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Abstract— This study addresses two key uncertainties in the
fire radiative power (FRP) retrieval, which is essential for improv-
ing global top-down fire emission inventories. First, it proposes a
novel FRP retrieval method by combining the ~4 and ~8.6 um
channels based on Monte Carlo simulation, which is verified
using the Visible Infrared Imaging Radiometer Suite (VIIRS).
The inclusion of the ~8.6 um channel significantly improves
the accuracy of FRP retrieval, especially for highly smoldering
fires. Second, atmospheric correction is conducted using out-
puts from the state-of-the-art unified linearized vector radiative
transfer model (UNL-VRTM). The importance of atmospheric
correction is demonstrated through the single-channel (~4 um)
FRP retrievals from the Moderate Resolution Imaging Spectro-
radiometer (MODIS) active fire (AF), VIIRS AF, and VIIRS
second-generation fire light detection algorithm (FILDA-2) prod-
ucts. Post-correction results show effective mitigation of nighttime
FRP angular dependency, achieved by considering the enhanced
atmospheric attenuation due to longer path length off-nadir.
However, a residual daytime FRP angular dependency remains,
likely due to the angular dependency of the thresholds used for
daytime fire detection. Additionally, an enhanced agreement is
observed between the VIIRS FILDA-2 FRP retrievals from the
Suomi National Polar-orbiting Partnership (NPP) and National
Oceanic and Atmospheric Administration (NOAA)-20 satellites
after correction. Lastly, a global FRP increase is noted across
all three products, with VIIRS AF and VIIRS FILDA-2 showing
more significant increases (65.8% and 62.5%, respectively) than
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MODIS AF (20.8%). These advancements in FRP retrievals
may enhance the downstream fire emission products, which will
benefit the air pollution modeling community.

Index Terms— Atmospheric correction, combustion efficiency,
fire emission, fire radiative power (FRP), Moderate Resolu-
tion Imaging Spectroradiometer (MODIS), modified combustion
efficiency (MCE), Visible Infrared Imaging Radiometer Suite
(VIIRS), wildfire.

NOMENCLATURE

AF Active fire.

ASTER Advanced Spaceborne Thermal Emission
and Reflection Radiometer.

BOA Bottom of atmosphere.

BT Brightness temperature.

CMG Climate modeling grid.

DNB Day night band.

FILDA-2 Second-generation fire light detection
algorithm.

FRP Fire radiative power.

GEOS-FP Goddard Earth Observing System forward
processing.

I-Band Imagery resolution band.

MAD Mean absolute deviation.

M-Band Moderate resolution band.

MCE Modified combustion efficiency.

MODIS Moderate Resolution Imaging Spectrora-
diometer.

MIR Mid infrared.

NIR Near infrared.

PDF Probability density function.

PW Precipitable water.

RSR Relative spectral response.

TIR Thermal infrared.

TOA Top of atmosphere.

UNL-VRTM  Unified linearized vector radiative transfer
model.

VEF Visible energy fraction.

VIIRS Visible Infrared Imaging Radiometer Suite.

VZA Viewing zenith angle.

I. INTRODUCTION
OP-DOWN approach and bottom-up methods [1] have
been developed by previous studies for quantifying fire
emissions that are known to have significant impacts on
climate and human health [2], [3], [4], [5]. The top-down
approach is based on FRP, which quantifies the rate of energy
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release in the form of radiation during pyrogenic reactions and
is shown to be directly linked to the biomass combustion rate
[6], [7]1, [8], [9]. In contrast, the bottom-up approach estimates
the total biomass burned by a fire event with consideration of
factors such as burned area, above-ground fuel loading, and
combustion completeness, and further estimates the biomass
combustion rate with assumptions or extra data describing
the relative change of emission with time [10], [11], [12].
However, uncertainties in the bottom-up fuel loading assump-
tions remain substantial, ranging by a factor of 2-5 [13],
[14]. The top-down approach offers the advantage of reduced
uncertainties and greater consistency [15], [16], [17], [18].
Regardless of the approach used, the biomass combustion rate
is multiplied by an emission factor to calculate the gas/aerosol
emission rate [19]. Past development of fire emission invento-
ries, coupled with chemical transport models, has significantly
advanced the understanding of the factors driving fire occur-
rence, the magnitude and variability of fire emissions, as well
as the air pollution impacts on the source and downwind
regions [20], [21], [22], [23], [24], [25], [26], [27].

