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1 Introduction

1.1 Scope of the document

In this document describe the various strategies used to validate spaceborne Fire radiative Power (FRP)
products, focusing on their requirements and limitations in the context of developing an integrated
strategy, one that makes use of in-situ measurements and cross-validation exercises between
spaceborne products. To understand these requirements, we first review and discuss the defined
international accuracy standards for spaceborne products, the validation framework maturity, and the
principles of generating high quality in-situ measurements. We then quickly review the current
validation strategies followed by a gap analysis identifying the main challenges in the context of
defining a comprehensive validation strategy. Future opportunities, in the context of space missions,
either commercial or agency based, are identified followed by a roadmap of proposed activities to be
addressed for phase 2 of the project. The overarching goal of this document is to serve as the starting
point for discussions for the development of the Committee on Earth Observation Satellites (CEQS)
Land Product Validation (LPV) Active Fire and FRP validation protocol, one that includes the protocol
for generating in-situ reference measurements using airborne campaigns [D2] but also one that
addressed cross-validation efforts.

1.2 Structure of the document

Section 1 —introduction and scope of the document

Section 2 - a review of the international defined standards and requirements for product generations
and validation, focusing on how these apply to FRP products.

e the Global Climate Observing System (GCOS) Essential environment variables (ECV)
requirements with focus on uncertainties.

e the CEOS LPV validation stages and how these relate to FRP spaceborne products, in terms of
the maturity requirements that need to be achieved at every stage.

e the Fiducial Reference Measurements (FRMs) concept and what that means in terms of
requirements for FRP validation, how do these relate to the CEOS LPV framework and what
are the requirements and maturity levels for generating FRM classed data.

Section 3 - reviews the current approaches to validate spaceborne FRP products and puts them in
context of the definitions and requirements outlined in section 2. These include the advantages and
limitation of such methods as:

e Comparison with in-situ data from airborne and tower-based platforms over prescribed burns
and wildfires.

® Product intercomparisons exercises at near simultaneous observations, statistical based
approaches, or combined with proxy data such as burned area progression maps.
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Section 4 — identifies the current gaps and challenges for spaceborne FRP validation, followed by the
identification of opportunities of current and future missions and space activities for knowledge
improvement and uncertainty reduction.

Section 5 - outlines an integrated approach for spaceborne FRP validation, one anchored by airborne

based measurements linked to cross-validation exercises. Taking this into consideration, we finish with
an outline for research activities proposed to be carried out for phase-2 of the FRM4fire project.
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2 The International Standards

In this section we review the main international standards defining the requirements for spaceborne
FRP retrieval products, the validation framework and the recently developed concept of Fiducial
Reference Measurement (FRM).

2.1 GCOS Requirements

The GCOS overseas defines and establishes the requirements for Essential Climate Variable (ECV)
requirements. Since 2016 Fire Radiative Power (FRP) has been designated as key variable part of the
fire disturbance ECV (GCOS-200, 2016) and sequent revisions of the requirements through
consultation have led to the current requirements outlined in the GCOS ECVs Requirements document
(GCOS-245, 2022), as in (Table 1). The ongoing ECV Rationalisation is not focused on revising these
requirements, just how ECVs are grouped and how the framework is structured and the revision

process. The requirements have been categorized according to 3 defined targets:

Goal (G): Represents the ideal requirement that surpasses the need for further improvements.

Breakthrough (B): An intermediate level between the threshold and the goal, achieving which
would result in a significant enhancement for the targeted application. The breakthrough value
may vary for different uses within climate monitoring.

Threshold (T): The minimum requirement that must be met to ensure the usefulness of the

data.

Table 1 - The Global Climate Observing System (GCOS) requirements for FRP products associated with the Fire

Perturbation Essential Climate Variable (ECV) (GCOS-245, 2022).

Requirement Unit Accuracy Value Derivation and References and Standards
This resolution reflects need to detect small and cool fires (including
- . . underground peat fires and fires occurring under forest canopies) and
. Minimum mapping unit G 50 X X X . X L
Horizontal . is mostly required by fire which the managers and fire extinction
R m to which the FRP X
Resolution roduct refers services
P B 250
T 5000 Reflects experience using legacy AVHRR GAC data
Minimum temporal G 5 5-min goal reflects need to detect rapidly moving and short-lived fires.
Temporal . period to which the FRP 2-hour breakthrough reflects need to monitor diurnal active fire
) min product refers (values B 120 -
Resolution specified regardless of variability.
P g 12-hour threshold reflects experience with legacy fire of cloud data
cloud conditions) T 720
sets.
G 1 For climate applications timeliness is less critical
X . Requirement values reflect need to analyse climate anomalies and
Timeliness day B 7 X .
their effects shortly after fire occurrence
T 365
MW/km-2 G 05
Measuremen of detector B 1 Goal based on need to quantify FRP of
t uncertainty ground small and cool smouldering fires
footprint T
G 0
Measures
Stabilit
abfiity of omission B 1

FRMA4FIRE Project
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and
commission Percentage reflects the relative increase or decrease in reported
over the T 2 global total FRP of active fire detection grid cells over a 10-year
available period.
time period

The requirement associated with the measured uncertainty is defined according to the sensor’s ground
footprint, determined by the pixel location within the sensor’s swath, so it can be applicable to varying
spatial resolutions, to different sensors and FRP products. In essence, the requirement is a density-
based indicator - FRP uncertainty normalised by pixel area - that allows for product producers and
users to comply according to the sensor’s spatial resolution. For illustrative proposed, Figure 1a shows
the estimated indicator adapted for the Sea and Land Surface Temperature Radiometer (SLSTR) mid
wave infrared (MWIR) channel scanning at nadir (blue lines) and at the edge of the swath (green lines),
assuming a derived FRP product relative uncertainty of 1%, 5%, 10% and 20% across detections
between 0 and 1000 MW. These scenarios shows that only for the case of the 1% relative uncertainty,
and only for pixels nearer to the edge of the swath, does a product achieve compliance with the GCOS
target requirements. For all other cases that assume larger relative uncertainties this requirement is
not achieved, namely for the large FRP retrievals. This result is a direct consequence of the combination
of smaller footprints and the fact that uncertainty is proportional across all FRP retrievals.

Similarly, when considering the sensor’s ground footprint range for the three spaceborne FRP products
that provide uncertainties (KCL-IPMA GOES/ABI FRP, IPMA MSG/SEVIRI FRP and S3/SLSTR L2 NTC FRP),
Figures 1b and c simulate the range of requirement indicator for scenarios whereby the products are
characterized by a relative uncertainty of 1% and 10% across all FRP detections, respectively. GCOS
compliance is only assured — totally for GEO-based sensors and partially for the LEO — if the products
are characterized by a relative uncertainty of 1%. As shown in D1 - Uncertainty budget document in
support of Copernicus Sentinel-3 calibration and validation (section 3.3.8), the estimated average relative
uncertainty of the SLSTR product is characterized by a steep decrease from 40% to around 14% up to
a 100 MW FRP followed by a slight trend and stabilization at 13% for higher FRP values. Using these
SLSTR -based estimates, and the ones calculated for the GOES-ABI and MSG-SEVERI FRP products,
Figure 1d shows the corresponding requirement indicator across all FRP retrievals. The results show
that, on average, compliance with the GCOS target requirement can only occur for low intensity
detections, specifically below 100MW for SLSTR and ABI, and below 200MW case for SEVIRI. However,
the GEO-based sensors are themselves characterized by detection limitations for lower FRP retrievals.
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Figure 1 - (Top left) FRP uncertainty spatial density of FRP detections between 1 and 1000 MW for simulated
SLSRT pixels at the nadir and edge of the swath positions of the SLSTR sensor, assuming relative uncertainties
of 1%, 5%, 10% and 20%. (Top left and bottom right) expected range of FRP uncertainty density across all pixel
locations within the swath for the $3/SLSTR, GOES/ABI and MSG/SEVERI FRP products, assuming relative
uncertainties of 1% and 10%, and (bottom left) the FRP uncertainty based on the average estimated relative
uncertainties associated with the products. Black horizontal lines indicate the three defined GCOS
requirements for product uncertainty.

