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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 are actual SEVIRI MWIR images (far 
right) which display similar spatial patterns in brightness temperature as found in the simulations. 
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1. Introduction 

1.1 Scope of the document 

This document forms part of the deliverable for WP1 of the Fiducial Reference Measurements for Fire 
(FRM4Fire) project and aims to provide an overview of the Fire Radiative Power (FRP) retrieval process, 
the associated uncertainties, and the role these can play in a validation exercise. The work will focus 
on EO-based retrievals using the Sentinel-3 SLSTR sensor, those produced using airborne data, and 
how these can be compared. An initial review on available information on the sources of uncertainties 
impacting both measurements is provided, followed by complementary analysis to characterize 
uncertainties understood to have significant contribution.  

In this document we collate all information regarding uncertainty sources using the QA4EO (Quality 
Assurance for Earth Observations) framework  (https://qa4eo.org/), based on the FIDUCEO (Fidelity 
and uncertainty in climate data records from Earth observations) approach to characterize 
uncertainties, developed under an EU-funded H2020 project (https://www.fiduceo.eu/). The 
framework was initially developed to be applied for long term historical records from passive 
radiometric sensors in order to evaluate error correlation structures and allow to develop methods to 
generate consistent and harmonised long-term data series. The approach has been successfully 
applied on downstream EO processing levels, ECV product generation and application cases. Based on 
the QA4EO 5-step approach for uncertainty characterization, the document focuses only the first three 
steps, namely we:  

 Define the measurement function (or series of functions within a process) of what is measured, 
what units, physical range, what does it represent and under what conditions is the measurand 
constrained. 

 Generate an uncertainty tree diagram to document the traceability and sources of uncertainty for 
each input variable of the measurement function leading to the retrieval of Fire Radiative Power 
(FRP) estimates and the breakdown processing structure, supported by corresponding analytical 
formulations is possible. 

 CƻǊ ŜŀŎƘ ǎƻǳǊŎŜ ƻŦ ǳƴŎŜǊǘŀƛƴǘȅ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ǘƘŜ ŘƛŀƎǊŀƳǎΣ ŀƴ ΨŜŦŦŜŎǘǎ ǘŀōƭŜΩ ƛǎ generated, which 
describes the magnitude of the uncertainty, its sensitivity and the potential error correlation 
structures in terms of the relevant dimensions to the FRP product. 

This document summarizes all information available on the different sources of uncertainties, 
currently identified. It contains the core information to allow for the development of an End-to-End 
uncertainty propagation model (step 4 of the QA4EO framework), for both measurement approaches, 
and for the validation comparison exercise. It is an essential starting point to develop a validation 
protocol for spaceborne retrievals based on airborne measurements that is uncertainty aware and fit 
for purpose.  

1.1 Structure of the document 

The document is structured as follows: 

https://qa4eo.org/
https://www.fiduceo.eu/
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ω Section 1 introduces this document, its objectives and structure. 

ω Section 2 provides an overview of the QA4EO framework for uncertainty 
characterization and an example application of rigorous GUM-based metrological 
methods to satellite sensor fundamental climate data records (FCDRs).  

ω Section 3 provides a detailed description of the Seninel-3 SLSTR sensor characteristics, 
followed by a description of the FRP retrieval process, and an uncertainty analysis 
based on the available information of the input quantities and all the identified error 
effects. This is supported by 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 about the uncertainty component. 

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

ω Section 5 provides the same as section 3 but associated with the comparing model 
used for the validation of the Sentinel-3 L2 FRP retrievals using airborne reference 
data. 

ω Section 6 is a summary of the main outcomes and provides recommendations for 
future research work. 

ω Section 7 presents all the supporting analysis (data, methodology and results) from the 
individual experiments, comparisons and simulation, conducted under this project to 
characterize some uncertainty sources.
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2. Overview of FIDUCEO approach 

2.1 Principles of Uncertainty Analysis 

The Guide to the expression of Uncertainty in Measurement (GUM, 2008) provides a framework on 
how to determine and express the uncertainty of the measured value of a given measurand (the 
quantity which is being measured). The International Vocabulary of Metrology (GUM, 2012) defines 
measurement uncertainty as:  

άŀ ƴƻƴ-negative parameter characterizing the dispersion of the quantity values being attributed to a 
measurand, based on the information used.έ 

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:  

άǘƘŜ ƳŜŀǎǳǊŜŘ ǉǳŀƴǘƛǘȅ ǾŀƭǳŜ Ƴƛƴǳǎ ŀ ǊŜŦŜǊŜƴŎŜ ǉǳŀƴǘƛǘȅ ǾŀƭǳŜΦέ 

DŜƴŜǊŀƭƭȅΣ ǘƘŜ άǊŜŦŜǊŜƴŎŜ ǉǳŀƴǘƛǘȅέ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ōŜ ǘƘŜ άǘǊǳŜ ǾŀƭǳŜέ ƻŦ ǘƘŜ ƳŜŀǎǳǊŀƴŘ ŀƴŘ ƛǎ 
therefore unknown. To note that ΨŜǊǊƻǊΩ ŀƴŘ ΨǳƴŎŜǊǘŀƛƴǘȅΩ ŀǊŜ ǎƻƳŜǘƛƳŜǎ ǳǎŜd ambiguously, but they 
are not the same. If an error is known then measurements should be corrected for, and uncertainty 
expresses how well and how consistent, the measurement approach is over a measured value. Later, 
in the context of the validation exercise, reference values will be associated with those generated by 
the airborne approach and the error will be the difference between the spaceborne and the airborne 
retrievals. However, this reference value is not assumed as the true value, which will remain unknown 
and characterize by their own uncertainty. Figure 1 illustrates these concepts. 

 

 

Figure 1- Diagram illustrating the different concepts of measured value of the measurands, true value, 
uncertainty, and error. In the context of this document, the measurand for the spaceborne (Q), the airborne 

(R), and the validation metric (Q-R), and associated uncertainties, are 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 (e.g. radiance or, in this case, the 
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Fire Radiative Power). The measurement function should include all quantities that affect the 
measurement result. Generally, this may be written as, 

ὣ Ὢὢȟȣȟὢ , 

where: 

 ὣ is the measurand. 

 ὢ 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 represented in Figure 2. 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 measurand, ό ὣ, 
using the Law of Propagation of Uncertainties or used to parametrize a Monte-Carlo approach (GUM, 
2008), 

ό ὣ ὅὟὅ  

 
where: 

 ὅ  is the vector of sensitivity coefficients ‬ὣȾ‬ὢ; 

 Ὗ is the error covariance matrix for the input quantities 

 

 

Figure 2 - 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 derived from these data (in this case, Level 2 FRP retrieval from 
a L1b radiance product). For these higher-level processing, the measured values from different 
positions, times, and/or from different viewing angles, will be different input quantities in calculating 
the measurand. Therefore, this multi-stage approach uncertainty propagation requires the 
understanding of what the covariance matrix between these measured values is and formulation is 
given in section 2.2. 
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If is important to clarify and bring together three different concepts ς the origin of the uncertainty, the 
error-correlation structure and the method to evaluate uncertainties (Table 1). If the origin of an 
uncertainty can be a stochastic process, it cannot be corrected and is subject to a random effect. 
Alternatively, the origin of uncertainty may be a systematic effect that could in principle be corrected 
for, and the uncertainty relates to our lack of knowledge of that correction. How such effects create 
correlation structures in multiple measurements at different locations, times or in different spectral 
bands, depends on how the measurement system is set up, and the important distinction is 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 them (source: 
https://qa4eo.org/docs/2_Metrology_Document.pdf) 

 

In their vocabulary, the FIDUCEO project (see FIDUCEO Vocabulary (2018) and QA4EO (2015)) defines 
three broad categories of error correlation effects important to satellite data products, as follows: 

 Random effects ς άǘƘƻǎŜ ŎŀǳǎƛƴƎ ŜǊǊƻǊǎ ǘƘŀǘ Ŏŀƴƴƻǘ ōŜ ŎƻǊǊŜŎǘŜŘ ŦƻǊ ƛƴ ŀ ǎƛƴƎƭŜ ƳŜŀǎǳǊŜŘ 
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 
ƳŜŀǎǳǊŜƳŜƴǘǎ όƻǊ ǎŜǘǎ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘǎύ ŀƴŘ ƎŜƴŜǊŀƭƭȅ ŀǊŜ ǊŜŘǳŎŜŘ ōȅ ŀǾŜǊŀƎƛƴƎΦέ  

 Structured random effects ς άƳŜŀƴǎ ǘƘƻǎŜ ǘƘŀǘ ŀŎǊƻǎǎ Ƴŀƴȅ ƻōǎŜǊǾŀǘƛƻƴǎ ǘƘŜǊŜ ƛǎ ŀ 
deterministic pattern of errors whose amplitude is stochastically drawn from an underlying 
ǇǊƻōŀōƛƭƛǘȅ ŘƛǎǘǊƛōǳǘƛƻƴΤ άǎǘǊǳŎǘǳǊŜŘ ǊŀƴŘƻƳέ ǘƘŜǊŜŦƻǊŜ ƛƳǇƭƛŜǎ άǳƴǇǊŜŘƛŎǘŀōƭŜέ ŀƴŘ 
άŎƻǊǊŜƭŀǘŜŘ ŀŎǊƻǎǎ ƳŜŀǎǳǊŜƳŜƴǘǎέ 

 Systematic (or common) effects ς άǘƘƻǎŜ ŦƻǊ ŀ ǇŀǊǘƛŎǳƭŀǊ ƳŜŀǎǳǊŜƳŜƴǘ ǇǊƻŎŜǎǎ ǘƘŀǘ Řƻ ƴƻǘ 
vary (or vary coherently) from (one set of) measurement(s) to (another set of) measurement(s) 
ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǇǊƻŘǳŎŜ ǎȅǎǘŜƳŀǘƛŎ ŜǊǊƻǊǎ ǘƘŀǘ Ŏŀƴƴƻǘ ōŜ ǊŜŘǳŎŜŘ ōȅ ŀǾŜǊŀƎƛƴƎΦέ 

2.2 FIDUCEO-based uncertainty Analysis 
 
Based on the FIDUCEO approach, the QA4EO project has developed a framework to apply rigorous 
GUM-based metrological methods provide per pixel uncertainties of satellite sensor fundamental 
climate data records (FCDRs). The fundamentals of this approach are described in this section, but full 
details are available at Mittaz et al. (2019) and Woolliams et al. (2025). 
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2.2.1 Measurement Function Based Analysis 

 

As outlined in Section 1, the core steps for any metrologically rigorous measurement are, first to 
understand how the measurand (e.g. radiance) is determined from a set of input quantities (e.g. 
detector counts) through a measurement function, and secondly to create a schematic representation 
of the sensor measurement function, called the uncertainty tree diagram, that provides a traceability 
άmind-mapέ of how data is processed and what potential uncertainty sources are in play.  
 
For illustrative purposes only, a simplified form of the uncertainty tree diagram for the AVHRR 
(Advanced Very High-Resolution Radiometer) instrument, as was analysed by the FIDUCEO project (see 
Mittaz et al., 2019), is shown in Figure 3. This was the first so-ŎŀƭƭŜŘ ΨǳƴŎŜǊǘŀƛƴǘȅ ǘǊŜŜ ŘƛŀƎǊŀƳΩΣ ƴƻǿ 
commonly used for uncertainty analyses. 

 
Figure 3 - Example an Earth Observation sensor uncertainty tree diagram for the AVHRR (from Mittaz et al., 
2019) 

 
For the case in figure 1, at the centre of this diagram is the measurement function for the sensor ς 
here with measurand Earth radiance, ὒ, and input quantities such as Earth counts, ὅ, and internal 
calibration target radiance, ὒ. From this function branches spread from each input quantity, which 
may themselves be determined by their own measurement functions (for example here ὒ is 
determined from the measured temperature Ὕ 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 connected to the end 
of each branch. 
 
Note that in some cases ǘƘŜǊŜ ŀǊŜ ΨǇƻƻǊƭȅ ǳƴŘŜǊǎǘƻƻŘ ŜŦŦŜŎǘǎΩ ǘƘŀǘ ŀǊŜ ƪƴƻǿƴ ǘƻ ŜȄƛǎǘΣ ōǳǘ ƭƛǘǘƭŜ Ŏŀƴ ōŜ 
said about their form or magnitude, and the extent to which the measurement function describes the 
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true physical state of the instrument/process. Well-understood effects should be directly incorporated 
and named as input quantities in the measurement function; all other effects can be accounted by 
including in the non-rigorous mathematical term άπέ at the end of the measurement function. This 
explicitly represents effects, that 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 the uncertainty effects identified at the end of the branches of the uncertainty tree should be 
characterized, quantified if possibleΣ ŀƴŘ ǊŜǇƻǊǘŜŘ ƛƴ ŀƴ ά9ŦŦŜŎǘǎ ¢ŀōƭŜέ ǿƘƛŎƘ ŘƻŎǳƳŜƴǘǎΥ 

 The magnitude of the standard uncertainty associated with the given effect (and 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 over the relevant dimension (spatial, temporal and spectral scales 

for errors from this effect).  

 

Table 1 shows a ά9ŦŦŜŎǘǎ ¢ŀōƭŜέ template, with description of how it should be populated (Woolliams 
et al., 2017; Mittaz et al., 2019; NPL, 2025; Woolliams et 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. ¢ƘŜ ΨƳŀǘǳǊƛǘȅ ƻŦ ŀƴŀƭȅǎƛǎΩ ƛǎ ŀ ǿŀȅ ǘƻ ǊŜŎƻǊŘ ǘƘŜ ƳŀǘǳǊƛǘȅ ƻŦ ǘƘŜ ǎǘǳŘȅ ǳǎŜŘ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘƛǎ 

source of uncertainty. Any pragmatic real uncertainty analysis is likely to require some 

uncertainties that have been rigorously analysed and perhaps validated through 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 data. The maturity of the 

effect table is a four-point scale on the maturity of the evaluation of the uncertainty 

magnitude, of the error-correlation 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 expressed in percentage. The 

sensitivity coefficient translates the uncertainty associated with the effect, in the units given 

ƛƴ ǘƘŜ άǳƴŎŜǊǘŀƛƴǘȅ ǳƴƛǘǎέ ǊƻǿΣ ƛƴǘƻ ŀƴ ǳƴŎŜǊǘŀƛƴǘȅ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ƳŜŀǎǳǊŀƴŘ ƛƴ ǘƘŜ ǳƴƛǘǎ 

of the measurand. Where the measurand is calculated from an analytical expression, the 

sensitivity coefficient is the partial derivative of the measurement function with respect to the 

term that this uncertainty applies to, if xµ µ. 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 will (usually) be one of a defined list of shapes 

given in Table 3 in Woolliams et al. (2017).  
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4. Each effect has an associated uncertainty and that means that it will lead to error. It is of 

interest to consider the extent to which the (unknown) error in one measurement is correlated 

with that in a different measurement. This question can be answered for different dimensions 

of the observational data set. For the low-earth orbiting radiometric sensors considered in 

FIDUCEO, the error correlation dimensions are cross track (pixel-to-pixel), along track (scanline 

to scanline), orbit-to-orbit and between spectral bands. There is also error correlation that 

depends not on the operating mode of the satellite, but on 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 are for example: random, rectangular absolute, 

triangular relative. The different correlation forms and their relevant defining parameters are 

listed in Table 2. For further details see Woolliams et al. (2017). Correlation scales must 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 can be recorded in the 

maturity of correlation scale section of the effects table. The multi-dimensional error 

correlation is evaluated as well for multiple dimensions and the ά/¦w¦/έ ƳŜǘƘƻŘ όŜΦƎΦ aƛǘǘŀȊ 

et al., 2019) can be used to evaluate such correlation matrix. For this method, the error 

covariance matrix S is calculated as: 

 

Ὓ ὅ Ὗ Ὑ Ὗὅȟ 

 
Where ὅ is the sensitivity coefficient matrix, consisting of elements ὅȟ  ‬ὣȾ‬ὢ , Ὗ is 

the uncertainty matrix, a square matrix with the off-diagonals equal to 0 and the on-diagonals 
equal to the uncertainty associated with this effect in units of the effect. Ὑ is a square matrix 
with the error correlation coefficients ὶ (the extent to which the original error is common) 
between input quantities: 

Ὑ ρ ὶȟ ȣ ὶȟ ρ ȣ ȣ ȣ ȣ  

For further details see Merchant eta l. (2019) and Woolliams et 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 is 
analysed 

 

Measurement equation parameters subject to the 
effect  

Name and standard symbol of affected 
term 

Usually, an effect will only affect a single term, 
though there may be exceptions. The next 
higher-level identifier should be reported.    

Maturity of analysis Maturity of uncertainty 
estimate 

0 ς Effect identified; no quantification 
performed (no further information in 
cells below) 

This allows for the fact in the FDR/FCDR we 
ƘŀǾŜƴΩǘ ǘƘƻǳƎƘǘ ŜǾŜǊȅǘƘƛƴƎ ǘƘǊƻǳƎƘ ƛƴ ŘŜǘŀƛƭ 
and makes that very clear to users.  
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Table 3 - Parameters defined for different correlation forms. 

Correlation form Parameters Description 

 random  none required For fully random effects there is no correlation with 
any other pixel 

1 ς Rough estimates only 

2 ς Some analysis performed to 
estimate values 

3 ς Rigorous analysis performed 

 

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

 

Reference to the evidence for the maturity 
assessment, e.g. publication, report, weblink 
etc.  

Maturity of correlation 
scale estimate 

0 ς Not done 

1 ς Estimated 

2 ς Based on analysis, unsure about 
correlation shape 

3 ς Strong evidence  

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

Negligible, Minor or Significant? 

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

Correlation type and 
form 

From level xx Select one of the types of error 
correlation structures, e.g. random, 
rectangular absolute, triangular 
relative, bell-shaped relative, etc.  

For further details see Table 2 and 
Woolliams et al. (2017). 

 

Define the level of analysis from, then to, e.g. 
level 0 to level1, and the relevant scales, e.g. 
per scan, orbit, calibration cycle etc.   

 

If there is a correlation with another effect, 
state its identifier.  

temporal scale type & form 
[time] 

spatial scale type & form 
[geospatial coordinates] 

Spectral type & form 

Correlation scale From level xx What is the correlation scale may be 
related to the instrument itself, or it 
can be evaluated using statistical 
analysis.   

For further details see Table 2 and 
Woolliams et al. (2017). 

 

 

temporal scale [time] 

spatial scale [geospatial 
coordinates] 

Spectral scale 

Channels affected List of channels Channels affected  

Error correlation 
coefficients 

Correlation between channels  

Uncertainty  PDF shape Functional form of estimated error 
distribution for the term 

For further details see Woolliams et al. (2017). 

 

units Units in which PDF shape is expressed 
(units of term, or can be as percentage 
etc) 

For further details see Woolliams et al. (2017). 

 

Sensitivity coefficient Value, equation or parameterisation 
of sensitivity of measurand to term 

/ŀƴ ŀƭǎƻ ŦƭŀƎ άƛƴŎƭǳŘŜŘ ƛƴ ǳƴŎŜǊǘŀƛƴǘȅέ 
(by making this equal 1) 

Where the uncertainty and sensitivity 
coefficient cannot be separated the sensitivity 
coefficient should be one and the uncertainty is 
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 
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 rectangle absolute  [-a,+b] (rectangle limits). Provide these per 
pixel/scanline/orbit as required. Allow for a way 
of representing [-қΣҌқϐ 

 

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

An effect is systematic within a range and different 
outside that range. For each pixel / scanline / orbit 
in range say number of pixels / etc either side that 
it shares a correlation with. For fully systematic 
ŜŦŦŜŎǘǎ ƴƻǘŀǘƛƻƴ ǘƻ ǎŀȅ άǎȅǎǘŜƳŀǘƛŎ ǿƛǘƘ ŀƭƭέ. 

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

 triangle relative [n] ς number of pixels/scanlines being averaged 
in simple rolling average (should be an odd 
number) 

Suitable for rolling averages over a window from (ς
n-1)/2 to (+n-1)/2 (i.e. for n pixels/scanlines being 
averaged) Assumes a simple mean, not a weighted 
mean. 

No rmax is needed, since it is always 1. 

Bell shaped relative [n] ς number of pixels being averaged in a 
weighted rolling average, from which truncation 
range and standard deviation for Gaussian 
representation follow (truncation beyond ±n 
pixels,  

) 

(n should be odd) 

 

OR  

 

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

(n should be odd) 

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

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

Also suitable for anything else where the 
ŀǎǎǳƳǇǘƛƻƴ ƛǎ ǘƘŀǘ άŎƭƻǎŜǊ ǇƛȄŜƭǎκǎŎŀƴƭƛƴŜǎ ŀǊŜ ƳƻǊŜ 
ŎƻǊǊŜƭŀǘŜŘ ǘƘŀƴ ŦǳǊǘƘŜǊ ǇƛȄŜƭǎέΦ ¢Ƙƛǎ Ŏŀƴ ǳǎŜ ǘǿƻ 
terms ς n gives the truncation range outside which 
the assumption is there is no (or negligible) 
correlation, and sigma gives how fast the 
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 for 
pixels/scanlines from ςa to +b, and h for 
pixels/scanlines from L-a to L+b and from 2L-a to 
2L+b and so on (iL-a to iL+b) for all integers i up to 
imax. 

Repeating bell shapes [n,sigma,L,h, imax] Correlation coefficient assumed to drop off as a 
truncated Gaussian for local pixels/scanlines etc in 
the range defined by n and a similar Gaussian with 
a peak of h and the same width for pixels/scanlines 
iL pixels apart on either side, for all integers I up to 
imax.   

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

 

The step is a rectangular absolute from ςa to +b 
with a correlation coefficient of one, after which the 
correlation coefficients drops for another a+b+1 
lines, and then again. n is the number of calibration 
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. Sentinel-3 SLSTR Level-2 Fire Radiative Power retrievals 

3.1 SLSTR description 
 

3.1.1 Sentinel-3 Platform 
 
The Sentinel-3 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 Sentinel-3 satellites are currently in orbit, providing near-daily 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, Sentinel-3C and Sentinel-3D, scheduled to be launched 
during same year, will ensure the continuity of the Sentinel-3 mission and provide 20 years of 
continuous data. Each Sentinel-3 satellite flies in a sun synchronous orbit with a mean altitude of 814.5 
km and a daily local 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 least global daily coverage 
(Figure 4).  
  