A foundational parameter needed by the top-down approach
is FRP, which is often retrieved from satellites using the MIR
channel. FRP values are included in fire products such as the
MODIS AF product, the VIIRS AF product, and the Geo-
stationary Operational Environmental Satellite (GOES)-R AF
product [28], [29]. However, recent advancements in remote
sensing techniques have expanded the characterization of fires
beyond just FRP and have started to retrieve combustion
efficiency by combining MIR, NIR, and visible spectra [30],
[31], [32]. Measurements in the NIR and visible spectra are
made available by the VIIRS day night band (DNB, ~0.7 pum),
which is sensitive to both natural light [33], [34] and artificial
light [35], [36], [37] at night. This facilitated the development
of the VIIRS FILDA-2 product, which provides retrievals
of night-time visible energy fraction (VEF) and modified
combustion efficiency (MCE) in addition to FRP to derive fire
emission factors instantaneously for a given fire pixel [38].

Despite the mainstream use of FRP for fire emission esti-
mates, retrievals of FRP are subject to two primary sources
of uncertainty [39]. The FRP calculation is currently based
exclusively on MIR (~4 um) radiance without atmospheric
correction in the above-mentioned AF/FRP products. The first
source of uncertainty stems from using only the MIR radiance
to approximate FRP in a linear fashion without an offset
term (that is, only the slope is optimized, and the intercept
is fixed as 0). This leads to an overall underestimation of
FRP, especially for fires that are highly smoldering (by 20%)
[9]. There have been studies using TIR (~11 pm) in addition
to MIR to resolve fire temperature and fire area, such as
via the bispectral Dozier method [40], based on which FRP
can be calculated using the Stefan—Boltzmann’s law [41].
However, the use of Dozier’s method requires an estimation
of background temperature, which the TIR channel is highly
sensitive to [42]. Consequently, this approach may have large
uncertainties in conditions where background pixels exhibit
high temperature variability (i.e., large uncertainties in the
background temperature estimate by averaging the background
pixels) [39], [43], [44]. Although attempts have been made to
retrieve FRP by simultaneously using three TIR channels, the
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retrieval accuracy is limited by the lack of MIR channels on
ASTER [45]. To date, few studies have used multiple channels
other than MIR and TIR to further mitigate the nonlinearity
effects in the retrieval of FRP.

The second source of FRP uncertainty arises from the
assumption that the MIR channel is free of atmospheric
absorption [46]. In reality, the TOA radiance at MIR is
attenuated by over 10% due to absorption predominantly from
N,, CO,, and N,O, as shown in Fig. 1(a). Water vapor,
while less absorbing in this channel, exhibits high variability
in terms of total loading and vertical distribution [47] and
further introduces uncertainties in the TOA radiance, where
the BT can differ by 5 K between dry and wet conditions [44].
Effectively, the absence of atmospheric correction has led to
two artifacts. One is the angular dependency of FRP retrieval,
with average FRP values (in units of MW-m~2) about 50%
smaller off-nadir compared to nadir [38]. This is because,
for the same atmospheric condition, its air mass factor in the
satellite measurements is larger and leads to more pronounced
absorption (and attenuation) in the path length of radiative
transfer when viewing zenith angle (VZA) increases off-nadir.
This artifact in FRP retrieval significantly contributes to the
angular dependency of subsequent top-down fire emission
products [1], [48]. The other artifact is the discrepancies of
FRP retrieved via different sensors. A 20% difference was
found between the FRP retrievals in the MODIS AF and VIIRS
AF products on a global scale [49]. This is largely due to
both the sensor detection ability difference, and differences in
the central wavelength and relative spectral response (RSR)
function of their MIR channels, which in turn convolve
with gas absorption spectra, translating to the differences
in total absorption. Even for the same sensor (i.e., VIIRS)
onboard different satellites (i.e., Suomi-NPP and NOAA-20),
discrepancies can arise due to differences in their viewing
geometry at the time of observation, and therefore differences
in atmospheric absorption at the MIR channel [38].