As discussed in D1, SLSTR relative uncertainty reduces significantly but stabilizes around 13%. The same
pattern is observed for the other GEO-based products but at higher percentages. As discussed in D1
(section 7.2.1), the revised uncertainty associated with the FRP parameter of the measurement
function for the SLSTR sensor is 7.6%, meaning that independently of any improvements in reducing
the contribution of the other sources of uncertainty, the product will always be limited by the
uncertainty associated with this parameter. The same can be stated for all other FRP products as they
apply the same direct MWIR approach to retrieve FRP. As such, at this stage compliance with the GCOS
requirements can only be achieved for a narrow range of low FRPs, independently of the sensor of the
product.

In terms of the independent reference data used for validation purposes such as that outlined in the
Validation and intercomparison protocol document [D2], the same compliance requirement is
expected. However, as the same direct MWIR approach is applied to retrieve FRP, the same compliance
limitations are to be expected for in-situ retrievals. In addition, data classed as FRM is expected to be
of higher accuracy and reduced uncertainty (Figure 2), and its difference to the spaceborne
measurement needs to be lower than the combined uncertainties (D1, section 5.1.2). At this stage,
such analysis has not been performed but will be a focus of the FRMA4fire stage 2 project.
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Figure 2 - 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 FRP product (red
line), the reference in-situ measurement (blue line), and the unknown true value (green line), and associated
uncertainties.

2.2 Land Product Validation stages

Recognizing the need for standardizing the way EO-based products are validated, the Committee on
Earth Observation Satellites (CEOS) Land Product Validation (LPV) working group has developed a
framework for product validation. This framework originated from a descriptive validation hierarchy
proposed by Morisette et al. (2006) to identify the degree of reliability of validation and reporting with
respect to independent reference data. The framework has evolved throughout the years, and
additional requirements have been added to match quality assurance (QA) needs. In this context, it is
expected that the framework will further evolve. The current framework (https://lpvs.gsfc.nasa.gov/)
is composed of 4 stages, reflecting the degree of validation reliability and product maturity, and is
general enough that can be applicable to any focus area, e.g., fire disturbance products. The validation
framework is designed to be based on a citable validation protocol, ideally based on comparison with
independent data classed as fiducial reference measurements (FRM), under an automated
framework/network. The validation stages are:

Stage 1: Product accuracy has been estimated using a small (typically < 30) set of locations and
time periods by comparison with in-situ or other suitable reference data.

Stage 2: Product accuracy is estimated over a significant (typically > 30) set of locations and
time periods by comparison with reference in situ or other suitable reference data. Spatial and
temporal consistency of the product, and its consistency with similar products, has been
evaluated over globally representative locations and time periods. Results are published in the
peer-reviewed literature.

Stage 3: Uncertainties in the product and its associated structure are well quantified over a
significant (typically > 30) set of locations and time periods representing global conditions by
comparison with reference in situ or other suitable reference data. Validation procedures
follow community-agreed-upon good practices. Spatial and temporal consistency of the

FRM4FIRE Project © 2025 NPL Management Ltd/FRM4FIRE Consortium ~ 4000145645/24/NL/IB/ab
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product, and its consistency with similar products, has been evaluated over globally
representative locations and time periods. Results are published in the peer-reviewed
literature.

Stage 4: Validation results for stage 3 are systematically updated when new product versions
are released or as the interannual time series expands. When appropriate for the product,
uncertainties in the product are quantified using fiducial reference measurements over a
global network of sites and time periods (if available).

For Fire Radiative Power (FRP) products meeting all requirements at every stage is challenging. For
example, independent data for validation is not based on field measurements per-se, but on thermal
imagery from airborne campaigns, and no FRM standard for FRP has been currently agreed by the
community to be endorsed by CEQOS. Additionally, uncertainty characterization of the EO product is
not always conducted using a metrological approach. Furthermore, due to the ephemeral nature of
fire, an automatic framework, as those provided by instruments over permanent validation sites, is not
a realistic approach for fire. Interpretation and adaptation of these requirements is therefore needed,
namely in the context FRP. As such, these are:

o In-situ data is data that is measured on the field using thermal cameras/sensors installed
on fixed positions (as in towers) monitoring an experimental burn exercise or mounted on
UAV drones\helicopters to monitor a small-scale fire. These measurements are
uncommon and restricted to observing smaller fires albeit at high spatial and temporal
frequency. For larger fires, it is more practical that the in-situ data be collected by sensors
mounted on aircraft which provide the capability to monitor larger fires that are more
representative of wildfires.

. Suitable reference data is understood to be the FRP retrievals that are produced
independently from the EO FRP retrieval process. These are understood to be of high
quality and generated using the best procedures, such as those proposed in D2. They are
the best representation of the “truth” but are not error free. These need to be generated
from higher resolution imagery (spatial) and a resampling approach needs to be applied to
match that of the EO product to validate.

o Set of locations refer to location of individual matchup opportunities between the satellite
overpass and the in-situ measurement approach. It is understood that repeated
measurements of the same wildfire event can count as an additional comparison as long
as sufficient time has passed for the wildfire to evolve, such as the following satellite
overpass.

. Spatial and temporal consistency is understood to address validation comparisons over
different biomes, vegetation or landcover (LC) types, over several seasons. These
comparisons should be done using the same approach, meaning that reference data
collection should be done under the same measurement approach.

. Intercomparisons with similar products are understood to address comparisons with EO-
based FRP products of similar spatial and temporal resolution, and involving near-
simultaneous observations, at global scale, and using community agreed tests. Preference
is given for the comparison with FRP products that have been, to some extent, validated.

FRM4FIRE Project © 2025 NPL Management Ltd/FRMA4FIRE Consortium ~ 4000145645/24/NL/IB/ab
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As in-situ FRP retrievals are limited and require significant resources, this kind of cross-
validation is the most widely applied.

o Uncertainty is understood to be associated with both retrievals, the EO-based product(s)
and the independent FRP retrieval over a single validation comparison, i.e., over a location,
matchup or simultaneous overpass. ldeally it should be estimated through metrological
means, and the aim is to allow putting the difference between both FRP retrievals in
context (D1, section 5.1.2). As such, it is understood that it is not spatially explicit but
event/comparison explicit.

To reach validation stage-4, a FRP product has undergone extensive validation exercises to be
considered mature. However, due to the lack of in-situ independent measurements, the maximum
validation stage achievable by a FRP product is stage-1. Most FRP products are made publicly available
along with a Stage-1 validation based only on product intercomparison exercises. A list of FRP products
tracked by LPV is available at https://Ipvs.gsfc.nasa.gov/producers2.php?topic=fire.

2.3 Fiducial Reference Measurement Label

The official definition of Fiducial Reference Measurements (FRM) is:

“a suite of independent, fully characterised, and traceable (to a community agreed reference, ideally
Sl) measurements of a satellite relevant measurand, tailored specifically to address the
calibration/validation needs of a class of satellite borne sensor and that follow the guidelines outlined
by the GEO/CEOS Quality Assurance framework for Earth Observation (QA4EQ)”

As such, FRMs are high-quality, independent, ground-based or airborne data used to calibrate and
validate satellite sensors and products throughout their missions. They need to be traceable to
international standards, come with documented uncertainty budgets, and ensure the accuracy,
consistency, and reliability of Earth observation data. They act as a "gold standard" for satellite
validation. More specifically, as outlined in Goryl et al. (2023), the defined mandatory characteristics
to be addressed are:

* Traceability—FRM measurements should have documented evidence of their traceability
(including assessment of any bias and its associated uncertainty) to a community agreed
reference ideally tied to the International System of units (SI). This should be carried out using
Sl-traceable ‘metrology’ standards and/or community recognised best practices, for both
instrumentation and retrievals.