On the satellite payload is the Sea and Land Surface Temperature Radiometer (SLSTR). The SLSTR builds 
on the highly successful (A)ATSR series, retaining the dual-ǾƛŜǿ όάƴŜŀǊ ƴŀŘƛǊέ ŀƴŘ άƻōƭƛǉǳŜέύ ŎŀǇŀōƛƭƛǘȅ 
and radiometric accuracy and precision to support primarily long-term monitoring of sea surface 
temperature (SST) and Land Surface Temperature (LST) for climate data records. In this context, the 
instruments have been designed to fulfil the requirements of zero bias and an uncertainty of ± 0.3 K 
and temporal stability of 0.1 K/decade. (https://sentiwiki.copernicus.eu/web/s3-slstr-instrument). 
Among other provision products are of aerosol retrieval and Fire Radiative Power (FRP) information, 
the latter the focus of this project. 

At present, Sentinel-3 FRP Level-2 products are generated in non-time critical (NTC) and near real time 
(NRT) mode. The NRT product is managed by EUMETSAT (Marine branch) and the NTC is operated by 
ESA (Land branch). Although the core of the algorithm retrieval is the same, small differences exist to 
accommodate the different latency requirements. In this project, the focus of our uncertainty 
characterization is based on the NTC algorithm. 

 
Figure 4 - SLSTR mean combined revisit time using S3A and S3B (from https://sentiwiki.copernicus.eu/web/s3-
mission) 

https://sentiwiki.copernicus.eu/web/s3-slstr-instrument
https://npluk-my.sharepoint.com/personal/bernardo_mota_npl_co_uk/Documents/Documents/3_FRM4fire/WP1/4
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More information on the satellite, other onboard instruments and the derived products can be found 
at https://sentiwiki.copernicus.eu/web/s3-mission. 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 characteristics of the SLSTR sensor, its data gathering operation, 
performance and uncertainty characterization up to Level-1b. The review will focus on IR channels that 
are used to performed FRP retrievals, and to provide the background to the uncertainty 
characterization of Level-2 FRP products in section 103450213.2. 

The SLSTR was developed for ESA-ESTEC by an industrial consortium led by Leonardo Company 
(Firenze, Italy) involving Jena Optronik (Jena, Germany) and RAL Space (Harwell Oxford,UK). The 
instrument builds on the highly successful (A)ATSR series with a near nadir and oblique (Figure 4). 
Information on the heritage ATSR instrument series can be found at 
https://sentiwiki.copernicus.eu/web/s3-slstr-instrument#S3-SLSTR-Instrument-Heritage. 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 opposite directions, 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, 
ŀƴŘ тпл ƪƳ ŦƻǊ ǘƘŜ ƻōƭƛǉǳŜ ǾƛŜǿΦ  ¢ƘŜ ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ άƴŜŀǊ ƴŀŘƛǊέ ǾƛŜǿ ƛǎ ŎƭƻǎŜ ǘƻ ƴŀŘƛǊ ŀǘ ǘƘŜ ǎǳō-
satellite point but has a non-symmetrical along track direction and extends to large view zenith angles 
(~60°) at the point furthest from the sub-satellite point (a 935 km across track distance). The narrower 
ǎǿŀǘƘ άƻōƭƛǉǳŜέ ǾƛŜǿ ǇǊƻǾƛŘŜǎ ŀƴ ŀǇǇǊƻȄƛƳŀǘŜƭȅ Ŏƻƴǎǘŀƴǘ р5° view zenith angle around an arc which 
trails the satellite's direction of flight (Figure 5). 

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 

D1.0 Uncertainty budget document in support of 
Copernicus Sentinel-3 calibration and validation  

 
Version 1.0 
Date: 29/12/2025 

Page:  29 

 

 

FRM4FIRE Project 2025 FRM4FIRE Project 4000145645/24/NL/IB/ab 
 

 

Figure 4 - SLSTR design concept and the structural thermal model (source: Simth et al., 2014) 

The instrument has the same spectral bands as the ATSR series at wavelengths of 0.555 µm (S1), 0.660 
µm (S2), 0.870 µm (S3), 1.6 µm (S5), 3.74 µm (S7), 10.8 µm (S8), and 12 µm (S9) to ensure continuity 
of data, two new channels at 1.375 µm (S4) and 2.25 µm (S6) for improved cloud detection, two low-
gain, wide-dynamic range IR channels, at 10.8 µm channel (F2) and a dedicated detector at 3.7 µm 
(F1), designed to deliver the radiometric data necessary for the generation of quantitative active fire 
products (Table 4). 

  

 

Figure 5 - Sentinel-3 SLSTR scan geometry. (a) Schematic of the SLSTR viewing configuration, illustrating the 
asymmetric near-nadir scan relative to the true sub-ǎŀǘŜƭƭƛǘŜ Ǉƻƛƴǘ όŀŘŀǇǘŜŘ ŦǊƻƳ 9{!Σ нлнлύΦ ¢ƘŜ ƛƴǎǘǊǳƳŜƴǘΩǎ 
conical scanning mechanism produces (b) the characteristic curved ground-track pattern (adapted from 
Wooster et al., 2012). The near-nadir scan extends to roughly 55° on one side of the swath and about 35° on 
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the other, creating the inherent leftςright asymmetry visible in panel (b) (source: 
https://sentiwiki.copernicus.eu/web/s3-mission, Xu et al., 2021). 

 

The Thermal Infra-Read (TIR) detectors (S7-S9, F1, F2) have a resolution of 1 km at nadir, and the VIS-
SWIR channels (S1-S6) have a resolution of 0.5 km at nadir. The detectors are arranged (2×1) 1 km 
pixels (along track, across track) for the TIR, (4x1) 0.5 km pixels for the VIS channels (S1-S3) and (4×2) 
0.5 km pixels for the SWIR (S4-S6) (Figure 6).  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 used (Figure 6c), F2 uses the same S8 pixels but different 
gain in the electronic chain. The additional element solution for F1 aimed at reducing photo-generated 
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 S4ςS9, and F1ςF2 housing temperature is cooled to 83 K by a Stirling cycle 
cooler. 

The detectors for thermal infrared channels S7ςS9 have an along-scan sampled spatial response that 
is approximately a triangular function with a (Full Width Half Maximum) spatial resolution of about 
1 km (Coppo et al., 2010), while the along-scan spatial responses of the fire channels are closer to a 
άǘƻǇ Ƙŀǘέ ŦǳƴŎǘƛƻƴ. Coppo et al. (2010) provides the most complete description of the SLSTR system 
covering the sensor specifications and design detail. 

  

Table 4 - SLSTR spectral bands and target applications (source: Smith et al., 2014) 

 

  

https://sentiwiki.copernicus.eu/web/s3-mission
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Figure 6 - SLSTR detectors: (a) Channel 1 ς 3, (b) Channel 4 ς 6. For them it will be possible to apply TDI 
algorithms for further S/N optimization. c) Channel 7, d) Channel 8-9. VIS channels are composed of Silicon-
diodes, SWIR and IR channels are using Mercury-Cadmium Telluride (MCT) technology. X/Y axes are 
corresponding to satellite scan/flight direction (source: Coppo, 2013). 

  

Calibration of the IR channels 

This SLSTR instrument design ensures that the scanners view two on-board cavity black-body (BB) 
sources once every scan cycle avoiding the need for special calibration modes. In this self-calibration, 
one BB is heated to ~302 K by applying a constant power to the cavity baffle and base, while the other 
ΨŦƭƻŀǘǎΩ ŀǘ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘ ǘŜƳǇŜǊŀǘǳǊŜ όƴƻƳƛƴŀƭƭȅ нрл-270 K). The two blackbodies are positioned 
ahead of the complete chain, and are scanned, every 0.6 s scan 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 derived via the Planck radiation law from their physical temperatures which are measured by 
precision platinum resistance thermometers (PRTs). These PRTs were calibrated in situ before launch 
against Standard PRTs to provide traceability to the International Temperature-Scale of 1990 (ITS-90). 

  
Calibration parameters are determined from the mean value of the Black Body (BB) pixel counts 
acquired during the calibration period and the mean BB temperatures measured by the PRTs of 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 cycles (https://sentiwiki.copernicus.eu/web/slstr-processing). 
  

https://sentiwiki.copernicus.eu/web/slstr-processing
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Before launch, the instruments underwent a thorough calibration campaign under flight 
representative thermal vacuum conditions to verify the end-to-end calibration (Smith et al., 2020).  
  
  
  
Performance challenges for fire monitoring 
  
The following table presents the declared specifications for the STSTR bands and a review of the 
uncertainty characterization of the radiances associated with the IR channels is given in section 3.3.1.  

Table 5 ς SLSTR sensor designed characteristics and radiometric performance 

 

 
In the context of the TIR 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 

 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)

Spatial Sampling interval at Sub-satellite

point (km)
VIS-SWIR 0.5 km

 IR-Fire 1 km

Spectral channel centre (µm) VIS 0.554 (S1); 0.659 (S2); 0.868 (S3)

 SWIR 1.374 (S4); 1.613 (S5); 2.25 (S6)

 MWIR/TIR 3.742 (S7); 10.85 (S8); 12.02 (S9)

 Fire 1/2 3.742 (F1); 10.85 (F2)

Radiometric Resolution VIS (Albedo =0.5%) Signal-to-Noise Ratio (SNR) > 20

 SWIR (Albedo =0.5%) Signal-to-Noise Ratio (SNR) > 20

 MWIR (T =270K) b9ɲ¢ ғ ул ƳYғ

 TIR (T=270K) b9ɲ¢ ғ рл ƳY

 Fire 1 (<500 K) b9ɲ¢ ғ м Y

 Fire 2 (<400 K) b9ɲ¢ ғ лΦр Y

  
b9ɲ¢= Noise-Equivalent

Temperature Difference

Radiometric Accuracy VIS-SWIR (Albedo = 2-100%)< 2% (Beginning of Life)

  <5% (End of Life)

a²Lw ς¢Lw

όнср ς омл Yύ

 Fire (< 500 K) < 3 K

Design Lifetime  7.5 years

 < 0.2 K (0.1 K goal)
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unsaturated and deemed valid. The F1 and F2 channels should be used over high temperature targets 
such as fires that can easily result in S7 and S8 saturation. Contrary to what was initial planned, the 
nominal-gain 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 the low-gain, higher 
noise level F1 channel that saturates at 450 K. 
  
The SLSTR F1 detectors are smaller than the S7 detectors and are not co-aligned on the instrument 
focal plane (Coppo et al., 2010; Coppo et al., 2015). This means that F1 data has a different ground 
pixel footprint shape and size, resulting in a smaller pixel area (0.9 km2 near nadir compared to the 1 
km2 of S7), and far more limited growth in pixel area across the near-nadir view scan. This means that 
a pixel measured in the S7 and F1 channels comes from different footprint areas (Coppo et al., 2010; 
Coppo et al., 2015) as in the estimate projections shown in Figure 7. 
  

 

Figure 7 - 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 Sentinel-3A laboratory 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 and (b) 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 the footprint edge. The dashed lines represent 
the 1 km image grid. Data courtesy of the Science and Technology Facilities Council (STFC) Rutherford Appleton 
Laboratory. The S7 and F1 footprint area (km2) change with distance from nadir and VZA in the near-nadir scan 
is shown in the lower plot (c). (source: Xu et al. (2021)) 

  
The Upper temperature limit for optimally calibrated channel S7 is set to ~305 K for both SLSTR-A 
SLSTR-B. All S7 brightness temperatures higher than this limit is flagged. The data is still usable up to 
311 K but not considered optimal (ESA-EUM, 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 down-scan. This overshoot effect mostly appears after 
detection of high temperatures (fires) or low temperatures (clouds), resulting in a down-scan pixel 
appearing to record a temperature that is much lower than expected (Xu et al., 2020). This significantly 
impacts the performance of an active fire detection algorithm requiring adjustment to avoid 
commission errors. 
  
The differences between S7 and F1 in terms of pixel area and swath-dependent pixel area growth 
characteristics, noise levels, spatial offset and down-scan BT anomalies present a major challenge to 
integrate both channels in an algorithm for fire monitoring and FRP retrieval. A review of the strategies 
developed to overcome these challenges are given in section 103450213.2. 

3.1.3 Radiometric consistency between A and B Sentinel-3 platforms 
 

A comparison analysis of Sentinel-3 SLSTR Level-1 radiometric data between SLSTR-A and B sensors 
using measurements acquired during the tandem phase (Hunt et al. 2020) showed reasonable 
radiometric agreement between the two sensors in the linear region, with mean S7 differences within 
0.06 K (Table 6), but agreement degrades at colder scene temperatures (Figure 8) which are not 
explained by the large uncertainties. 
  

Table 6 - Mean and standard deviation of differences between A and B SLSTR observations in the linear detector 
region (source: Hunt et al., 2020) 
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Figure 8 ς S3B - S3A brightness temperature differences relative to S3B measured by the SLSTR thermal 
channels as measured during the A/B tandem phase (source: Hunt 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 (AF), after which FRP be retrieved. As such, the consolidated detection and FRP 
retrieval algorithm for Level 2 (Wooster et al., 2012; Xu et al., 2020; Xu et al., 2023) relies on a series 
of pre-processing steps for image quality screening, several stages for AF detection and associated 
confirmation tests and finally, FRP retrieval over those pixels deemed to contain active fires. 
  
The input data for the algorithm is the standard SLSTR L1b imagery, nadir view only, for which data has 
been radiometrically calibrated using on-board calibration coefficients (section 3.1.2), time stamped, 
geolocated, geo-corrected and re-gridded with viewing angles computed, flagged for surface types 
such as land and water, cosmetically filled information to account for quality issues and clouds, using 
the embedded L1b pre-processed cloud and scene masks and annotated with relevant meteorological 
information (https://sentiwiki.copernicus.eu/web/slstr-processing#SLSTRProcessing-
ProcessingBaseline).  
  
As previously mentioned in section 103450212.23.1.1, there are two versions of the SLSTR Level-2 
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 algorithm presented in this document is based on the NTC version, considered a more complete 
algorithm by covering night and day observations, focusing on providing a higher quality product at a 
cost of higher latency. The product is available at https://cds.climate.copernicus.eu/datasets/satellite-
fire-radiative-power?tab=overview, where the ATBD and the QA documents can also be found. 
  
The Sentinel-3 FRP retrieval algorithm has undergone several iterations, from the initial pre-launch 
conception based on simulated data and instrument design information (Wooster et al., 2012), to the 
initial post launch radiometric adaptations to overcome the lower S7 channel saturation and S7-F1 
gridding issues focussing on night-time data (Xu et al., 2020), and then to fully capitalize on F1 
measurements also providing day time data (Xu et al., 2023). The uncertainty characterization 
presented in the next section is based on the collated processing of the nighttime and day-time 

https://sentiwiki.copernicus.eu/web/slstr-processing#SLSTRProcessing-ProcessingBaseline
https://sentiwiki.copernicus.eu/web/slstr-processing#SLSTRProcessing-ProcessingBaseline
https://cds.climate.copernicus.eu/datasets/satellite-fire-radiative-power?tab=overview
https://cds.climate.copernicus.eu/datasets/satellite-fire-radiative-power?tab=overview
https://cds.climate.copernicus.eu/datasets/satellite-fire-radiative-power?tab=overview
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versions. A full detailed description of the algorithm is detailed in the Level 2 product ATDB (Wooster 
and Xu, 2022) or in the relevant publications (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 
rationale behind the innerworkings, e.g., parameters and methods. The following review provides the 
base to understand the various data transformation processes and associated uncertainty effects that 
can contribute to it.  Characterization of these sources of uncertainty will be addressed in section 
103450213.3. In the following description addressing the algorithm description, the reader is advised 
to jump between Figure 9 and 10 (section 3.2.3) as it provides the ŀ άmindmapέ that links data, 
parameters and process functions of the retrieval algorithm.   
  
The flowchart (Figure 9), taken from the Sentinel 3 FRP Level 2 Algorithm Theoretical Basis Document 
(ATBD), presents the various processing stages for the latest version of the AF detection and FRP 
retrieval. Due to the lower saturation threshold associated with channel S7, both MIR channels (S7 and 
Cмύ ŀǊŜ ŦƛǊǎǘ ŎƻƳōƛƴŜŘ ƛƴ ŀ ǿŀȅ ǘƻ ƎŜƴŜǊŀǘŜ ŀ ǎƛƴƎƭŜ ΨǎȅƴǘƘŜǘƛŎΩ aLw ōŀƴŘ Řŀǘŀ ƭŀȅŜǊ όǘƘŜ Ψ.¢aLwΩ in 
Figure 10) 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 surrounding areas, and 
through a series of threshold tests ensure that the selection of F1 counterparts used to replace 
saturated S7 pixels are not affected by the down-scan anomaly. The procedure (ffusion in Figure 10) 
relies in absolute differences in brightness temperatures between S7, S8 and F1 that meet certain 
criteria (ps1, ps2 and ps3 in Figure 10). To note that this fusion process only applies to day-time 
observation. For night-time, BTMIR is simply BTS7, and the function to replace saturated S7 with F1 
counterparts only take place in the clustering step (fclustering), the last step prior to estimating FRP.  
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Figure 9 - Sentinel-3 Level 2 Non Time Critical (NTC) Fire Radiative Power (FRP) (Source: Sentinel 3 FRP Level 2 
Algorithm Theoretical Base Document, adaptation from Xu et al. 2023)  

  
After creating the fusion BT4 imagery, the following pre-processing step consists in an improved 
version of cloud making than the one embedded in the L1b data. This cloud masking (fcloud in Figure 10) 
uses a set of simple thresholds developed specifically for active fire applications (Wooster et al., 2012; 
Xu et al., 2020). This cloud screening process requires per-pixel reflectance information from S2 and 
S3 channels, and associated threshold parameters pc3 and pc4, and brightness temperatures from the 
newly fused BTMIR and S8, and the associated parameters pc0, pc1 and pc2. The output of this process 
are the locations of pixels identified as cloud free. 
  
The next few stages of the algorithm aim at identifying potential active fires, screening those for non-
fire activity and the characterization of the surrounding not fire-affected background. This sequence 
starts with the application of a spectral filter (filPf1 in Figure 10) to identify the pixels that meet certain 
brightness temperature thresholds between BTMIR and S8, over subscene sections that are considered 
cloud free according to defined threshold criteria (p1, p2). This stage is complemented with a spatial 
filter (fPf2 in Figure 10), whereby the differences between BTMIR and S8 are assessed over a series of 
five growing spatial kernels. This test evaluates the level of the thermal anomaly to the subscene 
average according to a defined threshold (p3). The location of the candidate AF pixels that result from 
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these two tests are merged (fu in Figure 10) and used in the next step to characterize the background 
radiance.  
 
To characterize the background radiance (fbackground in Figure 10), the surrounding area of an AF is 
searched for non-fire, non-saturated, land pixels not affected by sun glint, that satisfy certain 
brightness temperature values (p4), and differences with S8 (p5) and under certain observation angles 
(p6). The size of the window is extended to ensure a minimum number (p7) of non-fire land pixels is 
available for the characterization of the background radiance. The mean of all these background pixels 
is later used in the main measurement function to estimate the FRP, if the AF is deemed a true fire. 
  
The next stage of the algorithm is made of 2 steps, one focused in confirming that the AF are related 
to true fire activity (fconfirm in Figure 10), through a series on contextual test with different thresholds 
(p8, p9 and p10) defined differently for night and day observations, and an extra screening step focused 
in identifying potential false positives (filfalse alarms in Figure 10), such as those that can results from hot 
desert surfaces and cloud and water edges. A series radiance ratios and absolute thresholds (p11 to p18) 
are applied to the background information and the AF pixels. 
  
For night-time processor version, not having been subject to an initial image fusion, a clustering 
function (fclustering, in Figure 10) is implemented to find within a cluster the F1 pixel counterparts of 
existent saturated S7 pixels. This identification process first matches clusters of AF pixels between the 
two F1 and S7 grids, and F1 replacement candidates are tested against a spatial kernel (of size Wc) 
according to defined thresholds (p19, p20 and p21). Once the F1 replaced pixel is identified, the 
corresponding location of the original S7 grid is assigned to the F1 replacing radiance value. 

3.2.2 The FRP measurand for spaceborne retrievals 
  
The algorithm described in the previous section is performed over the level 1b 1 km nadir view 
resulting in the geolocation of identified active fire pixels and the information characterizing the 
merged F1/S7 radiance associated with active fires and the non-fire background in the vicinity of each 
active fire is fed directly into the measurement function to estimate per-pixel fire radiative power.  The 
equation (inside the blue box in Figure 10) has its theoretical basis on a power law approximation to 
the Planck function by exploiting the fact that, for the temperature range of active fires at MWIR 
wavelengths, the Planck function relationship between emitted spectral radiance and emitter 
temperature approaches a 4th order power-law. FRP is calculated from the emitted radiance of the fire, 
compensated by the excessive background radiance and their 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 diagram (Figure 10). In this context, considering the satellite 
observational conditions the measurand for measuring spaceborne FRP is defined as: 
 

The instantaneous measurement of the radiative power [units: MW] solely emitted by fire at the 
Bottom-of-Atmosphere (BOA) associated with ongoing fire activity within a pixel area. 

 

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 Sentinel-3 satellite platforms. Each 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 these uncertainty effects in turn, as every effect 
will lead to an uncertainty in the estimate of the input quantity. This involves considering each term in 
the measurement function and investigating all the possible sources of uncertainty ς to aid this process 
an uncertainty tree diagram is used. The uncertainty tree diagram presented below illustrates the full 
set of identified error effects that could influence the measurand and their 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 outlined in a blue box from which we traced the 
source of its input quantities and the functions that 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 in section 3.3, and for the ones that were explored in this project (task numbers 
in red), the analysis and results are available in section 7. 
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Figure 10 - Uncertainty Tree diagram for Sentinel 3 FRP Level 2 retrievals. The measurement function is 
displayed at top (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 data pre-processing 
steps (green boxes) and L1b S3 data (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). 

