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1 Introduction 

1.1 Background 

The Global Observing System for Climate (GCOS), operating in support of the United Nations 
Framework Convention on Climate Change (UNFCCC), identifies fire disturbance as an Essential Climate 
Variable (ECV), comprising satellite-derived burned area (BA) and active fire (AF) products (WMO, 
2022). AF products record the location and timing of burning and commonly include estimates of fire 
radiative power (FRP), which is explicitly recognised by GCOS as a core quantitative component. FRP 
represents the rate of radiative energy release from a fire and is directly linked to biomass 
consumption, providing a physically based means of estimating smoke and trace gas emissions. 
Consequently, FRP underpins several operational systems, including the Global Fire Assimilation 
System (GFAS) (Freeborn et al., 2008; Ichoku et al., 2008; Kaiser et al., 2012; Mota and Wooster, 2018; 
Nguyen et al., 2023; Nguyen and Wooster, 2020; Wooster et al., 2003, 2005). 

The Sea and Land Surface Temperature Radiometer (SLSTR) aboard ESA’s Sentinel-3A and Sentinel-3B 
satellites provides global AF products that include fire detections, observation timing, and FRP 
estimates (Xu & Wooster, 2023). With overpass times closely aligned to those of MODIS on Terra, 
SLSTR products are widely used for continuity with the MODIS fire record and are expected to 
progressively replace MODIS-based AF and FRP datasets (Giglio et al., 2003). SLSTR supports both 
daytime and night-time AF detection, with increased revisit frequency at higher latitudes. 

The Sentinel-3 night-time AF detection and FRP algorithm became operational in 2020 Xu et al. (2020), 
followed by a dedicated daytime algorithm developed to address solar contamination and saturation 
in the nominal-gain mid-infrared (MIR) channel through use of the low-gain F1 channel (Coppo et al., 
2015; Xu et al., 2020, 2021). The daytime AF and FRP product has been operational since 2022 and is 
distributed via the Copernicus Data Space Ecosystem. 

Despite intercomparisons with MODIS, VIIRS, and Landsat-based fire products (e.g., Xu & Wooster, 
2023), independent validation of Sentinel-3 FRP using reference-quality observations remains limited. 
The logistical complexity and cost of airborne measurements over active fires have constrained the 
availability of suitable datasets (Dickinson et al., 2016; Wooster et al., 2020), and as a result, satellite 
FRP products currently remain at CEOS Validation Stage 1. 

One of the earliest comparisons between satellite-derived FRP and near-simultaneous airborne 
observations was conducted during the 2012 Prescribed Fire Combustion and Atmospheric Dynamics 
Research (RxCADRE) campaign (Dickinson et al., 2016). This study employed a Wildfire Airborne Sensor 
Program (WASP) Indigo Phoenix longwave infrared (LWIR) camera with an 8–9.2 µm bandpass, 
deployed on an aircraft over prescribed burns coincident with Suomi-NPP and Aqua/Terra satellite 
overpasses carrying VIIRS and MODIS sensors. The airborne-derived FRP values were generally higher 
than those retrieved from satellite observations, a discrepancy attributed primarily to the mismatch 
between LWIR-based airborne measurements and MIR-based satellite FRP retrievals. 

To address the lack of independent FRP validation, the FIDEX airborne campaign was conducted in 
2018 with support from ESA (Wooster et al., 2020). Its primary objective was to evaluate Sentinel-3 AF 
detection and FRP retrieval using airborne MIR measurements. A Xenics ONCA thermal camera, 
equipped with a bespoke spectral filter closely matching the SLSTR S7 and F1 channels, was deployed 
to maximise spectral consistency between airborne and satellite observations. 
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FIDEX acquired data over wildfires in northwestern Ontario using a British Antarctic Survey (BAS) Twin 
Otter and over prescribed burns in Kruger National Park using a Robinson R44 helicopter. The campaign 
coincided with the Sentinel-3 tandem phase, enabling near-simultaneous observations from S3A and 
S3B and assessment of both inter-satellite consistency and satellite–airborne agreement. Airborne FRP 
maps were directly compared with satellite retrievals and used within a forward-modelling framework 
to simulate SLSTR observations across a range of view zenith angles. In total, 12 satellite–airborne 
matchups were obtained across six fires, spanning FRP values from 6.5 to 258 MW. 