To address the aforementioned two critical sources of FRP
uncertainty, a method is developed to retrieve FRP using a
combination of the VIIRS 4.05-um channel (MIR) and 8.55-
pum channel (referred to as TIR-short herein to differentiate
from the ~11-um channel), which is more accurate than
using MIR alone, as will be demonstrated with theoretical
simulations. Second, atmospheric correction is conducted at
these channels, which can be used to mitigate artifacts of FRP
dependency on viewing geometry and reconcile discrepancies
among the FRP retrievals in the MODIS AF, VIIRS AF, and
VIIRS FILDA-2 products.

II. PREVIOUS WORK ON FRP RETRIEVAL: TECHNIQUES
AND LIMITATIONS

The FRP in a pixel is defined as

1:Rptrue = AP8G Z flTl4 X 10_6

i=1

)

where FRPy,. is the true radiative energy from all fire com-
ponents within the pixel (MW), Ap is the pixel area (m?),
¢ is the fire emissivity (usually assumed to be 1), o is the
Stefan—Boltzmann’s constant (W-m~2-K—*), n is the number
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Fig. 1. Major gas absorption bands at (a) the MODIS MIR (channel 22, 3.96

pm) and VIIRS MIR (M13, 4.05 pwm) channels and (b) the VIIRS TIR-short
(M14, 8.55 um) channel. The solid lines indicate the transmittance attributed
to the individual gas component (or total gases), and the gray shaded area is
the sensor RSR function.

of fire component in the pixel, f; is the fraction (ratio of fire
area to pixel area) of the ith fire component, 7; is the kinetic
temperature (K) of the ith fire component, and 107° is the unit
conversion factor from W to MW.

In reality, however, with only one or two channels for fire
detection, we cannot resolve in a pixel the kinetic temperature
and fraction of each individual fire (defined as a fire area with
homogeneous temperature). Hence, assumptions and approxi-
mations have to be made for FRP calculation. In the original
method for FRP calculation, Kaufman et al. [46] conducted a
Monte Carlo simulation, where each fire pixel was composed
of a randomized fraction of flaming fires, smoldering fires,
and non-fire background. Subsequently, the true FRP within
the fire pixel and the BOA 4-pum BT of the fire pixel and the
background were fit with an empirical formula, which leads
to the following 4-um-BT-based estimate of FRP:

FRPgr = C (BT} yop — BT, goa ) Ap x 107° )

where FRPgr (MW) is the FRP retrieved via
the 4-pum-BT-based approach, the best-fit C is
4.34 x 107" W-m=2.K=8, BTy pos (K) is the BOA 4-um
BT of the fire pixel, and BT goa (K) is the background BOA
4-um BT. Note that the best-fit C depends on the sensor RSR
function and the set-up of Monte Carlo simulation. When
using the VIIRS MIR RSR function and an improved Monte
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Carlo configuration based on VIIRS observation (see details
in Section IV-A), the best-fit C is 4.20 x 107! W.m~2.K8
[Fig. 2(a)].