 

 

  



 

 

Fiducial Reference Measurements for Fire 

D1.0 Uncertainty budget document in support of 
Copernicus Sentinel-3 calibration and validation  

 
Version 1.0 
Date: 29/12/2025 

Page:  41 

 

 

FRM4FIRE Project 2025 FRM4FIRE Project 4000145645/24/NL/IB/ab 
 

3.3 Discussion on the uncertainty contributions 
 
Based on the uncertainty tree diagram, each source of uncertainty impacting the measurement 
function will now be addressed, and the results will as much as possible be 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 effect. There are two aspects to determining the 
individual uncertainties: 
ω        9ǾŀƭǳŀǘƛƴƎ ǘƘŜ ǳƴŎŜǊǘŀƛƴǘȅ ƛƴ ŀƴ ƛƴǇǳǘ ǉǳŀƴǘƛǘȅ ŜǎǘƛƳŀǘŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŜǊǊƻǊ ŜŦŦŜŎǘ 
ω        9ǾŀƭǳŀǘƛƴƎ ǘƘŜ ǳƴŎŜǊǘŀƛƴǘȅ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ƳŜŀǎǳǊŀƴŘ ŘǳŜ ǘƻ ǘƘŀǘ ǳƴŎŜǊǘŀƛƴǘȅ 
  
The effects table (described in section 2.2.2) is a way to summarize all the information on the 
uncertainty component and allow for the development of an evidence-based uncertainty propagation 
model. In this section the different sources of uncertainty are analysed including, if possible, the error 
correlation structure for each effect. Where two quantities in the measurement function rely on the 
same effect, known as having a common error, breakdown of the individual impact is challenging and 
will not be explored. 
  
The extent to which the effects tables are populated depends on the available public information, on 
analysis results conducted within this project, or based on best guess judgements. 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 magnitude, error-correlation scale and form of the uncertainties. There are many 
ways to do the uncertainty evaluation, 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 this project, our discussion on the uncertainty effects will only address the main 
measuring function (blue square of Figure 10). The remaining breakdown function representing the 
pre-processing steps, active fire detection and screening, fall out of the scope of phase one of the 
FRM4fire project, with 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 ability but in most cases, these cannot 
be fully characterised.   
  

3.3.1 Review of L1b product radiance uncertainties 

For Level-1b, the IR radiances (LfMIR and Lb) are calculated from Level-0 raw counts by applying the 
calibration offset and slope parameters that describe the linear relationship between numerical counts 
and radiance. The associated geolocation is computed for each pixel and additional flagging 
information on the observed surfaces, either by an internal classification algorithm or using auxiliary 
information is computed.   

The design of SLSTR instruments is such that the intended primary sources of uncertainty are the 
radiances from the on-board calibration blackbodies (BB) 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 pre-launch against the ITS-90 standard, providing the required metrological 
traceability.  

A comprehensive analysis has been performed by Rutherford Appleton Laboratory (RAL) on the 
uncertainties affecting the SLSTR measurements based on pre-launch lab measurements (Smith et al., 
2020 and 2021) and the Sentinel-3 SLSTR Uncertainties in Level-1 Products Algorithm and Theoretical 
Basis Document (RAL, 2019) provide all the details of how these are characterized. Figure 11 illustrates 
their findings showing how the combined radiometric uncertainty varies with scene temperature. To 
note that the SLSTR based active fire detection algorithm used a brightness temperature threshold of 
310 K to separate not fire pixels for background. As such, in the context of fire monitoring the value of 
interest are at the higher end of the scale.  

 

Figure 11 - 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 sections we will breakdown all the available information on the individual sources of 
uncertainty focusing only on the TIR channels. 

Radiometric noise 

Each detector has its own noise characteristics subject to different types of noise such as thermal noise 
related to the detector temperature, noise from surface effects and noise generated by the electronics. 
As such, the total signal noise can be a combination of shot, thermal, digitisation and amplifier sources, 
for which individual contributions cannot be isolated.  

Pre-launch Laboratory characterization showed that the uncertainties associated with the calibration, 
had a strong dependence on the scene temperature (Figure 11). As such, these are characterised in 
terms of noise equivalent differential temperature (NEDT), that represents a signal-to-noise in the 
form of a temperature difference that would results from radiometric noise, at certain temperatures 
(Williamson, 1970). Estimates during the instrument development phase based on a theoretical model, 
resulted in a Look-Up-Table (LUT) of NEDT values, proposed to be assimilated by level-2 products. 
However, these showed to be higher than the measured values and a revised model was needed 
(Figure 12). 
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Figure 12 - NEDT versus temperature for the S7A (left panel) and S7B (right panel) channels based on the 
instrument performance model prediction in the SLSTR Level-2 ADF (red line), Radiometric noise requirements 
from SRD (dashed line), and the radiometric noise from the blackbody signals as a function of the temperature 
from pre-launch calibration tests (symbols) (Source: Smith et al., 2020) 

Non-linearity 

It is known that the SLSTR sensor has a non-linear response caused by Auger recombination, that 
manifests as a fall of in response with increasing photon flux. This non-linearity response is detector 
and wavelength dependent and can be as much as 10%. A pre-flight correction model was developed 
to reduce the non-linearity effect uncertainty to <0.2% for S7 and <0.01% for S8 and S9 (Smith et al., 
2020). As highlighted by Smith et al., (2020), the non-linearity correction assumes that all detectors 
are under the same conditions during flight operations, i.e., that these are under the same detector 
temperatures, biases and voltage sets. 

Another aspect to consider is the temperature range for which the linear response is valid, it is 
expected that non-linearity will be more extreme closer it gets to the sensor saturation point (Figure 
13), which calibration tests showed that S7 saturates at a scene temperature around 305 K but, can  
measure BTs just beyond 311 K and 450 K , for S7 and F1, respectively (Smith et al., 2020). This is 
particular relevant as the SLSTR active fire detection algorithm applied a 310 K threshold to separate 
between fire and not fire affected measurements. 
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Figure 13 - SLSTR-A (left) and SLSTR-B (right) nadir view measured detector counts vs. scene radiances and 
brightness temperatures for channels S7. The corresponding scene temperature is shown in the lower axes. 
Legend is as follows: Detector 1, Integrator 1 (red square); Detector 1, Integrator 2 (blue 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 along-track direction and are read out in alternate integration cycles, which 
are calibrated separately (source: Smith et al., 2020). 

BB emissivity effects 

Emissivity of the onboard blackbodies should be accounted for as it can contaminate the 
measurements taken in flight. The emissivity depends on the temperature, solid angle and other 
components directly visible by the detector. For the SLSTR blackbody, emissivities were determined by 
combining reflectance measurements of the black coating material and a Monte-Carlo simulation tool 
accounting for the cavity geometry.  

Solar Contamination 

Solar contamination can result in two separate effects: direct solar radiation in FOV when viewing Earth 
(usually seen on one side of FOV) and solar radiation reflecting off internal components of the 
instrument into the in-flight calibration system.  

Only the first effect is considered to have relevant impact, on the spectral range covered by S7/F1 
channels, during daytime observations when the spacecraft moves out of the Earth shadow and the 
Sun begins to illuminate the instrument. However, the sensor was designed so this effect is minimized 
and, as such it is considered non-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 almost non-existent. Any resulting 
errors are expected to be highly correlated between adjacent orbits and between adjacent scanlines. 

Stray light 

Stray-light refers to the unwanted light that enters an optical system, reducing image quality and 
signal-to-noise ratio. During pre-launch tests, discrepancies were detected between the measured BT 
and those of external sources. Assumed to be related to unperformed coating material, a correction 
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model was developed but it is unknown to be implemented. However, the correction model did not 
fully address the actual sources of the stray light signals nor accounted for on-orbit variations in the 
ƛƴǎǘǊǳƳŜƴǘΩǎ ǘƘŜǊƳŀƭ ŜƴǾƛǊƻƴƳŜƴǘΦ Lǘ ƛǎ ŜȄǇŜŎǘŜŘ ǘƘŀǘ ǘƘƛǎ ǎƛƎƴŀƭ ǿƻǳƭŘ ŀŦŦŜŎǘ ƻƴƭȅ ǘƘŜ ŜŘƎŜ ǇƛȄŜƭǎ ƻŦ 
the Earth views, affecting channels S8 and S9, mainly for the oblique views. As such, this effect will be 
considered negligible in the context of fire monitoring. 

Spectral response function 

The SLSTR spectral response function was measured in the lab pre-launch through experimental 
characterisation. The measured spectral responses of the nine standard channels S1 - S9 in the focal 
plane of the SLSTR FM02 instrument on board the Sentinel-3A satellite, and the SLSTR PFM instrument 
on board the Sentinel-3B satellite are available at: SLSTR A SRFs and SLSTR B SRFs, respectively. These 
were made during spectral calibration campaigns conducted at RAL (http://www.stfc.ac.uk/) in July 
and August 2014 for Sentinel-3A (SLSTR A FPA Spectral Calibration) and February 2016 for Sentinel-3B 
(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, the filters SRF were generally compliant with the 
mission requirements in terms of the spectral template, spectral response, out-of-band integrated 
signal, and polarisation sensitivity. However, the SRF for band S7 on S3A failed to be compliant on the 
longwave left corner exceeding by 0.6% the 2% compliance threshold and similarly, band S8 for S3B 
on the marginal longwave template left corner.  
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Figure 14 ς Normalised unpolarised spectral response and uncertainties (upper panels) and associated 
temperature dependence for the S7 and S8 channels (Source: RAL, 2017) 

  

http://www.stfc.ac.uk/
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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 the long-wavelength edge 
of the response will affect the band centre and the bandwidth.  

Results from the SLSTR-A and B spectral response testing showed an uncertainty in the band centres 
and edge positions of <0.001 µm and that sensitivity to temperature was -0.003 µm K-1. 

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 source (Figure 14) 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 in Figure 15. For temperatures associated with fires, the 
uncertainties are at its maximum and can reach 0.1% in radiance. 

 

Figure 15 -Sensitivity coefficient for spectral radiance errors [W m-2 sr-1 µm-1 nm-1] due to uncertainty in the 
spectral band-centre (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 in-flight. The launch shock, temperature sensitivities of the filters or 
mismatch in illumination conditions between calibration 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. Since it is not known which kind of error 
affects the SRF, a generic SRF systematic effect for all the measurements is considered. The combined 
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uncertainty results by Smith at al. (2021) presented in Table 7 already consider the uncertainty from 
the S3 SRF.  

Radiometric combined uncertainties 

 A comprehensive uncertainty characterisation analysis was presented by Smith et al. (2021) providing 
results on combined uncertainties considering some of the discussed sources of uncertainty (Table 7). 
The study also concluded that the combined uncertainty is dominated by detector noise, and tried to 
propagate the level of contribution of the different effects according to the measured scene 
temperature (Figure 16), concluding that overall NEDT tends to be stable. 

  

Table 7 ς Breakdown of uncertainty budget expressed as BT in milli-kelvin for SLSTR IR Calibration for a 
reference scene temperature at 270 K (source: Smith et al., 2021) 

  

 

 
 

Figure 16 ς Correlated combined uncertainties according to temperature as evaluated from pre-launch analysis 
to L1 products (source: Smith et al., 2021) 



 

 

Fiducial Reference Measurements for Fire 

D1.0 Uncertainty budget document in support of 
Copernicus Sentinel-3 calibration and validation  

 
Version 1.0 
Date: 29/12/2025 

Page:  48 

 

 

FRM4FIRE Project 2025 FRM4FIRE Project 4000145645/24/NL/IB/ab 
 

  

The noise contribution for F1 channel is 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. 

The combined uncertainty for all spectral channels in the form of fully random noise expressed as NEDT 
derived from the on-board sources, based on the pre-launch test results (Smith et al., 2021), have been 
estimated for Level-1 data products and a python tool has been developed to derive per-pixel 
uncertainties and is available for users to utilise within their own level-2 processing chains and 
applications to derive per pixel uncertainties for geophysical retrievals. More information available at 
https://www.eumetsat.int/S3-TIR-uncertainties. 

For most practical applications, the documentation of SLSTR Level-1 data 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 against IASI-A and B, confirmed very 
good performance with almost no bias (< 0.1 K) for channels S8 and S9 in the nadir view over the 
temperature range 220 ς 280 K (OPT-MPC, 2025). No such information is available for the S7/F1 
channels. 

Uncertainties due to scene non-uniformity will need to be considered as part of the subsequent data 
processing if resample based on averaging is used.  An example of its application has been done with 
comparisons of SLSTR-A and B during the Sentinel-3 tandem phase in 2018 (Hunt et al., 2020), noting 
that uncertainty due to random effects is reduced due to the spatial averaging, whereas the correlated 
component of uncertainty does not. 

 
 
 

Temperature to radiance conversion model error 
 
The temperature-to-radiance LUT in the Level-1 calibration ADFs provides the in band spectral 
radiance as a function of temperature from 77 K to 330 K for S7-S9, and from 200 K to 500 K for F1 and 
F2. The LUT is channel and detector specific to allow for the differences. The radiance uncertainty [W 
m-2 sr-1 µm-1] for a specific temperature is obtained by quadratic interpolation (RAL, 2019) 
 

https://www.eumetsat.int/S3-TIR-uncertainties
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Table 8 - Effects table for the uncertainty sources associated measured radiances. 

Name of 
effect 

  
Radiometric 

noise 
BB emissivity 
assumption 

Temperature 
gradients 

Non-linearity 
Solar 

contamination 
SRF effects 

Instrument   SLSTR SLSTR SLSTR SLSTR SLSTR SLSTR 

Contribution 
identifier 

  u(Lf) u(Lf) u(Lf) u(Lf) u(Lf) u(Lf) 

Measurement 
equation 
parameter(s) 
subject to 
effect 

  Lf, Lb Lf, Lb Lf, Lb Lf, Lb Lf, Lb Lf, Lb 

Maturity of 
analysis 

Maturity of 
uncertainty 
estimate 

2 2 2 2 0 2 

  

Maturity of 
correlation 
scale 
estimate 

2 2 2 2 0 2 

  

If maturity of 
estimate is 0 
or 1, how 
significant do 
you expect 
this effect to 
be on pixel-
level 
estimates? 

Significant negligible Significant Minor 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? 

Minor negligible significant 
significant for 

Lf 
negligible significant 

Correlation 
form/type  

Time 
Rectangular 

absolute 
Rectangular 

absolute 
Dependent on 
the correction 

Rectangular 
absolute 

Function of 
number of 
scanlines 

Rectangular 
absolute 
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impacted by 
effect 

  
Pixels along-
track 

Rectangular 
absolute 

triangle_relative triangle_relative 
Rectangular 

absolute 

Correlated 
between 

scanlines ς 
Truncated 
gaussian 

Rectangular 
absolute 

  
Pixels across-
track 

Rectangular 
absolute 

Rectangular 
absolute 

Rectangular 
absolute 

Rectangular 
absolute 

Rectangular 
absolute 

Rectangular 
absolute 

  Orbit 
Rectangular 

absolute 

Highly 
correlated 

between same 
scanlines in 

orbit 

unknown 
Rectangular 

absolute 

correlation 
between close 

path orbits 
decreasing 

exponentially 
the further 
apart the 
orbits are 

Rectangular 
absolute 

Correlation 
scale 

Time [-inf,inf] 

correlated 
between 

calibration 
cycles 

correlated 
between 

calibration 
cycles 

[-inf,inf] 

Approximately 
exponential 

decay in 
correlation 
over longer 
timescales 

[-inf,inf] 

  
Pixels along-
track 

[-inf,inf] 20 scanlines 20 scanlines [-inf,inf] Unknown [-inf,inf] 

  
Pixels across-
track 

[-inf,inf] [-inf,inf] [-inf,inf] [-inf,inf] 1 [-inf,inf] 

  Orbit [-inf,inf] 

Strong 
correlation 
between 

successive 
orbits 

unknown [-inf,inf] 

Strong 
correlation 
between 

successive 
orbits 

[-inf,inf] 

Channels 
affected List of 

channels 
within [S7, 
S8, F1] 

All, with 
higher 

values for F1 
for BT< 305 

All All mainly S7 All All   

  

  
Error 
correlation 
coefficient 

N/A N/A N/A N/A N/A N/A 

Uncertainty 
PDF shape 

  Gaussian Gaussian rectangular Gaussian Gaussian Gaussian 

 

Uncertainty & 
units 

  

NEDT of 40 
(A) and 37.6 
(B) mK for 

S7, no 
estimates 

for F1 

unknown unknown 
<0.2% for S7 
and <0.01% 

for S8 and S9  

detector 
counts 

<0.001 µm   

Sensitivity 
coefficient 

  
        

     

Correlation(s) 
between 
affected 
parameters 

  None None None None None 
correlated with 
non-linearity 

 

Impact of the 
effect on fire 
event based 
FRP retrievals 

  
Noise in the 

radiance 

Emissivity of the 
target leads to 

variations in the 
gain, because of 
the non-linear 

Significant 
effect in the 

gain with 
consequent 

effects on the 

significant 
non-linearity 
model error 

can have 
significant 

Effects in the 
calibration of 
the sensors 
and 
consequently 

Variations in the 
SRF may have an 

impact on the 
non-linearity, on 
the calibration of 
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response of the 
detector, with 
consequent 

effects on the 
scene 

temperature 
dependent 

error in the final 
radiance.  

scene 
temperature 
dependent 

error in the final 
radiance. 

impact on fire 
temperatures 
resulting in a 
systematic 
bias in BT  

on the 
brightness 
temperature 

the sensor and 
on the radiance 
to brightness 
temperature 

conversion and 
calibration 

coefficients. 

 
 

3.3.2 Pointing and co-registration errors 
 
  
Ortho-geolocation of the SLSTR data requires precise determination of the pixel line-of-sight (LoS) with 
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 pixel, requiring a geometric calibration model. Each view is a linear transformation 
and can be represented by vector directions (known as the direction cosines). Combining the direction 
cosines, time calibrations, and the satellite navigation vectors, allows to compute the intersection of 
each pixel at the EŀǊǘƘΩǎ ǎǳǊŦŀŎŜ using a simple ellipsoid model and a digital elevation model (DEM) is 
used to obtain the ortho-geolocation information on the altitude, longitude, view, and solar geometry 
of each pixel. Table 9 summarizes all the components that can contribute to determining the direction 
cosine error. Detailed information on the co-registration model is described in Smith et al. (2014) and 
RAL (2019) 
 

Table 9 - Breakdown of the error sources for LoS model (source: smith et al., 2014) 

 
  
At L1b ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǊŜ ΨǊŜ-ƎǊƛŘŘŜŘΩ ƻƴǘƻ ŀ ǳƴƛŦƻǊƳ ǉǳŀǎƛ-/ŀǊǘŜǎƛŀƴ ΨƛƳŀƎŜ ƎǊƛŘΩΣ ŘŜŦƛƴŜŘ ǊŜƭŀǘƛǾŜ 
to the sub-ǎŀǘŜƭƭƛǘŜ ǘǊŀŎƪ ǿƘƛŎƘ ŦƻǊƳǎ ǘƘŜ ΨȅΩ ŀȄƛǎΣ ǿƘŜǊŜ ȅҐл ƛǎ ǘƘŜ Ǉƻǎƛǘƛƻƴ ǿƘŜƴ ǘƘŜ ǎŀǘŜƭƭƛǘŜ ŎǊƻǎǎŜǎ 
the Equator. Each image grid pixel is a uniform designed to be 1 km × 1 km. A common image grid is 
used for channels S7-S9 and F2, but an independent grid is setup for F1 as this channel uses its own 
detectors as outlined in section 3.1.2. The re-gridding process is based on a nearest-neighbour 
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 shape (Figure 17). 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 measurement for each 1 km grid. In the case there are gaps 
(normally at the edge of the swaths)Σ ǘƘŜǎŜ ŀǊŜ ΨŎƻǎƳŜǘƛŎŀƭƭȅ ŦƛƭƭŜŘΩ ǿƛǘƘ άƻǊǇƘŀƴέ ǳƴǳǎŜŘ ǇƛȄŜƭǎ that 
result from the resampling scheme. However, these are flagged as such and can be excluded from the 
processing if required. A detailed description on the geo-registration and re-gridding processes is 
available at Sentinel-3 SLSTR Level-1 Algorithm and Theoretical Basis Document (RAL, 2021).  
  

 

 

 

 

Figure 17 - Diagram showing the definition of the 1km image grid. The x and y Cartesian coordinates are 
defined relative to the Ascending Node Crossing and the sub-satellite track (left panel), and representation of 
the filling process using candidate pixel centre locations (right panel) (source: RAL, 2021 and OPC-MPC, 2024) 

  
 
Geo-localisation performance of L1 images with reference to ground control points (GCP) is monitored 
by the mission the Sentinel-3 Mission Performance Centre (MPC). Their lates cyclic report states that 
geolocation uncertainty is stable and within requirements (OPC-MPC, 2025). However, there are co-
registration issues, with sub-pixel mis-registration of S7 with regard to S8 and S9 of ~ 250 m for SLSTR-
A and ~120 m for SLSTR-B, and the identified mis-registration between the fire channel, F1, and 
channel S7 of an order of 1 km at the centre of the swath but increasing with the SZA (OPC-MPC, 2024).  
 
Co-registration issues between the S7 and S8 channel detectors will be propagated to L1b data and 
impact the performance of the active fire detection and FRP retrievals. Meaning that if observed pixel 
coordinates are at the edge of the centre of the 1 km grid, there is some probability that will fall on 
different grid-cell. As illustrated in Figure 10, the extra cloud screening (fcloud), spectral and spatial filters 
(filPf1 and fPf2), background characterization (fbrackground), and indirectly, AF confirmation and false error 
screening functions (fconfirm and filfalse alarms), depend in one form or another on per-pixel S8 data 
information.  
 