Results showed minimal systematic bias between satellite- and airborne-derived FRP but substantial 
scatter at the individual-matchup level, with satellite-to-airborne FRP ratios typically between ~0.7 and 
1.7. This variability was consistent with simulations and near-simultaneous S3A–S3B comparisons and 
was primarily attributed to sub-pixel fire positioning within the SLSTR footprint. Due to the sensor 
point spread function, this effect can introduce an inherent factor-of-two uncertainty in single-pixel 
FRP retrievals, which diminishes when FRP is spatially aggregated. Findings from FIDEX directly 
informed updates to the NTC Sentinel-3 FRP product, supporting the transition to exclusive use of the 
F1 channel (Xu & Wooster, 2023). 

Building on this work, follow-on airborne campaigns were conducted in 2023 and 2024 over wildfires 
in northwestern Ontario, northern Alberta, and Saskatchewan, again using a BAS Twin Otter. These 
campaigns employed an upgraded MIR camera and an improved georeferencing approach, yielding 
higher-quality airborne FRP maps. 

Across all campaigns (2018–2024), satellite and airborne FRP estimates exhibited strong linear 
agreement (R² = 0.92). Satellite-to-airborne FRP ratios ranged from 0.48 to 1.92, remaining within the 
factor-of-two variability identified during FIDEX and largely driven by sub-pixel fire location. However, 
the fitted linear slope (0.71 ± 0.11) was significantly below unity, indicating systematic underestimation 
by the Sentinel-3 Level-2 product for the highest-FRP fires. 

 

1.2 Scope of the document 

This document describes the protocols and procedures developed for collecting reference data to 
independently validate satellite FRP measurements, drawing primarily on experience from the FIDEX-
II airborne campaigns, while also incorporating lessons learned during the initial FIDEX campaign 
conducted in 2018. It details the instrumentation, survey design, and data processing approaches 
employed, using validation of the Sentinel-3 FRP product as a representative example. The 
methodologies presented are intended to reflect the current state of best practice for future studies 
acquiring reference datasets for satellite FRP validation, while also highlighting known limitations and 
areas where further methodological improvements are required. 
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2 Satellite FRP retrievals 

2.1 MIR radiance method 

Most operational satellite-derived FRP products are based on the mid-infrared (MIR) radiance 
approach, first formalised by Wooster et al. (2003, 2005). Within this framework, FRP is proportional 
to the additional MIR radiance emitted by a fire-affected pixel relative to its estimated background 
state — defined as the radiance that would be observed in the absence of fire — after integration over 
the pixel footprint and correction for atmospheric attenuation. 

The method exploits a near-linear relationship between MIR radiance and total radiative energy 
release for the temperature range typically associated with actively burning vegetation (approximately 
650–1400 K). Over this range, the exponential form of the Planck function allows the Stefan–
Boltzmann fourth-power law to be approximated linearly when expressed in the MIR. This 
approximation enables FRP to be written as: 

 
FRP =  

𝐴σε

εMIR
(LMIR − LMIR, bkg) 

(1) 

where 𝜎 is the Stefan–Boltzmann constant (5.67 × 10⁻⁸ W m⁻² K⁻⁴), 𝜀and 𝜀MIR are the broadband and 
MIR emissivities, respectively (which cancel under the common assumption that fires behave as grey 
bodies or blackbodies), 𝐿MIR is the MIR spectral radiance of the fire-affected pixel (W m⁻² sr⁻¹ µm⁻¹), 
and 𝐿MIR,bkg is the estimated background MIR radiance, typically derived from the mean or median of 

neighbouring non-fire pixels. The coefficient 𝛼 (W m⁻² sr⁻¹ µm⁻¹ K⁻⁴) depends on the spectral response 
of the sensor’s MIR channel (Wooster et al., 2005), and 𝐴denotes the pixel sampling area (m²). All 
radiance terms in Eq. (1) must be corrected for atmospheric effects prior to FRP retrieval. 

The MODIS FRP product (Giglio et al., 2003), derived from the 4 µm channels (bands 21 and 22) aboard 
the Terra and Aqua satellites, initially employed an empirical formulation based on the difference 
between the eighth powers of fire and background temperatures. However, since Collection 5, MODIS 
has adopted the MIR radiance method. The VIIRS FRP product (Schroeder et al., 2014) similarly utilises 
MIR observations from the M12 and M13 channels on the Suomi-NPP and NOAA-20/21 platforms. 
Geostationary FRP products from MSG and MTG, derived from the SEVIRI and FCI instruments 
respectively (Roberts and Wooster, 2008), as well as those from GOES Channel 9 (Xu et al., 2010), also 
rely on the MIR radiance approach. 

While the core FRP retrieval methodology is broadly consistent across sensors, operational 
implementations differ to accommodate variations in instrument characteristics, pixel geometry, and 
detection capability. These differences include the use of supplementary spectral channels, such as 
those in the LWIR, to enhance active fire detection and characterisation. 