Going  beyond the  4-um-BT-based approach,
Wooster et al. [39] proposed another approach for FRP
calculation by directly using the 4-um radiance. The step-
by-step derivation of the 4-pum-radiance-based approach can
be found in the Supplementary Material. Essentially, the true
FRP can be fit by the 4-um radiance in a linear manner

Apo
FRPp,g = %(L4,BOA — Lappoa) x 107° 3)

where FRP.,q is the FRP (MW) retrieved using the 4-um-
radiance-based approach, Lspoa (W-m~2.sr=!.um™') is the
BOA upward 4-um radiance of the fire pixel, Lap poa
(W-m~2.sr~l.um~1.K~*) is the background BOA upward
4-pm radiance, and the best-fit parameter a is 2.90 x 10~
(W-m~2.sr~!.um™!.K~*). Again, the best-fit parameter a
depends on the sensor RSR function and the Monte Carlo set-
up. If the 4-um radiance is convolved with sensor RSR func-
tion, a is 3.00 x 10~ for MODIS (for both Terra and Aqua)
and 2.88 x 1077 for VIIRS (for both Suomi-NPP and NOAA-
20). Note, in Wooster et al. [39], the derivation assumed a
single fire component (with homogeneous fire temperature)
within a fire pixel. Furthermore, only fire temperature was
varied, and fire fractions were kept as constants in their empir-
ical fitting to generate (3). A Monte Carlo simulation with
a more accurate configuration was used considering multiple
fire components and the variation of fire fraction (detailed in
Section TV-A), and the best-fit ¢ was found to be 3.01 x 107°
for VIIRS (for both Suomi-NPP and NOAA-20) [Fig. 2(b)].
The advantage of using the 4-um radiance is the simplicity
in its linear approximation of FRP, whereas the 4-um BT
is a result of nonlinear transformation of radiance using the
Planck function. Indeed, the hemispheric radiative power at a
given wavelength for a fire is linearly proportional to radiance
(with a constant factor of m) for that wavelength under the
assumption that radiance is isotropic, while the BT has a
more complex relationship with FRP that makes the empirical
fitting between BT and FRP have larger uncertainties. This can
be clearly seen in Fig. 2, where the 4-um-BT-estimated FRP
exhibits significant uncertainty (up to an order of magnitude)
for a wide range of fire fraction, whereas the 4-pum-radiance-
estimated FRP shows much less sensitivity. As a result, the
radiance approach is overall superior with a 3% increase in
R? (from 0.964 to 0.992), a 53.5% reduction in root mean
square error (RMSE) (from 2.75 to 1.28 MW), and a 12.5%
reduction in negative mean bias (from —0.24 to —0.21 MW).
Note that the mean bias of the BT-based approach would
be +0.04 MW if the coefficient from Kaufman et al. [46]
is used (i.e., using C = 4.34 x 1079 instead of C =
4.20 x 107" W.m2.K~8). This explains that, after replacing
the 4-um-BT-based approach with the 4-um-radiance-based
approach in the MODIS AF product since collection 6, the
global average FRP decreases by 16% [28]. Furthermore, for
the same fire kinetic temperature and fire area, the 4-um-BT-
based approach provides inconsistent FRP retrieval off-nadir
(VZA = 60°) compared with in-nadir as pixel size increases
and fire fraction decreases, with a difference ranging from
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(b) Radiance-based Approach
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(a) True FRP as a function of the 4-um BT elevation from fires, with each dot representing a fire simulation from the Monte Carlo experiment,

the color indicating fire fraction, and the black solid line indicating the best fit using the eighth power of 4-um BT of the fire pixel and the background.
(b) Similar to (a), the true FRP is plotted as a function of the 4-pum radiance elevation from fires. The black solid line indicates the best fit using the 4-pum
radiance of the fire pixel and the background. Note that the axes are in log scale.