In terms of S7-F1 co-registration error, the consequences are more significant as not only do the pixels 
have different FOV projections, but the co-registration differences increase with viewing zenith angle 
(VZA). The FRP detection and retrieval algorithm adopted some procedures to overcome the potential 
misrepresentation using a clustering approach (for the night data) or a S7/F1 image fusion approach 
based on tests with S8 (for the day data), also prone to co-registration issues. All this issues mainly 
impact the active fire process, for which the associated uncertainties will not be characterized in the 
phase of the project. However, future research should evaluate the impact of co-registration errors.   
 
It is not clear if the information on VZA angles provided in the L1b product is a direct estimate from 
the LoS calculations or if it corresponds to zenith angles related to the centre of the 1 km regular grid. 
Although the angle difference would be insignificant (<0.04°) assuming the level of reported co-
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registration error, it can have impact on the AF identification algorithm to eliminate false detections 
(filfalse alarms) and in determining what pixels can be used for the background characterization (fbackground). 
In addition, the VZA is an important parameter used to determine the atmospheric path, the FOV 
projection size and the shape of the point spread function, which individually, contribute to FRP 
uncertainty. Pointing uncertainty is not characterized under this phase of the project but its 
contribution needs to be fully understood.  
  
 

Table 10 - Effects table for the uncertainty sources associated with pixel area term. 

Name of effect   Ponting error 
Co-registration 

error 

Geo-
localisation 
uncertainty 

Instrument   SLSTR SLSTR SLSTR 

Contribution identifier   u( ) u(x), u(y) u(lat), u(lon) 

Measurement 
equation parameter(s) 
subject to effect 

   x,y lat/lon 

Maturity of analysis 
Maturity of 
uncertainty 
estimate 

1 0 1 

  
Maturity of 
correlation scale 
estimate 

1 0 1 

  

If maturity of 
estimate is 0 or 1, 
how significant do 
you expect this 
effect to be on 
pixel-level 
estimates? 

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? 

Minor Minor Minor 

Correlation form/type Time unknown independent independent 

  Pixels along-track independent unknown unknown 

  Pixels across-track dependent dependent dependent 

  Orbit 
rectangular 

absolute 
independent independent 

Correlation scale Time unknown 0 0 

  Pixels along-track 0 unknown unknown 

  Pixels across-track [ ЊȟЊ  unknown unknown 

  Orbit [ ЊȟЊ  0 0 
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Channels affected 

List of channels 
within [S7, S8, F1] 

All All All   

  

  
Error correlation 
coefficient 

fully 
correlated 
between 
channels 

N/A N/A 

Uncertainty PDF shape   
Assumed 
gaussian 

rectangular rectangular 

 

Uncertainty & units   <0.04° m degrees  

Sensitivity coefficient          

Correlation(s) between 
affected parameters 

  unknown 
Possible 

correlation with  
unknown  

Impact of the effect on 
fire event based FRP 
retrievals 

  random error 

systematic error 
translated 
differently 

between F1 and 
S7 grids 

Assumed 
random error 

 

 

3.3.3 Pixel defined area 

The area of a pixel at L1b is defined by the gridding spatial resolution of the product, meaning that it 
is set to 1 km2. However, FRP retrieval algorithms require consistency between the pixel area 
representation and the emitted radiance (brightness temperature) of the pixel area. As such, the S3 
FRP L2 retrieval algorithm needs the area information associated with the FOV projection on the 
surface (grey area in Figure 17). For that purpose, RAL supplied a LUT (fLUT) of the area associated with 
each position of the cross-track SLSTR scan, independently for the S7 and F1 detectors (as shown in 
Figure 7). However, the area estimates are believed to represent the standard satellite altitude of 
814.5 km to the surface during within its orbit relating to the average radius of the earth. As is, the 
estimated area does not take into account EarthΩǎ ellipsoid shape or topography. Because the satellite 
altitude changes the associated FOV projection size changes, meaning that pixels at higher latitudes 
are bigger that the ones over the equator. In addition, topography can further introduce additional 
errors. The current approach to estimate area if not fit-for-purpose as it introduces an unnecessary 
uncertainty of 4% to the estimated area, which needs to be propagated to FRP estimates. A 
consequence of this source of uncertainty is further propagated when characterizing the uncertainty 
of the position on the fire within the point spread function (section 3.3.7).  
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Figure 18 ς Sentinel-3A altitude with reference to the earth ellipsoid during an orbit, as simulated for the 1st 
January 2025 with the Orekit (https://www.orekit.org/)  satellite orbital propagation toll.  

 

Table 11 - Effects table for the uncertainty sources associated with pixel area term. 

Name of effect   
Topography 

effects 
geoid shape 

Point Spread 
Function effects 

 

Instrument   DEM product Sentinel 3 SLSTR  

Contribution identifier   u(A) u(A) u(A)  

Measurement 
equation parameter(s) 
subject to effect 

  A A A  

Maturity of analysis 
Maturity of 
uncertainty 
estimate 

0 0 0  

  
Maturity of 
correlation scale 
estimate 

2 1 0  

  

If maturity of 
estimate is 0 or 1, 
how significant do 
you expect this 
effect to be on 
pixel-level 
estimates? 

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? 

Significant Negligible Minor  

Correlation form/type Time independent independent independent  
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  Pixels along-track 
Potential 
triangular 
relative 

rectangular 
absolute 

rectangular 
absolute 

 

  Pixels across-track 
Potential 
triangular 
relative 

Independent dependent  

  Orbit 
Depend on 

orbit 
rectangular 

absolute 
rectangular 

absolute 
 

Correlation scale Time 0 0 0  

  Pixels along-track unknown unknown [ ЊȟЊ   

  Pixels across-track unknown unknown 
high across 

scanline 
 

  Orbit 1 1 1  

Channels affected 

List of channels 
within [S7, S8, F1] 

All All All 

 

   

   

  
Error correlation 
coefficient 

High between 
S7 and S8 

Fully correlated 
High between S7 

and S8 
 

Uncertainty PDF shape   gaussian gaussian gaussian 

 

 

Uncertainty & units   degrees degrees m2  

Sensitivity coefficient          

Correlation(s) between 
affected parameters 

  None None None  

Impact of the effect on 
fire event based FRP 
retrievals 

  

systematic 
error over 

mountainous 
terrains 

systematic error 
dependent on 

latitude 
(underestimation 
at higher lat and 
underestimation 

and tropics) 

systematic error 
dependent on VZA, 
impact unknown 

 

 

3.3.4 Atmospheric transmittance 
 

The current Sentinel-3 FRP level 2 product transmission parameter is based on the Beer-Lambert Law 
for non-vertical paths, taking the form of: 

 

†ÁÔÍ ÅØÐ
†-7)2

ÃÏÓὃ ὄ— ὧ—
 

 

Where †  refers to atmospheric optical depth in the MWIR spectral window, — is the VZA and A, 
B, C are model parameters (Table 12) that have been pre-computed as a function of the total column 
water vapour (TCWV, Ὗ  in Figure 10), estimated varying CO2 concentration between 330 ppmv and 

380 ppmv, and using an aerosol optical thickness between 0.2 and 1.0 for various aerosol types, 
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different atmospheric vertical profiles and surface brightness temperatures, and ozone concentration 
value was set to 354 DU. The transmittance for a specific water vapour content is then linearly 
interpolated from this LUT. Section 7.2.4 provides the evidence, based on MODTRAN simulations, 
where for the case of SLSTR,  transmittance is mainly depended on the TCWV ŀƴŘ ƛǘΩǎ ƻǇǘƛŎŀƭ ǇŀǘƘ, of 
around 12.5% across the TCWV range and about 10% across the SLSTR viewing-angle range. 

 

Table 12 ς LUT of the atmospheric transmittance model parameters that result for a set of pre-computed 
water vapour concentration, CO2, and AOD values and profiles using MODTRAN (ATBD, 2024).  

Ὗ  †   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 uncertainty, the modelled pre-computations errors considered two types of contributions: 
one related to the uncertainty of the actual atmospheric vertical composition with the exception the 
water vapour concentration and one considering the uncertainty on the water vapour concentration. 
The combined uncertainty can be estimated as:  

 

ό ό ό  

where each component can be reduced to: 

 

ό ρπ† ψρφȢρ ςχȢυ— ςȢσ— πȢπυψυ— πȢπππυ—  

and  

ό πȢππτπτ ϽπȢςτρψχπȢρρχςϽὝὅὡὠπȢπππωπϽὝὅὡὠ 

 

In terms of other atmospheric effects such as the influence of aerosols on MWIR radiances remains 
poorly characterized and quantified. Detailed smoke-plume vertical profiles, field data and its 
representativeness is limited. As a result, current FRP retrieval algorithms typically assume negligible 
aerosol impact (scattering and absorption) in the MWIR than in comparison with shorter wavelengths. 
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This assumption has yet to be rigorously validated, and further work is required to assess its validity 
under real fire-affected atmospheric conditions and its impact on FRP retrievals assessed. 

Although Wooster et al. (2015) demonstrated that the primary atmospheric effect of significance with 
regard to FRP derivation is the non-unitary atmospheric transmittance, additional atmospheric 
contributions are further discussed in section 3.3.7 under model errors. 

 

Table 13 - Effects table for the uncertainty sources associated with atmospheric transmittance term. 

Name of effect   CO2 TWCH Ozone Smoke Path length 

Instrument   ? ? Climatology ? SLSTR 

Contribution identifier   u(Tatm) u(Tatm) u(Tatm) u(Tatm) u(Tatm) 

Measurement 
equation parameter(s) 
subject to effect 

  Tatm Tatm Tatm Tatm Tatm 

Maturity of analysis 
Maturity of 
uncertainty 
estimate 

2 3 2 0 3 

  
Maturity of 
correlation scale 
estimate 

2 3 2 0 3 

  

If maturity of 
estimate is 0 or 1, 
how significant do 
you expect this 
effect to be on 
pixel-level 
estimates? 

Significant Significant Minor 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? 

Significant minor minor minor Minor 

Correlation form/type Time 
rectangular 

absolute 
rectangular 

absolute 
rectangular 

absolute 
rectangular 

absolute 
rectangular 

absolute 

  Pixels along-track 
rectangular 

absolute 
rectangular 

absolute 
rectangular 

absolute 

highly 
correlated 

with adjacent 
AF pixels  

rectangular 
absolute 

  Pixels across-track 
rectangular 

absolute 
rectangular 

absolute 
rectangular 

absolute 

highly 
correlated 

with adjacent 
AF pixels  

highly 
correlated 
between 

pixels 

  Orbit 
rectangular 

absolute 
rectangular 

absolute 
rectangular 

absolute 
rectangular 

absolute 
rectangular 

absolute 

Correlation scale Time [ ЊȟЊ  [ ЊȟЊ  [ ЊȟЊ  [ ЊȟЊ  [ ЊȟЊ  

  Pixels along-track [ ЊȟЊ  [ ЊȟЊ  [ ЊȟЊ  unknown [ ЊȟЊ  

  Pixels across-track [ ЊȟЊ  [ ЊȟЊ  [ ЊȟЊ  unknown unknown 
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  Orbit 1 1 1 1  1 

Channels affected 
List of channels 
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   gaussian gaussian gaussian unknown gaussian 

 

Uncertainty & units   ppmv kg/m² DU unknown  m  

Sensitivity coefficient              

Correlation(s) between 
affected parameters 

  N/A N/A N/A N/A N/A  

Impact of the effect on 
fire event based FRP 
retrievals 

  systematic systematic systematic systematic systematic 

 

 

  

 

3.3.5 FRP parameter 

The p parameter results from the assumption that in the MWIR atmospheric window (оΦп ˃Ƴ - пΦн ˃Ƴ) 
and over the fire temperature range, the 4th power law function of temperature is approximate to the 
Planck function (Wooster et al, 2003). As such, the parameter represents the άconversion factorέ for 
balancing the two functions and 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 fires (between 600 K 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 
negligible, and the temperature range is between 665 K and 1365 K (Figure 19). The parameter 
balances FRP underestimations occurring towards the upper and lower temperature limits with 
overestimations that result from the mid-range temperature emitters. In real fires, a mixture of 
temperatures exists at the subpixel scale, and it is assumed that these temperatures are uniformly 
distributed. To note that combustion temperatures below 665 K may occur in smouldering-dominated 
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 Stefan-Boltzmann law and its 
approximation derived via the MWIR radiance method for a 500ς1500 K fire temperature, the horizontal lines 
denote ± 12% accuracy limits of the MIR radiance method, lying within the temperature range 665ς 1365 K 
(vertical lines). Calculations here assume fire fills the pixel (source: Wooster et al., 2005). 

The variability between over and under-estimation of FRP due to fire temperatures is the source of the 
FRP parameter uncertainty, and how it is derived for the Sentinel-3 Level-2 FRP product. It is assumed 
that the FRP parameter represents fire temperatures ranging between 675 to 1300 K, and the 
associated 10% variability represents 1-sigma of the parameter uncertainty. This variability was 
estimated using the S7/F1 channel central wavelength to representing ǘƘŜ ŎƘŀƴƴŜƭΩǎ ǎǇŜŎǘǊŀƭ ǊŜǎǇƻƴǎŜ 
function. 

Within this project, the calculations were redone (section 7.2.1) taking into account the full shape of 
the ǎŜƴǎƻǊΩǎ SRF over the MWIR channels. The result show that assuming a uniform distribution of fire 
temperatures (675 to 1300 K), not only is there consistency between FRP parameters derived for the 
two SLSTR sensors (onboard Sentinel 3A and 3B), but the associated variability (representation 
uncertainty) shows minimal differences. However, the FRP parameter is sensitive to ǘƘŜ ǎŜƴǎƻǊΩǎ {wC 
differences if other type of temperature range and/or distribution is considered. The results show that 
the uncertainty for this parameter is on average 7.6 % for the temperature range 665 K to 1365 K.        

Table 14 ς Effects table for the uncertainty sources associated with the FRP parameter. 

Name of effect   
changes in fire 
temperature 

range 

fire temperature 
representativeness 
(distribution type) 

SRF effects 

 
Instrument   Independent independent SLSTR  

Contribution identifier   u(p) u(p) u(p)  

Measurement equation 
parameter(s) subject to 
effect 

  p p p, Lf, Lb  

Maturity of analysis 
Maturity of uncertainty 
estimate 

2 2 2  

  
Maturity of correlation scale 
estimate 

2 2 2  

  

If maturity of estimate is 0 or 
1, how significant do you 
expect this effect to be on 
pixel-level estimates? 

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

Minor Minor Minor  

Correlation form/type Time independent independent independent  

  Pixels along-track independent independent independent  

  Pixels across-track independent independent independent  

  Orbit independent independent independent  

Correlation scale Time 0 0 0  

  Pixels along-track 0 0 0  

  Pixels across-track 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 
Unitless dist. 
parameters  

unitless   

Sensitivity coefficient          

Correlation(s) between 
affected parameters 

  None None 
assumed 
negligible 

 

Impact of the effect on 
fire event based FRP 
retrievals 

  

systematic error of 7.67 % and 7.64 % for SLSTR A and B, 
respectively, for a temperature range between 665 to 1365 K and 

rectangular distribution. Increase values for A on other temp. 
ranges differences with B (section 7.2.1)  

 

3.3.6 Background radiance 

The radiance data used for the calculation of the background radiance is the L1b product, the same 
data as the fire related radiance, for which the radiometric related uncertainty effects have already 
been characterized in section 3.3.1.  

However, the process of identifying the background non-fire radiance relies on estimating a 
representative value (average) from the surrounding non-fire affected neighbouring pixels. The 
product algorithm is designed to select only land pixels discarding pixels that could be either of cloudy 
and bad quality or fire pixels, and a minimum number of observations is assured by expanding the 
neighbouring assessment area radius. The result is a representative value of what is the radiance 
emitted by the pixel proportion that is not burning within the pixel identified as an active fire. As such, 
uncertainty with the process is classed as representative and is driven by the assumption that non-fire 
radiance is relative uniform across a broader area.  

The current process uses the standard deviation (1-sigma) around the average as the uncertainty 
associated with the background radiance. The impact of this uncertainty source on FRP retrieval would 
be minimal due the degree of dominance of the fire radiance, but it is unclear what is the impact of 
using different sample sizes and their representativeness. The degree of landscape heterogeneity 
changes, the size of the active fire, the proportion of solar heated or still-cooling fire scars can make 
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the radiance of these surrounding non-fire pixels somewhat different to that of the ambient 
background part of the fire pixel itself and deserves further research to understand its effects. Wooster 
et al. (2005) concluded that for an extreme case of a detectable fire of 600 K with a fractional pixel 
area of 0.001, a difference <0.3% in background radiance that is at 300 K can result in a maximum 
difference of 8% in FRP, and larger differences can be obtained when simulating background radiance 
emitted by pixels contaminated with recently burned areas. In addition, surrounding pixels that where 
fire activity is ongoing but are undetected by the algorithm, can inflate the background radiance 
estimates and therefore lead to FRP underestimation.  

 

Table 15 - Effects table for the uncertainty sources associated with the background radiance. 

Name of effect   
Size of the 

spatial window 
aggregation 

metric 
sensitivity to 

test parameters 
scale 

heterogeneity 

Instrument   SLSTR Independent SLSTR Independent 

Contribution 
identifier 

  u(Lb ) u(Lb ) u(Lb ) u(Lb ) 

Measurement 
equation 
parameter(s) subject 
to effect 

  Lb Lb Lb Lb 

Maturity of analysis 
Maturity of 
uncertainty 
estimate 

1 1 1 0 

  
Maturity of 
correlation scale 
estimate 

1 1 1 0 

  

If maturity of 
estimate is 0 or 1, 
how significant 
do you expect 
this effect to be 
on pixel-level 
estimates? 

Significant Significant Significant unknown 

  

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

unknown negligible unknown unknown 

Correlation 
form/type  

Time independent independent Independent Independent 

  Pixels along-track unknown Independent Independent Independent 

  
Pixels across-
track 

unknown Independent Independent Independent 

  Orbit independent independent Independent Independent 
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Correlation scale Time 0 0 0 0  

  Pixels along-track unknown 0 0 0 

  
Pixels across-
track 

unknown 0 0 0 

  Orbit 0 0 0 0 

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

N/A N/A N/A N/A 

  
Error correlation 
coefficient 

N/A N/A N/A N/A 

Uncertainty PDF 
shape 

  triangular gaussian uniform uniform 

 

Uncertainty & units   
number pixel 

radius 
rule type - -  

Sensitivity coefficient            

Correlation(s) 
between affected 
parameters 

  None None None 

Potential 
dependence 
with window 

size 

 

Impact of the effect 
on fire event based 
FRP retrievals 

  

bigger area can 
lead to more 
diluted signal, 

potential 
underestimation 

average rule 
not fit for 
bimodal 

distribution 
(under or over 

estimation) 

contaminated 
signal from non-
veg signals and 
undetected AF, 
combined effect 

can lead to 
underestimation 

unknown  

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 assumptions. Sources that could 
contribute with uncertainty are grouped in two groups. These are: 
  
Group 1 ς additional atmospheric effects 

 Solar Radiation reflected by fire 
 Solar Radiation reflected by the background 
 Atmospheric thermal radiation 
 Atmospheric radiation reflected by fire 
 Atmospheric radiation reflected by background 

 
Group 2 ς sensor and environment effects 

 Impact of vegetation structure 
 Directional effects 
 Location of fire within the pixel point spread function (PSF) 
 Fire size and temperature dependence 

 
Although there is not much research on the impact of the unrepresented contributions of the first 
group, we provide a brief assessment based on Wooster at al. (2005). In term of the uncertainty 
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sources related to the second group, these have been discussed with more detail, supported with 
analysis reviews and analysis conducted presented in section 7. To note that these sources are difficult 
to untangle and uncertainties can only be, in most cases, characterized with comparison to what would 
be the άtrue FRPέ.  

Solar Radiation reflected by fire, solar Radiation reflected by the background, atmospheric thermal 
radiation, atmospheric radiation reflected by fire and atmospheric radiation reflected by 
background 
 
Due to the coarse spatial resolution of the SLSTR pixels, fire radiance (Lf) cannot be solely attributed to 
the radiance emitted by fire within the pixel. The estimate is of an integrated radiance given by the 
mix of fire and ambient background. It is for this reason that the radiance surrounding non-fire ambient 
ΨōŀŎƪƎǊƻǳƴŘΩ ǇƛȄŜƭǎ needs to be subtracted. 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 sub-pixel sized fire, the MWIR radiance will be the summation the following terms: (1) emitted fire 
thermal radiance, (2) emitted thermal radiance from the non-fire background, (3) solar and 
atmospheric downwelling irradiance reflected from the fire, (4) the solar and downwelling 
atmospheric irradiance reflected from the non-fire background, and (5) upwelling atmospheric 
thermal radiation (eq.4, page 22 of the ATBD). The FRP measurement function (Figure 10), is a result 
of simplification where relatively unimportant terms are neglected. The following assumptions, 
assessed in Wooster at al. (2005), are made: 

¶ the contribution from the solar and downwelling atmospheric irradiance reflected from the 

non-fire background will be balanced by the same contribution from the background non-fire 

radiance, 

¶ the upwelling atmospheric thermal radiation will always be small compared to at least one of 

the contributions from the fire and background, 

¶ 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 negligible, 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.  

¶ the same reason is also assumed for solar and downwelling atmospheric radiation reflected 

from the fire. 

Within this project we do not investigate the impact of these assumptions, and as such do not make 
any further considerations. 
 

Table 16 - Effects table for the uncertainty sources associated other model errors (atmospheric processes). 

Name of effect   
Solar Radiation 

reflected by 
fire 

Solar radiation 
reflected by 
background 

Atmospheric 
diffuse 

radiation 

Atmospheric 
radiation 

reflected by 
fire 

Atmospheric 
radiation 

reflected by 
background 

Instrument   SLSTR SLSTR SLSTR SLSTR SLSTR 
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Contribution identifier   "+0" "+0" "+0" "+0" "+0" 

Measurement 
equation parameter(s) 
subject to effect 

  Lf, Lb Lf, Lb Lf, Lb Lf, Lb Lf, Lb 

Maturity of analysis 

Maturity of 
uncertainty 
estimate 

1 1 1 1 1 

  

Maturity of 
correlation scale 
estimate 0 0 0 0 0 

  

If maturity of 
estimate is 0 or 1, 
how significant do 
you expect this 
effect to be on 
pixel-level 
estimates? 