 

2.2 Sentinel-3 SLSTR FRP Product 

As the FIDEX and FRM4Fire projects focussed on validating and quantifying the uncertainties 
associated with the FRP retrievals from SLSTR observations, this section summarises the key aspects 
of FRP retrieval for this sensor. Both MIR (S7 and F1) and LWIR (S8 and S9) channels are used for active 
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fire detection and FRP estimation. A key feature of SLSTR are its dual-MIR channels that have the same 
spectral response function (SRF), with the standard-gain S7 channel saturating at brightness 
temperatures above ~311 K, while the low-gain F1 channel remains unsaturated at much higher 
temperatures. 

These sensor characteristics strongly influence the active fire algorithm. Fire detection is initiated using 
S7 owing to its lower noise and closer spatial alignment with the LWIR channels, after which FRP 
retrieval depends on the presence of S7 saturation. Where saturation occurs, FRP is retrieved using F1 
data, while in its absence either channel may be used. 

A major feature of scanning radiometers is sensitivity to view zenith angle, which for SLSTR increases 
towards the swath edges. As found in the FIDEX project, this effect can introduce a “factor-of-two” 
uncertainty in FRP retrievals. When FRP is retrieved using S7 data, growth in pixel footprint and overlap 
leads to pronounced scan-position dependence, similar to that observed in MODIS. In contrast, the F1 
channel has a smaller and more stable footprint, resulting in substantially reduced scan-angle effects 
and more spatially consistent FRP retrievals across the swath. 

Use of the F1 channel also increases detection of low-FRP fire pixels, particularly within fire clusters. 
Although these additional detections contribute little to total regional or global FRP, they improve 
representation of fire perimeters and weakly radiating fires. Aggregated FRP remains broadly 
consistent with MODIS at regional scales. 

Overall, the SLSTR active fire and FRP product is a mature operational system designed to maintain 
continuity with the MODIS Terra fire record while reducing scan-angle-related artefacts. As MODIS 
Terra nears the end of its operational lifetime, SLSTR is expected to become a primary source of global 
active fire and FRP observations for long-term fire monitoring and climate applications. For further 
information please refer to Xu et al. (2020, 2021) and Xu and Wooster (2023). 
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3 Campaign design for collecting reference data 

3.1 Platform 

The scale and inherently unpredictable behaviour of wildfires make ground-based validation 
particularly challenging, as fire-affected areas are often difficult to access safely or within the required 
timeframes. Although prescribed burns are more readily accessible, they are typically limited in spatial 
extent. Airborne platforms offer a clear advantage by enabling observations over much larger areas 
and providing flexible access to actively burning fires. Furthermore, because spaceborne FRP retrievals 
are based on MIR measurements, airborne MIR thermal cameras offer an especially appropriate 
reference for validation. 

Airborne MIR systems are, however, generally larger and more complex than LWIR cameras, usually 
including the need for super-framing, which precludes their deployment on UAV platforms. UAVs are 
also constrained by limited spatial coverage and endurance, making crewed aircraft more suitable for 
regional-scale fire measurements. The 2018 FIDEX campaign employed both fixed-wing and rotary 
aircraft, and while each platform enabled observations at spatial scales far exceeding those achievable 
from ground-based or UAV measurements, instrumentation on the rotary aircraft could not be 
mounted in a nadir-viewing configuration and instead operated through a side door. This resulted in 
reduced georeferencing accuracy and viewing geometries that differed more substantially from those 
of the satellite observations. 

A key advantage of the helicopter platform is its ability to hover, allowing continuous observations of 
the target and minimising temporal mismatch with satellite overpasses. Ideally, rotary aircraft 
equipped with a nadir-viewing bay would provide optimal airborne validation data; however, for large 
and spatially extensive fires, fixed-wing aircraft are generally more suitable due to their greater 
endurance, higher operating altitudes, which yield wider sensor swaths. In addition, the deployment 
of multiple EO sensors during the FIDEX-II campaigns — including additional MIR and LWIR cameras — 
favoured the larger cabin space available on fixed-wing aircraft. 

 

3.2 Instrumentation and characterisation 

The primary instrument deployed on the FIDEX-II campaigns was an ImageIR 8300 hp MIR thermal 
camera equipped with a 12 mm wide-angle lens. Although the standard system measures broadband 
radiance across 1.5–5.7 µm, the primary filter wheel was fitted with a bespoke spectral filter designed 
to replicate the spectral response functions of the SLSTR S7 and F1 bands, enabling direct comparability 
with SLSTR observations (see Fig. 1). 

