction to the signal of each
pixel to correct for differences in the photoresponsivity and dark current across the array. These
parameters are usually referred to as gain and offset valasiflustrated inFigure40.

Signal vs Irradiance- no

! Signal vs Irradiance- Gain Signal vs Irradiance- Gain
correction ) correction only and Offset Corection
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X e & 1000 2 1000 -
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Figure40 - The response of different pixels to irradiance before and after applyingf@oit correction
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The model assumes temporally averaged values, and as such does not directly handle the temporal
variance of parameters. Instead, this should be seen as a representation of the sensor characteristics
at a particular point in time (e.g. directly after applgia one or two-point correction).

32

Error(NET units)

0 T T T
-04 =02 0 02 0.4 0.6 08 1 12 14

Figure4l - An illustrative plot of the residual error (solid line) from ap@int nonruniformity. Note that the
residual errors at X=0 and X=1 are zero, with the error increasing the further out from the two points. From
(source: Friedenberg & Goldblatt, 1998)

As the scene apparent temperature gets further away from the apparent temperatures at which the
2-point NUC was performed, the namiformity across the array will increase due to the Aimearity

of the sensor as illustrated inFigure4l. Depending on the sensor characteristics, this can be a
significant source ofincertainty. It is important to be able to evaluate the uncertainty contribution
from sensor noruniformity, in particular as the calibration process will generally only be based on a
region of interest in the centre of the frame.

Point spread function (PSF)

The pointspread function of the device is one of the major limiting factors in the ability to accurately
measure the radiance temperature of small regions of interest in the scene.

The uncertainty caused by the PSF is substantially more complex than some of the other components
already highlighted. As the PSF is modulating the incoming image by effectively performing a weighted
average, the uncertainty induced by the PSF will vabstautially from pixel to pixel based on the
apparent temperature of the area surrounding. If a pixel is viewing an area of the scene that is
thermally uniform, for example, the image will be unchanged by the PSF as the weighted average of a
uniform dataseé is the same as the initial values.

While the PSF of the instrument has not previously been characterised, it is still useful to cover the
potential induced errors in application using synthetic data. A simulated PSF kernel is slrogurén

42; this can bemodelled as a gaussian with a width of 0.5 pixels, which is generally the order of
magnitude of the PSF for many higher end systems. The kernel shown effectively represents the

GF @SN IAYI FAEAGSNE FLILX ASR (2 ysm FR&diven pk@@ IS | a
the observed radiance is 0.47 times the radiance on f#@plus 0.11 times the radiance on the pixels
adjacent to@Qplus 0.02 times the radiance on the pixels diagon4ldand so on.
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Simulated PSF

Figure42 - A simulated PSF kernel, assuming a gaussian PSF with a width of 0.5 pixels.

An exampldire surveyingmage, corresponding to the merged integration times can be seBigure

430 ¢KS f2¢SaiG @FftdzS 2y I OFftAONIGA2Y Nry3aS gl & vy
lower calibration range of the detector. These pixels lie outside the calibration range and as such are

not an accurate reflection of the actual brighswetemperature

Figure 43 - An exampleof compositeimage corresponding to the merged integration timeBames d an
ongoing firein Ontario,Canada, capturedby the Infratec 8300 MWIEhermal imager.

This image was rescaled to be 640 pixels wide to match the width of the Infratec, and a mask was
created around hot regions. Everything outside the mask was set to a background temperature of
40c/ 2 YR GKS AYF3AS gl a& &aKINLSYySR (G2 NBRdAzOS of
NBLINBASYGAy3a GKS WARSFfQ dzyof dzZNNBR AYIF3ISd ¢KS o
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synthetic brightness temperature image to radiance, convolving with the simulated PSF kernel, then
converting back to brightness temperature, representing what the Infratec would actually see given
its optical pathway. The error caused by the PSF waslatddias the difference between the blurred

and ideal image@Figure44).

Along the boundary of fire and background, substantial differences in the measured brightness
temperature caused by the impact of the PSF can be seen. In this synthetic example, differences up to
100 °C can be seen along the boundaries, highlighting tioe tis can cause. The overall error caused

in the fire radiant power calculation will depend on the size of the fire in the image, and the
temperature gradient along the ground; for small fires, the boundary interface between fire and non
fire is a largefraction of the total area, and the blurring effect of the PSF would have a much greater
impact on the average brightness temperature observed. Conversely, areas of high uniformity would
see little impact on brightness temperature caused by the PSF.

Initial image Blurred image PSF Induced error (3x3 ROI)
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Figured4 - The unblurred synthetic imag@eft), the blurred image after being convolved with the P&€ntre)
representing what the Infrateavould see in real world usageand the errorcaused by the PSfright). The
mean of a 3x3 region was used here to visualise

When no correction is applied for a source of errors, the corresponding uncertainty component is

usually taken to be half the error and assumes a rectangular distribution in the error. If a correction is
applied, the uncertainty component is a reflectiohtbe distribution ofresidual erros; in this case, it

would be based on the estimated uncertainty of the PSF determination, as well as any noise introduced
during the deconvolution process.