Minor Minor Minor Minor Minor 

  

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

Minor and 
impacting only 

illumination 
retrievals, non-

existent for 
night 

Minor and 
impacting only 
illumination 

retrievals, non-
existent for 

night 

Minor Minor Minor 

Correlation form/type 
Time 

Independent independent independent independent independent 

  

Pixels along-track 
Potential 
triangular 

Potential 
triangular 

independent 
Potential 
triangular 

Potential 
triangular 

  

Pixels across-track 
Potential 
triangular 

Potential 
triangular 

independent 
Potential 
triangular 

Potential 
triangular 

  

Orbit Independent, 
applicable only 
on descending 

orbits 

independent independent independent independent 

Correlation scale 

Time 

0 0 0 0 0 

 

  

Pixels along-track 

unknown unknown 0 unknown unknown  

  

Pixels across-track 

unknown unknown 0 unknown unknown  

  Orbit 0 0 0 0 0  

Channels affected 

List of channels 
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   W/m² W/m² W/m² W/m² W/m²  

Sensitivity coefficient              

Correlation(s) between 
affected parameters 

  unknown unknown unknown unknown unknown  

Impact of the effect on 
fire event based FRP 
retrievals 

  systematic bias systematic bias systematic bias systematic bias systematic bias  

Impact of vegetation structure 
  
Measurement of the energy emitted from actively burning fires is influenced by the environmental 
characteristics of the ŦƛǊŜΩǎ location, including the atmospheric 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 released per unit of fuel consumed 
(MJ  kg-1) by up to 25 % 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 indicating FRP 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. 
Simulations focussed on a forest scene with differing leaf area densities and canopy percentage tree 
cover (5 % ς 95 %), and a 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 as opaque objects, the FRP measured at a sensor at nadir decreases linearly with 
the percentage canopy cover, with near complete obscuration at 100 % cover. This matches the results 
of Mathews et al., 2016) whose experiments were conducted using a real fire but at a small spatial 
scale (~1 m2). 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 was ~14 % lower than that of an opaque 
canopy. When factoring in variation 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 LAI are low, the reduction in FRP measured at the sensor is 
modest at 6 % but this increases to 92 % when LAI (8) and canopy cover (95 %) are high.  
 
For example, correcting 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 simulations, increased the 
continental fire radiative energy (FRE) by 15 %. A corrective factor could also be applied to the SLSTR 
based FRP retrievals, whereby associated uncertainties would result from a combination of several 
effects (data input uncertainties, model representativeness, flaming geometry and the absorption 
properties of the emitted smoke). 

Angular effects, fire location within the pixel and fire size and temperature 
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Angular effects are related to how the pixel FOV changes with VZA, not only resulting in changes in 
monitored area size on the surface but also deforms the associated sensor point spread function, that 
will integrate differently the radiance sources at subpixel, namely the dominant fire source, making its 
location within the FOV important. If not parametrized, the result can lead to FRP underestimation in 
comparison with the true FRP, and the magnitude of this error will also depend on the fire size and its 
temperature. 
 
Due to the scanning nature of SLSTR, the growth of pixel area and the substantial oversampling at high 
view-zenith angles cause sub-pixel fire radiances to be distributed across a larger effective footprint, 
and overlapping footprints reduce radiance dilution in a way that amplifies the apparent signal. As a 
consequence, the FRP retrievals at far-edge scan positions can be two to three times larger than the 
nadir value for the same intensity fire. This effect was carefully studied using a digital-twin model of 
SLSTR (review in 7.2.3) 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 across-track 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 explored in section 7.1.3, 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 the resulting differences can be linked to the fires sub-pixel 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 also impact 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/SEVIRI-based 
FRP retrievals (section 7.1.4), whereby pixel-based comparisons showed moderate correlation and 
significant average percentage difference (-32.0%). Although other factors may be impacting this 
difference, such as environmental factors (e.g. atmospheric path length, smoke column direction, 
surface vegetation structure), when performing the same analysis focusing on pixel clusters the 
average percentage error is reduced (-21.9%) and 45% of fire cluster FRP is within +/- 20% 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. 
 
.ŀǎŜŘ ƻƴ {9±LwLΩǎ t{C ƳƻŘŜƭΣ the simulations presented in section 7.2.2 confirm these results and 
conclude that when a fire is centrally located in a nadir pixel, the FRP retrieval error is -11.7% when 
ŀǾŜǊŀƎŜŘ ŀŎǊƻǎǎ ŀƭƭ ŦƛǊŜ ǎƛȊŜǎ ŀƴŘ ƻǾŜǊ ŀ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ōŜǘǿŜŜƴ слл ŀƴŘ молл YΦ ²ƘŜƴ ǘƘŜ ŦƛǊŜǎΩ 
location in the PSF is varied, this error increases to -37% 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 is -5.7% but can reach a maximum difference of -15 %. 
 
The magnitude of this uncertainty 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 validating FRP 
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retrievals. For that, it recommended that similar simulations using the SLSTR digital-twin model me 
performed to quantify the contribution of these uncertainty sources. 
 

Table 17 - Effects table for the uncertainty sources associated model errors. 

Name of effect   
vegetation 
structure 

angular effect 
location of 

fire 
fire size fire temperature 

Instrument   SLSTR SLSTR SLSTR SLSTR SLSTR 

Contribution identifier   "+0" "+0" "+0" "+0" "+0" 

Measurement equation 
parameter(s) subject to 
effect 

  Lf, Lb Lf Lf Lf Lf 

Maturity of analysis 

Maturity of 
uncertainty 
estimate 

1 1 1 1 1 

  

Maturity of 
correlation 
scale 
estimate 

1 1 1 1 1 

  

If maturity 
of estimate 
is 0 or 1, 
how 
significant 
do you 
expect this 
effect to 
be on 
pixel-level 
estimates? 

significant significant 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? 

significant significant significant significant significant 

Correlation form/type 
Time 

independent independent independent independent independent 

  

Pixels 
along-track 

correlated 
between 
adjacent 
scanlines, 
possible 

triangular 

independent independent independent independent 

  

Pixels 
across-
track 

correlated 
between 

scanline pixels, 
possible 

triangular 

independent independent independent independent 
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Orbit 

independent independent independent independent independent 

Correlation scale Time 0 0 0 0 0 

  
Pixels 
along-track unknown 0 0 0 0 

  

Pixels 
across-
track 

unknown 0 0 0 0 

  Orbit 0 0 0 0 0 

Channels affected 

List of 
channels 
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   uniform rectangular 
 

Uncertainty & units   
Dependence 

with LAI 

The average error (fire sizes and over a temperature range) due to 
variation of a fires location within a pixel is -5.7% but can reach a 

maximum difference of -15 %. 

 

Sensitivity coefficient              

Correlation(s) between 
affected parameters 

  
related to VZA 

and PSF 
related to VZA related to PSF None 

related to P 
parameter 

 

Impact of the effect on 
fire event based FRP 
retrievals 

  

systematic bias 
leading to 

underestimation 
in highly 

vegetated areas 

systematic bias 
systematic 

bias 
systematic bias systematic bias  

 

3.3.8 Uncertainty Budget for spaceborne FRP estimates 

The GUM is a suite ƻŦ ŘƻŎǳƳŜƴǘǎ ǎǳƛǘŜ ƻŦ ŘƻŎǳƳŜƴǘǎ ŘŜǾŜƭƻǇŜŘ ǳƴŘŜǊ ǘƘŜ ōŀƴƴŜǊ ΨDǳƛŘŜ ǘƻ ǘƘŜ 
ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǳƴŎŜǊǘŀƛƴǘȅ ƛƴ ƳŜŀǎǳǊŜƳŜƴǘΩ όwww.bipm.org/en/committees/jc/jcgm/publications), 
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 uncertainty 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 probability distributions (JCGM 101 2008). Whereas MCM is computationally 
expensive and flexible, it requires full knowledge of the uncertainty distribution of every source. It is 
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 uncertainties associated with each input variable and 
the overall understanding of correlation structure associated with the measurement function.  

The Sentinel 3 Level 2 FRP product provides per-pixel uncertainties estimated using the LPU method. 
It is based on the first-order approximation of the Taylor series of the measurement function taking 
into account the estimated uncertainties associated with four of the input quantities - radiance from 
the fire pixel, radiance from the background radiance, atmospheric transmissivity and with the FRP 

http://www.bipm.org/en/committees/jc/jcgm/publications
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parameter ς and assumes that these are all uncorrelated. As such, product uncertainties are calculated 
from: 

ό ὊὙὖϽ
ό

ὴ

ό

Ὕ

ό

ὒ ὒ

ό

ὒ ὒ
 

 

Where estimates the uncertainties for the atmospheric transmittance, FRP parameter and background 
radiance (ό , ό and ό ) have already been discussed in section 3.3.7, and the uncertainty for fire 

radiance  (ό ȟ the value is taken from the level L1b product characterisation (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 estimates. Figure 20 shows a steep decrease on the average relative uncertainties 
for FRP retrievals (from 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 B. In addition, it is noted that for a portion of detections, throughout the full range, 
uncertainty is set to a fix value of 10 MW. This is believed to be an algorithm error that affect both 
daytime or nighttime observations but not detected on years 2020 and 2021, only from 2022 onward.     

 

  

Figure 20 ς Mean relative combined uncertainty by measured FRP associated with retrieval made by the SLSTR 
sensors aboard Sentinel 3A (green) and B (blue) satellites globally for the year 2021. Grey background lines 
correspond the sample size for at each MW bin, and horizontal lines correspond to 15 and 13 % uncertainty 
(left panel). Relative FRP uncertainty as a function of FRP for retrievals made during the night for year 2023. 
Horizontal black line indicates 10% level and points below that line have set uncertainties of 10%, believed to 
be an algorithm error (right panel).   

In this phase of the FRM4fire project, no plan or activity focused on developing a new or improved 
version of an End-to-End propagation model. The information collected in the previous sections, and 
supporting analysis, on the uncertainty sources provide some information and direction if 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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¶ The applied method for estimating uncertainties is based on the first-order approximation 
which is appropriate for the degree of complexity of the measurement function. However, the 
input variables are considered uncorrelated and, as discussed before, the estimation of these 
variables depend on shared quantities and properties. Among these are the SLSTR SRF and 
VZA, for which information is shared in the calculation of pixel area and atmospheric 
pathlength, for VZA, the FRP parameter and measured radiances, for the SRF, resulting in 
correlations that 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 look-up table of sensitivity coefficients and used to 
propagate uncertainties according to the LPU. 

¶ Another aspect to consider is the term from the measurement function that is not considered 
for uncertainty propagation ς pixel area. The current approach to estimate pixel area results 
in a representation uncertainty of 5%. 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 L1a, thereby significantly reduce its uncertainty. Future research should 
focus on quantifying this source uncertainty if that is the case.  

¶ 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 needs to be considered when 
estimating the cluster-based FRP uncertainty. If error correlation structures are not 
considered, systematic effect can lead to inflated uncertainties.    

¶ Interoperability between EO products, even between similar sensors, requires that these 
estimates are linked to a reference that is defined by a common measurement standard. The 
model errors discussed in the +0 terms contain uncertainty sources that are dependent on the 
ǎŜƴǎƻǊΩǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŀƴŘ ƳŜŀǎǳǊŜƳŜƴǘ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŎƻƴŘƛǘƛƻƴǎΦ LŦ ƴƻǘ ŀŎŎƻǳƴǘŜŘ ŦƻǊΣ any 
difference that results from a comparison exercise - being a validation exercise the most 
relevant case - cannot be properly evaluated as the role of different 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 propagation of uncertainty emission estimates. 
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4. Airborne Fire Radiative Power reference retrievals 

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 spaceborne FRPs. The described 
instrumentation and operational setup is based on the experience gathered during the FIDEX (2018), 
FIDEX-2 (2023), and CarbonARA (2024) campaigns run by KCL NCEO. These campaigns tested 
instrumentation setups for the evaluation of the performance of Sentinel-3 SLSTR AF detection and 
FRP retrievals, that resulted in instrumentation and setup upgrades to produce more 
accurate/traceable data, and the following description depicts its last iteration. 

The setup presented here represents the 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) middle infrared 
(MWIR) waveband (the S7/F1 spectral channels as in the case of SLSTR).  

The reference airborne platform is the de Havilland Twin Otter (DHC-6) aircraft owned by the British 
Antarctic Survey (Figure 21). The Twin Otter is a high-wing, twin-engine turbo-prop aircraft, renowned 
for its rugged construction, reliability, and short take-off and landing (STOL) capabilitiesτqualities that 
make it well-suited for operations in remote areas. The range of the aircraft is usually 1435 km, with a 
maximum speed and flight altitude of 130 knots and 5,000 m, respectively. More information on the 
aircraft can be found on the BAS website. 

BAS operates four Twin Otters in total. Two of these (VP-FAZ and VP-FBL) can be modified for remote 
sensing campaigns. These aircraft have two open hatchesτthe main hatch and the boot hatch (Figure 
22)τthat can be exposed for mounting ground-observing sensors. Aircraft electronics racks can also 
be installed on these aircraft to provide power and the computers necessary to operate the scientific 
instruments on board. Each aircraft can carry up to four scientists and may be operated by a single 
pilot. 

  

https://www.bas.ac.uk/polar-operations/sites-and-facilities/facility/twin-otter-aircraft/
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Figure 21 - BAS de Havilland Canada DHC-6 Twin Otter (VP-FBL) positioned in the Ontario Ministry of Natural 
Resources (OMNR) Aviation Forest Fire and Emergency Services (AFFES) Fire Base hangar in Dryden, Ontario, 
during the FIDEX-2 installation (Image credit: Bernardo Mota) 

 

4.1.1 Instrument setup 

The primary instrument deployed on airborne campaigns to validate Sentinel-3 FRP retrievals is an 
InfraTec ImageIR 8300 hp (referred as the ImageIR). This is a thermal frame camera that measures 
broadband MWIR (1.5 ˃Ƴ ςрΦт ˃Ƴ), but has been fitted with a custom spectral filter that replicates 
ǘƘŜ {wC ƻŦ {[{¢w {т ŀƴŘ Cм ōŀƴŘǎ όƴŀǊǊƻǿōŀƴŘ ŎŜƴǘǊŜŘ ŀǘ оΦтп ˃ƳύΦ 

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 temperature (~293 K) at 0° normal incidence. Radiometric 
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 ImageIR 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 integration 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 has a wide-angle lens 
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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 of 44° × 36° resulting in an IFOV of 0.069° 
per pixel. Full technical specification of the camera can be found on the InfraTec website. 

When taking measurements with the HDR mode, the ImageIR cycles through four distinct calibration 
settings. These settings combined different integration times and ND filters to modulate the amount 
of radiation reaching the detector. The maximum achievable ŦǊŀƳŜ ǊŀǘŜ ǿŀǎ млл IȊΣ ǿƘƛŎƘ ǊŜǎǳƭǘŜŘ ƛƴ 
ŀƴ ŜŦŦŜŎǘƛǾŜ ǊŀǘŜ ƻŦ нр IȊ ǇŜǊ ŎŀƭƛōǊŀǘƛƻƴ ǎŜǘǘƛƴƎΦ 

¢ƘŜ ŀƛǊŎǊŀŦǘ ƛǎ Ŧƭƻǿƴ ŀǘ ŀ ǊŜƭŀǘƛǾŜƭȅ ƘƛƎƘ ŀƭǘƛǘǳŘŜ ƻŦ нрлл Ƴ ŘǳǊƛƴƎ 9h ǎǳǊǾŜȅ ŦƭƛƎƘǘǎΦ ¢Ƙƛǎ ŀƭǘƛǘǳŘŜ ǿŀǎ 
chosen to increase the spatial coverage, minimising the temporal offset between airborne and satellite 
acquisitions. It also reduces the likelihood of spatial drift between calibration settings, allowing 
successive frames from different settings to image nearly the same point on the ground. Given the 
¢ǿƛƴ hǘǘŜǊΩǎ ǘȅǇƛŎŀƭ ǎǳǊǾŜȅ ǎǇŜŜŘ ƻŦ мул ƪƳκƘΣ ǘƘŜ ŀƛǊŎǊŀŦǘ ƳƻǾŜǎ ŀǇǇǊƻȄƛƳŀǘŜƭȅ н Ƴ ŘǳǊƛƴƎ ŀ Ŧǳƭƭ п-
framŜ ŎŀƭƛōǊŀǘƛƻƴ ŎȅŎƭŜ όлΦлп ǎύΦ !ǘ ǘƘƛǎ ŀƭǘƛǘǳŘŜΣ ǘƘŜ ŀǾŜǊŀƎŜ ƎǊƻǳƴŘ ǎŀƳǇƭŜ ŘƛǎǘŀƴŎŜ όD{5ύ ƻŦ ǘƘŜ 
LƳŀƎŜLw ƛǎ ŀǇǇǊƻȄƛƳŀǘŜƭȅ оΦмнр ƳΣ ƳŜŀƴƛƴƎ ǘƘŀǘ ŀƴȅ ƳƻǾŜƳŜƴǘ ǿƛǘƘƛƴ ŀ ŎȅŎƭŜ ǊŜƳŀƛƴǎ ǎƳŀƭƭŜǊ ǘƘŀƴ ŀ 
pixelτthough not negligible, introducing some minor spatial drift and uncertainty. 

A second thermal frame camera is also deployed, the Infratec VarioCAM HD Head 800 covering the 
LWIR (7.5 ˃ Ƴ ςмп ˃Ƴ) fitted with a wide angle lens with a focal length of 15 mm. This results in a FOV 
of 60° × 47° (IFOV of 0.059°). More information can be found on the InfraTec 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 Surface Temperature (LST) and then 
converting those to what would be the equivalent radiance as retrieved from the ImageIR.   

Both cameras are installed on the hatch of the pLane with lenses oriented at the surface in a nadir 
position, meaning that the centre 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. 

The temperature of 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 itself (self-emission) to vary and therefore being captured in the measurements. 
Therefore, a non-uniformity 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 has been designed to cover the FOV of the ImageIR so that a NUC could also be 
conducted. The shutter plate is made from aluminium and has been coated with an anti-reflective 
black paint. It is operated by the Science Operator controlling the ImageIR, who closes the 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. 

https://www.infratec.co.uk/thermography/infrared-camera/imageir-8300/
https://www.infratec.co.uk/thermography/infrared-camera/variocam-hd-head-800/
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Figure 22 - Photos taken during the installation of scientific equipment onto the aircraft in Dryden, Ontario, for 
the FIDEX-2 campaign in August 2023. (a) Instruments (InfraTec ImageIR 8300 hp, Specim AisaOWL, SWING, 
HD Head, Optris, PhaseOne) installed into the main viewing bay of VP-FBL. (b) Specim AisaFENIX 1K and Specim 
AisaIBIS installed into the boot of the VP-FBL. (c) Computer/electronics racks being installed into the aircraft. 
(d) Thermal cameras being installed into the main viewing bay (including InfraTec ImageIR 8300 hp). Image 
credits: Farrer Owsley-Brown, Toby Wainwright, Callum Middleton. 

 
All instruments are synchronised to a common time reference. A Trimble Applanix POS AV 510 is a 
GNSS-inertial system designed for direct georeferencing, by providing precise measurements of an 
ŀŜǊƛŀƭ ǎŜƴǎƻǊΩǎ Ǉƻǎƛǘƛƻƴ ŀƴŘ ƻǊƛŜƴǘŀǘƛƻƴ ŀǘ ƘƛƎƘ ŦǊŜǉǳŜƴŎȅΦ The navigation parameter (roll, pitch, and 
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 be found on the Trimble website. 

https://applanix.trimble.com/en/products/hardware/applanix-pos-av
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Figure 23 - View underneath the aircraft after the installation of the (a) main camera bay and (b) the boot 
hatches of the aircraft during the FIDEX-2 campaign. 

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 information will allow 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 
Sentinel-3 (S3) overpasses. Target fires for the next evening and morning flights are selected based on 
factors such as size, intensity (e.g., Figure 24a), distance from the forward operating base (FOB; e.g., 
Pickle Lake, Ontario, during FIDEX-нύΣ ŀƴŘ Ǿƛǎƛōƛƭƛǘȅ ǘƻ {[{¢wΦ CƛǊŜǎ ōŜȅƻƴŘ Ϥорл ƪƳ ŦǊƻƳ ǘƘŜ Ch. ŀǊŜ 
excluded to allow sufficient time for transit and data collection. Cloud forecasts (Figure 24c) and 
observations (Figure 24d) are considered to ensure clear-sky conditions for alignment between 
airborne and satellite measurements (Figure 24b). 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 developed (Figure 25), typically mapping a 
мл ƪƳ Ҏ мл ƪƳ ŀǊŜŀ centred ƻƴ ǊŜŎŜƴǘ ǎŀǘŜƭƭƛǘŜ ŘŜǘŜŎǘƛƻƴǎΦ CƭƛƎƘǘǎ ǳǎŜ ŀ ŘŜŦŀǳƭǘ ŀƭǘƛǘǳŘŜ ƻŦ нрлл Ƴ ǘƻ 
ensure broad coverage and near-simultaneous satellite-airborne acquisitions. Plans are uploaded into 
NexTrack 3 FMS pre-flight, with in-air replanning also possibleτa capability added since the 2018 
campaign. 
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Upon arriving at the targetτtypically 45 minutes before the S3 overpassτthe 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 optimize coverage. If needed, the entire flight plan can be 
remade: the pilot and front-seat 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 
updated sortie plan. This full flight planning 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 ImageIR. The flight order is then planned to prioritise alignment with the S3 overpassτ
e.g., if five lines are identified, they might be flown 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 mapping of the RED070 fire 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 survey, requiring a compositing 
approach. 
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Figure 24 - 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, (d) 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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Figure 25 - 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 movement during 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 Pre-processing 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 bottom-up link highlighted in 
the uncertainty tree diagram (Figure 33) starting with the pre-flight procedures (violet boxes), the data 
pre-processing (green boxes), active fire detection (red boxes) up to the measurement function (blue 
box).  

