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Abstract. FRP (Fire Radiative Power) is the magnitude associated to the thermal radiance which
explains the ecological effects of active fire; it is the component of the chemical power released
from burning vegetation and emitted as radiation during the process of combustion. In this paper, a
discussion of the procedures for active fire FRP is presented: The Dozier method, originally devel-
oped for use with the AVHRR (Advanced Very High Resolution Radiometer), the MODIS (Mod-
erate Resolution Imaging Spectroradiometer) fire detection algorithm and semi-empirical relation-
ship based on previous studies of BIRD (Bi-spectral InfraRed Detection) satellite. These proce-
dures, described above, are applied to simulated data by a radiative transfer model, based on Sen-
tinel-3/SLSTR spectral characteristics in order to analyze the impact of atmospheric conditions on
FRP estimations.
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1. Introduction

FRP (Fire Radiative Power) is the magnitude associated to the thermal radiance which explains
the ecological effects of active fire; it is the component of the chemical power released from burn-
ing vegetation and emitted as radiation during the process of combustion. FRP was introduced by
[1] as a useful magnitude to estimate biomass combustion rates and the associated emissions.

The Dozier method, originally developed for use with the AVHRR (Advanced Very High Reso-
lution Radiometer) is a bi-spectral technique using radiance in the MIR (Middle InfraRed, 3—4 pum)
and TIR (Thermal InfraRed, 10-12um) to estimate the pixel fraction affected by fire and the fire
temperature [2], both involved in the FRP estimation. Nevertheless, the monitoring of fire using
remote sensing presents sources of uncertainty due to unexpected atmospheric conditions and un-
known values of emissivity, among other aspects, so the Dozier’s bi-spectral equations must be
solved using numeric methods. Concerning polar orbiting satellites, the MODIS (Moderate Resolu-
tion Imaging Spectroradiometer) fire detection algorithm [3] is a reference methodology which can
be applied to other sensors. The MODIS fire product, described in [4], proposes FRP estimation us-
ing an empirical relationship with brightness temperature, thus avoiding having to solve the bi-
spectral equations. Using the MODIS algorithm as the baseline, [5] have developed an active fire
detection algorithm, to be implemented on Sentinel-3/SLSTR (Sea and Land Surface Temperature
Radiometer) sensor, with successfully validated results. In order to estimate the FRP, they propose
using a semi-empirical relationship based on previous studies of BIRD (Bi-spectral InfraRed Detec-
tion) satellites [6].

The GMES (Global Monitoring for Environment and Security), is an initiative of the European
Commission and the ESA which objective is evaluate the European capacity for the provision and
use of operational services. The contribution of GMES to the topic of forest fires is represented by
the future satellite Sentinel-3: today, with the interruption of Envisat services, the study of suitabil-
ity of algorithms to be implemented on Sentinel-3 is a necessary scientific task.The future instru-
ment SLSTR, described in [7], is an improved continuation of Envisat/AATSR (Advanced Along-
Track Scanning Radiometer) that will be put into operation within the European GMES (Global
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Monitoring for Environment and Security) programme. SLSTR will provide measurements in nine
spectral channels, two of which are optimised for fire monitoring. The Sentinel-3 mission's main
objective is to measure sea-surface topography, sea- and land-surface temperature and ocean- and
land-surface colour with high-end accuracy and reliability in support of ocean forecasting systems,
and for environmental and climate monitoring. The SLSTR (Sea and Land Surface Temperature
Radiometer) sensor improves the along-track-scanning dual-view technique of AATSR and pro-
vides advanced atmospheric correction. SLSTR measures in nine spectral channels, with two bands
optimised for fire monitoring, covering the spectral region [0.55-12] um. The SLSTR has a spatial
resolution in the visible and shortwave infrared channels of 500 m and 1 km in the thermal infrared
channels. Table 1(adapted from [7]) shows the thermal spectral bands (with a spatial resolution of 1
km), and its radiometric performances; note that spectral bands devoted to fire observation are F1
and F2.

Table 1. Radiometric performances for thermal spectral bands of the SLSTR sensor. This table is adapted from [7],
where an extensive description of SLSTR sensor can be found.