Table19 - Hfects table forthe uncertainty sources associatadeasured brightness temperatures

Radiometric Housing

Name of effect . NUC Lend distortion PSF effects
noise temperature

Instrument imagelR imagelR imagelR imagelR imagelR

Contribution u(BRoy) u(BRo.) U(O_NUG;) uPPVVi) u(BRo,)

identifier
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dependson the
Impact of the minimal if fire lead tounder fire front

S systematic systematic . .
effect on the significantly biases in FRP  biases in ERP representativeness | fragmentation
fire event FRP large of the fire extent but will be

minimal

4.3.2 Auxiliary data uncertainty sources

Figure33 showsthat the FRP retrieval process relies on s series of auxili@ymation (pink boxes)
provided by instruments other than thRIWIR imager Thefollowing outlines theuncertainty effect
associated with theeinstrumentgproducts:

1 Inertial Measurement Unit (MU) - the Trimble Applanix POS AV 510 is a GR&8al system
provides LINBOA &S YSI adaNBYSyida 2F |y ISNARAIFf aSyaz
frequency.The manufacturereports WHccuracie€of 0.02 m and 0.05 m for horizontal and
vertical positions, respectively, with veloci#iccuracydf 0.005 m/s, and navigation parameter
(roll, pitch, and yaw) accuracy of 0.005heseWl OO dzNJ OA S& Q undeRaintles” G S NLINE
and would propagateinto geolocation uncertaintiedmpacting the spatial resampling and
temporal compositing processresulting in representation uncexinties. We consider
uncertaintiesthat originate for the IMU to be a systematic effedbllowing a uniform
distribution, fully correlated withing each flight line.

1 HD HEARWIR¢ The LWIR camethat is deployed to monitor background temperatures is
the Infratec VarioCAM HD Head 800. Radiometrically, the camera comes factory calibrated
with a reported uncertainty of 1%nformation available atinfraTec website It is assumes
that the reported uncertainty related tdhe combined uncertaintyand that it would be
dominated by detector noiseThere is no information regardinigs optical distortion or
radiometric stability Although the camera measurements are only used to retrieve a
representationsampleof what is the background radiance, and therefdessimpacted by
individual pixel measuremest in the future an automatic procesdased onco-aligned
gridding with the MWIR measurementsan be put in placgo retrieve the effective
background radiancwithin the representative satellite pixeAs suchgeo correction issues
and flightline stability needs to be assureg¥t.this stage, w consider the uncertaintiesdm
the LWIR camert be randomfollowing a normal distribution.

1 Atmospheric Radiosonde- An atmospheric radiosonde is a small, disposable instrument
package carried aloft by a weather balloon to measure and transmit key atmospheric data like
pressure, temperature, humidity, wind speed, and direction to ground statidiost stations
worldwide launch balloons twice daily, at 0000 UTC and 1200 BdiCthe CarbonARA
campaign over ForMcMurray, Aberta, thenearestground station is located anear the
airport (which corresponds to 5 am and 5 pm M&lnche3. TheEnvironment and Climate
Change Canada (EC@&)loyVaisala RS41 radiosondes for its upgierobservation network
across the countryThese are considered modern sensors that provide temperature profiles
with biases under 0.K in the lower atmosphere, but erronscrease with altitude, especially
due to solar radiation (up to 1°C) and sensor lag, causing humidity biases (often dry bias) and
introducing variability In addition, there is representation uncertainty aseasured
atmospheric parameters can be significance distanceand time differencdrom the siteand
time of the surveyed fire The combined effect calead to changingatmospheric profiles
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resulting inatmospheric transmissivigrrors. Within this project, these sources of uncertainty
and their impachave not beerexplored.We considethat the atmospheric parameters from
the radiosondebe impacted fronrandom(spatially)and systematigaltitude) effects.

Digital Elevation Mode(DEM - DEM uncertainties stem from data errors (source, collection,
processing), influencing derived products like slope/area; key factors include resolution (cell
size), interpolation methods, and terrain complexity, requiring awareness and tools for
quantificaion. DEM is used in thgeoreferencingand as suclincertaintiespropagateinto
geo-positioning uncertainy of each individual pixelsand represented areaAirborne
campaignssuch as those addressed in this documémk place over flat terrainvhere the
uncertainty would be minimal. Heever, fires take place ovenountainous terrains and
understanding ofthe level of impactof DEMuncertainty on airborne FRP measurements
would be desirable in order to identify whiakalidation conditionsto avoid. Without any
information on thespecific DEM product, weonsiderits effectsto be random.

Table20 - Hfects table forthe uncertainty sources associated auxiliary data/products.

Name of effect IMU effects LWI.R . Radlos_o n'de DEM uncertainties
uncertainties  uncertainties

Instrument IMU HD HEAD | Radiosounder DEM
u(lat), u(lon),
Contribution u(yaw), U(Patm),
identifier u(roll), u(BTHD,) U(Tarr), B o) u(DEM)
u(pitch),u(h)
Measurement
equation lat, lon, yaw,
parameter(s) roll, pitch, h BT _HDjt Patm, Tatm, Vatm DEM
subject to effect
Maturity of
Maturity of analysis | uncertainty 1 0 0 0
estimate
Maturity of
correlation 1 0 0 0
scale estimate
If maturity of
estimate is O or
1, how
significant - do Significant significant Significant Significant

you expect this
effect to be on
pixeHevel
estimates?
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If maturity of
estimate is 0 or
1, how
significant  do
you expect this Minor Minor Minor Minor
effect to be on
large spatial
scales / long

time series?
Correlation Time Independent unknown Independent Independent
form/type
P'Xe.l. LI Independent unknown Independent Independent
position
Flight line Independent | independent | independent Independent
Correlation scale Time 0 unknown 0 0
Plxe.l. LI 0 unknown 0 0
position
Flight line 0 0 0 0
Uncertainty PDF assumed assumed assumed .
. . . assumed gaussian
shape gaussian gaussian gaussian
0.02m
(horizontal)
and 0.05 m
(vertical),
Uncertainty & units 0.005 m/s 1% 0.2K l6m_ Azl
: vertical error
(velocity)
and0.005°
(roll, pitch,
and yaw)
Sensitivity
coefficient
Correlation(s)
between affected none None none None
parameters
Therandom
(spatially) and
systematic systematic
Impact of the effect effect not systerqatu_: (altitude)
) . h small bias in effectscan Radom effect
on the fire event FRF impacting
FRP result
FRP .
systematic
small bias in
FRP

4.3.3 Uncertainty effectsassociated withdata processing

Brightnesstemperature to radiance conversion
This process relies on the inverse form of Rlanckfunctionand therefore BT uncertaintieshould be

propagatedtaking into account thespecificSRF of thé Y A YSL®T#ilter that is installed on the
camera However, thePlanck function assumes the target is a perfect black body (emissiuisl to
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1) and theuncertainty associated with this assumptiand SRIEEffectsneed to be assessddr their
impact.