¢ Independence of satellite-under-test—FRM measurements are independent from the
satellite (under test) geophysical retrieval process, meaning the data and retrieval algorithm
need to be independent from the satellite.

¢ Uncertainty budget—A comprehensive uncertainty budget, based on metrological principles,

for all FRM instruments and for the derived retrieval process (including any transformation of
the measurand to match the measurand of the satellite product) is available and maintained.

FRM4FIRE Project © 2025 NPL Management Ltd/FRM4FIRE Consortium ~ 4000145645/24/NL/IB/ab


https://lpvs.gsfc.nasa.gov/producers2.php?topic=fire

Ref: FRM4fire.NPL.D3.0
Fiducial Reference Measurements for Fire Version: 1.0
Date:  16/04/2026

D3.0 - Strategy for FRP validation Page: 14

e Documented protocols—FRM measurement protocols, procedures and communitywide
quality management practices (measurement, processing, archive, documents, etc.) need to
be defined and published.

¢ Accessibility—FRM datasets, including metadata and reports documenting processing, should
be accessible to other researchers, allowing independent verification of processing systems.

¢ Representativeness— The degree of representativeness of the FRM to that of the satellite
retrieval as well as the satellite to FRM comparison process need to be documented and its
representation uncertainty assessed. The sampling scheme needs to be documented and
evidence to support the uncertainty analysis must be presented in a manner that can be
readily interpreted by a user. For example, they should be available for the entire end-to-end
duration of a satellite mission.

e Adequacy of Uncertainty —The uncertainty of the FRM, including the comparison process,
must be commensurate with the requirements of the class of satellite sensor they are specified
to support.

e Utility—FRM datasets are designed to apply to a class of satellite missions. They are not
mission-specific. For example, in the spectral domain, it is expected that different spectral
bands of different sensors can be addressed and not only tailored exclusively to the exact
bands of a single sensor.

Although the outlined principles are clear, there is no real authority to stop the FRM label being applied
sometimes in an unjustified or misleading manner. As such, the CEOS Working Group for Cal/Val
(WGCV) has recognised the need to establish a means to enable data providers to robustly evidence
that they are FRM compliant or, at least, show the progress towards fully FRM compliant. To this end,
the prefix CEOS-FRM has been created to allow some control over the FRM label. Any ‘endorsement’
by CEOS needs to ensure unequivocally the trustworthiness of the data and be readily interpretable
and assess its suitability for an application by the users. Furthermore, because not all measurements
meet the same level of performance regarding the above criteria, a set of class labels have been
created. At present, there are four label classifications:

e Class A — Where the FRM fully meets all the criteria necessary to be considered an FRM for a
particular class of sensor.

e (Class B — Where the FRM meets many of the key criteria and has a path towards meeting the
Class A status in the near term.

¢ Class C— Meets or has some clear path towards achieving the criteria needed to reach a higher
class and provides some clear value to the validation of a class of satellite sensors.

e Class D - Is a relatively basic adherence to the FRM criteria but where the owners/developers
have a strategy and aspiration to progress towards a higher class. This can be considered an
entry level class for those starting out on developing an FRM.

The degree of compliance of the data characteristics against a set of the defined criteria allows one to

understand how mature the FRM proposed measurements are and what label the is the corresponding
CEOS-FRM label. Table 2 shows the template for the maturity matrix identifying key characteristics
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(cells) that need to be evaluated (Table 2). The set of criteria to which each characteristic is evaluated
available at

is defined by
(https://calvalportal.ceos.org/documents/10136/958898/CEOS-

CEOS

WGCV

and

CEOS

FRM Assessment Framework V2 20250704.pdf/e4bda462-018d-4a12-5d01-

4103b0faed6c?t=1751618407348)

Table 2 - Maturity Matrix for assessing as CEOS-FRM one measurand for one site or network.

Self-Assessment

Completeness,

cal/val

Independent
Assessor

ERM Operations/ Sampling
Nature of FRM [ - Metrology coverage and Verification
nstrumentation |t
(single instrument) distribution

. Instrument ) Data Uncertainty o . Guidelines

Descriptor i Automation level o Validation capacity
documentation completeness characterisation adherence
Location/ Evidence of M d ling/ | Availability and T bility Geographical Utilisation/
easurand samplin vailability an raceabili ilisation,

availability of traceable ) piing . K coverage

. . representativeness Usability documentation Feedback

FRM calibration Temporal sampling

Centralized data,

processing, quality

Range of Maintenance ATBDs on Data f ¢ Comparison/ assessment and Metrology
ata forma
SENsors plan processing/software calibration of FRM adherence to verification
community
standards
Guidelines on Adequacy for intended
Complementary Operator ] . . o Independent
. ) transformation to Ancillary data class of instrument/ Timeliness . .
observations expertise . . verification
satellite pixel measurand
FRM CLASSIFICATION ABCD (to be

selected)

portal

The proposed framework approach to assign the FRM-CEQS labels relies on a self-assessment with
evidence against a set of criteria that is later subject to peer review through a board of experts led by
CEOS WGCV. The self-assessment matrix templates and associated documentation are planned to be
stored and made available through a searchable on-line catalogue accessible through the CEOS Cal/Val
portal.
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3 Validation strategies

This section outlines the established approaches to validate EO-based Fire Radiative Power products.
We begin by focusing on validation using independent in-situ data and then describe the
complementary approach based on cross-validation through product intercomparisons.

3.1 Comparison with in-situ reference measurements

Validating FRP retrievals is challenging due to the requirement to have unsaturated reference FRP
retrievals contemporaneously acquired with the satellite FRP being validated. Spaceborne FRP
validation has typically been carried out using reference FRP from airborne sensors (Peterson et al.,
2012; Dickinson et al., 2016; Schroeder et al., 2014; Paugam et al., 2021; Roberts et al., 2025) but on a
limited scale due to the logistical challenges of conducting airborne campaigns. Results from these
validation activities indicate that the reference and satellite FRP can be in good agreement (+/- 20%)
but that differences of a factor of 2 or more can occur due to the influence of viewing geometry
(Paugam et al., 2021; Peterson et al., 2012), sensor imaging characteristics (Dickinson et al., 2016,
Roberts et al. 2025) and fire pixel omission (Schroeder et al., 2014).

FRP validation activities have typically been conducted using prescribed burns which enables reference
FRP to be collected contemporaneously with the satellite overpass, often within seconds (Dickinson et
al., 2016; Schroeder et al., 2014; Paugam et al., 2021; Roberts et al., 2025). Paugam et al. (2021) and
Roberts et al. (2025) used helicopter mounted thermal cameras to collect reference FRP which
provided high temporal frequency imagery (<3 seconds), but the lower platform altitude required the
fires to be small (< 8 ha) to ensure their entirety fell within the instrument field of view (FOV). High
altitude platforms allow fires 100’s ha in size to be observed and which cover several moderate spatial
resolution active fire pixels and provide a greater range of FRP magnitudes (Schroeder et al., 2014;
Peterson et al., 2012). The spectral characteristics of the instrument collecting reference FRP plays an
important role with regards to its sensitivity to fire emitted radiance and the extent of pixel saturation.
Most validation activities use mid-wave infrared (MWIR, 3.9 um) thermal sensors to collect FRP
reference data (Schroeder et al., 2014; Peterson et al., 2012; Paugam et al., 2021) which is optimum
for the 600 — 1400 K temperature range of typical landscape fires (Dennison et al., 2006). One of the
earliest validation campaigns was the 2012 Prescribed Fire Combustion and Atmospheric Dynamics
Research Experiment (RXCADRE) (Dickinson et al., 2016), which deployed a longwave infrared (LWIR)
airborne camera to validate VIIRS and MODIS FRP. The airborne FRP was higher than the satellite FRP
which is due to a combination of factors including cloud cover, calibration issues with the airborne
sensor and the spectral mismatch between the LWIR airborne measurements and the MWIR-based
satellite FRP retrievals. Roberts et al. (2025) collected reference FRP using MWIR and longwave
infrared (LWIR, ~10.5 um) thermal cameras and found the LWIR underestimated FRP by ~ 40% relative
to the MWIR. FRP from reference datasets can also be underestimated due to saturation which is more
prevalent at high spatial resolution (Schroeder et al. 2014; Peterson et al., 2012) or as a result of the
temperature range the thermal camera is operating. Paugam et al. (2021) and Roberts et al. (2025)
used an AGEMA 550 thermal camera operating in a 250 — 700 °C temperature range which omitted
fire pixels with temperatures < 250 °C and therefore underestimated FRP.

