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ABSTRACT

Satellite burned area, active fire and fire radiative power (FRP), are key to quantifying fire activity and are one of 54 essential climate variables (ECV) and it is
important to validate these data to ensure their consistency. This study investigates some of the factors that influence FRP retrieval and uses Meteosat Spinning
Enhanced Visible and InfraRed Imager (SEVIRI) data to do so. Analysis of the influence of a fire’s location within a SEVIRI pixel on FRP was carried out using fire
simulations which indicate that FRP varies by up to 14 % at nadir for a single sensor and by up to 55 % when intercomparing simulated FRP from different SEVIRI
sensors. Intercomparison between actual MET-11 and MET-08 FRP data on a per-pixel basis reveals a high degree of scatter (81.9 MW), strong correlation (R = 0.72),
low bias (~1 MW) and an average percentage difference of 15.7 %. Variability is reduced when aggregated to fire ‘clusters’ which improves the correlation (R = 0.96)
and reduces the average percentage difference (4.2 %). Validation of MET-08 and MET-11 FRP retrievals using FRP from helicopter mounted longwave infrared
(LWIR) and midwave infrared (MWIR) thermal cameras is carried out over five prescribed burns. The results reveal good agreement between the SEVIRI and thermal
camera FRP although the SEVIRI FRP is typically overestimated compared to that from the LWIR camera. This study illustrates some of the challenges validating
satellite FRP which should be accounted for when defining uncertainty thresholds for product requirements and in developing FRP validation protocols.

1. Introduction

Landscape fires burn across an average of 4.6 million km? of the
Earth surface annually (Lizundia-Loiola et al., 2020), altering the surface
radiative and structural properties by consuming vegetation and organic
soils and releasing large quantities of smoke into the atmosphere (Jin
et al., 2012; van der Werf et al., 2017). The latter contains fine partic-
ulate matter (PM, 5), which impacts air quality leading to hundreds of
thousands of premature deaths annually in people exposed to smoke
polluted air (Roberts and Wooster, 2021; Xue et al., 2021). To quantify
landscape fire emissions, satellite Earth Observation focused on burned
area mapping or the detection of radiant heat from fires is pivotal. Here
we focus on the latter, which uses algorithms to identify pixels con-
taining an active fire (AF) by exploiting the differential sensitivity of
LWIR (8 — 14 pm) and MWIR (3 - 5 pm) spectral bands to high tem-
perature sub-pixel phenomena. Once detected each AF pixel has its FRP
quantified using the MWIR spectral radiance anomaly over the sur-
rounding non-fire background (Wooster et al., 2021). Satellite ‘thermal
anomalies products’ have been developed for polar-orbiting (e.g. Giglio
et al., 2016; Wooster et al., 2012; Schroeder et al., 2014a). and geo-
stationary sensors (Schmidt et al., 2012; Wooster et al., 2015; Xu et al.,
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2017).

Along with burned area, satellite AF and FRP data represent ECVs —
as designated by the Global Climate Observing System (GCOS). Given
this it is imperative that satellite AF products are evaluated for their
performance and accuracy, and guidelines for doing this are being
developed by the Land Product Validation (LPV) subgroup of the Com-
mittee Earth Observing Satellites’ Working Group on Calibration and
Validation (CEOS WGCV; Morisette et al., 2006). The current validation
stage of satellite burned area and AF information, which defines the
comprehensiveness of the methods used to assess the products spatial
and temporal information, is stage three (Boschetti et al., 2019; Giglio
et al., 2016). However, FRP is currently at validation stage one, indi-
cating product accuracy has been assessed over a limited number of
locations and time periods. This is in part because of difficulties col-
lecting suitable reference measurements since fires occur over large
diurnal and seasonal activity cycles (Roberts et al., 2009; Giglio et al.
2006) and can exhibit rapid changes in their FRP. This poses a problem
for the collection of reference data which needs to be obtained
contemporaneously to the data to which it is compared and be unsatu-
rated to provide accurate FRP. Beyond these characteristics, there are
other factors influencing satellite AF evaluation that are not commonly
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considered in validation efforts. Here we start to explore these issues,
demonstrating them using both simulated and real FRP retrievals, the
latter made using Meteosat SEVIRI data of fires burning in Kruger Na-
tional Park (KNP, South Africa).