Geo correctionand orthorectification uncertainty sources

The approach implemented by APL does not currently propagatertaintiesassociated witithe
navigation and geosition systemaccuracies and the DEM product uncertaint{ssction4.2.2).
Although these uncertaintiesvould not directly impact the measurement functiothe derived
geolocation uncertainties caprovide useful informatiorior the compositingprocessandinform any
post processingPSF analysidt is important to note thata spatial resampling stegnearest
neighbourhood]s applied tocreate a finer resolution imagdrom 3 m to 1m), as suchhis results in
aradiometric effectthat are correlatederror between pixels

Compositingerror representation

The current approach tbuild amap of brightness temperaturesoveling the entire monitored fire
sometimesrelies onusingdifferent framesfrom the same or differentflight lines This is required
when the fire front idarger thancan be captured with onlgne frame. The uncertainties associated
with this process are:

1 Those imposed by using timean rule forselecting therepresentative BT valuaf each pixel.
Thisintroducesa break in consistency iVZAdependentatmospheric transmissivés are
applied for each pixelWhen this ighe case, uncertaintinduced by alternative VZA values
needs to be consider in the atmospheric correctand the variability of BT values also need
to be considered.

9 Directly related to theprevious poinf the frame selectionprocess is also prone to
uncertainties To minimizethe uncertainties induced by longer atmospheric pathways and
camera lens distortion effectsdstion7.3.1), the distribution of VZA valued active fire pixels
should be consided, meaningone concentraed on smaller VZAis preferable

1 Temporaldifferences between frames of different flight linedso introduce uncertainty.
AlthoughBT measurementare accuratethe uncertainties should representétprimary goal
of generating a in-situ measurement representation for validatiopurposes Fire ishigh
dynamicevent, and asuchuncertaintiesfor each pixel should take into account the temporal
distance to a referencéime tag - the satellite overpass. The temporal mismatch analysis
conducted m section7.1.], shows that there ign average? %variability (Esigma) per minute
in the FRP rate of changmeaning thathese should be taking into account when creating the
composite BT image andssociate uncertaintiesTo note that he average timenterval
required forthe plane to perform another overpass is 2 nnies.

Atmospherictransmissivity

The process of deriving atmospheric transmissivéjes on MODTRAMased simulatios whereby

input data from radiosonde is assimilated. Currently no uncertainty is derived for this term, but the
same approach used for the spaceborne measurememtiisted for theLJt | flighalitude, can be

used to account and propagate the various sources of uncertainty and provide an uncertainty aware
transmissivity value that is VZA dependent for application to the image composite. The sources of
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uncertainty that impact this term are the representation issues associated of the atmospheric data
captured by the radiosonde and their measured uncertainties (already addressed in se&ign
temporal difference to the radiosonde data collectioplane altitudevariability, MODTRAN model
errors, and unaccounted effects like thefluence of aerosols on MWIR radiancAs already discussed

in section3.3.4these remainpoorly characterized and quantifiedih addition, other atmospheric
contributionsasdiscussed in section 3.2can also play a role

Table21 - Hfects table forthe uncertainty sources associatexith data processing

Instrument

N/A

N/A

N/A

N/A

N/A

N/A

Contribution
identifier
Measurement
equation

to effect

parameter(s) subject

uc)

dzo 5 0

USRI

SRF

u(L_HDRy)

L_HDR:

u(BT HDR

BT HDR

u(BT HDR

BT HDR

U(Tatmiijt)

Tatm, ij,t

Maturity of analysis

Maturity of
uncertainty
estimate

Maturity of
correlation scale
estimate

If maturity of
estimate is 0 or
1, how
significant  do
you expect this
effect to be on
pixetevel

estimates?

minor

minor

minor

Significant

significant

Significant

If maturity of
estimate is 0 or
1, how
significant  do
you expect this
effect to be on
large spatial
scales / long
time series?

negligible

negligible

Minor

Minor

significant

Minor

Correlation
form/type

Time

independent

Independent

Independent

independent

independent

unknown

Pixel frame

position

Independent

Independent

unknown

unknow

Independent

Independent

Flight line

Independent

Independent

Independent

independent

rectangular
absolute

Independent

Correlation scale

Time
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0

0

0
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0

0
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P'X(?I. T3 0 0 unknown unknown 0 0
position
Flight line 0 0 0 0 0
Uncertainty PDF assumed assumed assumed assumed assumed assumed
shape gaussian gaussian gaussian gaussian gaussian gaussian
depends on
2 K across the 2 o variabilit daily
Uncertainty & units unknown temperature unknown unknown - y variability of
per minute .
range atmospheric
parameters
Sensitivity coefficient
o ERIEnE) dependent dependent
between affected none . None . None
on T housing on T housing
parameters
lead to
Impact of the effect systematic systematic systerr_latlg systerr_latlg lead t_o . systgmatlc
on the fire event ERP offect offect small bias in | small bias in systgmatlc bias| bias in the_
FRP FRP in FRP transmissivity
and FRP

4.3.4 Uncertainty effects impacting th&RP measurement function

FRP parameter

Thecharacterization of theincertaintysourceassociated with the FRP parametsiidentical of that
for the spacebornemeasurements as addressed in section.2.1, this uncertaintyis classed as
representative ad systemati¢ where differenceso the spaceborne parameter are due to the spectral
response function difference# is important thattemperature rangeconsistency is assured and that
the same approach is used to derive the paramefer the airborne castne parameter value i8.28

W m2sr! um?! K* and itsrelative uncertainty is7.78 % (isigma).