The Fire Detection Experiment (FIDEX) and FIDEX-Il campaigns (2018-2024) represent the most
developed example and current best practice of satellite FRP validation. A MWIR thermal camera
spectrally matched to the Sentinel-3 SLSTR S7/F1 bands was deployed on a fixed-wing aircraft,
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acquiring high dynamic range brightness temperature imagery over wildfires in Canada at ~4 m spatial
resolution. Calibrated, geometrically and atmospherically corrected reference FRP was retrieved using
the same MWIR radiance method used to generate the SLSTR active fire product. Comparison with
satellite retrievals is performed at the event level rather than pixel-by-pixel, aggregating all fire-
associated pixels within a single, spatially isolated fire cluster in both datasets. This cluster-based
approach mitigates the effects of geolocation uncertainty, which is particularly significant in
spaceborne observations. Flight planning is designed to minimise temporal mismatch with the satellite
overpass, with the most fire-intensive flight line flown at the moment of satellite acquisition.

Across all FIDEX campaigns, airborne and Sentinel-3 FRP estimates showed strong linear agreement
(R? =0.89), with satellite-to-airborne FRP ratios ranging from approximately 0.45 to 2.03 — consistent
with an expected factor-of-two variability driven primarily by sub-pixel fire positioning within the
satellite footprint and the sensor point spread function. There is an indication that the satellite product
may underestimate FRP for the most intense fires, though this is based on a limited number of high-
FRP matchups and cannot be considered conclusive without a substantially larger dataset. A key source
of uncertainty in processing the airborne data is the selection of the brightness temperature thresholds
used to identify active fire pixels and characterise the background Brightness Temperature used in FRP
retrieval, which can introduce substantial variation in retrieved FRP even with well-calibrated
instrumentation. This highlights that uncertainty characterisation is essential on both sides of the
comparison. A full description of the instrumentation, campaign design, data processing workflow, and
validation results is provided in the FRM4Fire Validation and Intercomparison Protocol document [D2].

3.2 Cross-validation based on FRP Product inter-comparisons

3.2.1 Overview of FRP Intercomparison Approaches and Challenges

As highlighted in the previous section, the conditions and resources required for generating in-situ
reference retrieval datasets hinder its widespread application to validate spaceborne Fire Radiative
Power (FRP) products. As such, the scientific community relies heavily on inter-comparison exercises
between spaceborne products, either retrieved from polar satellites or geostationary (Xu et al., 2010;
Xu et al., 2017; Chatzopoulos-Vouzoglanis et al., 2022; Roberts and Wooster, 2008; Roberts et al., 2015;
Freeborn et al., 2014). For example, the implemented approach to assure the quality of the S3 L2 FRP
NTC products (Figure 3), performed cyclically, are based on comparison to FRP estimates retrieved by
the MODIS/TERRA sensor.

This type of cross-validation plays a crucial role in assessing the reliability of the different FRP datasets
and needs to be based on a rigorous methodological framework designed to ensure uniformity,
reliability, and precision across diverse datasets and technological platforms. FRP product inter-
comparison is bifurcated into two primary analyses: active fire detection consistency assessment and
FRP accuracy. These two pillars form the basis of any comprehensive inter-comparison exercise,
allowing researchers and practitioners to systematically benchmark product performance against
standardized metrics.

Consistency assessment addresses the consistency in the detection of fire related Thermal anomalies
to evaluate reliability and representativeness of the product to fully cover fire events of different
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intensities or on different evolution stages. The evaluation is based on assessing detection differences
between datasets, either through the classical commission and omission error metrics (Congalton,
1998), or evaluating the spatial and temporal magnitude differences in detection counts. Thermal
anomaly detection is influenced by the surface heterogeneity and type (Giglio et al., 2016), the active
fire detection algorithm (Hall et al., 2019), and the measurement of fire emitted radiance, which is
influenced by the spectral waveband, point spread function (Calle et al., 2009) and view and
illumination geometry (Freeborn et al., 2022). In addition to these constraints, landscape fire activity
has a diurnal cycle which is defined by both natural and anthropogenic behaviour and the ability of
satellite sensors to measure this activity is also influenced by cloud cover dynamics (Schroeder et al.,
2008) and land management practices (Liv et al., 2024). Due to the range of factors that influence the
ability to characterise landscape fire activity, it is important to assess thermal anomalies products
across both spatial and temporal scales.

Assessment of the active fire detection rates of omission and commission is carried out through
comparison to high spatial resolution datasets. These can be burned area datasets developed from
verified from ground observations by government agencies (e.g. Koltunov et al., 2016; Roberts et al.,
2025; Tekeli et al., 2009; S6nmez et al., 2014) or active fire detections from airborne or spaceborne
sensors such as Landsat (Schroeder et al., 2008; Hall et al., 2019, 2023) or Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER, Morisette et al., 2007; Giglio et al., 2016). The
latter approach allows quantification of the size of the actively burning fire that is detected in an active
fire product under the conditions of observation at that time (e.g. solar and view geometry, location,
surface heterogeneity).

FRP accuracy is based on assessing the measurement FRP differences as retrieved by the different
sensors, or across different algorithms, allowing for the identification of correlation, systemic biases
and offsets, that result due to differences such as the underestimation of FRP in saturated pixels or the
overestimation caused unrealistic or unaccounted atmospheric attenuation, or scanning and
instrumental differences. The primary challenges when performing cross-validation include data
format inconsistencies, temporal mismatches, and spatial resolution and coverage.

EO FRP comparison against contemporaneous higher spatial resolution FRP retrievals often involves
intercomparing FRP collected by sensors on different satellite platforms where a temporal offset of 2
- 10 minutes between datasets is applied to gather sufficient samples for comparison. This is
particularly relevant during satellite tandem phases, such as the one that took place between sentinel
3A and 3B. As highlighted in D1 (section 7.11), this presents a critical challenge as fire events are highly
dynamic, and the temporal resolution of the observing satellite heavily influences the captured FRP.
LEO satellites, such as those carrying the VIIRS or SLSTR sensor, provide moderate spatial resolution
but low temporal frequency, whereas geostationary satellites, such as GOES and METEOSAT, offer high
temporal frequency at the cost of spatial detail. In both cases, the satellite sensors scan each pixel
footprint instantaneously (fraction of a second), which significantly limits the possibility of
simultaneous observations from different satellites. As such, FRP intercomparisons need to be made
at “near simultaneous” conditions allowing the comparison temporal window to be of the order of
minutes. Even so, comparison between LEO-based and GEO-based FRP retrievals are penalized by the
hemispherical disk coverage of GEO satellites, or in the case of comparing LEO-based retrievals,
constrained by the availability of sensors in compatible orbits, i.e., either morning or afternoon
overpasses. Without precise temporal screening, cross-validation efforts risk introducing artifacts or
misinterpreting the natural fire evolution as a discrepancy between FRP products.