Firstly, using the SEVIRI point spread function (PSF) and simulated
active fire observations, we conduct a simulation study illustrating the
impact that a fire’s sub-pixel location has on its FRP retrieval. We then
highlight some of the challenges of intercomparing and evaluating FRP
retrievals made from even the same sensor but using different viewing
geometries, by intercomparing FRP data of the same fires made by the
standard Meteosat (located at on the equator over West Africa), and
Meteosat Indian Ocean (IODC; located over East Africa). Using 456
experimental fires conducted in the KNP, the influence of pixel area on
the detection of actively burning fires is assessed. Finally, the accuracy
of the satellite FRP retrievals made over five experimental fires is
assessed using simultaneous airborne thermal infrared measurements
made in both LWIR and MWIR wavebands, helping demonstrate which
reference data source is more appropriate and whether the satellite-to-
airborne differences identified are within the range suggested by the
aforementioned simulations.

1.1. Background to active fire (AF) product evaluation

Evaluation of moderate spatial resolution AF detection data
commonly involves intercomparison to contemporaneous higher spatial
resolution AF data derived using shortwave infrared (SWIR; 1.6 and 2.2
um) observations which are sensitive to thermal emissions from high
temperature targets even by day when a significant solar radiation signal
is present (e.g. Giglio et al., 2016; Hall et al., 2019; Schroeder et al.,
2010). This enables AF detection errors of omission and commission to
be determined for a given region, potentially for different seasons and
times of day. Studies have exploited the availability of a high (Advanced
Spaceborne Thermal Emission and Reflection Radiometer, ASTER) and
moderate (Moderate Resolution Imaging Spectroradiometer, MODIS)
spatial resolution sensors onboard the Terra platform (Schroeder et al.,
2008; Giglio et al., 2016). This approach allowed global validation of the
AF detections from the Terra MODIS AF product, though only in the
centre of the MODIS swath. More generally, such intercomparisons rely
on data from sensors on different platforms, and this usually involves
allowing a temporal offset (e.g. 2—10 min) between the datasets to
ensure a sufficiently large sample (Xu et al., 2020; Wickramasinghe
et al., 2018).

Validating satellite FRP retrievals is more challenging still, with the
high rate of change of FRP requiring a minimal time difference between
datasets (Freeborn et al., 2014). Such comparisons are generally carried
out at the ‘fire cluster’ or grid cell scale, due to the different pixel sizes of
the AF datasets (e.g. Xu et al., 2010; Vermote et al., 2009). Other po-
tential difficulties relate to the influence of sub-pixel cloud and smoke,
viewing geometry, the fire’s location within the IFOV, and the presence
of overlying vegetation (Roberts et al., 2018; Kumar et al., 2020; Calle
et al., 2009; Schroeder et al., 2010; Freeborn et al., 2011). The CEOS LPV
stage of FRP validation is stage one and most efforts have focused on
satellite product intercomparisons (Xu et al., 2021; Zhukov et al., 2006).
Most validation attempts have used of prescribed burns, with reference
data being collected with handheld, tower or aircraft mounted thermal
infrared imagers. The largest effort so far has been the RxCADRE
experiment (2012), where temporally coincident MODIS and VIIRS FRP
retrievals were compared to airborne Wildfire Airborne Sensor Program
(WASP) data (Dickinson et al., 2016). The satellite FRP was generally
lower than the airborne FRP and attributed to the influence of cloud and
to potential LWIR airborne imager calibration issues. Schroeder et al.
(2014b) compared MODIS and Geostationary Operational Environ-
mental Satellite (GOES) FRP retrievals with those from NASAs Auton-
omous Modular Sensor-Wildfire (AMS), also finding widely varying
differences of 5 to 110 %.
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2. Datasets
2.1. Meteosat FRP products

This study focuses on the evaluation of FRP retrievals from AF pixels
detected in data captured by the SEVIRI onboard the Meteosat Second
Generation (MSG). This geostationary satellite system has operated
since the MET-08 launch in 2002, and MET-09, —10 and —11 launches
in 2005, 2012 and 2015 respectively. The nominal location for the MSG
satellites is 0° latitude, 0° longitude, and in 2017 MET-08 was reposi-
tioned to 41.5 °E, 0° North to provide an IODC (Fig. 1). For simplicity,
we hereafter refer to MET-08 when describing SEVIRI acquisitions ob-
tained from the IODC coverage position and MET-11 to describe any
obtained from the nominal 0° N, 0° E position.