Background radiance characterization

As detailed in sectiod.2.2 the process of deriving background radiance is complex as it relies on
measurements from a LWIR camerad a series of transformatigsimulations relying oriorward and
inverse atmospheric correctiongt present, uncertainty propagation through this process is not
accounted for asthere are plans touse an additionalMWIR thermal camera dedicated to measure
background radiancén principle the sameMWIR camerén a different operation modean be used

to measurebackground radiancim a dedicatedflight line (either before or after the firesurvey during
the satellite overpagsin this casetemporal mismatch is not important athe nontfire background
changes are much smalleshen compared to the active fire onednfortunately,the cameraused
cannot be usedo track such low temperatures this way not only due to noise issudsit also
because it is very saeptible to housing temperature changes. As explored in segti82, potential
backgroundBTmeasuremenswould requireachange irthe mode of operatiorof the spinning whel.
The analysis showetlat the spinningwheel significantlympacthousing temperatureand the setup
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requiresat leastone hour to stabilizemaking the one&amera system not fit for purpoger recording
background radiances shortly before or after a fire survey

Another source of uncertainty associated with the sampliraf identified nonfire background pixels
in the composite imageFor accurate FRRetrieval, only pixels with unburnesiegetation that is
represented of the vegetation that is consumed should be selected. Honslection is highly expert
based which can be subject to bjasid a large sampkhould be collected in order to derive sampling
(representationuncertainty.

+0 term on the measuringuinction: Directional effects

As discussed previously in secti®8.7, environmental effects such as vegetation structure can have
a significant impact on retrieved FRP, and its impact can be higher on ainmtrisvalsdue toits
finer resolution. Although difficult to disentangle from senselated effects, an analysis based on
airborne data collected for the purpose is presented in secfioB.4 The results confirm FRP
dependency on viewing angle over an industrial gas flare or over a real wildfire. In the case of the less
complex gas flare a relatively modest decline of FRP is obsey@& %6 + 0.16 % per degree), while
over the wildfire a steper gradient is observed .52 % + 0.25 % per degree), consistent with the
presence of vegetation that increasingly obscures the fire at highAsMA additionretrievals over
the wildfire suggest differencebetween observations made from behind and ahead of the flame
front, consistent with éburned surfaceaun-obstrucing the line-of-sight to the flame- in the behind
case- and partially blockedine-of-sightby unburned vegetationin the ahead case.

The laboratory results (section3.]) indicate that the camera itself introduces minimal W2kted

error under ideal conditions. These airborne findings therefore demonstrate that environmental and
scenegeometry effects not sensor characteristitsare the primary drivers of angléependentFRP
variability in real fire observations. However, further waskequired to confidently confirm this as
variability introduced by a thredimensional flame structure, winrdriven motion,andturbulence can

also play a role. Understanding these contributions and impact is important for quantifying and
propagating airborne HRretrieval uncertainty, inform flightline planningand inprove our
understanding okirborne-spaceborne biases

Table22 ¢ Efects table forthe additional uncertainty sources associatedth the measurement function of
airborne FRP retrievals

radiance
Name of effect equivalence directional
effects effects
(background)
Instrument N/A N/A
Contribution identifier u(Lbet) U(FRRy,)
Measurement equation
parameter(s) subject to Lber FRRy,«
effect
Maturity of
Maturity of analysis uncertainty 1 1
estimate
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Maturity of
correlation  scale 2 1
estimate

If  maturity of
estimate is 0 or 1,
how significant do

you expect this significant Significant
effect to be on

pixeHevel

estimates?

If  maturity of
estimate is 0 or 1,
how significant do
you expect this minor Minor
effect to be on
large spatial scales
/ long time series?

Correlation form/type Time independent independent
P|xe_l' e Independent triangular
position
Flight line independent Independent

Correlation scale Time 0 0
Pixel frame

- 0 unknown
position
Flight line 0 0
Uncertainty PDF shape assumed assumed
gaussian gaussian
FRP ig0.30

% per degree
for gas flares
andc0.52 %

per degree for

Uncertainty & units unknow

wildfires
Sensitivity coefficient
depend on HD
Correlation(s) between et LI, depend on
Modtran, and
affected parameters . VZA
Radiosonde
parameters
lead to lead to
Impact of the effect on o systematic
A systematic bias| | :
the fire event FRP : bias over off
in FRP oo
nadir pixels
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4.3.5 Airborne FRP retrievalincertainty

The current approach for quantifying uncertairay airborne FRP retrievais solely based on the
representation uncertainty associated with tBd thresholdelectionin thefire mask processing step
(section4.2.3. FRP uncertainty is represented the FRP valuenterval that resuls in casehe fire
maskBTthresholdis between 300K and 370 K(red uncertaintybars inFigure32). It is anuneven
rectangular distributiorthat, although indicative, cannot beonsidered comprehensivets for the
spaceborne retrievals, aetrological approachan be appliedto bring together theuncertainty
sourcesthat contribute tothe BT measuremesf(for active fire and thainburnedbackground), the
transmissivity the FRP parametand all theprocessbaseduncertainty effects
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5. Validation Comparison Model

5.1 The framework

5.1.1 Validationexercise

The validation frameworfor spaceborne FRP retrievals is based on the companigbrindependent

FRP retrievalmade using an airbornmeasurementbasedapproah, as illustrated irFigure45s. As

wildfires are highly dynamic, spatially and temporai measurementaeed to be done in near
simultaneousconditions(a matchup)and observational differences need to be minimizedmuch as
possible(section4.1.2).