FRM4FIRE Project © 2025 NPL Management Ltd/FRMA4FIRE Consortium ~ 4000145645/24/NL/IB/ab



Ref: FRM4fire.NPL.D3.0
Fiducial Reference Measurements for Fire Version: 1.0
Date:  16/04/2026

D3.0 - Strategy for FRP validation Page: 19

For polar orbiting sensors, FRP retrievals from the MODIS (Li et al., 2020) and Sea and Land Surface
Temperature Radiometer (SLSTR; Xu et al., 2020) sensors have been intercompared with FRP from
higher spatial resolution sensors including the Visible Infrared Imaging Radiometer Suite (VIIRS) and
Bi-spectral InfraRed Detection (BIRD; Wooster et al., 2003) instruments. VIIRS I-band data has a 375 m
spatial resolution at nadir, and its pixel area is less variable with view zenith angle, both of which enable
the detection of low FRP fires (Schroeder et al., 2014). The high temporal resolution of geostationary
sensors enables the intercomparison of geostationary FRP with several polar orbiting sensors with
smaller temporal offsets between image pixel acquisitions. FRP retrievals from the MODIS and VIIRS
active fire products have been intercompared with FRP retrievals from geostationary GOES ABI (Xu et
al., 2010), Himawari AHI (Xu et al., 2017; Chatzopoulos-Vouzoglanis et al., 2022) and METEOSAT SEVIRI
(Roberts and Wooster, 2008; Roberts et al., 2015; Freeborn et al., 2014) sensors.

The spatial aspect is also relevant, not only from the gap coverage point of view, but also because
different sensors possess varying swath widths, viewing angles, and pixel footprints, which can lead to
incomplete or misaligned spatial representations of fire events (Figure 5). The geographic coverage
gaps arise from orbital constraints, sensor anomalies, or atmospheric interference, such as cloud cover
and thick smoke plumes, which can disproportionately affect different spectral bands. These gaps
impede the creation of a spatially continuous representation of fire activity, underestimating not only
the number of detections associated with a fire event but also the retrieved FRP (Dickenson et al.,
2016). As concluded in the Uncertainty budget document in support of Copernicus Sentinel-3
calibration and validation document (D1, section 7.2.2), the impact of the location of the fire within
the sensor point spread function - different between sensors - translated into a varying sensitivity to
sub-pixel fires. To minimise this impact, when cross-validating datasets, researchers tend to focus on
cluster-based analysis instead of pixel-based analysis (D1, section 7.1.4).

Finally, structural data discrepancies and inconsistencies, at the data format level, need to be identified
and addressed, and in some cases require standardization before any meaningful intercomparison can
occur. Forexample, different satellite missions and sensor platforms utilize proprietary or distinct data
architectures and pre-processing quality procedures leading to quality information and active fire
detection confidence indicators that are not compatible. The option of using only higher quality data
between the datasets will hinder the representativeness of the FRP retrievals, especially when
considering differences in spatial coverage. Evaluators normally rely on trying an error assessment
approach to identify potential compatibility between the different scale/range of the associated
quality indicators.

Cross-validation can be a key component in ensuring product accuracy and consistency, a way to
mitigate detection errors, assess limitations and biases between FRP products. However, it assumes
that one of the products under comparison is of higher quality and can be used as “reference” (Kang
et al., 2026). This assumption needs to be supported by evidence, and a rigorous framework to
evaluate the performance requires coordinated community efforts to synthesize findings, from recent
and historical sources, that meet the same evaluation standards. Standardized benchmarks serve as
unifying criteria establishing reference points for an effective product evaluation. Without them,
comparing FRP products across different platforms and algorithms becomes highly subjective. In this
context, the CEOS LPV fire subgroup is working towards developing the Active Fire and Fire Radiative
Power validation protocol, one that includes cross-validation based on spaceborne product
intercomparisons but also on validation based on in-situ retrievals, as proposed in D2.
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3.2.1 Available intercomparison methodologies

In the context of evaluating measurement consistency and accuracy, methodologies have been
adopted relying on advanced or “reference” datasets to establish a baseline for comparison. The
scientific basis for quantifying such consistency is imported from quality assurance indicators,
supported by statistics, that in some cases have been developed for the validation of other earth
observation ECVs, such as for mapping (Padilla et al., 2014; Boschetti et al., 2016) or generally for land
products (Loew et al. (2017). The following is a synthesis review of some of the approaches applied to
FRP product intercomparisons exercises.

An FRP product intercomparison analysis can be performed both at the pixel level and at the cluster
level, using the same evaluation metrics for accuracy and consistency. At pixel level, the comparison is
made of all available detections between FRP products, using near simultaneous observations,
potentially screened using auxiliary quality information (detection confidence). Consistency is focused
on evaluating the commission and omission errors between the product’s numbers of active fire
detections and information can be summarised in contingency tables, and temporal and spatial error
distributions. This analysis is extremely useful to understand how well the individual product captures
the earth's fire regimes and identifies potential non-fire thermal anomalies. Accuracy is based on the
comparison of the individual FRP retrievals, providing a general indication on how well the product’s
measurements under comparison match. Results presented in scatterplots supported with the
evaluation of linear biases, offsets and RMSE and correlation coefficients. The main limitation of the
per-pixel approach is that it is based on spatial equivalence and geometric accuracy, which is restricted
to comparisons between sensors with identical spatial resolutions, such as those found between LEO
orbits, e.g., MODIS and SLSTR.
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Figure 3 - Comparison between the FRP of cluster pairs detected by SLSTR and MODIS during nighttime. The
colours are set to give an idea of the point density (Taken from S3 DQR, 2025)
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As mentioned in D1 (section 7.2.1), intercomparison between spaceborne FRP products at cluster scale
minimizes (Figure 3) the impact of fire location within the sensor PSF. Spatial clustering techniques can
be applied to each comparing dataset, at near simultaneous conditions, to screen isolated pixel
detections and focus only on clusters detected by each dataset. Common cluster approaches are based
on structural relationships between the fire detected pixels evaluating their connectivity, such as those
to neighbour pixels or using a density-based method. For example, the current operational procedure
to validate the Sentinel 3 Level 2 NRT products is based on a series of connecting steps to identify
matching clusters to the MODIS TERRA product (Figure 4). In addition, due to the detection limitations
(Mota et al., 2023), detection oversampling (Freeborn et al., 2014; Giglio et al., 2003), or limit pixel size
discrepancies between the comparing product, a screening filter based on the sensors scanning angle,
e.g. £20° in the case of S3L2 FRP NRT, is best applied to avoid edge-of-swath data issues and restrict
detections to near nadir conditions as much as possible. The evaluation metrics, either for consistency
or accuracy, are the same as for the per pixel analysis but with the benefit that the comparisons are
less prone to geolocation uncertainties, sensor PSF issues, and allow for the conformity in comparison
of products between all spatial and platforms.
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Figure 4 - Formation process of matching pairs of clusters (coloured shapes) of FRP detections as detected by
the SLSTR and MODIS sensors (taken from S3 DQR, 2025)

To further minimize the impact of the product’s geolocation and georeferencing errors, which lead to
spatially non-concurring detections between the FRP products, an alternative approach has been used
to identify detection clusters. Using detailed burned area progression maps, as those developed by
some emergency rescue services, the active fire detections of the products can be spatially calibrated
to each fire progression area at each observational frequency (Mota et al. 2023). This approach
considers spatial and temporal uncertainties associated with the FRP products in the matching
between active fires and burned area, allowing for spatially and temporally explicit evaluation metrics.
It also provides the ability to compare multiple FRP products, in the context of their input quantities
and identify potential sources of under or overestimation. The main limitation of this approach is that
it requires detailed burned area progression maps, which are scarcely available.
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Figure 5 - (left) location of the active fire locations as detected by MODIS, VIIRS and both MSG-based FRP
products associated with a fire over northern Portugal during 2017 (yellow area), and (right) the corresponding
time series of integrated FRE at 15-minute intervals (taken from Mota et al., 2023).

Recently an approach has been proposed to evaluate the consistency of FRP without relying on a true
“reference” data product. This approach is based on an Extension of the Triple Collocation (ETC) error
analysis to intercompare robustly the consistency across all three sensor products (MODIS, VIIRS and
SLSTR). The approach assumes that there is a linear correspondence between the unknown truth and
each dataset. The analysis performed by Kang et al. (2026) showed that there are strong ETC-based
temporal dependencies in most regions despite differences in FRP retrieved magnitudes (Figure 6).
The methodology applied to detection clusters, but evaluation is performed at grid-level by minimizing
detection biases without the requirement of selectively filtering the FRP datasets.