The ImageIR incorporates a secondary high-speed rotating filter wheel populated with a combination 
of neutral density filters and high-transmission “dummy” filters matched in refractive index. Together 
with multiple integration times, this configuration allows the camera to cycle through several 
calibration states optimised for different temperature ranges. This super-framing approach enables 
high dynamic range brightness temperature retrievals across the wide temperature range 
characteristic of landscape fires. The system was radiometrically calibrated up to 1250 °C several weeks 
prior to the first campaign. 
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Figure 1. Spectral response functions of the SLSTR S7/F1 band and replica filter fitted to the ImageIR, 
supplied by the University of Reading. 

The EO sensors deployed during the campaigns were installed in the main and aft fuselage hatches to 
provide nadir viewing geometry (Fig. 2 and 3). Operation of the ImageIR required a single-point non-
uniformity correction to compensate for variations in internally emitted radiation measured by the 
detector. To enable this, a remotely operated mechanical shutter was implemented, which occluded 
the instrument field of view with a high-emissivity surface when closed. 

Post-campaign characterisation showed that while the lowest-temperature calibration reliably 
measures brightness temperatures below 80 °C, HDR operation introduces significant errors below this 
threshold due to heating associated with the fast-spinning filter wheel. Consequently, pixels with 
brightness temperatures below 80 °C were sourced from complementary instruments. These were 
provided by an InfraTec HD Head LWIR camera fitted with a narrowband filter centred at 10.6 µm. 
Future campaigns would benefit from the addition of a second MIR camera fitted with an SLSTR-
matched spectral filter, enabling more accurate low-temperature radiance measurements within the 
same spectral range as the spaceborne sensor. 

Survey flight lines were programmed using a NexTrack 3 flight management system, with Track Air X-
Track software providing real-time pilot guidance. Aircraft position and attitude were recorded using 
an Applanix POS AV 510 system, with differential GPS corrections derived from a Leica base station at 
the departure airport to refine the navigation solution. 
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Figure 2. Photos taken during the installation of scientific equipment onto the aircraft in Dryden, 
Ontario, in August 2023. (a) Instruments (including the ImageIR and HD Head) installed into the main 
viewing bay of the Twin Otter (VP-FBL). (b) Two hyperspectral imagers installed into the boot of the 
aircraft. (c) Computer racks being installed into the aircraft. (d) Thermal cameras being installed into 
the main viewing bay. Image credits: Farrer Owsley-Brown, Toby Wainwright, Callum Middleton. 
 

 
Figure 3. View underneath the aircraft after the installation of the (a) main camera bay hatch and 
(b) the boot of the aircraft. 
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3.3 Target requirements 

Potential fires were identified using recent satellite hotspot detections, and targets were selected 
based on several criteria: proximity to the campaign’s forward operating base; visibility within the 
swath of upcoming S3 overpasses; and fire size. Fires needed to be sufficiently large to be detectable 
by the satellite, yet not exceed approximately 10,000 ha (corresponding to coverage by a maximum of 
five flightlines), allowing the area to be surveyed quickly and minimising temporal mismatch with 
satellite acquisitions. Measurements also required minimal cloud cover both above and below the 
aircraft to ensure comparability with satellite observations; consequently, cloud observations and 
forecasts were carefully evaluated during target selection (see Fig. 4). 

In addition, when comparing airborne and spaceborne observations, a cluster-based approach should 
be adopted. All pixels associated with a single, clearly distinguishable fire event should be aggregated 
to derive a total event-level FRP in both the airborne and satellite datasets. A per-pixel comparison is 
not recommended due to geolocation uncertainties in both systems, particularly in the spaceborne 
observations. Therefore, targets should be separated from other fires by at least 10 satellite pixels to 
ensure it is easily distinguishable in the satellite data. 

This approach, however, is not universally applicable, as it may be unsuitable in environments with 
persistent cloud cover, such as the tropics, or in regions dominated by short-lived agricultural burning, 
where fires may extinguish before airborne surveys can be conducted. Campaigns are therefore best 
located in regions with either predictable seasonal fire activity or authorisation to conduct prescribed 
burns, and with a high likelihood of cloud-free conditions in both cases. 

A nominal survey altitude of 2500 m was adopted. This altitude provided a sufficiently wide 
measurement swath (approximately 2.5 km for the ImageIR) to enable rapid area coverage and 
maximise temporal coincidence with satellite observations, while remaining low enough to permit 
several hours of safe operation in an unpressurised cabin. 