The validation exerciseis based oncomparisons made at firevent level, meaning thatspatial
aggregation of FRPby means ofpixetbasedsums - needsto necessarilyoccur for the airborne
retrievals but also for the spacebornetiie monitored fire is made of a cluster of AF detectidpears

of space and airborntotal FRP retrievalare evaluatedindividuallyfor eachmatchup for conformity
testingand the full set of matchups is evaluate foonsistencyand overallperformance(Figure46 ¢
Validation exercise of SentinglLevel 2 FRP retrievals using independent reference airborne FRP
retrievals made during the FIDEX and FIDEX 2 campaigns over Canada (Source: KCL fire group).
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SPECIFICATIONS [ T S TTmeel
Satelite akitude: 814km & Sertnela  Tmmeen
Aircraft alteude: 2500m | N TTTTeeal
FRP measurement: +10% accuracy i
Overpass tme: 11:30 local time
Validation protocolFRMéfire

- = = Satelite orbit path
—— Aurcraft flight path
4 Fire radistive power (FRP)

.................. LA

banis 0

Forest area Fire zone X (hl'l)

Figure45 - lllustration of the sentinel3 SLSTR FRP validation framework approach based on the generation
of independent reference measurements retrieved by an airborne platform (image generated by Gyate

tool).
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Figure46 ¢ Validation exercise of Sentind Level 2 FRP retrievalsing independent referencairborne FRP
retrievals made during the FIDE2Ad FIDEX 2 campaigioser CanadgSource: KCL fire group).

5.1.2 Performance Metrics

Themost usedpairwisevalidationmetricsare the correlation coefficienbetween the two datasets

the bias(mean difference) and the rootmean square deviation for which detail descriptioh o
different estimationmetrics, theirlimitations and advantageare detailed inLoewet al. 017) Even
though these metrics are often considered complementary, they are strongly interrelated. For the case
of validation of spaceborne FRP retrievals using indepenaiembrnedatathe following are applied

i The correlation between the spacebora@grborne datasetsg It is a measure of statistical
dependency between two datasets, and the linear (Pearson) correlation metric describes first
order linear statistical dependency as the covariance between the dégdasseormalized by their
respective standard deviations. As suttle correlationprovides arindication of what variability
observedby the spaceborne that is evidenced by the independaitborne data. However, it
assumes that datasets are stationarity, variance follows a Gaussian distribution, there is
independence of in their uncertainty sources and that these follow an additive nidgemetric
is sendive onlyto random effectsf theseare dominant.

i Biasbetweenspaceborneairborne datasetg; It is a statistical measure thmean proportional
difference between the two datasets. In this case, a linear model regre&sioed through the
origin is used byapplyinga specific formulation that omits the intercept term. Because the
combined uncertainties of the dataset may not be symmetrical, a M@uddo approach is used
to generate 1000 dataset replications by randomly selecting values within their uncertainty rang
Theresultingmean and isigma standal deviationof the fitting simulationsrepresent the bias
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and itsuncertainty. Tis approach assumes temporal stability and that systematic effects are not
dominant. The rational for an origforcedlinear model is routed in the physical reason that there

is no FRP over neactive fires and comparison is only done over matching cases. However,
caution is advised as underrepresentation issues related to the AF detection limitations can lead
the spacebrne FRP retrievals to be consistentipderrepresentedand at the same time
overrepresentinghe backgroundhon-ire characterization. In this contet,is advisedalwaysto
compare results witfthe full linear model.

In metrology an approach tawvalidateé uncertaintiesis defined based orcomparison exercises
Originally design folab-basedmeasurementintercomparisonexercisesthe derived metric can be
extended irthe case to a validation exercise suclhiasone addressed in this documeriorasatellite
matchup the comparativeanalysis made betweethe two independentFRP retrievals (spaceborne
and airborng, each with full uncertaintpropagated the equivalence rati¢gy) can be calculateds

O

Qo 0 0

where” saand” 4 are thespace and airborne FRP measurement vahrabdsa: and 0, are the two
standard uncertainties associated with those measured vatuespresentshe standarduncertainty
associated with the comparison itself (e.g., frtm uncertaintiedue to thedifferences between the
observation conditiong the matchupbaseduncertainties) An equivalence rati@; < 1 suggests that
the two measured values agree within their uncertainties, while a lafgeatio suggests that at least
one uncertainty is underestimatedssuming thatincertainties associated with both measurements
are well representedthe formula can be used faonsistency chedigbetweenmeasuredifferences
(Immler et al., 201 To note that 6 represents alladditional uncertaintiesdue to differences in
colocationftepresentativenessin this caseit cantake thefollowingform:

0 0 0 0 0

Whereo6 relates to thetemporal mismatch effecthy andd  relates to the representativeness
uncertainty that result from the AFdetection algorithm, andd relates to theuncertainty in the
position of the fire within the satellite pixel area.