180° 120°W 60°W 0° 60°E 120°E 180°
R
0.90 0.92 0.94 0.96 0.98 1.00

Figure 6 - Correlation coefficient associated with the SLSTR FRP product in the context of an ETC-based
comparison with the MODIS and the VIIRS products (taken from Kang et al., 2026)

To overcome the temporal matching requirement that significantly hinders the available comparison
options and samples, fire activity forecasting models have been applied supported by data retrieved
from the GEO sensors (Freeborn et al., 2009) or based on a simple climatological ratio between the
comparison LEO products (Kang et al., 2026).
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An innovative approach rooted in robust statistics has been proposed that does not require temporal
matching or data screening. It has been shown that, independently of the product, FRP detections are
known to reflect the same relation between the different magnitude of detections over a fire event
(Roberts et al., 2008; Wooster et al., 2015). This means that the same distribution of FRP detections
characterising the fire event (Freeborn et al., 2009) can be derived and serve as the baseline for
comparison. An assessment on the frequency density (f-D) distributions that best fits FRP detections
showed that the inverse-gamma distribution is best suited (Mota et al., 2023), not only because it
reflects the relation between the different FRP magnitudes but is also because is characterizes the
level of underperformance at lower FRP retrievals (Figure 7). This intercomparison solution is not
focused on assessing the accuracy of the products but aims to assess the degree of “representation”
uncertainty of the products when monitoring a fire event. As such it is not an approach to complement
the previous approaches detailed above and potential could offer a way to derive compensation
factors to generate higher level FRP products (gridded products).
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Figure 7 - (left) fitted inverse-gamma frequency density functions (f-D) of FRP retrievals from the different
products over a 0.5 grid cell in Northern Australia during 2021, and (right) the rollover parameter difference
between the f-D fitted to MSG-11 and MSG-11 based FRP retrievals highlighting the representation
dependence with SZA (taken from Mota et al., 2023).
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4 Challenges and Opportunities

4.1 Gaps and limitations

The interaction between the Global Wildfire Information System (GW!IS) and Global Observation of
Forest Cover and Land Use Dynamics (GOFC-GOLD) Fire Implementation Team and the CEQOS LPV team,
and the forums these working groups provide for reviewing FRP products, has been essential to
identify quality issues, discuss the challenges commonly affecting products, and identify what
additional R&D is required to fully comply with the GCOS product requirements (section 2.1) and assess
the product’s CEOS LPV validation stage (section 2.2).

The Phase-1 of FRM4Fire project mainly focused on identifying and characterizing uncertainty sources
in the context of a validation exercise. The performed activities, described in D1, provided essential
information to develop a validation protocol based on airborne reference measurements that is fit for
purpose. In addition, Sentinel-3 SLSTR FRP uncertainty sources were identified and assessed, and
conclusions can be adapted to any other operational satellite FRP product.

The following review outlines quality challenges impacting the development and validation of FRP
products:

® The development of Climate Data Records (CDR) requires a consistent well calibrated long-
term dataset. Apart from the successful MODIS based EO satellites - for which the same
sensors have been capturing images over 20 years - long term imagery datasets result from
the combination of information retrieved by different sensors and missions. A FRP product
classed as CDR, either results from a single detection algorithm applied to a Fundamental
Climate Data Record (FCDR) that is derived from imagery data fused/harmonized at L1, or
based on the merging of different FRP products at a higher processing stage, at L2 or L3.
Independently of the approach, temporal consistency can only be assured if the various
satellite platforms have the same overpass time. In addition, the spatial resolution differences
between the sensors, characterized by different detection limitations will lead to spatial non-
conformity if not properly calibrated. As shown in this project [D1], the temporal differences,
even in the other of minutes, and the spatial scale hindered by the impact of the location of
the fire within PSF, need to be further explored and detailed. The exploitation of frequency
size distributions to characterize fire events (Mota et al., 2023) to identify detection limits can
be a useful tool to derive conversion factors and provide additional quality assurance
information.

® The recent increase in available computational resources combined the proliferation of user-
friendly Machine Learning (ML) and Artificial Intelligence (Al) models, has led to proliferation
of EO-based, namely FRP products, that can be difficult to fully evaluate for their traceability
to a reference and to characterize their sources of uncertainty. This is more relevant in the
context of the current growth of future space, with several small satellite constellations
planned for fire monitoring. This could become an issue to assure interoperability between
the different sensor FRP retrievals because these will be equipped with lower cost sensors
under calibration strategies that companies may not share, potentially resulting in retrieved
FRP products that are spatially and temporally inconsistent. In this context, it is expected that
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agency operated satellite and retrieved FRP products will have to play a validation role in the
form of cross-validation exercises. However, the detection of small and less intense fires would
be difficult to validate through cross-validation. The primary mission goal of small satellites for
fire monitoring in “hot spot” detection in NRT, which can provide estimates of the size of the
fire flame front and its location, providing useful information to account for the PSF impact
and be used to characterize the detection limits for the standard agency-operated satellite FRP
products, as the ones derived from Sentinel-3 SLSTR data.

e Characterizing the uncertainties related to the detection process of the active fires, as
identified in D1, has not been carried out. The detection algorithm is based on a series of fixed
thresholds between spectral bands in a spatial context. These parameters/thresholds, derived
under the algorithm development process, are also subject to uncertainty. In addition, the
detection algorithm relies on auxiliary classification data made of non-ordinal labels, data such
as cloud or land masks, for which the Guide to the Expression of Uncertainty (JCGM 100, 2008),
and its different addendums, currently do not address. For landcover products, some progress
has been made to understand how a class label can be defined as a measurand, While Monte-
Carlo (MC) approaches have been developed to identify and evaluate the various contributing
uncertainty sources and correlation structure. Although not operational feasible, a MC
approach can provide information on the sensitivity of the detection to parameter uncertainty
and classification accuracy, and under certain conditions provide a general estimation of the
combined uncertainty.

e Due to the highly dynamic nature of fire, validation requires near simultaneous observations,
either between the spaceborne FRP product and the in-situ FRP measurements, or between
spaceborne FRP products in a cross-validation exercise. With the decommissioning of the
MODIS/TERRA only Sentinel-3 is capable of providing information on fires in the morning. As
such, this presents a challenge to perform cross-validation with the only option being the use
of a GEO-based FRP product that has a non-matching spatial resolution. Due to their
observational design, GEO-based FRP products are spatially non-conformant because the
detection lower limit increases with the sensor view zenith angle (VZA). Solutions, either by
modelling the daily fire cycle or to account/compensate for the spatial-varying differences
need to be developed. It is expected that the Third Meteosat Generation (MTG) satellite, with
its improved Flexible Combined Imager (FCI) sensor will produce an FRP product at LEO
equivalent spatial resolution and at a higher temporal frequency, allowing for an uncertainty
reduction in terms of temporal and spatial mismatch. However, this will be restricted to the
MTG hemispherical spatial coverage.

e Although all operational spaceborne products use the direct MWIR approach to retrieve FRP
estimates, allowing for the traceability of their differences in the context of the shared input
quantities, interoperability is not assured as products are generated according to different
processing standards. As shown in D1 (section 7.2.1), the FRP parameter in the measurement
function is not derived using the same standardized method, resulting in systematic bias
between FRP products. Furthermore, not all FRP products are derived considering the
atmosphere attenuation (e.g. the MODIS and VIIRS based products), making the comparisons
dependent on added information that needs to be accounted for. In addition, cross-validation
exercises to assess the product consistency relies on the ability of screening data, namely
based on the confidence of detection. Currently, the detection confidence layers associated
with the products are not compatible, either due to the information used or due to the type
of metric applied. Finally, not all products provide per-pixel uncertainty, or according to the
same metrological principles.
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In summary, these challenges indicate that any proposed validation strategy is based on present
conditions and knowledge. It is an iterative process and the challenges outlined in this section should
point to where further R&D activities should be considered.