4.2.1 Lab-based pre-flight calibration of the thermal camera 

This section covers the procedures that are conducted pre-flight to assess the radiometric accuracy of 
the imager and generate the per-pixel viewing vectors associated with the lens geometric distortion. 
These processes are highlighted by the functions in violet colour in Figure 33.  

Radiometric calibration 

 

As mentioned previously the ImageIR is the Infratec imagerIR 8300 hp, cooled, medium wavelength 
thermal imaging system that utilises a 640×512 InSb (Indium Antimonide) detector with a spectral 
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range of the detector is 1.5 µm  ς 5.7 µm. The camera is fitted with a 12 mm wide angle lens, giving a 
Ch± ƻŦ поΦсɕ Ҏ орΦрɕ (Table 18). The combined lens transmission and sensor response give an effective 
spectral range from roughly 2.3 µm to 5.7 µm; although the transmission profile of the lens is relatively 
flat with respect to wavelength, there is a noticeable variation in the response of the sensor as a 
function of wavelength. 

Table 18 - Specifications of the Infratec ImageIR 8300 hp 

 

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) 1.5-5.7 um 

 

The temperature calibration process was performed by the manufacturer Infratec (f2, in Figure 33). 
This is done to generate a relationship between the digital level and brightness temperature τ known 
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 scene, but also on a variety of other factors such as the gain and 
dark current of the detector, as well as the self-illumination 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 the irradiance 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 ImageIR performed by the manufacturer was based on a suite of blackbody 
sources using a set of transfer infrared radiation thermometers that were calibrated by the German 
National Measurement Institute (NMI), Physikalisch-Technische Bundesanstalt (PTB). The imager is 
therefore traceable to the International Temperature Scale of 1990 (ITS-90). 
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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 the blackbody 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 configurations for this setpoint. The transfer radiation thermometers used are 
calibrated by PTB and have low uncertainties; the (k = 2) uncertainties are 0.1  ɘ C below 100  ɘ C and 
some of the transfer thermometers used in the calibration operate at different wavelength bands 
compared to the ImageIR 8300, which has an effective spectral range from roughly 2.3 µm to 5.7 µm 
e.g. below 150 °C no infrared radiation transfer thermometer with a wavelength < 5 µm. The camera 
was radiometrically calibrated by Infratec (5/7/2023, certificate 7597/2023) with uncertainties 
reported by the manufacture of 2 K for temperatures between 80ς1250°C.  

As part of this project activities, a calibration validation was made at NPL to better inform the level of 
uncertainties that can result from using different integration times with special focus on the edge of 
the calibrated temperature ranges, and to explore the applicability of the imager to retrieve 
background temperatures. The analysis is presented in section 7.3.2 and the results confirm the 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 by the manufacturer and 
embedded ƛƴǘƻ ǘƘŜ ŎŀƳŜǊŀΩǎ ǇǊƻŎŜǎǎƛƴƎ ƘŀǊŘǿŀǊŜΦ    

Geometric correction 

To ƻōǘŀƛƴ ŀƴ ŀŎŎǳǊŀǘŜ ǇƻǎƛǘƛƻƴƛƴƎ ǇǊƻƧŜŎǘƛƻƴ ƻŦ ǘƘŜ ŎŀƳŜǊŀΩǎ Ch± ƻƴ ǘƘŜ land surface, the properties 
of the camera, such as the focal length, principal point and lens distortion, need to be determined. This 
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, 2000), which utilises 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 3×3 matrix containing the focal lengths in the x and y directions, fx and fy, and 
the principal point, (cx,cy). This is expressed analytically as: 

Ὢ π ὧ
π Ὢ ὧ

π π ρ

 

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 itself as 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 manifest in the image being skewed. 

There are a number of different ways in which lens distortion can be modelled but are often 
represented as a 1×N matrix of parameters. For example, a 5-parameter model can be represented by 
the following set: 

ὯȟὯȟὴȟὴȟὯ  

where ki are radial distortion parameters, and pi are tangential distortion parameters. Higher order 
terms k4, k5 and k6 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 optics. As 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 was previously performed on the ImageIR by KCL to generate the per pixel 
viewing vectors (PPVVs) from the principle point of the camera (f1, in Figure 33). The procedure is 
detailed in the Data Acquisition Report from the FIDEX-2 campaign project (FIDEX 2 D-40, 2024) and 
consisted in using an aluminium/LDPE composite board from calib.io. The calibration target, shown in 
Figure 26, is an 800 mm × 600 mm board with 30 mm checkers arranged in an 18×25 grid, with a good 
level of accuracy in the position of checker corners (feature distance tolerance of (0.3 mm + 0.2 
mm)/m) and flatness (flatness tolerance of 0.5 mm per 200 mm). For the procedure, a total 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 following 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 not using the 
same focus setting as will be used in the fire monitoring application, i.e., with the camera focused on 
near infinity. The analysis, detailed in section 7.3.1, provided an update on the model parameters. The 
associated uncertainties with the geometric characterisation will be discussed in section 4.3.1. 
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Figure 26 - Screenshot of calib.io software after converging distortion parametersτfinal values outputted on 
the rightτand outputs of the errors on bottom left. 

 

4.2.2 Pre-processing 

Non-Uniformity correction 

Non-uniformity correction (NUC) is required for operating the ImageIR because the temperature of 
the camera is often changing, which causes the amount of light emitted from the camera itself (self-
emission) to vary. This change in the amount of light emitted from the camera and being measured by 
the detector is corrected for by the NUC process. For that, a mechanical system was designed to 
operate a shutter obstructing the camera FOV. The shutter is made of a surface covered with high 
emissivity paint for which the temperatures are measured by four connected thermocouples. In 
addition to the internal heat drift, inherent pixel-level variations in sensor sensitivity, electronic noise 
can be corrected with NUC to ensure accurate, high-quality images. Without NUC, thermal images can 
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 shutter is closed across the camera lens. Every pixel of the camera 
frame measures the uniform, known thermal reference (f4, in Figure 33) and new pixel-based offsets 
are derived to calibrate for pixel differences (f5, in Figure 33).  At the end of every flightline the shutter 
is closed again, shutter measurements are recorded by the camera to ensure no non-uniformity over 
the course of the flightline.  

High Dynamic Range (HDR) Imaging 
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The combination of various ND-based image frames is designed to maintain a high accuracy of 
measurements over the high range of temperatures observed from landscape fires. The camera was 
radiometrically calibrated by Infratec using the ND filter set combined with a series of integration times 
to ensure that accuracy is between the 2% accuracy in brightness temperature across the temperature 
range. 
 
A detail description of the generating process to retrieve an HDR image frame is available at FIDEX 2 
D-40 (2024). In summary, measurements follow a cycle through four calibration settings, made of a 
combination of integration times and ND filters. The highest framerate that is achieved is 100Hz, or 
25Hz per calibration setting, and at 2500 m and under a flight speed of 180 km/h, the plane 
displacement is of 2 m every full cycle, resulting in an average imager pixel size of 3.125 m (larger than 
the displacement).  
 
As a result of the four different calibration settings, valid for four overlapping BT ranges (353 K ς 438 
K, 398 K ς 523 K, 473 K ς 823 K, 723 K ς 1523 K), images are merged into one larger scene of continuous 
range (f8, in Figure 33). The merging process for competing measurements between to valid calibration 
ranges is based on the minimum distance of its value to the centre of the candidate calibration ranges 
(R1, in Figure 33),. Values outside the valid ranges are excluded, but for the lowest calibration range 
low measurements below the valid calibration range are kept 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 sensor-specific spectral response (f9, in Figure 33). Assuming an emissivity of a blackbody equal 
to one, and using the cameras SLSTR άƳƛƳƛŎέ filter SRF to weight-average the conversion factors 
withing the camera spectral range, a single conversion function is between brightness temperature to 
radiance is derived (Figure 27).  
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Figure 27 - Dependence of spectral radiance emitted with brightness temperature of a blackbody in the SLSTR 
filter spectral band. Note the log scale on the y-axis. 

 

Navigation and Georeferenceing 

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 on Warren et al. (2014) approach, the APL was adapted to support frame-based thermal imagery 
from the ImageIR system (f10, in Figure 33). This process used a combination of navigation data 
(position, yaw, pitch, roll), the known offset between the camera and IMU, and per-pixel viewing 
vectors (PPVVs) derived from a geometric calibration of the thermal camera (Section 4.2.1). 

Using the PPVVs derived from geometric calibration allows translation of image coordinates into real-
spatial geo-positions. Combining navigation information, high accuracy location from a Differential 
Ground Positioning System (DGPS) setup at the take-off airfield, and information from with a digital 
elevation model (DEM) ς currently using NASAΩǎ Shuttle Radar Topography Mission (SRTM) version 3 
(Farr and Kobrick, 2000) - thermal imagery can be projected onto a surface grid. A nearest-neighbour 
algorithm (R2, in Figure 33) is applied to compensate for viewing geometry and surface effects, such as 
varying pixel size across the field of view. The final output spatial resolution for all images is set to 1 
m. 

Temporal sampling: Frame/line selection  
 

Due to the high frequency 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 event (f11, in Figure 33). 
The purpose is to reduce the volume of processing time concentrating only on the image 
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representativeness of the fire, i.e., the selection is based on expert judgement through visual 
inspection, whereby temporal mismatch between the flightlines and the satellite fire overpasses, the 
distribution of pixel VZAs covering the fire area is considered. The are no defined criteria other than 
an effort to minimize (R3, in Figure 33) the number of images needed to cover the fire in its entirely 
during the validation exercise. 

Additional geo-correction and spatial resampling (f12) 

While established processing procedures of pushbroom systems often use a "boresighting" procedure 
to fine-tune sensor alignment (Warren et al., 2014), this has not yet been fully implemented for the 
ImageIR. Instead, small linear corrections can be applied post hoc to the APL georeferencing output 
(f12, in Figure 33). These were based on ground control points (GCPs), identified in thermal imagery 
and aligned with features captured in the SWIR by an additional instrument (Specim FENIX 1K). 
Corrections applied using a linear transformation (R4, in Figure 33) can significantly improve alignment 
between the ImageIR and reference (F1K) data for both day and night flights (Figure 28). 

Recent improvements by APL allowed for the implementing of a boresight calibration procedure for 
frame-based systems like the ImageIR. The results, from the CarbonARA campaign in 2024 showed an 
improved accuracy and resulted in a reduce relianced on manual corrections. 
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Figure 28 - Examples of georeferenced ImageIR data with Google Earth satellite and FENIX 1K for comparison: 
(a) image from 23-226a georeferenced by APL with FENIX 1K data at 2200 nm overlayed in reds; (b) example 
from (a) manually corrected after processed by APL to line up with ambient background from Google Earth 
and hotspots with FENIX 1K fire pixels; (c) image from 23-235 georeferenced by APL underlaid with colour 
composite imagery (R: 2200 nm, G: 1600 nm, B: 1200 nm) from the FENIX 1K; (d) the (c) example after the 
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 FIDEX-2 campaign. 

Event fire image compositing  

Image compositing is the process whereby the selected HDR image frames in the temporal filtering 
step are fused together to create a mosaic covering the entire fire affected area (f13, in Figure 33), 
mainly focusing on the part of the fire that is ongoing, it ŘƻŜǎƴΩǘ necessarily cover the entire burned 
scar as the fire could have been active for several days. The current practice is to use the mean rule 
(R5, in Figure 33), for competing 1 m pixels over overlapping image areas.  
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Atmospheric correction 

 
MODTRAN version 5 (Berk et al., 2005) is used to atmospherically correct the at-sensor radiance 
measured by the thermal camera to that of the radiance emitted at the surface (f14, in Figure 33). 
Nearby radiosonde measurements (section 4.3.2) 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 SLSTR channel, †, was calculated using the following relationship: 

†
В ὛὙὊ†

В †
 

 

   

where ὛὙὊ and † are the spectral response function and transmittance at wavelength ,˂ respectively. 
This gives the average transmittance, weighted by the SRF of the SLSTR filter (Figure 29). 

 

Figure 29 - Spectral response function of SLSTR and the atmospheric transmittance estimated using MODTRAN 
5 for flight 23-226a from FIDEX-2 (2023) with atmospheric information from radiosonde data. 

   

To account for the different atmospheric path lengths of off-nadir measurements the process 
estimates the decrease in transmittance in increased viewing geometries (Figure 30).  
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Figure 30 ς /ŀƭŎǳƭŀǘŜŘ ǘǊŀƴǎƳƛǘǘŀƴŎŜ ŘŜǇŜƴŘŜƴŎŜ ǿƛǘƘ ŎŀƳŜǊŀΩǎ ±½! ŦƻǊ ŀƴ ŀƭǘƛǘǳŘŜ ƻŦ нрллƳΦ wŜǎǳƭǘǎ ŀǊŜ 
based on MODTRAN simulations using 

Background radiance characterization 

The background radiance was estimated using measurements from the secondary LWIR thermal 
camera ς the HD Head (f16, f17 and f18, in Figure 33). The ImagerIR is not calibrated for ambient 
temperatures, and an exploration under this project was conducted to understand the feasibility of 
using an alternative calibration setup for this effect, but consistency and operation limitations show 
that this was not possible (Section 7.3.2). As a result, the LWIR HD Head camera measurements 
(calibrated for temperatures from between 0 °C ς 800 °C) are useD using the following approach:  

¶ Firstly, land surface temperature (LST) is estimated using the at-sensor radiance measured by 
the HD Head, Lmeasured. This is done by converting the average brightness temperature of a 
sample size (n=1000) of representative background pixels using the Planck function and SRF 
(Figure 31). and taking a weighted average (R6, in Figure 33).  

¶ This, and then the reflected downwelling radiance, ὒᴽ, and upwelling path radiance, ὒᴻ, 
estimated by inputting the radiosonde data into MODTRAN 5 for the atmospheric correction 
(section 4.3.2), are then used to solve the following equation for Land Surface Temperature 
(LST):  
 

ὒ ‐ † ὄὒὛὝ ρ ‐ † ὒᴽ ὒᴻ 

where the function B indicates the Planck function and ‐ is emissivity, which is assumed to be 
0.95, a typical value for vegetation. † is transmittance, which is estimated using calculations 
by MODTRAN and ǘƘŜ I5 IŜŀŘΩǎ {wC όFigure 31).  
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¶ After LST is derived using the HD Head data, it is used to estimate the at-sensor measured 
radiance in the MWIR spectral domain, as would be measured by the ImageIR camera using its  
SRF (Figure 30). The estimated value is used as reference in the retrieval of airborne FRPs. 

  

Figure 31 - Spectral response function of the HD Head and the atmospheric transmittance estimated using 
MODTRAN 5 for flight 23-226a from FIDEX-2 (2023). 

 

4.2.3 FRP retrieval 

Similar to the spaceborne retrievals, FRP for the airborne is derived using the MWIR radiance method, 
ŘŜǾŜƭƻǇŜŘ ōȅ ²ƻƻǎǘŜǊ Ŝǘ ŀƭΦ όнллрύΦ ¢Ƙƛǎ ƛǎ ŀ ƭƛƴŜŀǊ ŀǇǇǊƻȄƛƳŀǘƛƻƴ ƻŦ ǘƘŜ άǘǊǳŜέ CwtΣ ƎƛǾŜƴ ōȅ ǘƘŜ 
Stefan-Boltzmann law for a given temperature range. The MWIR 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. The MWIR radiance method is given 
by the following relationship: 

ὊὙὖȟȟ ὃ
„

ὴ
ὒ
ȟȟ

ὒ  

where „ is the Stefan-Boltzmann constant (5.67x10-8 W m-2 K-4) and ὒ
ȟȟ

 (W m-2 sr-1 µm-1) is the fire-

emitted spectral radiance at the location x,y and time t, and ὒ  is the surrounding non fire 

άōŀŎƪƎǊƻǳƴŘέ reference radiance. This equation assumes that both the radiance terms have been 
atmospherically corrected so that it only accounts for the additional radiance emitted by the fire at the 
surface over the background radiance. p is the FRP parameter with units of W m-2 sr-1 µm-1 K-4 whose 
value is governed by the exact wavelength measured and fire temperature range over which the linear 
approximation is made. Finally, ὃ  represents the pixel area, which in this case is set to 1 m2.  
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Active Fire Masking 

FRP is calculated for every pixel of the composite image, regardless of whether the pixel is related to 
an ongoing fire or the background (f15, in Figure 33). 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, non-fire related BTs; and another representing higher BTs associated with active 
fire and recently burned areas. 

The BT threshold (BTt) 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 contamination. An automatic process (R7, in 
Figure 33) 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) pixels, which produce an overestimated FRP despite their low radiance due to 
their large number within the scene (often 95% of pixels). A realistic maximum fire BT temperatures is 
defined as 80°C, corresponding to the lower limit of the ImageIR.   

 

Figure 32 ς Illustration representing the typical variation of total FRP as a selection of brightness temperature. 
Optimal BT threshold assumes that the minimum temperature of pixels where an active fire is taking place is 
located between 300 and 370 K. Red error bars represent uncertainty associated with threshold selection. 

 

Fire event FRP retrieval 

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 FRP using the 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 
spaceborne FRP, as the ones retrieved by SLSTR sensor onboard the Sentinel 3. It is this retrieval that 
results directly from the measurement function to estimate per-fire event Fire Radiative Power. In this 
context, the measurand for measuring airborne FRP is defined as: 
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The measurement of the radiative power [units: MW] at the Bottom-of-Atmosphere (BOA) from 
a particular fire event of a certain size during at a particular instance. 
 

4.2.4 Uncertainty Tree diagram 
 
In Figure 33, we present the uncertainty tree diagram associated with the airborne FRP measurements 
as retrieved by the thermal cameras onboard the Havilland Twin Otter (DHC-6) aircraft. As for the 
spaceborne case (Section 3.2.3) we apply the same approach for the airborne case where each 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 these uncertainty effects 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 uncertainty ς to aid this 
process an uncertainty tree diagram was developed (Figure 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 uncertainty 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 can impact each variable/function. These will 
be discussed in section 103450214.3, and for the ones that were explored in this project (task numbers 
in red), the analysis and results are available in section 7. 
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Figure 33 - Uncertainty Tree diagram for airborne-based FRP 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 data pre-processing 
steps (green boxes) and pre-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 retrievals (section 103450213.3), we now apply the same 
uncertainty characterization discussion for the airborne FRP retrievals.  Each source of uncertainty that 
was identified in the uncertainty tree diagram is considered carefully, and the results of that analysis 
will be displayed 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 effect for which its 
characteristics will be summarized in an effects table. 
  
The extent to which the effects tables are populated depends mainly on 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, error-correlation scale and 
form. Some uncertainty effects are the same as those for the spaceborne measurements and those 
cases it will be noted as such. Uncertainty characterization of airborne-based FRP retrievals is in its 
initial stages, and as such the analysis done within this project targeting airborne-based uncertainty 
effects focused on what are considered the major sources. For the remaining effects available 
information may be scarce and our best guess is expressed and noted as such. It is important to note, 
that objective of this project to focus on particular effects that could be minimized in order to inform 
a validation protocol. As the nature of the observing airborne platform differs from the spaceborne 
platform, the effects tables have been adjusted in terms of dimension of interest to reflect this 
difference, namely by assessing correlation scale between flightlines instead of satellite orbits. 
  
We will start our discussion with the pre-flight calibrations to the ImageIR by characterizing 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 discussed. As for the spaceborne measurement, the ά+0έ 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 Pre-flight characterization 

Measurement uncertainty 

One of the most obvious contributors to the uncertainty of airborne-based FRP retrievals is the imageIR 
measurement uncertainty. The ΨaccuracyΩ1 stated on the calibration report is 2 K, and this is assumed 
to be the uncertainty associated with the measured temperature when using the spectral filters. It is 
important to note that this term is based on the manufacturerΩs stated tolerances, and those generally 
represent the maximum permissible error (MPE) of the device rather than the actual uncertainty. As 
shown in Figure 34, 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 transfer thermometer 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. 

 

Figure 34 - The measurement error for a cross-section 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, as long 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. 

²ƘƛƭŜ ŀ ǘƘƻǊƻǳƎƘ ŎƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ ƻŦ ǘƘŜ ŘŜǾƛŎŜΩǎ ǇŜǊŦƻǊƳŀƴŎŜ Ƙŀǎ ƴƻǘ ōŜŜƴ ŎƻƴŘǳŎǘŜŘΣ ŀ ŎŜǊǘŀƛƴ ƭŜǾŜƭ 
of information can be garnered from the calibration certificate provided by Infratec. Four filter 
configurations were used in the calibration, with each having 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 setpoints. In total, more than 200 total 
measurements were taken during the calibration. 

 
1 ¢ƘŜ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ǾƻŎŀōǳƭŀǊȅ ƻŦ ƳŜǘǊƻƭƻƎȅ ό±Laύ ƳŀƪŜǎ ŎƭŜŀǊ ǘƘŀǘ ǘƘŜ ǘŜǊƳ ΨŀŎŎǳǊŀŎȅΩ ǎƘƻǳƭŘ only be used qualitatively and 
ƴƻǘ ǉǳŀƴǘƛǘŀǘƛǾŜƭȅΦ ¢Ƙƛǎ ƛǎ ƛƴ ǇŀǊǘ ǘƻ ŀǾƻƛŘ άƘƛƎƘŜǊ ŀŎŎǳǊŀŎȅέ ōŜƛƴƎ ŀ ǎƳŀƭƭŜǊ ƴǳƳōŜǊΦ IƻǿŜǾŜǊΣ ǘƘŜ ǘŜǊƳ ƛǎ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ǘƻ 
mean quantitative uncertainty and that meaning is assumed here. 
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The difference between the measured value on the device under test and that from the reference 
thermometer  is shown in Figure 35 and Figure 36. By plotting the relative difference, 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 under-read compared to the transfer thermometer. 
The mean difference was approximately 0.1%, with a standard deviation of 0.6%. The limits that gave 
a 95% coverage probability (equivalent to k=2) were approximately -1.45% and 1.2%. Using this, we 
can estimate that the (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 a rough 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 measurement ΨaccuracyΩ of the device with filters in place, stated on the calibration certificate. 