SEVIRI observes in 11 spectral channels and at a temporal resolution
of 15 min. Except for the broadband visible channel, each spectral
channel is measured with a point spread function (PSF) that provides an
IFOV of 4.8 km, sampled at an interval of 3 km and an oversampling
factor of 1.6 (Schmetz et al., 2002). The Meteosat Active Fire Detection
and FRP products (Wooster et al., 2015) are produced from geocoded
and radiometrically calibrated level 1.5 data by the Land Surface
Analysis Satellite Applications Facility (LSA-SAF, Trigo et al., 2011),
with the FRP-PIXEL product generated at SEVIRI’s native spatio-
temporal resolution. Intercomparisons conducted between the FRP-
PIXEL product and those of MODIS indicate that when both detect the
same fire within + 6 mins there is a strong agreement and low bias in
their FRP retrievals (e.g. Roberts et al., 2015; Roberts and Wooster,
2008). However, when imaging a region, SEVIRI underestimates FRP
with respect to MODIS due to it being unable to detect low FRP AF pixels
due to its larger pixel area. For the MET-11 FRP-PIXEL product this re-
sults in AF detection errors of omission of 65 % in Northern Hemisphere
Africa and 77 % in Southern Hemisphere Africa where the pixel area is
larger (Roberts et al., 2015). Hall et al. (2019) intercompared the FRP-
PIXEL and other geostationary satellite AF products to near-
simultaneous AF detections made using Landsat Operational Land
Imager (OLI), which has 30 m pixels. The results indicate variations in
geostationary AF pixel detection rate are a function of the fractional area
actively burning and that ~ 75 — 80 % of AF pixels are detected when at
least 2 % of the pixel was burning.

3. Study location and reference data
3.1. Kruger National Park (KNP)

The region selected for FRP product assessment is the KNP, a pro-
tected area covering 19,500 km?. This is viewed by MET-11 at a mean
view zenith angle (VZA) of 45° and by MET-8 at 30° and is subject to
frequent wildfires between August and October, as well as hosting a
long-standing experimental burn programme (Biggs et al., 2003). This
programme was initiated in 1954 to understand the role of fire fre-
quency and seasonality on herbaceous and woody savannah vegetation
structure. Experimental burn plots (EBPs) are located in 16 burn site
‘replicates’, with four in each of the parks four veld landscapes, and each
hosting a string of 12 EBPs with mean area of 7 ha (Fig. 2). EBPs in each
replicate string are subjected to fire ‘treatments’, differing by seasonality
(February, April, August, October, or December ignition) and frequency
(burned every 1, 2, 3, 4 or 6 years). Most EBPs are subject to annual,
biannual, or tri-annual burns, with some plots excluded from burning
entirely but subject to other disturbances such as herbivory. EBPs
highlighted by blue symbols in Fig. 2 are the sites of airborne data
collection used to create the reference data for evaluating SEVIRI FRP
retrievals.

3.2. Airborne thermal imagery

The reference fires had their FRP measured using helicopter-
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Fig. 1. Mean (2017-2020) per-pixel FRP (MW) derived from the MET-11 and MET-08 IODC FRP-PIXEL products. Overlain are the SEVIRI view zenith angles (10 —

70°) with the KNP marked by black star.

mounted MWIR and LWIR cameras fitted with a 3.9 um and 10.8 pm
narrowband filter respectively. The MWIR camera was an AGEMA 550
InSb cooled detector system offering 30 Hz data covering 320 x 240
pixels across a 40° FOV. This camera measures brightness temperatures
(BT) in the range —20 and 1500 °C but separated into three intervals — of
which the 250 — 700 °C range was used to prevent pixel saturation. The
LWIR camera was an Infratec VarioCAM HD 600, an uncooled micro-
bolometer system set to record at 30 Hz but across a wider 640 x 480
array and a 30 x 23° FOV. We used a 0 — 850 °C BT measurement range
for this camera.

Both cameras were deployed from a helicopter flown ~ 600 m above
the EBP fires which ensured that the entire EBP fell within the cameras
FOV. Assuming a 45° view zenith angle to the plot centre, the pixel sizes
of the AGEMA and VarioCAM HD cameras are ~ 2.6 m x 3.4 m (9.1 m?)
and 1.05 x 1.05m (1.1 mz) respectively, though this varied over time
and between different fire acquisitions. To aid imagery geo-location and
the pixel area derivation necessary for FRP retrieval, fires were lit at
each EBP corner to act as ground control points (GCPs). Improving on
the manual georectification applied here, Paugam et al. (2012; Paugam
et al, 2021) developed a method for automatically aligning thermal
camera imagery.