Ch. Band A (um) Al (um) T range (K) T Ret. (K) NEAT Ref. (mK)
S7 MIR 3.74 0.38 200-323 270 56

S8 TIR 10.85 0.9 200-321 270 29

S9 TIR 12 1.0 200-318 270 21

Fl MIR 3.74 0.38 285-500 285-500 680-16

F2 TIR 10.85 0.9 230-400 230-400 79-35

A is the central wavelength. Ax is the spectral width, albedo is the top of atmosphere reflectance, 7 is the
top of atmosphere brightness temperature, SNR is the signal-to-noise ratio, and NEAT is the noise
equivalent temperature difference.

In this letter, a discussion of the aforementioned procedures for active fire FRP is presented.
These procedures, described above, are applied to simulated data by a radiative transfer model,
based on SLSTR spectral characteristics in order to analyze the impact of atmospheric conditions on
FRP estimations.

2. Technical approaches to FRP estimation

The fire parameters, fire temperature, Tf, and burning pixel fraction, p, can be obtained by
means of Dozier’s methodology [2], which is based on the solution of the following system of equa-
tions:

Lur =P B()“MIR Ty )+(1_ p) B(}'MIR ’Tsuf) (1)
. B(}LTlR Ty )+(1_ p) B()“TIR 'Tsurf) O<p<l

where Liyr and Ltr are the outgoing radiances from the pixel, at surface level, in the spectral
regions of 3—4 um and 11 um, respectively, and B(A,T) is the Planck function involving wavelength,
A, and temperature, T. Ty is the temperature of the background not affected by the fire. A more
realistic scheme, including reflective terms in the MIR spectrum and atmospheric transmittance, is
described by [8]; this letter ignores reflective terms. The FRP is estimated by means of the Stefan-
Boltzmann law:

FRP = pA,, 0T} (2)
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where Asampi IS the total pixel area (in km?), o is the Stefan-Boltzmann constant (5.67x10®
Wm 2K ™) and FRP is in MW.

In the MODIS fire product [4], the FRP is estimated using the empirical relationship of [9]:
FRPBth = C(TSIR _T?/”R )Asampl (3)

where Tyr is the 4 um brightness temperature of the fire pixel detected, Twmr iS the average of 4
um brightness temperature of the background (no fire), and Asampi iS the total area (in km?) of the
pixel. C is an empirical constant determined on the MODIS 4 um spectral channel
(Cmopis=4.34x10" MWK ®km ). The FRP (in MW) is hereafter called FRPg, due its dependence
on the 8" power of brightness temperature.

An algorithm for active fire detection has been proposed to be applied on the Sentinel-3 SLSTR
sensor by [5]. For each pixel affected by fire, the FRP is calculated using the MIR radiance by
means of the method explained in [6]:

Asam o —
PRy, = - 5" pl (aj(LM,R —Lwr) (4)
MIR

where Asampi IS the ground projection area of the sensor FOV (Field Of View) in m?, and which
is zenith angle view dependent, o is the Stefan—Boltzmann constant, Lyr is the MIR channel spec-
tral radiance of the fire pixel (Wmsr ‘um™), Lwr is the mean MIR channel spectral radiance of
the background pixels (Wm2sr ‘um ™), tmir is the atmospheric transmissivity in the MIR spectral
band (calculated as a function of the total column of water vapour content) and a
(Wm2sr 'um'K™) is the factor of the relationship between the spectral radiance and the fourth
power of the temperature; that is: the spectral radiance L(A,T) emitted by a black body at wave-
length A is given by the Planck function, which can be approximated over the MIR temperature
range (around 4 pm) by the simple power law: L(L)=aT*?; note the radiance method is only valid
for fire temperatures above 600K; there is no linear behaviour below this value. FRP 4 is expressed
in MW.