5.2 Discussion on uncertainty contributions

5.2.1 Additional sources of Uncertainty

The measurands, defined in secti®r2.2and4.2.3 highlight the scale differences between the space
and airborne measurements. Whereas spaceborne retrievals are madekat and 0.1 second
resolutiors, airborne retrievals are made at metand multipletime minute resolution scale, meaning
that there is a 1/1000 spatial, and 1/10 temporal, scale difference in resolubemgeen retrievalsin
addition, differences in instrumentation and observation conditions, subject under different or
common uncertaing sources, that can be random or systematic and propagate throughout their
respective processing chain in a correlated or uncorrelated way to be combined intzafesl FRP
uncertainty.
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It is difficult to disentangleand characterize aBourcesof uncertaintyindividuallyassociated with
pixelsbased FRP retrievalbut attempts have been done omé sectionsdedicated to spaceborne
(section 3.3) and airborne (sectiod.3) measurements Furthermore due to different scale and
observation conditions, additional sources of uncertaintympact the comparison exercise. The
followingare additionakffects that need to be considereuthin a validation exercise:

1 Backgroundcharacterizationrepresentation ¢ there is a significant differencen terms of
representationon what radiance ismeasured as backgroundhereasin airborne retrievals
backgroundBT aremeasuredof pixels with no fire activitjocatedin the vicinity of the ongoing
fire, and therefore measuring theactual radiance equivalence of the background, in the
spaceborne retrievalghe radiance is based agin average oheighbouring pixelsthat although
an effort is made to exclude neregetateddominatedpixek, the spectral mixtureemitted from
differenttypes ofland surfacewithin those pixels can be highotentially includingadiances that
are fire related and therefore overestimating the estimated backgroundresulting in a
underestimation of the retrieved spaceborne FRRI Q &  §Hatlthé €stinfated uncertainty of
background radiancdor the spaceborne retrievals the standard deviation, of arowing
neighbouringpixelareag captures tle landscapeadiance variabilitybut this assumes thathe
level of mixturethat occurs at subpixel scale is the same that occurs at 1pixii size scale.

T Spaceborne representation uncertaintythis source of uncertainty isssociated withthe AF
clusteringrepresentationand the uncertainty associated with the size and location of the fire
within the satellite pixelThe formerbeing related to the previous poinivherethe AF detection
algorithmcanfail to detectfire activity and therefore not estimate the total FRP associated with
the fire cluster AFdetectionis based orseries of spectral and contextual testssumed tdhave
beenparametrized basedroexpertjudgement.This type of type of classification uncertaimgs
not been currently assessealthough the analysigonductedin section7.1.2 provides an
indication on the minimuniire sizeof 17%o0f the SLSTR pixel &@sure(100 %)xentinet3 SLSTR
detection.The uncertaintyeffectassociated witlihe impact of the SLSTR sensor,RSghownin
section 7.2.2 FRP underestimatioman occurwhSy O2 YLJ NBR g A (idadisi KS G Gl
dependent on the location and size of the fire within gensompixel, with (for SIVIRI case)alue
of -11.7% when averaged across all fire sizes and over a temperature range between 600 and
1300 K and reaching37% when introducing the spatial uncertainfyuch an effegtand its
associated variabilitygan severely hinder argpmparison with airborne data for which this effect
isnot present Derivingdedicatedsatellite sensoestimates or in this caséor SLSTRs essential
to contextualise comparison differences.

1 Airborne representation uncertainty due to theprocess under whicthe fire maskassociated
with the airborne imagerys generatedg based on a&umulativestatistical approaclon observed
BTs- representationuncertainiesresult from the use of ainglefixed thresholdappliedto the
composite imaggsection4.2.3. However depending on thevariability and type of burning
vegetation andon the stage of the burningprocess, active fire pixels could still remain
unaccountedior, andin cases ohighly fragmented burning pattesii KS Ol YSNlcddad 26y
inducecontaminatedradiances from nearby pixelg addition for complex scenariowith many
firestaking place in the vicinifythe area limitations imposed by the monitoring satellisensor,
and associated uncertainty, should be considered.
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Temporalmismatch- In section?7.1.], the analysison the variability of the rate of change in FRP
showedan average value of @ per minute.In addition, he campaignbasedresults in section
7.3.4addressinglirectional effects, show similar results when focusing onnhdir overpasses
over the wildfire. This source of uncertainty is important not only to be considei@dthe
compositeprocess of thairborne image, but alsthe mismatch between the time of the satellite
overpass and the reference timassociated with the airborne imageeed to be considered
Ideally the flight line timenearest to the satellite overpass should be selecédhe reference
compositing time
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6. Conclusions and summary

This section summasas themain contributionsof the FRM4Fire projeat Phase 1 to improving our

understanding 6the uncertainty sources thatffectFRP retrievalsom both spaceborneindairborne
observationsas well as theicorresponding validation exercis&vhen comparinghe measurement
approachesTo this end a series of analgs were conductedeachfocussing orspecificuncertainty
sources, input quantiies, or parametes. Collectively these activities provide valuable insightdo

support thedevelopment otthe next iteration of aneasurement and validation protocbkst suited
for the purpose.In particular the followingaspectsare highlighted:

1 The labbased charactesation of the MWIR thermal camera used for airborne FRP
measurementsenabledimproved geometrical correction for lens distortion andclearer
understanding of its operational limifer the measurindire and background temperatures.
As a result, improved PP¥\tanimprove gecreferencing and potentiallybetter quality
mosaicsfor exampleby applyinga VZAbasedscreeningapproach toexcludeviewingangles
associated with high uncertantThisanalysis also led to the conclusion that genmelmagelR
camera cannot be used for the background temperattinaractersation dueto radiometric
and temporal stability issues. Although technical challenges prevented anali}sis of the
PSF, a stratedyr its characterisatiomvas developedhat canbe appliedin the nextphaseof
the project.

1 Previously naccounted uncertainty sources associateith the Sentinel3 Level 2 NRT FRP
product were identified.In particular, he uncertaintyrelated to the pixel areaas currently
processed can represent an added% contribution whichcould be avoidedby using pixel
areas calculated at Level.Faurthermore simulations using EVIR#twin model showed that
the location of the fire withira pixel can introduce significant errodsie to the sensor PSF. A
similarmodellingapproachconducted usingn SLSTRvin modelalso found significant errors
on FRP retrievals when using t8&channel, which led to the primary use of the lowgain
Flchannel, leading to substantially lower errors

1 Certainparameters, such as the FRP parameter in the measurement function, contribute
significantly to theoveralluncertaintyin FRP retrieval§hisparameter is definedisingcertain
assumptionabouttemperature range and distribution that need to be standaeditoenable
meaningful comparisonbetween measurements and products addition, the parameter
and its associated uncertaintgre sensitive to the SRF of the sensdherefore the FRP
parameter should be estimated using tHall spectral range of the sensor SRF and
communityagreed estimation standard neededo ensure product interoperability.