4. FRP uncertainty Investigations
4.1. Sensitivity to fire Sub-Pixel location

We first analysed the FRP products sensitivity to the fire’s sub-pixel
location within the IFOV which influences the sensors response to the
fire emitted MWIR spectral radiance (Calle et al., 2009; Freeborn et al.,
2014; Xu et al., 2021). We conducted a series of simulations where we
moved a uniform sub-pixel sized fire around within a pixel to examine
the effect on FRP retrieval. The fire had a homogeneous temperature and
fixed size and was located at different positions within the simulated
SEVIRI pixel, which have a rhombus shaped PSF (Coppo, 2015). Fires
were simulated using 100 m grid cells and at temperatures of 500, 800 or
1000 K and were positioned over the mean size of an EBP (300 x 200 m).

The simulated image covered 51 x 51 km, giving sufficient non-fire

background which had a 300 K temperature. Simulations were con-
ducted with the fire shifted up to 2500 m either side of the PSF centre in
100 m increments in the along-scan direction. SEVIRI 3.9 um spectral
radiances were convolved with the PSF to generate simulated SEVIRI
observations, which were then convolved with the finite impulse
response (FIR) filter (Wooster et al.,2015). The latter is a 17-pixel wide
symmetric Sinc function kernel, applied to the Level 1.0 data to generate
Level 1.5 data (Schmetz et al., 2002). The simulated SEVIRI data were
converted into BT (K) and ‘fire affected pixels’ then identified using a
2.5 K BT difference above background, a threshold like that used to
generate the FRP-PIXEL product. Analysis of FRP-PIXEL product data
(2014—2019) indicates the mean fire pixel MWIR BT elevation above
the background is 6.7 K (median of 5.3 K), so a 2.5 K difference will
detect some of the lowest FRP fire pixels SEVIRI can identify.

Our simulations confirm the findings of Freeborn et al. (2014) for
MODIS, that real FRP retrievals always have an uncertainty component
stemming from our imprecise knowledge of the fires sub-pixel location.
This source of uncertainty is not yet built into the uncertainty metric
present in some FRP products — including the FRP-PIXEL product. Based
on multiple simulations, each with different sub-pixel fire locations and/
or temperatures, Fig. 5 shows the numbers of AF pixels detected, total
pixels saturated (> 335.5 K), and retrieved FRP. Fig. S1 shows the
impact of a fire’s sub-pixel location on the BT of the simulated AF pixels,
and their along-scan neighbours.

The distribution of retrieved FRP with distance from the PSF centre is
influenced by the number of AF pixel detections and the number of
saturated pixels. The sensitivity of the FRP profile to the fires sub-pixel
location demonstrates the impact of the FIR filter, which serves to in-
crease and decrease the PSF weighting in the along-scan direction. The
nature of this variation depends on the fire’s specific characteristics.
When the fire is at or close to the PSF centre the FRP is relatively well
retrieved due to a combination of the fire size, degree of saturation and
the effect of the FIR filter sidelobes which reduce the BT of the pixels
neighbouring the AF pixels — thus increasing the latter’s BT elevation
above the background (Fig. S1). For a 500 K fire, the abrupt FRP profile
is due to the variation in the number of detected fire pixels caused by the
low pixel BTs and the comparatively large (at these temperatures) BT
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Fig. 2. (a) Landsat 8 mosaic of KNP showing the locations of all experimental burn plots (red), with those in blue used in this study. (b) Sentinel-2 true and (c)

infrared false colour images which captured an EBP fire on 16" October 2018.

difference required to identify an AF pixel. The influence of the FIR filter
is more apparent at higher fire temperatures, with depressed back-
ground BTs at distances of two and four pixels from the pixel centre.
When the fire is centrally located within a pixel, the FRP is constrained
by a combination of fewer detected AF pixels, and, at higher fire tem-
peratures, pixel saturation which affects 9 and 22 % of the fire pixels at
800 and 1000 K respectively. When located away from the pixel centre,
the FRP differs by up to 12, 14 and 11 % with respect to when the fire is

centrally located for 500, 800 and 1000 K fires respectively. The influ-
ence of image filtering on fire detection is illustrated in Fig. S2 which
shows, for each fire temperature, the simulated nadir SEVIRI BT, the
retrieved FRP, and the location of detected fire and saturated pixels. Also
shown are actual SEVIRI MWIR image subsets that display similar
spatial patterns of BT as the simulations although the temperature and
size of these fires is unknown.