  

Figure 35 - Relative errors for each measurement in the calibration (left) and the relative errors for each 
measurement (right), plotted against the temperature setpoint 

 

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 uncertainties and its propagation on 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 on the sensor 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 SLSTR filter. A simplified diagram of the optical pathway is shown in Figure 37. 

 

 

Figure 37 - A simplified illustration of the optical pathway of the ImageIR containing the two spinning wheels. 

The spectral transmission function of the Infratec lens is commercially sensitive and as such it is not 
shown in this report. However, the transmission is below 85% across the 2 µm ς5 µm range. The 
resultant transmission for the lens, SLSTR filter and secondary filters are shown in Figure 38. For a 
scene at a temperature of 350 K, for example, only around 8% of the incident spectral radiance in the 
3 µm ς5 Аm range passes through the lens and filters when using a dummy 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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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 in Figure 39. The housing temperature can vary by several degrees Celsius within a single flight, 
but also significantly between flights. 

 

  

Figure 39 - 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, which blocks irradiance from most angles 
outside the nominal field of view of the detector. This cold shield is usually held at the same 
temperature as the detector, meaning that the out-of-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 and filters 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 ImageIR can minimise 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 particular for 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 which this is a problem. 

Non-uniformity 

The non-uniformity 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 
όaƻƻƴŜȅΣ {ƘŜǇǇŀǊŘΣ 9ǿƛƴƎΣ 9ǿƛƴƎΣ ϧ {ƛƭǾŜǊƳŀƴΣ мфуфύΣ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ ΨaƻƻƴŜȅ ƳƻŘŜƭΩΦ ! 
simplified version of this shown in (Perry & and Dereniak, 1993) expresses the output of a pixel (i,j), 
Nij, in terms of the number of electrons as: 

ὔ Ὕ  Ὑ ὒ‗ȟὝ – ‗Ὠ‗Ὀ  
 

 

Here, – ‗ is the photoresponsivity of the pixel ὭȟὮ at wavelength ‗, ‗ and ‗ are the lower and 

upper bounds of the spectral response, – ‗ is the quantum efficiency of pixel (ὭȟὮ as a function of 

wavelength.  Ὕ  is the scene temperature pixel (ὭȟὮ is viewing and Ὀ  is the dark charge per 

integration time at pixel (ὭȟὮ. Ὑ  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 form ώ ά Ὁ ὧ , where ά  represents the photoresponsivity of pixel 

(ὭȟὮ and ὧ  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 values, as illustrated in Figure 40. 

  
 

Figure 40 - The response of different pixels to irradiance before and after applying a 2-point 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 applying a one- or two-point correction). 

 

Figure 41 - An illustrative plot of the residual error (solid line) from a 2-point non-uniformity. 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 non-uniformity across the array will increase due to the non-linearity 
of the sensor, as illustrated in Figure 41. Depending on the sensor characteristics, this can be a 
significant source of uncertainty. It is important to be able to evaluate the uncertainty contribution 
from sensor non-uniformity, 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 point-spread 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 vary substantially 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 dataset 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 shown in Figure 
42; this can be modelled 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 
άŀǾŜǊŀƎƛƴƎ ŦƛƭǘŜǊέ ŀǇǇƭƛŜŘ ǘƻ ŀƴ ƛŘŜŀƭ ƛƳŀƎŜ ŀǎ ƛǘ ƛǎ ōƭǳǊǊŜŘ ōȅ ǘƘŜ ƻǇǘƛŎŀƭ ǎystem. For a given pixel ὭȟὮ, 
the observed radiance is 0.47 times the radiance on pixel ὭȟὮ, plus 0.11 times the radiance on the pixels 
adjacent to ὭȟὮ, plus 0.02 times the radiance on the pixels diagonal to ὭȟὮ, and so on. 
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Figure 42 - A simulated PSF kernel, assuming a gaussian PSF with a width of 0.5 pixels. 

An example fire surveying image, corresponding to the merged integration times can be seen in Figure 
43Φ ¢ƘŜ ƭƻǿŜǎǘ ǾŀƭǳŜ ƻƴ ŀ ŎŀƭƛōǊŀǘƛƻƴ ǊŀƴƎŜ ǿŀǎ ул ɕ/Σ ŀƴŘ ŀǎ ǎǳŎƘ ǘƘŜ ōŀŎƪƎǊƻǳƴŘ ǇƛȄŜƭǎ ŀǊŜ ƘƛǘǘƛƴƎ ǘƘŜ 
lower calibration range of the detector. These pixels lie outside the calibration range and as such are 
not an accurate reflection of the actual brightness temperature. 

 

Figure 43 - An example of composite image corresponding to the merged integration times frames of an 
ongoing fire in Ontario, Canada, captured by the Infratec 8300 MWIR thermal 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 
40 ϲ/Σ ŀƴŘ ǘƘŜ ƛƳŀƎŜ ǿŀǎ ǎƘŀǊǇŜƴŜŘ ǘƻ ǊŜŘǳŎŜ ōƭǳǊǊƛƴƎ ŦǊƻƳ ǘƘŜ LƴŦǊŀǘŜŎΩǎ ƻǇǘƛŎŀƭ ǇŀǘƘǿŀȅΣ 
ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ ΨƛŘŜŀƭΩ ǳƴōƭǳǊǊŜŘ ƛƳŀƎŜΦ ¢ƘŜ ōƭǳǊǊŜŘ ƛƳŀƎŜ ǿŀǎ ǘƘŜƴ ŎŀƭŎǳƭŀǘŜŘ ōȅ ŎƻƴǾŜǊǘƛƴƎ ǘƘŜ 
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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 was calculated as the difference between the blurred 
and ideal images (Figure 44).  

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 the error this 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 larger fraction 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. 

   

Figure 44 - The unblurred synthetic image (left), the blurred image after being convolved with the PSF (centre), 
representing what the Infratec would see in real world usage, and the error caused by the PSF (right). The 
mean of a 3×3 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 reflection of the distribution of residual errors; 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. 

 

Table 19 - Effects table for the uncertainty sources associated measured brightness temperatures. 

Name of effect   
Radiometric 

noise 
Housing 

temperature 
NUC Lend distortion PSF effects 

Instrument   imageIR imageIR imageIR imageIR imageIR 

Contribution 
identifier 

  u(BTND,i,j) u(BTND,i,j) u(O_NUCND,i,j,l) u(PPVVi,j) u(BTND,i,j) 
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Measurement 
equation 
parameter(s) 
subject to 
effect 

  
BTND,i,j, 

BT_nucND,I,j,l 
BTND,i,j, 

BT_nucND,I,j,l 
BT_nucND,I,j,l L_HDRx,y,l L_HDRx,y,l 

Maturity of 
analysis 

Maturity of 
uncertainty 
estimate 

2 1 1 1 0 

  

Maturity of 
correlation 
scale 
estimate 

2 1 1 1 1 

  

If maturity of 
estimate is 0 
or 1, how 
significant 
do you 
expect this 
effect to be 
on pixel-
level 
estimates? 

Significant 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? 

Minor Minor Minor Minor Minor 

Correlation 
form/type  

Time Independent triangular Independent Independent Independent 

  
Pixel frame 
position 

Independent Independent Independent Independent unknown 

  Flight line Independent 
rectangular 

absolute 
rectangular 

absolute 
Independent Independent 

Correlation 
scale 

Time 0 0 0 0 0 

  
Pixel frame 
position 

0 0 0 0 unknown 

  Flight line 0 0   0 0 

Uncertainty 
PDF shape 

  Gaussian gaussian gaussian gaussian rectangular 

Uncertainty & 
units 

  
2 K across the 
temperature 

range 
K K x,y 

50% for a PSF 
extendin 0.5 

pixel 

Sensitivity 
coefficient 

  
        

  

Correlation(s) 
between 
affected 
parameters 

  
dependent on 

T housing 
None 

dependent on T 
housing 

None None 
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Impact of the 
effect on the 
fire event FRP 

  
minimal if fire 
significantly 

large 

systematic 
biases in FRP 

systematic 
biases in FRP 

lead to under 
representativeness 
of the fire extent 

depends on the 
fire front 

fragmentation 
but will be 
minimal 

4.3.2 Auxiliary data uncertainty sources 

Figure 33 shows that the FRP retrieval process relies on s series of auxiliary information (pink boxes) 
provided by instruments other than the MWIR imager. The following outlines the uncertainty effect 
associated with these instruments/products:  

¶ Inertial Measurement Unit (IMU) - the Trimble Applanix POS AV 510 is a GNSS-inertial system 
provides ǇǊŜŎƛǎŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ŀƴ ŀŜǊƛŀƭ ǎŜƴǎƻǊΩǎ Ǉƻǎƛǘƛƻƴ ŀƴŘ ƻǊƛŜƴǘŀǘƛƻƴ ŀǘ ƘƛƎƘ 
frequency. The manufacturer reports ΨaccuraciesΩ of 0.02 m and 0.05 m for horizontal and 
vertical positions, respectively, with velocity ΨaccuracyΩ of 0.005 m/s, and navigation parameter 
(roll, pitch, and yaw) accuracy of 0.005°. These ΨŀŎŎǳǊŀŎƛŜǎΩ ŀǊŜ ƛƴǘŜǊǇǊŜǘŜŘ ŀǎ uncertainties 
and would propagate into geo-location uncertainties impacting the spatial resampling and 
temporal compositing process, resulting in representation uncertainties. We consider 
uncertainties that originate for the IMU to be a systematic effect, following a uniform 
distribution, fully correlated withing each flight line.  
 

¶ HD HEAD LWIR ς The LWIR camera that 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% (information available at InfraTec website). It is assumes 
that the reported uncertainty related to the combined uncertainty and that it would be 
dominated by detector noise. There is no information regarding its optical distortion or 
radiometric stability. Although the camera measurements are only used to retrieve a 
representation sample of what is the background radiance, and therefore less impacted by 
individual pixel measurements, in the future an automatic process based on co-aligned 
gridding with the MWIR measurements can be put in place to retrieve the effective 
background radiance within the representative satellite pixel. As such, geo correction issues 
and flightline stability needs to be assured. At this stage, we consider the uncertainties from 
the LWIR camera to be random following a normal distribution.  
 

¶ 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 stations. Most stations 
worldwide launch balloons twice daily, at 0000 UTC and 1200 UTC. For the CarbonARA 
campaign over Fort McMurray, Aberta, the nearest ground station is located at near the 
airport (which corresponds to 5 am and 5 pm MST launches).  The Environment and Climate 
Change Canada (ECCC) deploy Vaisala RS41 radiosondes for its upper-air observation network 
across the country. These are considered modern sensors that provide temperature profiles 
with biases under 0.2 K in the lower atmosphere, but errors increase 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 as measured 
atmospheric parameters can be at significance distance and time difference from the site and 
time of the surveyed fire. The combined effect can lead to changing atmospheric profiles 

https://www.infratec.co.uk/thermography/infrared-camera/variocam-hd-head-800/
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resulting in atmospheric transmissivity errors. Within this project, these sources of uncertainty 
and their impact have not been explored. We consider that the atmospheric parameters from 
the radiosonde be impacted from random (spatially) and systematic (altitude) effects. 
 

¶ Digital Elevation Model (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 
quantification. DEM is used in the georeferencing, and as such uncertainties propagate into 
geo-positioning uncertainty of each individual pixels and represented area. Airborne 
campaigns, such as those addressed in this document, took place over flat terrain where the 
uncertainty would be minimal. However, fires take place over mountainous terrains and 
understanding of the level of impact of DEM uncertainty on airborne FRP measurements 
would be desirable in order to identify which validation conditions to avoid. Without any 
information on the specific DEM product, we consider its effects to be random.      

 

Table 20 - Effects table for the uncertainty sources associated auxiliary data/products. 

Name of effect   IMU effects 
LWIR 

uncertainties 
Radiosonde 

uncertainties 
DEM uncertainties 

Instrument   IMU HD HEAD Radiosounder DEM 

Contribution 
identifier 

  

u(lat), u(lon), 
u(yaw), 
u(roll), 

u(pitch), u(h) 

u(BT_HDi,j,t) 
u(patm), 

u(Tatm), uό˅atm) 
u(DEM) 

Measurement 
equation 
parameter(s) 
subject to effect 

  
lat, lon, yaw, 
roll, pitch, h 

BT_HDi,j,t patm, Tatm, ˅ atm DEM 

Maturity of analysis 
Maturity of 
uncertainty 
estimate 

1 0 0 0 

  
Maturity of 
correlation 
scale estimate 

1 0 0 0 

  

If maturity of 
estimate is 0 or 
1, how 
significant do 
you expect this 
effect to be on 
pixel-level 
estimates? 

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

Minor Minor Minor Minor 

Correlation 
form/type  

Time Independent unknown Independent Independent 

  
Pixel frame 
position 

Independent unknown Independent Independent 

  Flight line Independent independent independent Independent 

Correlation scale Time 0 unknown 0 0 

  
Pixel frame 
position 

0 unknown 0 0 

  Flight line 0 0 0 0 

Uncertainty PDF 
shape 

  
assumed 
gaussian 

assumed 
gaussian 

assumed 
gaussian 

assumed gaussian 

Uncertainty & units   

0.02 m 
(horizontal) 
and 0.05 m 
(vertical), 
0.005 m/s 
(velocity), 
and 0.005° 
(roll, pitch, 
and yaw) 

1 % 0.2 K 
16 m absolute 
vertical error 

Sensitivity 
coefficient 

  
        

Correlation(s) 
between affected 
parameters 

  none None none None 

Impact of the effect 
on the fire event FRP 

  

systematic 
effect not 
impacting 

FRP 

systematic 
small bias in 

FRP 

The random 
(spatially) and 

systematic 
(altitude) 

effects can 
result 

systematic 
small bias in 

FRP 

Radom effect 

 

4.3.3 Uncertainty effects associated with data processing 

Brightness temperature to radiance conversion 

This process relies on the inverse form of the Planck function and therefore BT uncertainties should be 
propagated taking into account the specific SRF of the άƳƛƳƛŎέ SLSTR filter that is installed on the 
camera. However, the Planck function assumes the target is a perfect black body (emissivity equal to 
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1) and the uncertainty associated with this assumption and SRF effects need to be assessed for their 
impact. 

Geo correction and orthorectification uncertainty sources 

The approach implemented by APL does not currently propagate uncertainties associated with the 
navigation and geo-position system accuracies and the DEM product uncertainties (section 4.2.2). 
Although these uncertainties would not directly impact the measurement function, the derived 
geolocation uncertainties can provide useful information for the compositing process and inform any 
post processing PSF analysis. It is important to note that a spatial resampling step (nearest-
neighbourhood) is applied to create a finer resolution image (from 3 m to 1 m), as such this results in 
a radiometric effect that are correlated-error between pixels.  

Compositing error representation 

The current approach to build a map of brightness temperatures covering the entire monitored fire 
sometimes relies on using different frames from the same, or different flight lines. This is required 
when the fire front is larger than can be captured with only one frame. The uncertainties associated 
with this process are: 

¶ Those imposed by using the mean rule for selecting the representative BT value of each pixel. 
This introduces a break in consistency if VZA dependent atmospheric transmissivities are 
applied for each pixel.  When this is the case, uncertainty induced by alternative VZA values 
needs to be consider in the atmospheric correction and the variability of BT values also need 
to be considered.   

¶ Directly related to the previous point, the frame selection process is also prone to 
uncertainties. To minimize the uncertainties induced by longer atmospheric pathways and 
camera lens distortion effects (section 7.3.1), the distribution of VZA values of active fire pixels 
should be considered, meaning one concentrated on smaller VZAs is preferable. 

¶ Temporal differences between frames of different flight lines also introduce uncertainty. 
Although BT measurements are accurate, the uncertainties should represent the primary goal 
of generating an in-situ measurement representation for validation purposes. Fire is high 
dynamic event, and as such uncertainties for each pixel should take into account the temporal 
distance to a reference time tag - the satellite overpass. The temporal mismatch analysis 
conducted in section 7.1.1, shows that there is an average 2 % variability (1-sigma) per minute 
in the FRP rate of change, meaning that these should be taking into account when creating the 
composite BT image and associate uncertainties. To note that the average time interval 
required for the plane to perform another overpass is 2 minutes.      

Atmospheric transmissivity  

The process of deriving atmospheric transmissivity relies on MODTRAN-based simulations whereby 
input data from radiosonde is assimilated. Currently no uncertainty is derived for this term, but the 
same approach used for the spaceborne measurements, adjusted for the ǇƭŀƴŜΩǎ flight altitude, 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 section 4.2.2), 
temporal difference to the radiosonde data collection, plane altitude variability, MODTRAN model 
errors, and unaccounted effects like the influence of aerosols on MWIR radiances. As already discussed 
in section 3.3.4 these remain poorly characterized and quantified. In addition, other atmospheric 
contributions as discussed in section 3.2.7 can also play a role. 

 

Table 21 - Effects table for the uncertainty sources associated with data processing. 

Name of effect   
emissivity 

assumption 
SRF effects 

geo 
resampling 

effects 

compositing 
effects 

temporal 
mismatch 

between flight 
lines 

radiosonde 
time 

differences 

Instrument   N/A N/A N/A N/A N/A N/A 

Contribution 
identifier 

   u( )ʁ u(SRF) u(L_HDRi,j,t) u(BT_HDR) u(BT_HDR)  u(Tatm,i,j,t) 

Measurement 
equation 
parameter(s) subject 
to effect 

    ǳόʶύ SRF L_HDRi,j,t BT_HDR BT_HDR  Tatm,i,j,t 

Maturity of analysis 
Maturity of 
uncertainty 
estimate 

0 1 0 0 1 0 

  
Maturity of 
correlation scale 
estimate 

0 2 0 0 2 0 

  

If maturity of 
estimate is 0 or 
1, how 
significant do 
you expect this 
effect to be on 
pixel-level 
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 0 0 0 0 0 unknown 
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Pixel frame 
position 

0 0 unknown unknown 0 0 

  Flight line 0 0 0 0   0 

Uncertainty PDF 
shape 

  
assumed 
gaussian 

assumed 
gaussian 

assumed 
gaussian 

assumed 
gaussian 

assumed 
gaussian 

assumed 
gaussian 

Uncertainty & units   unknown 
2 K across the 
temperature 

range 
unknown unknown 

2 % variability 
per minute 

depends on 
daily 

variability of 
atmospheric 
parameters 

Sensitivity coefficient               

Correlation(s) 
between affected 
parameters 

  none 
dependent 

on T housing 
None 

dependent 
on T housing 

  None 

Impact of the effect 
on the fire event FRP 

  
systematic 

effect 
systematic 

effect  

systematic 
small bias in 

FRP 

systematic 
small bias in 

FRP 

lead to 
systematic bias 

in FRP 

lead to 
systematic 
bias in the 

transmissivity 
and FRP 

 

4.3.4 Uncertainty effects impacting the FRP measurement function 

FRP parameter 

The characterization of the uncertainty source associated with the FRP parameter is identical of that 
for the spaceborne measurements. as addressed in section 7.2.1, this uncertainty is classed as 
representative and systematic, where differences to the spaceborne parameter are due to the spectral 
response function differences. It is important that temperature range consistency is assured and that 
the same approach is used to derive the parameter. For the airborne case the parameter value is 3.28 
W m-2 sr-1 µm-1 K-4 and its relative uncertainty is 7.78 % (1-sigma).  

Background radiance characterization 

As detailed in section 4.2.2, the process of deriving background radiance is complex as it relies on 
measurements from a LWIR camera and a series of transformation/simulations relying on forward and 
inverse atmospheric corrections. At present, uncertainty propagation through this process is not 
accounted for, as there are plans to use an additional MWIR thermal camera dedicated to measure 
background radiance. In principle, the same MWIR camera in a different operation mode can be used 
to measure background radiance in a dedicated flight line (either before or after the fire survey during 
the satellite overpass). In this case, temporal mismatch is not important as the non-fire background 
changes are much smaller when compared to the active fire ones. Unfortunately, the camera used 
cannot be used to track such low temperatures in this way, not only due to noise issues but also 
because it is very susceptible to housing temperature changes. As explored in section 7.3.2, potential 
background BT measurements would require a change in the mode of operation of the spinning wheel. 
The analysis showed that the spinning wheel significantly impacts housing temperatures and the setup 
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requires at least one hour to stabilize, making the one-camera system not fit for purpose for recording 
background radiances shortly before or after a fire survey.  

Another source of uncertainty is associated with the sampling of identified non-fire background pixels 
in the composite image. For accurate FRP retrieval, only pixels with unburned vegetation that is 
represented of the vegetation that is consumed should be selected. However, selection is highly expert 
based which can be subject to bias, and a large sample should be collected in order to derive sampling 
(representation) uncertainty.  

+0 term on the measuring function: Directional effects 

As discussed previously in section 3.3.7, environmental effects such as vegetation structure can have 
a significant impact on retrieved FRP, and its impact can be higher on airborne retrievals due to its 
finer resolution. Although difficult to disentangle from sensor-related effects, an analysis based on 
airborne data collected for the purpose is presented in section 7.3.4. 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 observed (ς0.30 % ± 0.16 % per degree), while 
over the wildfire a steeper gradient is observed (ς0.52 % ± 0.25 % per degree), consistent with the 
presence of vegetation that increasingly obscures the fire at higher VZAs. In addition, retrievals over 
the wildfire suggest differences between observations made from behind and ahead of the flame-
front, consistent with a burned surface un-obstructing the line-of-sight to the flame - in the behind 
case - and partially blocked line-of-sight by unburned vegetation - in the ahead case.  

The laboratory results (section 7.3.1) indicate that the camera itself introduces minimal VZA-related 
error under ideal conditions. These airborne findings therefore demonstrate that environmental and 
scene-geometry effectsτnot sensor characteristicsτare the primary drivers of angle-dependent FRP 
variability in real fire observations. However, further work is required to confidently confirm this as 
variability introduced by a three-dimensional flame structure, wind-driven motion, and turbulence can 
also play a role. Understanding these contributions and impact is important for quantifying and 
propagating airborne FRP retrieval uncertainty, inform flightline planning and improve our 
understanding of airborne-spaceborne biases.  