3. Methodology

A series of fires have been simulated by means of the MODTRAN (MODerate resolution at-
mospheric TRANsmission) [10] in order to calculate the outgoing radiance at TOA (Top of Atmos-
phere) and received by the SLSTR sensor. The scenarios of simulated data are described by the in-
tervals of the parameters: T¢e[400K,1100K], pe[le-5,0.4] and atmospheric transmittance
wvir€[0.69,0.88]; trir was calculated so that the tyvir and trir were linked to standard atmospheric
profiles (random variations between them were not considered). The spectral radiance was inte-
grated using square spectral response functions for SLSTR fire channels, F1 (A= 3.74 um, AA=
0.38um) and F2 (A= 10.85 um, AA= 0.9 um) (see [7] for a detailed description of the SLSTR in-
strument), using a nominal value of Agamp Of 1 km?. The FRP of the simulated fires, hereafter called
FRPtrue, Was calculated by means of input simulation values of p and T¢ and eq. (2) (Note that
FRPtrue IS not dependent on atmospheric transmission). The temperature of the surface not affected
by fire (background) was considered as 300K. In order to consider representative emissivity values,
for the background, emigr=0.85 (channel of 3.74 um) and &rr=0.9 (channel of 10.85 um) were used,
and fire was considered as a black body. Although these values are very low for green vegetation,
they are suitable for senescent vegetation, in accordance with [11] and [12].
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To estimate FRP by means of the Dozier plus Stefan-Boltzmann (FRPpsg hereafter), an iterative
algorithm is proposed here; it is based on TOA MIR and TIR radiances received by the sensor, ac-
cording to the following equations:

L, =7,pB(2,T, )+ (- p)L; j=MIR,TIR ()

where j is the spectral channel (MIR and TIR), L; is the TOA radiance provided by the sensor, T;
is the atmospheric transmittance, B(A,T) is the Planck function, T is the fire temperature, p is the
pixel fraction affected by fire, and L; is the average of the TOA radiance of background pixels; note
that this term includes the atmospheric transmittance and emissivity dependence. In order to find Ts,
the equation (6) is solved by a iteration procedure:

(LMIR - EMIR )7 _ (LTlR - ETIR )7 (6)
TuR B(/"LMIR,Tf )— Lur g B(/lT,R T )— Lr

The fire fraction, p, is estimated, finally, from any of the equations (5) and the FRP (FRPpsg
hereafter) is obtained from eq. (2). Taking into account the fact that atmospheric conditions are un-
known when the method is applied, an average of tyr and trr, used in the simulation of fires, were
used. The error in T; and p are negligible when atmospheric transmittance and the corresponding
radiance are used in the simulation; when an averaged transmittance is used, the maximum errors
found, in the described interval of transmittance, were 60K, in Tr, and 70%, in p (for p=10"%). Note
that the impact on the estimate of FRP, due to p error is much smaller than the T error.

Concerning the estimation of FRPgy, used in the MODIS fire product, a new empirical constant
for SLSTR was calculated, Cs sTr, to be used in eg. (3). This only used the not saturated values, the
fire temperature and the atmospheric transmittance described in the simulated fires; so, using FRP
simulated values and spectral features of the SLSTR sensor, the constant CsLsTr=4.48x1071°
MWK Bkm was estimated by means of a linear regression (determination coefficient, R?=0.94).
Note that Cg; str is slightly different from Cyopis.

The methodology applied to FRP4, described by eq. (4) is not suitable for fire temperatures be-
low 600 K. The “a” constant valid for the SLSTR sensor, previously estimated by means of aver-
aged atmospheric transmittances used on the simulated fires, was ds.str=1.05x107
Wmsr tum 'K ™ (R?=0.99).

4. Results and discussion

The error percentage provided by the FRPpsg is not dependent on the fire fraction. The error in-
creases with twyir and trigr and decreases with Tr. The restriction of this procedure is that, for T;
lower than 450K, there is no convergence in the eq. (6). These results are summarised in figure 1.
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Figure 1. Percentage of error, in the FRPDSB estimation; Left: the error graph as function of MIR transmittance and
fire temperature; the level of error 0% is shown as reference. Right: Error contours generated by 3D graph intersection
with error planes [-10%, 50%].

The percentage of error provided by FRPg shows a strong dependence on the fire fraction when
the fire temperature increases. Figure 2 shows the 3D graph of errors for three p values (10, 107
and 10°). Note that p=10"" is incomplete due to the SLSTR sensor saturation (saturation occurs for
T above 740 K for p=10"). The dependence on twir is weak. FRPgy exhibits a good behaviour,
with errors inside the interval +10%, for p=10% for T;e[540K,600K] for high tmir and
T;e[600K,740K] for lower tyr values. If p decreases, the error range +£10% corresponds to T in-
tervals narrower and shifted to a lower Ts. These results are summarised in figure 2.