4.2 Future opportunities

The following are some of the identified key short-term events that could lead to improvements in the
current approach to FRP retrieval and/or support validation exercises.

The new NRT FRP product based on the Meteosat Third Generation (MTG): Xu et al. (2026)
demonstrated that the new MTG/FCI product represents several improvements in performance over
the MSG/SEVIRI-based product. FCI detected fire onset up to four hours earlier than SEVIRI (and two
hours before MODIS), generated five times more active fire pixel detections owing to a much lower
minimum FRP detection threshold (~¥10 MW versus ~40 MW for SEVIRI), and reduced active fire
detection errors of omission to 38% relative to MODIS centre-of-scan data — a major improvement on
SEVIRI's 83% — while FRP retrievals showed very strong agreement with MODIS (r? = 0.97, slope =
0.93). These advances are relevant to FRM4Fire as the improved detection sensitivity and 1 km spatial
resolution make it a much more capable geostationary reference against which to cross-validate SLSTR
observations.

The Sentinel-3C tandem phase: The launch window for Sentinel-3C is currently scheduled for six weeks
starting from 1 September 2026. Once in orbit, the satellite will be positioned into a tandem
configuration with Sentinel-3B for the first tandem phase, before transitioning to fly in tandem with
Sentinel-3A in a second tandem phase. This will allow the opportunity to directly intercompare the FRP
retrievals from the SLSTR sensors. The tandem orbit with each other Sentinel 3 satellites will follow a
~30-second separation (approx. 223 km) to allow for instrument inter-calibration and will last in total
4-5 months. At the end of the phase Sentinel-3C will be moved to its nominal operational position,
likely in a 140-degree phasing arrangement from its partner satellite(s) to maximize spatial coverage
(https://eodsociety.esa.int/projects/sentinel-3-tandem-for-climate-s3tc-expro/)

Planned satellite missions focusing on wildfire monitoring: In the next decade, several constellations
of small satellites missions focusing on wildfire monitoring are to become operational. These aim to
generate fire related products such as hotspot detections, burned area mapping and fire spread
estimates into services such as risk assessment, early detection, near-real-time monitoring and post-
fire impact analysis, targeting emergency services and land managers. It is not clear at this stage if FRP
is going to be a generated product, and what the quality of their retrievals is as sensor calibration
strategy is not publicly available. However, the reduced spatial resolution could provide the ability to
detect smaller size fires and assess their fire size in the context of coarse products, such as the ones
retrieved from Sentinel-3, informing on their detection limitations and supporting the upscaling
process. The planned satellite missions following are:

e OroraTech is a German based company that has already launched two experimental small
satellites. The latest one, FOREST 2, carries onboard a thermal sensor with two LWIR channels
and one MWIR with a swath of 410 km, generating images with a spatial resolution of 200 m
at native GSD, and planned ~50 m at super-resolved GSD. The specified radiometric
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uncertainty is 32 mK (NEdT) with an expected accuracy of ~1 K in brightness temperature. The
announced detection capabilities is a fire as small as 10-metre in diameter with plans to launch
100 satellites allowing for an acquisition every 30 minutes globally. (information available at:
https://ororatech.com/)

Earth Fire Alliance is a US community-led nonprofit coalition program that aims at developing
the first satellite constellation purpose-built for the global wildfire based on the FireSat
satellite. The constellation is expected to be made of <50 fire-focused satellites to ensure full
global coverage providing high resolution imagery updated every 20 minutes, enabling the
detection of wildfires roughly the size of 5x5 meters. No information is available on the
specifications of the satellite sensor and its capabilities. (information taken from:
https://www.earthfirealliance.org/)

WildFireSat is not a commercial-based operated satellite, but it is being developed by the
Canadian Space Agency (CSA), Natural Resources Canada (NRCan) and Environment and
Climate Change Canada (ECCC). It aims to monitor wildfires in Canada and provide more
precise air quality and smoke condition information. The WildFireSat system will consist of one
or more microsatellites in LEO, each carrying a purpose-built multispectral radiometer with
four bands, in the visible (VIS), near infrared (NIR), medium wave infrared (MWIR) and thermal
infrared (TIR) wavebands. Across the TIR and MWIR bands, the spatial resolution is of 400 m,
while in the VIS and NIR bands, it will achieve a spatial resolution of 200 m. The instrument has
a swath width of 400 km, pointing accuracy of 0.5° and an estimated temperature accuracy of
15 K across all bands. (information ~ taken  from: https://www.asc-
csa.gc.ca/eng/satellites/wildfiresat/)
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5 Validation Strategy

5.1 Proposed Strategy

In tune with the CEOS LPV requirements for land product (section 2.2), a strategy for validating of
spaceborne FRP products should focus in delivering information on the accuracy and consistency of
the retrievals using the best available practices, agreed between the fire research, cal/val, and remote
sensing community. As such, the following are some of the characteristics that that should be consider:

e Consistency — in accordance with CEOS LPV stage 4 validation (section 2.2), assure that the
strategy is applicable throughout the full product archive (spatial/temporal), independent of
the product or satellite platform, evaluated according to the same requirements, as the ones
defined by GCOS (section 2.1).

e Completeness — assure that validation exercises are representative of all fire regimes and
magnitude of events - from low intensity peat fires to high intensity extreme forest fires —
supported by the appropriate evaluation metrics. In addition, validation should be made
through comparisons using uncertainty-aware retrievals supported by quality information.

e Comparability - identify under which conditions the comparison between FRP retrievals are
made and understand the level of inter-operability of the products. A cross-validation
exercise should provide information useful to identify the source of potential disagreements.

* Accuracy — report of existent biases and any level of detection limitations, such as
commission and omission errors and assess how these change in time and space, using the
same metric.

Contrary to other ECVs, fire activity in its natural form is not spatially and temporally predictable, it’s
an ephemeral event that can last between a few hours to days, and it is highly destructive to
instrumentation, requiring always a remote sensing approach to generate measurements. Within this
project we have proposed a protocol [D2] to generate airborne reference FRP retrievals, classed as
FRM, for the validation of spaceborne FRP products, with special focus on the Sentinel 3 SLSTR L2 FRP
product.

Due to the resources needed to conduct airborne campaigns it is not conceivable that any spaceborne
FRP product could achieve a CEOS LPV validation stage higher than 2 solely on comparisons with
airborne-based FRM measurements. As such, a comprehensive validation framework is needed, one
that uses the limited number of comparisons from focused airborne campaigns to anchor the
framework, provide the required traceability to S| (preferably), and complemented by cross-
comparisons with other spaceborne FRP products, at global or hemispherical scale, or with commercial
small-satellites over specific small scale events.

The protocol for generating independent airborne FRP measurements is a crucial part of a validation
framework and will be an integral part of the CEOS LPV active fire and fire radiative power validation
protocol, to be drafted during 2026. This project, and this document in particular, serves as a starting
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point to initiate the discussion between experts within the appropriate international forums, and the
activities planned for the phase 2 of this project can play an important role to further promote the
development of such an important document.

5.2 Plans for phase-2 in support of a validation strategy

The proposal for FRM4Fire Phase-2 builds on Phase-1 and focuses on
e Addressing uncertainties associated with satellite and airborne FRP retrievals
e Potential improvements in FRP product validation protocols
e Preparations and exploitation of the upcoming S3 Tandem Phase.

The following is the initial iteration on the proposed work packages for the next phase of the project,
to start during Q4 2026 and lasting 18-24 month:s.

Work Package 1: Uncertainties associated with satellite and airborne FRP retrievals

WP1 focuses on the assessment of uncertainties introduced into FRP retrievals that were not
characterised in FRM4Fire Phase One. These centre around variations in the estimation of fire pixel
background temperature, interception and absorption of fire emitted radiance by vegetation and
atmospheric constituents, and errors in specifying the pixel area.