 

Table 22 ς Effects table for the additional uncertainty sources associated with the measurement function of 
airborne FRP retrievals. 

Name of effect   

radiance 
equivalence 

effects 
(background) 

directional 
effects 

Instrument   N/A N/A 

Contribution identifier   u(Lbref ) u(FRPx,y,t) 

Measurement equation 
parameter(s) subject to 
effect 

  Lbref  FRPx,y,t 

Maturity of analysis 
Maturity of 
uncertainty 
estimate 

1 1 
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Maturity of 
correlation scale 
estimate 

2 1 

  

If maturity of 
estimate is 0 or 1, 
how significant do 
you expect this 
effect to be on 
pixel-level 
estimates? 

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? 

minor Minor 

Correlation form/type Time independent independent 

  
Pixel frame 
position 

Independent triangular 

  Flight line independent Independent 

Correlation scale Time 0 0 

  
Pixel frame 
position 

0 unknown 

  Flight line 0 0 

Uncertainty PDF shape   
assumed 
gaussian 

assumed 
gaussian 

Uncertainty & units   unknow 

 FRP is ς0.30 
% per degree 
for gas flares 
and ς0.52 % 

per degree for 
wildfires 

Sensitivity coefficient       

Correlation(s) between 
affected parameters 

  

depend on HD 
head LWIR, 

Modtran, and 
Radiosonde 
parameters 

depend on 
VZA 

Impact of the effect on 
the fire event FRP 

  
lead to 

systematic bias 
in FRP 

lead to 
systematic 

bias over off-
nadir pixels 
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4.3.5 Airborne FRP retrieval uncertainty 

The current approach for quantifying uncertainty of airborne FRP retrievals is solely based on the 
representation uncertainty associated with the BT threshold selection in the fire mask processing step 
(section 4.2.3). FRP uncertainty is represented by the FRP value interval that results in case the fire 
mask BT threshold is between 300 K and 370 K (red uncertainty bars in Figure 32). It is an uneven 
rectangular distribution that, although indicative, cannot be considered comprehensive. As for the 
spaceborne retrievals, a metrological approach can be applied to bring together the uncertainty 
sources that contribute to the BT measurements (for active fire and the unburned background), the 
transmissivity, the FRP parameter and all the process-based uncertainty effects.  
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5. Validation Comparison Model 

5.1 The framework 

5.1.1 Validation exercise 

The validation framework for spaceborne FRP retrievals is based on the comparison with independent 
FRP retrievals made using an airborne measurement-based approach, as illustrated in Figure 45. As 
wildfires are highly dynamic, spatially and temporally, measurements need to be done in near-
simultaneous conditions (a matchup) and observational differences need to be minimized as much as 
possible (section 4.1.2).  

The validation exercise is based on comparisons made at fire event level, meaning that spatial 
aggregation of FRP - by means of pixel-based sums - needs to necessarily occur for the airborne 
retrievals, but also for the spaceborne if the monitored fire is made of a cluster of AF detections. Pairs 
of space and airborne total FRP retrievals are evaluated individually for each match-up for conformity 
testing and the full set of matchups is evaluate for consistency and overall performance (Figure 46 ς 
Validation exercise of Sentinel-3 Level 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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Figure 45 - Illustration of the sentinel-3 SLSTR FRP validation framework approach based on the generation 
of independent reference measurements retrieved by an airborne platform (image generated by Orate AI 
tool). 
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Figure 46 ς Validation exercise of Sentinel-3 Level 2 FRP retrievals using independent reference airborne FRP 
retrievals made during the FIDEX and FIDEX 2 campaigns over Canada (Source: KCL fire group).  

 

5.1.2 Performance Metrics 

The most used pairwise validation metrics are the correlation coefficient between the two datasets, 
the bias (mean difference), and the root-mean square deviation for which detail description of 
different estimation metrics, their limitations and advantages are detailed in Loew et al. (2017). Even 
though these metrics are often considered complementary, they are strongly interrelated. For the case 
of validation of spaceborne FRP retrievals using independent airborne data the following are applied:  

¶ The correlation between the spaceborne-airborne datasets ς 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 data sets is normalized by their 
respective standard deviations. As such, the correlation provides an indication of what variability 
observed by the spaceborne that is evidenced by the independent airborne 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 mode. The metric 
is sensitive only to random effects if these are dominant. 

¶ Bias between spaceborne-airborne datasets ς It is a statistical measure the mean proportional 
difference between the two datasets. In this case, a linear model regression forced through the 
origin is used by applying a specific formulation that omits the intercept term. Because the 
combined uncertainties of the dataset may not be symmetrical, a Monte-Carlo approach is used 
to generate 1000 dataset replications by randomly selecting values within their uncertainty range. 
The resulting mean and 1-sigma standard deviation of the fitting simulations, represent the bias 
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and its uncertainty. This approach assumes temporal stability and that systematic effects are not 
dominant. The rational for an origin forced linear model is routed in the physical reason that there 
is no FRP over non-active 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 spaceborne FRP retrievals to be consistently underrepresented and at the same time 
overrepresenting the background non-fire characterization. In this context, it is advised always to 
compare results with the full linear model.  

In metrology an approach to άvalidateέ uncertainties is defined based on comparison exercises. 
Originally design for lab-based measurement intercomparison exercises, the derived metric can be 
extended in the case to a validation exercise such as the one addressed in this document.  For a satellite 
matchup, the comparative analysis made between the two independent FRP retrievals (spaceborne 
and airborne), each with full uncertainty propagated, the equivalence ratio (EN) can be calculated as: 

Ὁ
” ”

Ὧ ό ό ό
 

where ”sat and ”air are the space and airborne FRP measurement values and όsat and όair are the two 
standard uncertainties associated with those measured values. ό represents the standard uncertainty 
associated with the comparison itself (e.g., from the uncertainties due to the differences between the 
observation conditions ς the matchup-based uncertainties). An equivalence ratio Ὁὔ < 1 suggests that 
the two measured values agree within their uncertainties, while a larger Ὁὔ ratio suggests that at least 
one uncertainty is underestimated. Assuming that uncertainties associated with both measurements 
are well represented, the formula can be used for consistency checking between measured differences 
(Immler et al., 2010). To note that  ό represents all additional uncertainties due to differences in 
colocation/representativeness. In this case, it can take the following form: 

ό ό ό ό ό  

Where ό  relates to the temporal mismatch effect, ό and ό  relates to the representativeness 

uncertainty that result from the AF detection algorithm, and ό relates to the uncertainty 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 section 3.2.2 and 4.2.3, highlight the scale differences between the space 
and airborne measurements. Whereas spaceborne retrievals are made at 1 km and 0.1 second 
resolutions, airborne retrievals are made at metre and multiple time minute resolution scale, meaning 
that there is a 1/1000 spatial, and 1/10 temporal, scale difference in resolutions between retrievals. In 
addition, differences in instrumentation and observation conditions, subject under different or 
common uncertainty sources, that can be random or systematic and propagate throughout their 
respective processing chain in a correlated or uncorrelated way to be combined into fire-based FRP 
uncertainty.   
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It is difficult to disentangle and characterize all sources of uncertainty individually associated with 
pixels-based FRP retrievals, but attempts have been done on the sections dedicated to spaceborne 
(section 3.3) and airborne (section 4.3) measurements. Furthermore, due to different scale and 
observation conditions, additional sources of uncertainty impact the comparison exercise. The 
following are additional effects that need to be considered within a validation exercise: 

¶ Background characterization representation ς there is a significant difference in terms of 
representation on what radiance is measured as background. Whereas in airborne retrievals 
background BT are measured of pixels with no fire activity located in the vicinity of the ongoing 
fire, and therefore measuring the actual radiance equivalence of the background, in the 
spaceborne retrievals, the radiance is based on an average of neighbouring pixels, that although 
an effort is made to exclude non-vegetated dominated pixels, the spectral mixture emitted from 
different types of land surface within those pixels can be high, potentially including radiances that 
are fire related, and therefore overestimating the estimated background resulting in a 
underestimation of the retrieved spaceborne FRP. LǘΩǎ ŜȄǇŜŎǘŜŘ that the estimated uncertainty of 
background radiance for the spaceborne retrievals - the standard deviation, of a growing 
neighbouring pixel area ς captures the landscape radiance variability, but this assumes that the 
level of mixture that occurs at subpixel scale is the same that occurs at multi-pixel size scale.     

¶ Spaceborne representation uncertainty ς this source of uncertainty is associated with the AF 
clustering representation and the uncertainty associated with the size and location of the fire 
within the satellite pixel. The former being related to the previous point, where the AF detection 
algorithm can fail to detect fire activity and therefore not estimate the total FRP associated with 
the fire cluster. AF detection is based on series of spectral and contextual tests assumed to have 
been parametrized based on expert judgement. This type of type of classification uncertainty has 
not been currently assessed, although the analysis conducted in section 7.1.2, provides an 
indication on the minimum fire size of 17% of the SLSTR pixel to assure (100 %) sentinel-3 SLSTR 
detection. The uncertainty effect associated with the impact of the SLSTR sensor PSF, as shown in 
section 7.2.2, FRP underestimation can occur whŜƴ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘŜ άǘǊǳŜ Cwtέ and is 
dependent on the location and size of the fire within the sensor pixel, with (for SIVIRI case) a value 
of -11.7% when averaged across all fire sizes and over a temperature range between 600 and 
1300 K, and reaching -37% when introducing the spatial uncertainty. Such an effect, and its 
associated variability, can severely hinder any comparison with airborne data for which this effect 
is not present. Deriving dedicated satellite sensor estimates, or in this case for SLSTR, is essential 
to contextualise comparison differences. 

¶ Airborne representation uncertainty ς due to the process under which the fire mask associated 
with the airborne imagery is generated ς based on a cumulative statistical approach on observed 
BTs - representation uncertainties result from the use of a single fixed threshold applied to the 
composite image (section 4.2.3). However, depending on the variability and type of burning 
vegetation and on the stage of the burning process, active fire pixels could still remain 
unaccounted for, and in cases of highly fragmented burning patterns ǘƘŜ ŎŀƳŜǊŀΩǎ ƻǿƴ t{C can 
induce contaminated radiances from nearby pixels. In addition, for complex scenarios with many 
fires taking place in the vicinity, the area limitations imposed by the monitoring satellite sensor, 
and associated uncertainty, should be considered.     
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¶ Temporal mismatch - In section 7.1.1, the analysis on the variability of the rate of change in FRP 
showed an average value of 2 % per minute. In addition, the campaign-based results, in section 
7.3.4 addressing directional effects, show similar results when focusing on the nadir overpasses 
over the wildfire. This source of uncertainty is important not only to be considered for the 
composite process of the airborne image, but also the mismatch between the time of the satellite 
overpass and the reference time associated with the airborne image, need to be considered. 
Ideally the flight line time nearest to the satellite overpass should be selected at the reference 
compositing time. 
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6. Conclusions and summary 

This section summarises the main contributions of the FRM4Fire project ς Phase 1 - to improving our 
understanding of the uncertainty sources that affect FRP retrievals from both spaceborne and airborne 
observations, as well as their corresponding validation exercises when comparing the measurement 
approaches. To this end, a series of analyses were conducted, each focussing on specific uncertainty 
sources, input quantities, or parameters. Collectively, these activities provide valuable insights to 
support the development of the next iteration of a measurement and validation protocol best suited 
for the purpose. In particular, the following aspects are highlighted:  

¶ The lab-based characterisation of the MWIR thermal camera used for airborne FRP 

measurements enabled improved geometrical correction for lens distortion and a clearer 

understanding of its operational limits for the measuring fire and background temperatures. 

As a result, improved PPVVs can improve geo-referencing, and potentially better quality 

mosaics, for example by applying a VZA-based screening approach to exclude viewing angles 

associated with high uncertainty. This analysis also led to the conclusion that the same ImageIR 

camera cannot be used for the background temperature characterisation due to radiometric 

and temporal stability issues. Although technical challenges prevented a full analysis of the 

PSF, a strategy for its characterisation was developed that can be applied in the next phase of 

the project. 

¶ Previously unaccounted uncertainty sources associated with the Sentinel-3 Level 2 NRT FRP 

product were identified. In particular, the uncertainty related to the pixel area as currently 

processed can represent an added ~5% contribution, which could be avoided by using pixel 

areas calculated at Level 1a. Furthermore, simulations using a SEVIRI-twin model showed that 

the location of the fire within a pixel can introduce significant errors due to the sensor PSF. A 

similar modelling approach conducted using an SLSTR-twin model also found significant errors 

on FRP retrievals when using the S7 channel, which led to the primary use of the lower-gain 

F1 channel, leading to substantially lower errors. 

¶ Certain parameters, such as the FRP parameter in the measurement function, contribute 

significantly to the overall uncertainty in FRP retrievals. This parameter is defined using certain 

assumptions about temperature range and distribution that need to be standardised to enable 

meaningful comparisons between measurements and products. In addition, the parameter 

and its associated uncertainty are sensitive to the SRF of the sensor. Therefore, the FRP 

parameter should be estimated using the full spectral range of the sensor SRF and a 

community-agreed estimation standard is needed to ensure product interoperability. 

¶ άTemporal mismatchέ could be considered not only in the airborne image compositing process 

but also during the validation exercise. An analysis performed using FRP retrievals from 

geostationary data indicated that, over wildfires, the variability in rate of FRP change is 

generally around ~2% per minute. It could therefore be beneficial to define a temporal 

reference between airborne FRP retrievals, from which a temporal mismatch uncertainty 

contribution can be quantified.   
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¶ The impact of retrieving FRP over fire clusters was highlighted using the SEVIRI-based results. 

These demonstrate not only the importance of the position of the fire within the pixel, but also 

the contribution from radiances in neighbouring pixels. Undetected AFs can therefore 

introduce errors and lead to underestimation. While uncertainty effects related to the 

detection approach were not addressed in this phase, the sensitivity of the detection 

algorithms to their parameters requires further evaluation. A preliminary analysis using high 

resolution AF detections over North America suggests that only fire-affected area of the size 

~170 Landsat OLI pixels ensure 100% detection by Sentinel-3 STSTR. Further geographically 

expended analysis is needed to assess representativeness and to relate these findings to SLSTR 

PSF-induced FRP variability. 

¶ Directional effects that have previously only been explored using modelling were identified in 

airborne-based observational FRP retrievals. These were linked with environmental factors 

such as vegetation occlusion and the three-dimensional geometry of hotspots. 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 increasing the dataset size and linking 

the directional effects of FRP to the specific vegetation structure of a scene using LiDAR or SfM 

data. 

 

Similarly, here are some of the identified limitations 

¶ Due to data access limitations, characterisation of the error-correlation structure associated 

with the uncertainty effects is limited and often relies on expert judgement. In addition, 

correlations between input parameters in the measurement function were not evaluated; 

consequently, shared uncertainty contributions from pointing errors and SRF effects are not 

accounted for. 

¶ For some uncertainty source, it is not possible to disentangle measurement uncertainty from 

model error without a model-based sensitivity analysis. No comprehensive model was planned 

or developed in this phase, and this should be addressed in future work.  

¶ Time constraints prevented the development of a dedicated uncertainty budget for the 

airborne FRP retrievals. The present document therefore serves as a starting guide for the 

development of a comprehensive E2E propagation model, in accordance with Step 4 of the 

QA4EO framework.     

  



 

 

Fiducial Reference Measurements for Fire 

D1.0 Uncertainty budget document in support of 
Copernicus Sentinel-3 calibration and validation  

 
Version 1.0 
Date: 29/12/2025 

Page:  121 

 

 

FRM4FIRE Project 2025 FRM4FIRE Project 4000145645/24/NL/IB/ab 
 

7. Supporting analyses 

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 released back to the atmosphere in a shorth period of 
days or even of hours. This means that the rate of change of radiative power from an ongoing fire 
depends on the available fuel load and the environmental factors. This high dynamic characteristic 
presents a challenge in a comparison between 2 independent measurements when these are not made 
at exactly the same time, as in the case of a validation exercise. The extent to which time differences 
could impact the comparison model (Section 5) and the compositing process for the airborne data 
(Section 4) needs to be understood.  

The objective of this section is to characterize the variability of the FRP rate of change, focussing on 
the period of the satellite overpass, in order to inform the uncertainty propagation model what the  
temporal mismatch (between satellite and airborne measurements) contribution is.  

The approach to characterizing temporal mismatch 
 

In order to characterize the rate of change of the FRP throughout the day we use retrievals made by 
geostationary satellites. The high frequency of observation (10-15 minutes) can allow for the 
characterization of the fire daily cycle, if enough fire detections are available to extract a statistically 
significant sample size at each temporal step. 

The following steps are taken:  

1 - Identify pixels that characterize a wildfire event - This first step aims at identifying the pixels that 
have enough detections that could relate to an ongoing wildfire. For every geostationary-based 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/SERIVI are retained. These values ensured that at least a fire 
occurred that lasted for most of a day. It is assumed that the distribution of detections (Figure 47) is 
concentrated within days and not spread out in each month. For this analysis the following products 
covering the same common period from 2020 to 2024 were used: 

¶ IPMA-KCL CEOS-E (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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¶ IPMA-KCL CEOS-W (18) FRP product, with detections retrieved using the ABI sensor at a 

frequency of 10 minutes with at spatial resolution at Nadir (located at -141.25 W) 

¶ IPMA-KCL 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) 

¶ MSG-11 FRP product (ls105), with detections retrieved using the SEVIRI sensor at a frequency 

of 15 minutes with at spatial resolution at Nadir (located at 0 longitude)  

¶ MSG-9 FRP product (ls105), with detections retrieved using the SEVIRI sensor at a frequency 

of 15 minutes with at spatial resolution at Nadir (located at 45.5 E) 

 

Figure 47 - Frequency distribution of the number of GOES pixels by number of monthly AF detections that occur 
within the pixels. Colours represent the 12 months of the year. It can be seen that August and September are 
characterized by higher activity independent of the number of AFs. 

  

2- Screen non-fire related activity - this step aimed to eliminate all non-fire detection activity. Using 
the embedded product flags and the CCI LC, aggregated to 0.25 cells, to screen pixels that were located 
within a cell that its landcover class was not flagged all as burnable vegetation. In addition, a screening 
threshold was used to eliminate all cases where monthly detections where higher than 500. This 
threshold was defined through visual inspection (Figure 48) and allowed to identify the cases where 
industrial activity was ongoing.  
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Figure 48 - Location of CEOS pixels with fire activity during the month of August. Blue and red highlights are 
screen out of the analysis AF sample as these are associated with industrial activity, either by being over water 
or flagged by very high persistence.  

  

3 - Define common temporal reference - in order to aggregate all pixel activity to extract statistics, the 
time of each detection was recalculated according to solar time. This assumes that the main driver that 
shapes fire activity is the environmental conditions, meaning that it is expected that fire activity is 
higher near solar noon and reduces during the night. The solar time associated with every tracked pixel 
fire was calculated and used as reference for aggregation. 

  

4 - FRP rate of change - For 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 assuming a linear rate of change between 
satellite observations. For each time step of the of the satellite period the average, and associated 
standard deviation, of all FRP rate of change was calculated. Figure 49 highlights daily variations of rate 
of change in FRP, according to what is understood to be a daily evolution of an ongoing fire, and the 
difference between day and night.   
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Figure 49 ς Daily variation of the average rate of FRP rate of change (in relative terms) and associated standard 
deviation (2-sigma) over all sampled active fires by solar time during year 2022. Grey areas highlight S3 
satellite overpass time up 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 that results from a majority class filter, to associate each pixel to a LC class. Statistics 
for the relative change of FRP were calculate by LC class restricted for the Sentinel-3 overpass period.  
The aggregation showed that, either during day or night overpasses, on average the results are very 
consistent between similar type landcover classes (Figure 50), but significant differences can exist 
(Welch 2-way test, p-val>0.05) between unrelated LC classes. In addition, for some LC classes night 
and day are significantly different. As such, we decided to retain the LC class differentiation as an 
indicator of spatial variability, meaning that the rate of change and its variability within the LC class 
was retained for the LC classes with a sample size of at least 50 gridcells.    

 

Figure 50 - Average rate of change and associate standard deviation (left axis) of CEOS FRP detection that 
occur during the day (red) and night (blue) S3 overpass period by landcover class as defined CCI land cover 
product. Bars related to the sample size during the period 2020-2022 (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 location. This means that at higher latitudes, the same location 
on the ground can be seen by multiple orbits in contrast with a location at the equator, where only a 
single orbit is able to track it (Figure 51). As such, the process was applied by latitude band in order to 
account for a change in potential overpass periods. In addition, because the same LC area location can 
be observed by 2 different geostationary satellites, a weighting factor was introduced when calculating 
the average value for each 0.25 gridcell at the global scale. The weighting factor was based on the 
gridcell distance to the geostationary satellite nadir. Figure 52 shows the spatially explicit variability in 
FRP rate of change [%/min] as detected during the day and night sentinel 3 overpasses. The results 
show that the variability in FRP rate of change can vary between 0.4% and 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) the spatial variability of those values is lower. During the night, the spatial 
variability is higher although, 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 hindered by the high VZA of the 
geostationary satellites. Over these areas, one should use these results with caution.     

  

 

Figure 51 ς SLTSR(S3B) overpass time (solar hour) distribution by latitudinal belts. Estimates were obtained by 
propagating S3B orbit for 1 year and taking in consideration the cross-scan range on the surface. Due to the 
sun-synchronous polar orbit configuration of S3B, the possible temporal range for detections is higher for 
higher latitude in comparison with the ones close to the equator.  
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Figure 52 ς Spatial distribution of the FRP rate of change variability (1-sigma) during the day (upper plot) and 
night (lower plot) S3 overpass times. Estimates were calculated per LC and weighted by latitude belt in order 
to consider range of possible satellite overpass time. Although in general the variability is higher during night, 
the average FRP retrievals are lower range. 

  












































































































































