Simulations for MET-08 and MET-11 that focused on the viewing
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Fig. 3. KNP experimental burn (27th August 2019) observed by helicopter borne infrared cameras. a) LWIR BT (°C) and b) per-pixel FRP (W), and c) co-incident

MWIR BT (°C) and d) FRP (W).

geometries found over KNP were generated using the same 3 x 2 100 m?
fire pixels and fire temperatures. The SEVIRI PSF for MET-08 and —11
were used, being rotated, and scaled according to the pixel dimensions
found over KNP (3.1 x 4.5 km for MET-11 and 3.1 x 3.6 km for MET-
08). Fires were positioned at intervals of 100 m radius from the PSF
centre and at increments of ~ 17° in azimuth angle — resulting in 822
locations within the MET-08 and MET-11 PSF’s. Fig. 6 shows the per-
centage difference in the FRP retrieved from the MET-11 and MET-08
simulations. For each fire temperature, the minimum difference occurs
when the fire is centrally located in the MET-11 PSF, and as the fire
moves away from this point the FRP difference increases to a maximum
of 58 % (range —6.5 to 52 %), 20 % (14.6 to 35.5 %) and 38 % (7.7 to
46.7 %) for fire temperatures of 500, 800 and 1000 K respectively. Some
of the effect is due to different numbers of fire pixels being detected for
the different MET-11 and MET-08 viewing geometry data, and some to
do with the differing extent of pixel saturation which can be extensive at
the higher fire temperatures simulated here.

4.2. MSG-11 and MSG-8 FRP intercomparison over KNP

The simulations described in Section 4.1 illustrate the variation in
retrieved FRP that may occur due to the imaging process when quanti-
fying sub-pixel high temperature phenomenon located within a pixel. All

other perturbations were omitted (e.g. temporal offsets, spectral wave-
band differences, atmospheric and surface variation), and to examine
these together we intercompare simultaneously acquired MET-11 and
MET-08 FRP data.

Fig. 7 presents a comparison of the spatially and temporally coinci-
dent MET-11 and MET-08 FRP retrievals within KNP. Comparisons were
made on a per fire pixel (Fig. 7a) and per-fire cluster (Fig. 7b) basis,
using imagery acquired between 2017 and 2020. The latter refer to
‘clusters’ of adjacent AF pixels that can comprise of one or more pixels,
each of which contain one or more active fires. On a per-pixel basis,
there is good agreement with a correlation coefficient of 0.72 (R), and
low bias (—1 MW). However, despite the two datasets being acquired at
the same time, there is a high degree of scatter. The slope of the linear
best fit is also less than unity (0.72). This variability reduces when the
data are grouped into contiguous clusters of AF pixels, as is common
with comparisons of AF data from different sensors (Li et al., 2018;
Schroeder et al., 2010). The correlation coefficient (R) increases to 0.95,
with a low bias (0.25 MW) and a linear best fit slope close to unity
(0.96). The scatter also reduces, with a fire cluster mean percentage
difference between MET-11 and MET-08 FRP data of 4.2 % compared to
15.7 % in the per-pixel case. As evident from Section 4.1, the fires’
location within the IFOV of each sensor contributes to per-pixel FRP
variability due to the fire emitted radiance being distributed into
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neighbouring pixels (Fig. S2). When fire pixels are spatially aggregated
into clusters, the influence of the PSF is dampened as all fire emitted
radiance is included in the assessment and larger clusters will be more
likely to have a larger proportion of their MWIR spectral radiance
located in detected AF pixels than smaller clusters or single pixel fires
(Fig. 7b). This assumes that the fire emitted radiance distributed to
neighbouring pixels is sufficient to elevate their BT above the back-
ground to be detected as a fire pixel.