Task 1.1: Characterising background temperature uncertainties FRP is most commonly derived using
measures of the MWIR spectral radiance (Wm™2srlum™) of both the fire pixel and its ambient
background, together with the pixel area (m?), and the broadband and MWIR spectral emissivity
(unitless). An ‘FRP factor’ is also used which is constant within a reasonably large temperature range.
The fire pixel background represents an estimate of the ‘fire pixel’ spectral radiance coming from the
non-fire background of the “fire pixel”, and most algorithms estimate this from the surrounding cloud,
fire and water-free pixels. In the case of satellite-focused algorithms, the distance between the fire
pixel and that of these ‘background pixels’ can be many km’s or even > 10 km depending on the data
spatial resolution and extent of cloudy pixels and nearby fires. This background temperature estimate
is therefore likely somewhat different to that of the real ‘fire pixel’ background, and this impacts the
FRP retrieval.

In fact, for the lowest detectable FRP fires, the uncertainty in the background temperature estimate
dominates the overall uncertainty, being typically often more than 25%. For high FRP fires this
background uncertainty is, however, a very small contributor to the overall FRP uncertainty. Factors
that influence the background temperature estimate and its uncertainty include the heterogeneity of
the land surface cover, temperature and emissivity local to the fire pixel, the spatial resolution of the
sensor, and differences in atmospheric composition between the fire pixel and its surroundings.

Based on the Phase One laboratory characterisation of the current MWIR thermal camera used by
King’s College London in the FIDEX and FRMA4FIRE fire remote sensing data collections used for Phase
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One, we recommend that a future campaign should deploy a second MWIR thermal camera to acquire
MWIR imagery covering the ambient temperature range —in order to characterise the fire background
with minimal uncertainty. Using these data, Phase Two will investigate different methods for
estimating the fire pixel background brightness temperature (BT) value(s) at both the airborne and
satellite data scales, and quantify their impact on per-pixel and per-fire FRP. We will also assess spatial
variability in background BT values per fire-affected land cover type, and study the role of spatial
resolution/fire pixel fractional area on background characterisation and FRP retrieval. We will apply
the findings to characterising background uncertainty in several different EO active fire products (e.g.
SLSTR, MTG, VIIRS), and assess the influence of surface heterogeneity on FRP retrieval through spatial
degradation of EO datasets, namely from comparisons of data such as SLSTR and MTG acquired
contemporaneously. We will also conduct simulations using the DART radiative transfer model to
assess the role of land surface type and vegetation canopy density on background temperature
characterisation.

Task 1.2: Impact of vegetation and smoke on FRP retrieval

The effect of the interception of fire emitted radiance by vegetation, and in particular by atmospheric
gases (CO, CO2 and H20) and smoke particulates, has been little studied. To investigate these, the Fire
Dynamic Simulator (FDS) will be used to generate a simulated grassland fire where an instantaneous
timestep will provide the 3D temperature and gas distributions for input to the DART radiative transfer
model. The latter will be used to simulate EO data of the fire in the MWIR and LWIR and characterise
the impact of flame geometry and smoke plume characteristics (principally soot and other particulates)
on FRP retrievals made at different spatial resolutions, with latter addition of an overlying vegetation
canopy (described via LAl and % tree cover) to characterise canopy interception of fire emitted
radiance on total FRP retrieved.

Task 1.3: Pixel area uncertainty

During Phase 1, it was identified that spaceborne FRP measures may currently be subject to an
unquantified uncertainty of ~ 5% due to the approach used to calculate pixel area. In Phase 2 we will
address this source of uncertainty using the SLSTR Point Spread Function (PSF) model in conjunction
with an orbital propagation model (Orekit) to i) develop an LUT for pixel area that accounts for the
imposed latitudinal variations in the satellite altitude, and ii) use this and a DEM to evaluate the impact
of topographical features.

Work Package 2: Potential improvements in validation protocols
Task 2.1: Spectral range Exploration

Satellite active fire products utilise MWIR and LWIR measures in the active fire detection process,
whilst FRP is retrieved using MWIR data only owing to the increased sensitivity of these wavelengths
to sub-pixel fires (800 — 1300 K). However, the differing MWIR band spectral characteristics of the
sensors used to retrieve FRP influence both the FRP itself and its validation. Past ellorts to validate EO
FRP retrievals have utilised both MWIR and LWIR imagery, with the latter cameras being far more
affordable and readily available. However, this may result in poor comparisons to MWIR-derived
satellite FRP retrievals. Proposed Work using airborne data and simulation experiments will assess the
role of spectral wavelength in FRP biases and in uncertainty propagation — focusing both on different
MWIR sensor characteristics and on whether LWIR data can be used accurately. Further exploration
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will explore use of the Rothamsted Combustion Chamber to identify the impact of different smoke
concentrations and path lengths on MWIR and LWIR observations of high temperature sources, for
comparison to the modelled data constructed in WP1.

Work Package 3: Tandem Phase preparedness

We will develop and implement a roadmap to better capitalise on the coming S3 tandem Phase for
satellite FRP product intercomparison, evaluation and uncertainty characterisation. Building on Phase
One, we propose to utilise the datasets collected not only in the Tandem phase, but also in the drift
phase when the S3 satellite is being shifted out of its Tandem Phase orbit. This may provide information
on the effect of view angle and timing differences unable to be probed during the tandem orbit itself.

Work Package 4: Interoperability with other missions, including 3rd party missions

Validation through comparison with other satellite-based FRP retrievals and active fire can play a
significant role in understanding FRP product limitations and deriving accuracy and uncertainty
estimates. Understanding the spectral, spatial and temporal resolutions and their impacts is crucial.
This task would explore this potential through current and planned thermal satellite
missions/constellations, including those supporting the Copernicus program and/or commercial
services. This could potentially include those managed by Oratech and the Earth Fire Alliance should
they have suitable calibration mechanisms onboard to deliver the necessary calibrated MWIR data.
The purpose is to report on what data/products these missions can provide to further characterize the
FRP retrieval uncertainty effects and limitations, such the impact of fire size and location within the
pixel, and to what extent these can be used in intercomparison "validation" exercises under near-
simultaneous observation conditions. Furthermore, we will develop an intercomparison framework
for S3 FRP products routed in statistics, whereby the self-organized statistical nature of fire detections
can be used as a baseline to which the S3 FRP product can be compared to and evaluated for algorithm
detection limitations and sensor saturation issues [the rollover of the frequency size distribution tells
us where the algorithm starters to underperform].

Work Package 5: Engagement with the international fire and cal/val community

In Phase Two we will continue with the community engagement commenced in Phase One, namely: i)
Cooperate with appropriate Scientists, Agencies, and International Bodies, in promoting the uptake of
the developed protocol/tools and exploring opportunities for scientific collaboration. ii) Explore
synergies with the “new space” companies in terms of data and validation exercise opportunities. iii)
Work with the CEOS Cal/Val Fire working group for endorsing the project's validation protocol using
airborne independent data and writing a formal protocol ‘best practice’ document, and promote the
uptake of the protocol and data within the CEOS Cal/Val portal. iv) Engage with the S3 Quality Working
Group (QWG) / Validation Team (VT), promoting the project's activities and updating on the latest
validation results. v) Collaborate with the GOFC-GOLD Fire implementation team further develop a
strategy for FRP validation, including exploring the potential for international frameworks.

At this stage, no FRP data has been classed and certified as CEOS-FRM. Phase 2 of the FRM4fire project
a self-assessment exercise could be conducted, based on the FRP data generated during the FIDEX and
CARBONARA campaigns.
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Note: We believe that a further airborne campaign data collection will strongly benefit Phase 2 and
this would either be proposed as being located in Canada (good collaborations; lower costs aircraft
already there, and widespread fire), or attached to another ongoing campaign during which the
necessary fire data could be collected. As part of this effort we propose development of a tool to
facilitate the pre-flight preparation for fire validation campaigns, based on a prototype developed
during FIDEX-2. The tool takes into account the orbit and scan of the satellite whose FRP product is to
be validated.
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