The percentage of error provided by FRP4 does not show any dependence on the fire fraction.
Higher tyr values are more sensitive to errors, so FRPg4y, is inside the interval £10% for the interval
T€[625K,700K] for high tvmir and Tre[720K,900K] for lower tvr values. FRP4y Overestimates
FRPtrue for high T;. These results are summarised in figure 3.
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Figure 2. Percentage of error, in the FRP8th estimation. Left: Error graph as function of MIR transmittance, fire tem-

perature and fire fraction; the level of error 0% is shown as reference. Note p=0.1 is incomplete due to SLSTR satura-
tion. Right: Error contours generated by intersection of the 3D graph, in p=10-2, with planes of error [-70%, 20%].

703



A. Calle: Study of Sentinel-3/SLSTR suitability for estimating active fire parametres

1100

= =
50 T 1050
25 i €r=0.85 ’-9 Eur=0.85
S 1000
= €:2=0.91
-~ 950 %
z g %% 2
& g 900 2 %
u-‘z g 850"
5 a 3
& £ 800, 0 20 30
w L
= 750 , 10 21
= w
(= 700 =10 10
w 0
07" : - 1100 650 20 : o 0
MR trane 08 oy B0 O e o 20 e
Smj = A S M —
Mittance ©° % Fire temperature ) 8057 072 074 076 078 08 082 084 086 088

MIR transmittance

Figure 3. Percentage of error, in the FRP 4, estimation. Top: Error graph as function of MIR transmittance and fire tem-
perature; the level of error 0% is shown as reference. Bottom: Error contours generated by the intersection of the 3D
graph with planes of error [-30%, 40%)].

This analysis has been performed taking into account a senescent vegetation scenario covering the
background (regarding emissivity values). Nevertheless, the same analysis was performed previ-
ously considering a black body background; the same errors have been found for the three algo-
rithms. Note the spectral radiance or brightness temperature used by them is a TOA magnitude. For
the fire fraction, however, black body behaviour may reasonably be assumed, provided the line-of-
sight path length through the flames is sufficiently thick [13]; so eq. (5) does not include the emis-
sivity correction.

The shape of the spectral response function was also analysed in order to find out its impact on
the final FRP estimations. A Gaussian shape was simulated, excelling the top-hat shape, left and
right, in response 0.2. This spectral response function is slightly different to the previous shape due
to the integrated radiance at left and right of the top-hat; for example, for the case p=0.001, differ-
ences in brightness temperature are 0.3K (MIR) and 3.2K (TIR). Nevertheless, the errors found in
the fire temperature and fire fractions affected by the fire are the same as those mentioned previ-
ously (+2.6% on average). So, the FRP procedures described here will not be dependent on the final
shape of the SLSTR spectral response function. Note the figure 4 when a comparison between
square and gaussian Spectral Response Function is shown.
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Figure 4: Two different SRF were considered for each spectral channel: gaussian and square SRF. The gaussian
function was strongly forced to overpass the requirements of square function, in order to calculate the impact of this
issue in the radiance obtained by the sensor.
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Finally, the future SLSTR sensor will be suitable for fire monitoring because the saturation of
the MIR channel only occurs in scenarios with a high fire power (Fire temperature, burning area);
for example: from (980K, 2.5ha), (840K, 5ha), (770K, 7.5ha), (730K, 10ha), (670K, 15ha).

5. Conclusion

The methods FRP4, and FRPpsg show better results in larger interval of fire temperature than
the FRPgy, procedure and, moreover, they show no dependence on the fire fraction. However, the
errors caused by them increase dramatically when the fire temperature falls below a certain value:
450 K for FRPpsg due to uncertainty in the convergence of equation (6) and 650 K for FRP4 due to
relationship radiance versus T*? is not valid; this is a restriction of the method when the confidence
level (in the fire detection) is low. Note that a small fire, or a fire with a low temperature, is difficult
to detect.

The FRPpsg method shows better results than the FRP4, and FRPgy,, and its applicability range
is larger; however, it is more sensitive to unknown atmospheric transmittance and uses tvr and trir.

The lack of knowledge concerning atmospheric conditions seems to be the most important source
of errors, in estimating the FRP. Therefore, other specific atmospheric factors should be taken into
account, such as smoke and aerosols. Also, the SLSTR sensor presents good performances in avoid-
ing saturation.

All the results and comparisons are derived by the analysis of Sentinel/SLSTR simulated data and,
as a result, certain limitations exist with the use of these data, while expectations should rise from
the use of the original data in the future.
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