Once a target fire was selected, a preliminary sortie plan (see Fig. 5) was generated to survey a 10 × 10 
km area surrounding the AF detections. Flightlines were spaced to ensure a minimum of 20% overlap 
for the instrument with the smallest field of view, accounting for aircraft motion. The sortie plan was 
uploaded to the FMS prior to take-off. 
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Figure 4. 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. 
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Figure 5. Example sortie flight plan of a target fire. Shows 11 adjacent lines and their swath below 
(total 10 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. 

3.4 Measurement procedure 

The aircraft was scheduled to arrive over the target area at least 45 minutes before the satellite 
overpass. Upon arrival, the flight lines intersecting the active fire were refined. The ability to replan 
flight lines in flight was critical, particularly where the initial satellite detection was inaccurate, the fire 
perimeter had shifted, or flight-line orientation could be optimised to reduce the total number of 
passes required. In-flight replanning was guided by visual assessment from the pilot and front-seat 
observer, supported by real-time thermal imagery to identify an updated fire centre and optimal 
orientation, from which a revised sortie plan was generated. 

Flight lines intersecting active fire in the final sortie plan were qualitatively ranked according to the 
relative amount of burning they contained. Acquisition order was designed to minimise temporal 
offset between airborne and satellite observations, with the highest-priority flight line flown at the 
time of the satellite overpass and remaining lines acquired before and after in decreasing order of 
priority. For example, if five flight lines intersected the fire, they were ranked from highest to lowest 
priority (1–5) and flown in the sequence 5, 3, 1, 2, 4, ensuring that the most fire-intensive line coincided 
with the satellite overpass. In many cases, the entire fire was captured within a single flight line, 
resulting in minimal temporal mismatch. A single-point NUC was performed prior to the acquisition of 
each flight line. 
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3.5 Data processing 

 Merging calibrations for HDR 

The maximum achievable frame rate was 100 Hz, corresponding to 25 Hz per HDR cycle. At the nominal 
survey altitude of 2500 m, the mean ground-projected pixel size was 3.125 m. With a typical survey 
speed of 180 km h⁻¹, the Twin Otter travelled approximately 2 m during the 0.04 s required to complete 
one HDR cycle — less than the dimension of a single pixel. As a result, spatial drift between calibration 
states was negligible, and each pixel effectively sampled the same ground area throughout the HDR 
sequence. 

Four calibration states, each valid over overlapping brightness temperature ranges (353–438 K, 398–
523 K, 473–823 K, and 723–1523 K), were combined to form a continuous HDR range. Pixel values 
falling outside the valid range of a given calibration were excluded. Although the lowest calibration 
range was not valid for ambient background temperatures, these measurements were initially retained 
to preserve background features (e.g. lakes) useful for assessing georeferencing accuracy, before being 
replaced with data from the MIR or LWIR cameras. In cases where pixel values were valid in more than 
one calibration range due to overlapping ranges and minor inter-frame motion, the value closest to 
the centre of the applicable calibration range was selected. 

 

 Geometric calibration 

Georeferencing of the ImageIR thermal imagery required per-pixel viewing vectors from the camera 
principal point to map the two-dimensional image array to real-world coordinates. An initial geometric 
calibration was performed by King’s College London and subsequently refined at the National Physical 
Laboratory. 

Calibration employed an aluminium/LDPE 9 × 14 checkerboard target with a precisely manufactured 
30 mm grid spacing, with thermal contrast provided by a heater mounted behind the target. Imaging 
this target enabled correction for optical distortions using the known checker spacing. The dependence 
of lens position on focus distance was also assessed and found to be negligible for targets beyond 10 
m. Owing to the camera’s depth of field, checkerboard features remained visible—albeit slightly 
blurred—when the lens was set to infinity focus. Although this required a larger number of frames for 
successful calibration, it ensured optical conditions consistent with those during airborne operation. 

For each calibration, tens of frames were acquired across different focus distances, HDR modes, and 
ND/dummy filter configurations, with the target positioned at varying locations and orientations 
within the field of view. These data were processed using calib.io software. The mean of four 
calibrations (two HDR and two non-HDR, all focused at infinity) was used to generate the distortion 
map and per-pixel viewing vectors applied in subsequent georeferencing. 

The resulting distortion map was highly repeatable, with an RMS error of approximately 0.05 pixels 
across most of the image, increasing to a maximum of ~0.6 pixels near the frame edges. Accordingly, 
thermal images selected for mosaicking were restricted to those in which active fire was absent near 
the field-of-view boundaries. 
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Figure 6. Six thermal images captured with the ImageIR of the calibration target used in the 
geometric calibration. Figure also shows those same images including detections of the checker 
corners with green crosses using calib.io software. Note how the position and angle of the target 
within the frame varies. 