—5% to 20% (Fig. S1). This is largely due to the errors
associated with the fitting of BT-FRP relationship with just
one equation. Note that this FRP inconsistency of the 4-um-
BT-based approach even does not account for atmospheric
pathlength difference (or atmospheric correction). In contrast,
the 4-um-radiance-based approach, because of a more accu-
rate fitting, provides consistent FRP retrieval off-nadir and
in-nadir, with negligible relative differences less than 10~°.
This consistency, however, is generated under the assumption
that the radiance at BOA is known. The 4-pm-radiance-based
approach is now widely used in fire products including VIIRS
AF, GOES-R AF, and VIIRS FILDA-2 [29], [38].

While the 4-um-radiance-based approach is widely used,
it is important to recognize its uncertainty due to its assump-
tion of a fixed linear relationship between FRP and 4-pum
radiance regardless of fire temperature, as well as its omission
of atmospheric correction. First, by assuming a fixed linear
relationship between FRP and 4-pum radiance without an offset
term, it leads to a significant underestimation of FRP (up
to 20% and 40%, respectively) for smoldering fires and gas
flares [9], [50]. Second, in the actual satellite retrieval, the
measured TOA upward radiance should be first converted to
BOA upward radiance before FRP calculation

FRPrad

Ap(0)o

= (Latoa — Lapoa) x 107
a(Dy)eq(0, p, PW, Dy)

4)

where L4 toa and Lap toa are now the measured TOA upward
4-pm radiance (W-m~2.sr~!.um~") of the fire pixel and the
background, and €4(0, p, PW, ®,) is the 4-um atmospheric
transmittance, which is needed to convert radiance from TOA
to BOA. The transmittance is a function of the VZA (6,
unit: °), surface pressure (p, unit: hPa), and precipitable
water (PW, unit: mm), which is further convolved with the
sensor RSR function of the MIR channel (®4). However,
in the current MODIS and VIIRS AF/FRP products, the
4-pum atmospheric transmittance is assumed to be unity [28],
[51]. This results in an angular dependency of FRP due to
variations in the length of the light path and atmosphere
transmittance at different VZAs (i.e., due to neglecting the

€4 dependency on 0). For instance, Zhou et al. [38] showed
that the FRP retrieval (in a unit of MW-m~?) off-nadir on
average is about 50% smaller than in nadir for VIIRS. The
absence of atmospheric correction also entails the treatment
of convolving gas absorption with the RSR function at the
MIR channel, which is sensor-specific (i.e., €4 is a function of
d,). Li et al. [49] observed that VIIRS FRP density is roughly
20% higher than MODIS on global 1° x 1° grids from April
2016 to March 2017. However, when accounting for the effects
of fire counts due to different sensor detection abilities, VIIRS
average FRP density per fire count (in MW-m~2-count™") is
actually about 25% lower than MODIS. While no atmospheric
correction is considered in Li et al. [49], the results highlight
the need for treatment of atmospheric correction to reconcile
different FRP products.

There have been studies to retrieve FRP based on fire
kinetic temperature and fire area retrieved from the bispectral
approach using channels at ~4 and ~11 pum [40], [41]

&)

where FRPgs (MW) is the FRP retrieved based on the bis-
pectral approach, f; and Ty are the effective fire fraction and
effective fire kinetic temperature (K) retrieved via the bispec-
tral approach, and T; is the background kinetic temperature
(K), which is usually assumed to be the background pixel mean
TIR BT at BOA. The bispectral approach shows superior per-
formance in theoretical simulations compared to one-channel
approaches, with a negative mean bias within 10% (due to
assuming a single fire in the pixel while there usually are
multiple fire components) when the background temperature
is known. However, this approach is highly sensitive to the
estimates of 11-um background BT, and a mere 1 K error
in the 11-um background BT estimate can contribute to an
uncertainty exceeding 300% in the FRP retrieval [39]. In the
actual satellite retrieval, the 11-um background BT is usually
approximated by averaging neighboring non-fire background
pixels. The uncertainties of these estimates vary significantly,
ranging from 0.5 K in eastern China to 4 K in boreal Canada
and eastern United States [43]. Therefore, the accuracy of the
bispectral approach is limited by the capability to accurately