4.3. Comparison to KNP experimental burn plots (EBP)

The detection success of the EBPs fires by Meteosat SEVIRI was used

to investigate the variation in active fire detection errors of omission
between MET-11 (standard) and MET-08 (IODC). Each EBP burn has its
ignition and end time recorded, and all records between 2004 and 2018
were compared to the satellite fire detections. Of the 456 EBP fires
examined, only 9 (1.9 %) were detected by MET-11 and only 1 by MET-
08. There was a total of 19 AF pixel detections across these 9 fires, all in
the Aug or Oct burns when herbaceous fuel moisture is low and fire
intensity peaks (Govender et al., 2006). These data had a per-pixel FRP
ranging from 33 to 227 MW (mean of 86 MW). Burns in April and
December are typically patchy, and sometimes do not result in a
spreading fire making them poor targets for satellite AF detections.
Restricting our analysis to fires that occur in August and October,
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which equates to 79 % and 92 % of prescribed fires with data from MET-
11 and MET-08, marginally improves the AF detection rate to 2.6 % and
2.1 % for MET-11 and MET-08 respectively. Examination of the FRP-
PIXEL quality assurance (QA) information indicates that 57 % of the
MET-11 observations were cloud free, 33 % were cloud obscured, 6 %
were located at a cloud edge, and the remainder either sunglint affected
or where the background temperature could not be estimated. Analysis
of the MET-08 IODC product indicated that of the 52 burns, the FRP-
PIXEL product detected one (a detection rate of 1.9 %) having an FRP
of 72 MW. For the data matching EBP fires, FRP-PIXEL QA analysis
indicated 63 % of the observations were cloud free, 24 % were cloud
obscured, 1 % were at a cloud edge and the remainder were sunglint
affected or the background temperature could not be resolved. Only
including those EBP fires which are cloud free results in a detection rate
to 4.9 % and 8.3 % for MET-11 and MET-08 respectively.

A cause of the high omission rate is that, whilst in theory being
sufficiently large and intense enough to be detected by SEVIRI, they may
not be in practice. The fires short-lived nature (average duration of 32
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min) mean they are often only actively burning during a single SEVIRI
imaging slot. Fig. S3a shows the FRP time-series derived from
helicopter-borne MWIR imagery for a fire conducted in August 2019.
The FRP remains below 15 MW much of the time, only briefly rising
above 30 MW where detection by SEVIRI becomes more likely (Roberts
et al., 2015). Fig. 8 shows the MET-08 and MET-11 modal per-pixel FRP
value between 2017 and 2020, derived using 5 MW bins and as a
function of view zenith angle (0 — 70°). Over KNP, FRP retrievals from
MET-11 and MET-08 are most frequently between 30——35 MW. This is
higher than most of the timeseries shown Fig. S3a, and this fire occurred
in August when fire intensity is typically higher than at other times of
year (Govender et al., 2006). Over the KNP, SEVIRISs pixel area for MET-
11 and MET-08 is 14.1 km? and 11.2 km? respectively, whilst the
experimental burn plots cover a mean area of 0.067 km? (~0.47 and
0.59 % of a MET-11 and MET-08 pixel respectively). The fraction of the
plot that is flaming at the time of a SEVIRI image acquisition is smaller
still (10 x lower by our estimate). Given their short duration and small
size relative to the SEVIRI pixel area it is unsurprising that successful
detections are infrequent.

4.4. FRP retrieval assessment

Fig. 9 presents a comparison of the FRP determined from the
helicopter-borne infrared imagery and the MET-11 and MET-08 SEVIRI
instruments over five fires in KNP. The mean percentage difference be-
tween the MWIR camera and satellite FRP is —11.1 and —57.3 %
respectively for MET-11 and MET-08, whilst for the LWIR camera FRP
-32 % (range —71 to 31 %) and —43 % (range —140 to —1.3 %)
respectively for MET-11 and MET-08. Overestimation of low (< 40 MW)
FRP fires by coarse spatial resolution sensors is also evident in com-
parisons between SEVIRI and MODIS (Roberts and Wooster, 2008) and
GOES and MODIS (Xu et al., 2010; Schroeder et al., 2010). Table 1 shows
that the FRP from the thermal camera data ranges between 14 and 66
MW, whilst the most frequently detected fires over KNP by SEVIRI are
those with FRP retrievals of 30—35 MW (Fig. 8). Only one of the five
EBP fires imaged simultaneously from the helicopter were successfully
detected by the MET-11 and MET-08 FRP-PIXEL products (grey shaded
cells in Table 1), and these had a camera measured FRP > 40 MW. The
fire on the 16th October was detected by both SEVIRI instruments with
the MET-11 FRP being 50 MW higher than that of MET-08 due to two AF
pixels being detected in the former and only one in the latter.