 Georeferencing 

Georeferencing of the ImageIR HDR imagery, comprising four merged frames acquired under different 
calibration settings, was performed using a newly developed procedure within the Airborne Processing 
Library (APL). APL, developed by NEODAAS, has previously been applied exclusively to pushbroom 
sensors (Warren et al., 2014). 

For this work, APL was extended to support georeferencing of data from a two-dimensional frame 
camera. The procedure combines navigation data (position, yaw, pitch, roll, etc.), the relative position 
of the camera with respect to the IMU, and the PPVVs to project measurement pixels onto the surface 
using a digital elevation model. Measurements are mapped onto a higher-resolution output grid, with 
a nearest-neighbour assignment used to accommodate geometric effects arising from surface aspect 
and viewing geometry. This approach also accounts for variations in pixel footprint, with pixels near 
the centre of the field of view representing smaller surface areas than those toward the edges. 

For pushbroom sensors, small installation offsets are typically corrected using a boresight calibration, 
derived from flights over targets with well-defined features such as airfields, allowing yaw, pitch, and 
roll corrections to be estimated for each installation. For the ImageIR data, a manual boresight was 
applied, as an automated feature-based boresight procedure has not yet been developed for two-
dimensional frame sensors. 
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 Airborne FRP retrieval 

At-sensor HDR brightness temperatures (BT) were converted to at-sensor spectral radiance, 𝐿at-sensor, 
by convolving the Planck function with the spectral response function (SRF) of the SLSTR-matched filter 
used in the camera: 

 
𝐿𝑎𝑡−𝑠𝑒𝑛𝑠𝑜𝑟  =  

∑ 𝑆𝑅𝐹(𝜆𝑖)𝐵(𝐵𝑇, 𝜆𝑖)𝑖

∑ 𝑆𝑅𝐹(𝜆𝑖)i
   

(2) 

where SRF(𝜆)is the spectral response function and 𝐵(𝑇, 𝜆)is the Planck function at wavelength 𝜆. 

Atmospheric correction of 𝐿at-sensorto surface-emitted radiance, 𝐿BOA, was performed using MODTRAN 
5. Atmospheric profiles were derived from radiosonde measurements acquired near each flight and 
included altitude, temperature, pressure, and relative humidity. The band-averaged atmospheric 
transmittance, 𝜏total, was calculated as: 

 
𝜏𝑡𝑜𝑡𝑎𝑙  =  

∑ 𝑆𝑅𝐹(𝜆𝑖)𝜏𝜆𝑖𝑖

∑ 𝑆𝑅𝐹(𝜆𝑖)𝑖
  

(3) 

where 𝜏𝜆is the wavelength-dependent transmittance. Surface radiance was then obtained as 𝐿BOA =
𝐿at-sensor/𝜏total. 

For pixels with BT below 353 K, data were sourced from a secondary instrument: the HD Head. For 
these pixels, 𝐿at-sensorwas first calculated using Eq. (2) with the appropriate SRF. Land surface 
temperature (LST) was then retrieved by solving: 

 𝐿𝑎𝑡−𝑠𝑒𝑛𝑠𝑜𝑟  =  𝜀𝜏𝐵(𝐿𝑆𝑇) + (1 − 𝜀)𝜏𝐿↓ + 𝐿↑ (4) 

where 𝜀is surface emissivity (assumed to be 0.95), and 𝐿↓and 𝐿↑are the downwelling and upwelling 
path radiances, respectively, estimated using MODTRAN 5. The transmittance 𝜏was calculated by 
convolving the MODTRAN outputs with the secondary instrument’s SRF using Eq. (3). The 
corresponding surface radiance that would be measured by the ImageIR band was then estimated as: 

 
𝐿𝐵𝑂𝐴  =  

∑ 𝑆𝑅𝐹(𝜆𝑖)𝜀𝐵(𝐿𝑆𝑇, 𝜆𝑖)𝑖

∑ 𝑆𝑅𝐹(𝜆𝑖)𝑖
  

(5) 

using the ImageIR SRF. Ideally, measurements across the entire BT range would be made with the same 
spectral band as the spaceborne sensor, removing the need for these final steps involving the HD Head 
data. 

A final FRP map for each target was generated using the MIR radiance method (Eq. 1) by subtracting a 
mean background surface radiance — calculated as the mean of 1000 non-fire pixels in an unburned 
region — from all 𝐿BOAvalues. 
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3.6 Example results from FIDEX-II 

Figure 7a shows an example of high spatial resolution, georeferenced BT data acquired by the ImageIR 
during a survey over the Wetikoo fire on 11 September 2024 from the FIDEX-II project. For comparison, 
the remaining panels in Fig. 7 present satellite-derived observations of the same fire from Sentinel-3 
and Sentinel-2. The S3A F1 channel data used for spaceborne FRP retrieval (Fig. 7c) clearly resolves 
high-BT fire hotspots but at a substantially coarser spatial resolution than the airborne imagery (1 km 
versus ~4 m). 