1 d&Temporal mismatchcouldbe considered not only in the airborne image compositing process
but also during the validation exercisén analysigperformed usingFRP retrievals from
geostationarydata indicated that, over wildfires, the variability in rate of FRP charig
generallyaround ~2% per minute It could therefore be beneficialo define a temporal
reference betweenairborne FRRetrievals from which a temporal mismatch uncertainty
contribution can beguantified
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1 The impact of retrievingRP _over fire clustergas highlighted using the SEViREed results.
Thesademonstratenot only the importance of theosition of the fire within the pixebut also
the contribution from radiancesin neighbouring pixelsUndetected AFscan therefore
introduce errors and lead to underestimatiofVhile uncertainty effectsrelated to the
detection approach wre not addressed in this phase, the sensitivity of the detection
algorithms to their parametersrequiresfurther evaluation A preliminary analysis using high
resolution ARdetectionsover North America suggesthat only fire-affected area of the size
~170 Landsat OLI pisstnsure100%detection by Sentinel3 STSTR. Furthgeographically
expended analysis needed tassessepresentativeiessand torelatethesefindingsto SLSTR
PSHnduced FRP variability.

1 Directional effectshat havepreviouslyonly beenexploredusing modellingvereidentified in
airborne-basedobservationalFRP retrievalsThese werdinked with environmental factos
such as vegetationcclusion and the thre€imensional geometry of hotspst Future work
characterising these effects is important for assessing observational differences between
airborne measurements, which could be accounted for when processing reference data used
to validate satellite observations. This should include inargpthe dataset size and linking
the directional effects of FRP to the specific vegetation structure of a scene using LIiDAR or SfM
data.

Similarly, here are some of the identified limitations

9 Due to data access limitations, characsation of the error-correlation structure associated
with the uncertainty effects is limited andften relies on expert judgementn addition
correlatiors between input parametersn the measurement functiorwere not evaluated
consequentlyshared uncertainty contributions from pointing errors and SRF effects are not
accounted for

I Forsome uncertainty sourget is not possibléo disentangle measurement uncertainty from
model error without anodelbasedsensitivity analysidNo comprehensive model was planned
or developedn this phase, and this should be addressed in future work

I Time constraints prevented the development ofa dedicated uncertainty budget for the
airborne FRP retrieval3he present documentherefore serves asa startingguide for the
development of a comprehensive E2E propagation model, in accordance with Step 4 of the
QA4EO framework.
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7. Supporting analyss

7.1 Characterization of uncertainty effects through sensitivity and
comparison analysis (WP1.2)

7.1.1 Uncertainty associated with the temporal mismatch between EO and airborne data
for the S3 overpasses (Task 1.2.1)

Introduction

Fire activity is highly dynamic in nature, meaning that if environmental conditions are appropriate, it
can progress very quickly consuming the available biomass. The same dry matter that took years of
accumulation through photosynthesis, can be releasadkito the atmosphere in a shorth period of
days @ evenof hours. This means that the rate of change of radiative power from an ongoing fire
dependson the available fueload and the environmental factors. Thisgh dynamiccharacteristic
presents a ch&#nge in a comparison between 2 independent measurements when these are not made
at exactlythe sametime, asin the case of a validation exercise. The extent to whigtetdifferences

could impact the comparison modebéction5) and the compositing process for the airborne data
(Sectiord) needs to be understood.

The objective of this section is to characterize taiability of the FRPate of changefocussingon
the period of the satellite overpass, in order to inform the uncertainty propagation model what the
temporal mismatchbetween satellite and airborne measurementontribution is

The approach to characterizinigmporal mismatch

In order tocharacterize the rate of change of the FRP throughout the day we use retrievals made by
geostationary satellitesThe high frequency of observation (1Ib minutes)can allow forthe
characterization of thdire daily cycle, if enougfire detections are available textract astatistically
significantsample sizat eachtemporalstep.

The following stepsire taken

1 - Identify pixels that characterize a wildfire eventThis first step aims at identifying the pixels that
have enough detections that could relate to an ongoing wildfire. For every geostatibaaeyl FRP
product, and for each month, pixels with a number of detections higher than 100 (for GOES/ABI
satellites), or 66 in the case of MSG/SERIMI retained These values ensured that at least a fire
occurred that lasted fomost ofa day It is assumedhat the distribution of detectionsKigure47) is
concentrated within days and napread out in eacimonth. For this analysis the following products
covering the same common period from 2020 to 2024 were used:

1 IPMAKCL CEGE (16) FRP product, with detections retrieved using the ABI sensor at a
frequency of 10 minutes with at spatial resolution at Nadir (located at 75.2 W)
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1 IPMAKCL CEGS8 (18) FRP product, with detections retrieved using the ABI sensor at a
frequency of 10 minutes with at spatial resolution at Nadir (located 41.25 W)

1 IPMAKCL HIMAWARI FRP product, with detections retrieved using the ABI sensor at a
frequency of 10 minutes with at spatial resolution at Nadir (located at 145.25 E)

1 MSG11 FRP product (Is105), with detections retrieved using the SEVIRI sensor at a frequency
of 15 minutes with at spatial resolution at Nadir (located at O longitude)

1 MSG9 FRP product (Is105), with detections retrieved using the SEVIRI sensor at a frequency
of 15 minutes with at spatial resolution at Nadir (located at 45.5 E)

Frequency Distibution of number of detections over a pixel by month

Number of pixels (#)

T T T T : .
0 100 200 300 400 500
Number of detections (#)

Figure47 - Frequency distribution of the number of GOES pixsiaumber of monthlyAFdetections that occur
within the pixels Colours represent the 12 months of the yedircan be seenthat Augustand September are
characterized by higher actiwtindependent of the number of 5.