Two fires in Table 1 have FRP magnitudes far below SEVIRIs
detection capability, since their BT difference between the fire pixel and
ambient background lies between 1—2 K. These fires are only likely to
be detected by MODIS, SLSTR or VIIRS which can detect fires with an
FRP between 2 and 10 MW (Li et al., 2020). Fig. 9 indicates that the
airborne LWIR FRP is underestimated compared to the airborne MWIR
retrievals which is also an underestimate due to the omission of fire
pixels < 485 K. Vegetation fires typically have temperatures between
700—1400 K (Riggan et al., 2004) and at these temperatures the
measured BT at pixels covered only partly by flame is significantly
higher in the MWIR than in the LWIR (Fig. 3). Also shown in Fig. 9 is
LWIR camera FRP adjusted based the relationship found between the
LWIR and MWIR camera FRP (Fig. 4). The adjusted LWIR FRP reduces
the average percentage difference to 21 % (—1.1 to 58.9 %) and 14 %
(—43.2 to 39 %) for MET-11 and MET-08 respectively. These results
though indicate that reference data for satellite FRP product evaluation
should be derived from MWIR rather than LWIR imagery wherever
possible.

4.5. Discussion

Satellite-derived FRP measures represent an Essential Climate Vari-
able (ECV) and are increasingly widely used (Wooster et al., 2021), so
evaluating these retrievals is important for ensuring their consistency
and appropriateness for use. This study provides an overview of some of
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Fig. 7. Per-pixel and per-fire cluster intercomparisons of FRP retrievals obtained for the same KNP fires simultaneously from the MET-11 and MET-08 IODC over KNP

between 2017 and 2020.
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Fig. 8. Modal per-pixel FRP (MW) as a function of view zenith angle (VZA, 0-70°). All locations within a VZA band where an AF was detected contribute to the data

of that band. KNP is marked by black star and data are 2017-2020.

the key factors believed to influence satellite FRP retrievals, using those
from SEVIRI as an example.

At moderate and coarse spatial resolution, the location of a fire
within the IFOV plays an important role in its detection, FRP retrieval,
the distribution of radiance into neighbouring pixels, the number of fire
pixels detected and the extent of pixel saturation. The SEVIRI imaging
process was simulated to assess the influence of a fire’s location within
the IFOV on the retrieved FRP. At nadir, the FRP differs by up to 14 %
relative to that retrieved at the pixel centre depending on the fires’
location in the across-scan direction. In the case of SEVIRI, the fires’
location, temperature and size influence the image FRP through the

number of detected and saturated fire pixels (Fig. 5). Schroder et al.
(2010) investigated the influence of PSF weighting and fire location on
FRP retrievals from MODIS and GOES which were found to decrease by
~ 66 and 50 % when the fire was located 700 and 2200 m from the pixel
centre respectively. When intercomparing simulated MET-11 and —08
FRP retrievals, which have different pixel areas, the difference in fire
cluster FRP can be as high as 55 % depending on the fire location, with
an average median difference of 21 % (Fig. 6). The simulations con-
ducted here greatly simplify the imaging process, as was also the case for
a similar study of Sentinel-3 SLSTR (Xu et al., 2021), and a more
comprehensive assessment can be found in Coppo (2015). Further
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Fig. 9. FRP retrievals for five EBP fires conducted in KNP as derived from the helicopter borne MWIR and LWIR imagery and near-coincidentally from the SEVIRI
instruments on MET-11 and MET-08. The ‘LWIR Adjusted’ data are LWIR-derived FRP adjusted using the relationship shown in Fig. 4 (to make them a closer

representation of what would be derived using the MWIR).

Table 1

Temporal characteristics of the coincident SEVIRI and thermal camera FRP retrievals. Grid cells shaded grey are fires detected by the FRP-PIXEL product. Cells shaded
in blue are those where the BT difference between the fire pixel and ambient background is < 1 K.

Year  Month Day MET-11 FRP MET-08 FRP AGEMA FRP LWIR FRP AGEMA Time Offset LWIR Time Offset
(MW) (MW) (MW) (MW) (seconds) (seconds)

2017  August 29 15.82 14.19 1

2017 August 30 11.46 16.67 20

2018  October 16 74.47 76.49 62.21 1

2018  October 16 124.5 72.1 72.40 1

2019  August 27 73.37 103.9 66.02 43.29 1 1

differences influenced by e.g. atmospheric path length differences, sub-
pixel cloud and radiance interception by foliage could be assessed using
radiative transfer models such as the Discrete Anisotropic Radiative
Transfer (Gastellu-Etchegorry et al., 2015) such as that carried out by
Roberts et al. (2018) to investigate the extent of fire emitted radiance
interception by overlying vegetation.