Total airborne FRP was calculated for each satellite overpass matchup using Eq. (1), summing the 
contributions of all pixels exceeding a specified BT threshold. Figure 8 illustrates the sensitivity of the 
FRP retrieval to this threshold using the S3A overpass from a flight over the RED070 fire on 14th August 
2023 as an example. Figure 9a shows the BT distribution for this fire, in which active burning areas are 
clearly separated from the cooler background of lakes and unburned land. A pronounced decrease in 
total FRP occurs at a threshold of approximately 307 K (Fig. 8), corresponding to the exclusion of 
background, non-fire pixels and a reduction in the contributing pixel fraction from 100% to just over 
15% (those exceeding 307 K in Fig. 9b). Although background pixels exhibit much lower radiances than 
active fire pixels — often several orders of magnitude lower — their large number has a substantial 
influence on total FRP when included. 

At a BT threshold of 353 K, only ~2% of pixels contributed to the total FRP (Fig. 8), corresponding to 
those above the upper limit of the colour scale in Fig. 9b. Despite this nearly order-of-magnitude 
reduction in contributing pixels, total FRP decreased by only ~35%, from 51.87 MW to 33.51 MW, 
reflecting the disproportionately high radiance emitted by the hottest fire pixels. To account for this 
behaviour, an uncertainty range was applied to the airborne FRP estimates. This range spans from the 
threshold at which FRP values begin to decline sharply — indicating the removal of clear background 
pixels — to 353 K, the lower calibration limit of the ImageIR, above which temperatures are confidently 
attributed to active fire (i.e., 4 m pixels with BT = 80 °C). The final airborne FRP was calculated as the 
mean of all FRP values within this threshold interval (e.g. 316–353 K). 
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Figure 7. Mosaicked thermal imagery of the Wetikoo fire (56.7780°N, 107.5550°W) on 11 September 
2024 at 1729 UTC from FIDEX-II: (a) georeferenced ImageIR airborne BT data from flight 24-255a for 
the S3B overpass at 18:30, overlaid on Sentinel-2 RGB imagery; (b) Sentinel-3B F1 channel BT full 
image (1470 km across), with the area of the Wetikoo fire region outlined in red; (c) Sentinel-3B F1 
channel BT for the Wetikoo region marked in (b); (d) Sentinel-3B S6 channel radiance for the Wetikoo 
region marked in (b); (d) Sentinel-2 SWIR FCC for the Wetikoo region marked in (b). 
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Figure 8. Dependence of the total airborne FRP (MW) retrieval on the brightness temperature 
threshold used to identify fire-containing pixels. Shown here is the RED070 fire (52.3064°N, 
94.8182°W) observed during the S3A overpass on 14 August 2023 at 0356 UTC from FIDEX-II. The 
corresponding S3A FRP retrieval and its uncertainty are included for comparison. The final selected 
total airborne FRP value and its uncertainty — based on the threshold range where ambient pixels 
are excluded, and the camera’s lower calibration limit is reached — are indicated. 

 

Figure 9. Mosaicked thermal imagery from the ImageIR over the RED070 fire (52.3064°N, 94.8182°W) 
observed during the Sentinel-3A overpass on 14 August 2023 at 0356 UTC as part of FIDEX-II: (a) BOA 
brightness temperature (K); (b) brightness temperature (K) with the colour scale restricted to the 
threshold range highlighted in Fig. 8 (307-353 K), spanning the exclusion of ambient pixels to the 
ImageIR’s lower calibration limit (80 C). Panel (b) illustrates which pixels become included in the FRP 
calculation as the brightness temperature threshold is varied across this range. 
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Combining data from both FIDEX campaigns yields a linear relationship between airborne and satellite 
FRP with a gradient of 0.64 ± 0.11 and an R² of 0.89 (Fig. 10). When fires with FRP exceeding 200 MW 
are excluded, the fitted gradient increases to 0.99 ± 0.15 with an R² of 0.88 — much closer to unity. 
This behaviour indicates a tendency for satellite retrievals to more accurately estimate FRP at the lower 
end of the distribution and to underestimate it for more intense fires. The underestimation at high FRP 
may be partly influenced by known artefacts in the F1 channel affecting measurements following 
intense fire detections. 