2- Screen noHire related activity - this step aimedo eliminate all nonfire detection activity Using

the embedded product flags and the CClddgregated to 0.25 cell® screen pixels thawerelocated

within a cell that its landcover class was not flagged all as burnable vegetatamidition,ascreening
threshold was used to eliminate all cases where monthly detections where higher than 500. This
threshold was defined through visual inspectidtigure48) andallowed to identifythe cases where
industrial activity was ongoing.
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Figure48 - Location of CEO®ixelswith fire activity during the month of AugustBlue and red highlights are
screen out of the analysis AF sample as thaseassociated with industrial activity, either by being over water
or flagged by very high persistence.

3-Define common temporal referencein order to aggregate all pixel activity to extract statistics, the
time of each detection was recalculated according to solar tifhésassumethat the main driver that
shapes fire activity ithe environmental conditions, meaning that it is expected tfia¢ activity is
highernear solar noon anckducesduring the nightThe slar timeassociated with every tracked pixel
fire wascalculatedand used aseferencefor aggregation.

4 - FRP rate of changd-or all products and for each pixels where fire activity per month was detected

in accordance with the previous steps, FRP change between consecutive observations was retrieved,
and the associated rate of change per minute was calculated assumingaéiteeofchange between
satellite observatioa For each time step of the of the satellite period the average, and associated
standard deviation, of afRRate of changevascalculatedFigure49 highlightsdaily variatiors of rate

of change in FRRccordng towhat is understood to ba daily evolution of an ongoing fire, and the
difference between day and night.
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FRP Relative change for GS, year:2022

0.03 +

0.02 4

0.01 4

—0.01 A

—0.02 4

FRP relative variation per minute

2-sigma
—0.03 53 overpass
—— mean variation

T T T
0:00 6:00 12:00 18:00 24:00
Solar time (in 10-min intervals)

Figure49¢ Daily variation of the arerage rate of FRRate of change (in relative terms) and associated standar
deviation (2sigma) over all sampledactive firesby solar timeduring year 2022 Grey areashighlight S3
satellite overpass timaip to 45 latitude (dark grey) and 60 latitude (dark grey).

5 - Spatial variability- To assess the spatial variability of the results, we used the CCI LC map aggregated
to 0.25 degrees thatesultsfrom a majority class filter, to associate each pixel to a LC class. Statistic
for the relative change of FRP were calculate bglagsrestricted for the SentineB overpass period.

The aggregation showed that, eitheturingday or night overpass on average theesultsare very
consister between similar type landcover classésglre50), but significant differencesan exst
(Welch2-way test,p-vat>0.05) between unrelated LC classes. In addition, for some LC abigses

and day are significalyt different. As such, we decided to retain the LC class differentiation as an
indicator of spatial variabilitymeaning that the rate of change and its variability within the LC class
wasretainedfor the LC classes with a sampleeof at least 5@yridcells

FRP rate of change during 53 overpass using w/lat 60 for MSG/AF year: 2020-2022
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Figure50 - Average rate of change and associate standard deviatigeft axis) of CEO$RP detection that
occur during theday (red) and night (blue3 overpasperiod by landcover class as defin€2lCl land cover
product Bars related to thesample sizeduring the period 20262022 (right axis).
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Results

The aggregated results by landcover class for each satellite FRP product was calculated for the Sentinel
3 overpass period. Due to the nature of the orbit of the potential satellite the overpass period is
dependent on the latitude of the pixel locatiofhis meanshat at higher latitudes, the same location

on the ground can be seen by multiple orbits in contrast with a location at the equator, whera only
single orbit is able to track iE{gure51). As such, the process was applied by latitude band in order to
account for a change in potential overpass pesidd addition, because the same LC area location can

be observedy 2 different geostationary satellites, a weigiy factor was introduced when calculating

the average value for each 0.25 gridallithe global scaleThe weigting factor was based on the
gridcell distance to the geostationary satellite naéfigure52 showsthe spatialy explicitvariability in
FRPrate of changg%/min] asdetectedduring the day and night sentinel 3 overpasses. The results
showthat the variability inFRP rate of changmn varybetween 0.46and 2.6% per minute, and that

on average the values during the night S3 overpass are higher that during the day. This means that
although the absolute rate of change is higher during the day (as expected because fire activity picks
up throughout the day}he spatial variability of those values is lower. During the night, the spatial
variability is higher althugh, in absolute values, the rate of change is much lower. The main exception
can be seen in some areas in the higher latitudes characterized by very high spatial variability, but at
these latitudes the ability to detect active fires is significantly amed by the high VZA of the
geostationary satellites. Over these areas, one should use these results with caution.

S3B overpass solar time at nadir
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Figure51 ¢ SITSRS3B)verpass time (solar houdistribution by latitudinal belts Estimatesvere obtained by
propagating S3B orbifor 1 yearand taking in consideration therossscan range on the surfac Due tothe
sunsynchronous polaorbit configuration of S3B,the possible temporal range for detections fEgher for
higher latitude in comparisonwith the ones close to the equator
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S3 day overpass
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Figure52 ¢ Spatial distribution of theFRPrate of change variability (dsigma)during theday (upper plot) and
night (lower plot) S3 overpass timedstimateswvere calculated per LC andeighted by latitude belt in order
to considerrange of possible satellite overpass timAlthoughin general thevariability is higher during night,

the averageFRRPetrievalsare lowerrange.
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