Nevertheless, despite the simplicity of our simulations, the inter-
comparison of real MET-11 and MET-08 FRP retrievals (Fig. 7) confirms
the variability seen in per-pixel FRP found in the simulations, and on a
per-pixel basis we find high scatter (101.1 MW) in the almost simulta-
neous observations made by the two sensors from different viewing
angles which is contributed to for example by differences in pixel area
and thus non-fire background characterisation (Zhukov et al., 2006),
sub-pixel fire location (e.g. Calle et al., 2009; Wooster et al., 2015), fire
emitted radiance interception by overlying vegetation (Mathews et al.,
2016; Roberts et al., 2018), and possibly atmospheric path differences
(Peterson and Wang, 2013). The mean per-pixel difference (15.7 %) is
close to the 26.6 % found for MODIS by Freeborn et al. (2014). When the
AF pixel data are aggregated to fire pixel clusters, the degree of differ-
ence is much reduced, and we can confirm that this approach provides a
more consistent method for FRP product intercomparison.

Numerous methods exit for assessing the detection rate of AF data-
sets. Here, the FRP-PIXEL product detection rate was assessed using EBP
fires in the KNP. The comparison was not very productive as the MET-11
and MET-08 FRP-PIXEL products detected less than 5 % and 9 % of the
cloud free prescribed fires conducted in August and October between
2004 and 2018. The low detection rate is explained by SEVIRIs large
pixel area over the KNP (> 11.5 km?), coupled with the small fire size («

7 ha actively burning) and their low intensity (often < 20 MW, Fig. S3a).
Compared to these prescribed fires, AF detections from contempora-
neous Sentinel-2 (Hu et al., 2021) or Landsat data (Schroeder et al.,
2008) would enable better assessment of SEVIRIs AF detection capa-
bility and as a function of the AF size and SEVIRIs pixel area (e.g. Hall
et al. 2019).

We did however use some of the EBP fires to collect reference FRP
data from helicopter mounted thermal imagers operating in the MWIR
and LWIR spectral regions. The mean percentage difference between
MET-11 and MET-08 FRP retrievals and the MWIR-derived reference
data is —11.1 and —57.3 % respectively, whilst for the LWIR is -32 %
and —43 % respectively (decreasing to 21 % and 14 % when the LWIR
measures are adjusted to better match those collected using the MWIR
system). The differences we find fall within the range found both in our
simulations and the MET-11 and MET-08 FRP intercomparisons. We
recommend FRP reference data be collected using MWIR-based systems
wherever possible, since this is the waveband used for the satellite FRP
retrievals. This can be further improved by using specific bandpass fil-
ters that replicate the spectral response of the satellite waveband such as
that described by Xu et al. (2021) when validating SLSTR FRP.

4.6. Conclusion

This paper presents an assessment of some of the factors that influ-
ence FRP retrieval and its validation using simulated and real SEVIRI
data. SEVIRIs imaging process was found to cause differences of up to
55 % depending on the fire temperature, location within the IFOV and
the viewing geometry. These results were corroborated whilst
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intercomparing MET-08 and MET-11 FRP where the average per-pixel
difference was 15.7 %. The active fire detection rate of SEVIRI was
found to be between 5 and 9 % when assessed against EBP fires that
occurred in August and October when fires are their most intense. The
low detection rate is explained by SEVIRIs large pixel area over the re-
gion (> 11 krnz), the small fire size (average size < 7 ha) and their low
FRP (typically < 30 MW). Helicopter mounted thermal camera imagery
were used to validate SEVIRI FRP which revealed SEVIRI tended to
overestimate FRP depending on the Meteosat platform used and the
spectral wavelength of the camera imagery. Our results indicate the
factors assessed here should be taken into consideration when defining
uncertainty thresholds for GCOS requirements and in developing satel-
lite FRP product validation protocols. Currently, FRP is at CEOS vali-
dation stage one and, despite the challenges in validating FRP retrievals,
it is important to build on this. To do so, support from space agencies is
needed for validation campaigns to ensure the long-term consistency of
active fire and FRP products.
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