Across all matchups, satellite-to-airborne FRP ratios span 0.45 to 2.03, consistent with the factor-of-
two variability previously reported and largely driven by sub-pixel fire positioning within the SLSTR 
footprint. While all observations fall within this expected range, the expanded dataset shows a 
consistent tendency for airborne FRP estimates to exceed satellite retrievals for the most intense fires. 

 
Figure 10. Comparison of FRP retrievals (MW) for coincident fires derived from the Sentinel-3 Level-
2 FRP product and airborne thermal imaging during the FIDEX (2018) and FIDEX-II (2023 and 2024) 
campaigns. Both axes are shown on logarithmic scales. Matchups with airborne FRP exceeding 210 
MW are highlighted. Linear regressions and corresponding 95% confidence intervals are shown for 
all data points and the subset with airborne FRP < 210 MW. Spaceborne uncertainties are from the 
S3 FRP product. 
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4 Summary and conclusions 

4.1 Conclusions 

This document has presented a protocol for the acquisition of independent airborne reference data to 
support validation of satellite-derived FRP products. The protocol draws primarily on experience 
gained during the FIDEX-II campaigns conducted in 2023 and 2024, which built on earlier work from 
the original FIDEX campaign in 2018. These campaigns were led by King’s College London with support 
from ESA and were designed to validate FRP retrievals from Sentinel-3’s Sea and Land Surface 
Temperature Radiometer. 

The deployment of an InfraTec ImageIR 8300 hp MIR thermal camera enabled high dynamic range 
airborne measurements across temperatures characteristic of actively burning fires, representing an 
improvement over instrumentation used in earlier campaigns. The camera was fitted with a custom 
spectral filter to provide a spectral response comparable to that of SLSTR. The document has outlined 
the operational procedures adopted during the campaigns, together with the associated data 
processing requirements. In particular, it has described the development of a georeferencing workflow 
— including geometric calibration of the camera optics — which enabled mosaicking of airborne 
observations across fire scenes and produced FRP estimates suitable for direct comparison with 
satellite products. 

Across all campaigns conducted to date (2018–2024), airborne and satellite FRP estimates exhibited 
strong linear agreement, with an overall coefficient of determination of 0.89 and satellite-to-airborne 
FRP ratios remaining within the factor-of-two variability previously identified for SLSTR. This variability 
is dominated by sub-pixel fire positioning within the satellite footprint and the influence of the sensor 
point spread function. However, the comparisons also indicate underestimation of FRP by the Sentinel-
3 Level-2 product for the most intense fires, underscoring the importance of acquiring further 
independent reference measurements to assess product performance for larger events. 

A central source of uncertainty in airborne FRP retrievals was identified as the classification of active 
fire pixels, particularly the selection of brightness temperature thresholds used in FRP summation. This 
sensitivity highlights the inherent ambiguity of threshold-based fire detection, even with well-
calibrated airborne measurements, and reinforces the need for careful uncertainty characterisation 
when using airborne data as validation reference. 

Overall, the protocols described here constitute a mature and transferable framework for the 
collection of independent FRP reference data. When applied consistently, they provide a sound basis 
for evaluating satellite FRP products, supporting cross-sensor comparison, and advancing the 
validation maturity of current and future spaceborne fire observation systems. 

 

4.2 Recommendations for future work 

Uncertainty associated with the classification of active fire pixels remains a dominant limitation in 
airborne FRP retrievals. Future work should focus on extending reliable calibration to lower brightness 
temperatures, either through a different camera design or the integration of additional MIR sensors 
with spaceborne sensor-matched spectral filters. This would enable identification of AF pixels using 
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measurements more directly comparable to those of the satellite for both low temperature AF and 
ambient background pixels. Investigation of adaptive or probabilistic fire classification approaches, 
rather than fixed BT thresholds, may further reduce uncertainty. 

Higher-altitude survey operations should be evaluated to increase swath width and reduce the number 
of flightlines required to capture large fires, which remain under-represented in current datasets, while 
also improving temporal alignment with satellite overpasses. Such approaches would require careful 
assessment of trade-offs between spatial resolution, calibration requirements, camera framerate, and 
resulting FRP uncertainty. Simulation studies and targeted field experiments would be valuable in 
quantifying these effects. In addition, development of an automated boresight calibration procedure 
for two-dimensional frame cameras would reduce reliance on manual corrections and improve 
georeferencing accuracy. 

Expanding the airborne–spaceborne matchup dataset remains a priority, particularly for high-FRP 
events. This will likely require coordinated planning to target large wildfires during periods of 
favourable atmospheric conditions, as well as incorporation of data from opportunistic campaigns. 
Where feasible, simultaneous acquisitions with multiple satellite sensors would further strengthen 
cross-platform validation and support the development of consistent multi-sensor FRP records. 
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