FRPgs = Ap fio (T} — T;,)) x 107°
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represent the 11-pum background BT, with solely 7% of the
fires whose FRP can be retrieved within reasonable accuracy
from 2003 to 2012 using MODIS [43]. This limitation, how-
ever, could be mitigated by conducting atmospheric correction
and considering point spread function to improve the fire and
background BT estimates, and by removing low-confidence
fires and clustering fire pixels to reduce the impacts from
background BT estimation [42], [52]. The advantage of the
bispectral approach is the simultaneous retrieval of fire kinetic
temperature and fire area, based upon which FRP is calculated.
This allows for the FRP flux (i.e., ratio of FRP to fire area) to
be obtained, which is demonstrated to be a better indicator of
how weather (such as wind speed and air temperature) affects
fire dynamics than using FRP alone [44], [52].

It is noteworthy that efforts have been made to extract FRP
from ASTER without the use of an MIR channel. Giglio et
al. [45] fit the true FRP as a function of radiances from three
TIR channels (i.e., 8.3, 9.1, and 11.3 pum) via a Monte Carlo
simulation. However, limited by the lack of MIR channels
on ASTER, this method can significantly underestimate FRP
from flaming fires due to the low sensitivity of TIR to flaming
temperature. Overall, it also performs less satisfactorily than
the widely used 4-pum-radiance-based approach (Fig. S2).
Therefore, the use of this approach is more suited to ASTER,
where MIR channels are unavailable.

To summarize, there are four methods to retrieve FRP,
namely the 4-um-BT-based approach, the 4-pm-radiance-
based approach, the bispectral approach, and the 3-TIR-
radiance-based approach. The first two approaches both rely
on a single channel (MIR), but the 4-pm-radiance approach is
more accurate than the 4-um-BT approach and is therefore
popularly adopted by all operational algorithms for FRP
retrieval. There exist at least two limitations in the 4-um-
radiance approach, which, respectively, arise from its linear
approximation of FRP and the 4-um radiance, and from
its absence of atmospheric correction. While the bispectral
approach employs two channels (~4 and ~11 pum) to mitigate
the nonlinearities in the FRP retrieval, the ~11 pwm channel is
highly sensitive to background temperature, which can lead to
high uncertainties when applied to actual satellite retrievals.
The last approach is more suited to sensors such as ASTER,
where MIR channels are unavailable.

This study explores the potential of two-channel FRP
retrieval using channels other than ~11 wm, along with
~4 pm. It demonstrates that incorporating channels at shorter
wavelengths where background signals are less significant
(e.g., ~8.6 um) can improve the accuracy of FRP retrieval.
Additionally, by fitting the true FRP with radiance from two
channels, this study brings the same if not richer constraints
than the bispectral approach for FRP estimate. This can
simplify the retrieval process and avoid situations where there
are no solutions for sub-pixel fire temperature and fire fraction
(such as in cases where there are different types of fires within
the same pixel).

III. DATA

A. MODIS Active Fire Product

The level-2 MODIS Aqua AF product (MYD14) collection
6.1 spanning from June 2019 to May 2020 is employed in the
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study for one-channel (MIR) FRP atmospheric correction [28].
MODIS AF provides global FRP retrieval twice daily at
a spatial resolution of 1 km. Only MODIS Aqua is used
along with the VIIRS AF and VIIRS FILDA-2 products from
the Suomi-NPP satellite, such that all products provide FRP
retrievals at a satellite overpass time of 1:30 A.M./P.M. The
product mainly uses the ~4 um channels (channels 21 and
22) and ~11 um channel (channel 31) for fire detection. The
4-pum radiance/BT is mainly derived from the low saturation
channel 22 (saturating at 331 K) and is only derived from
the high saturation channel 21 (saturating at 500 K) if the
former saturates [53]. The 4-um radiance is further used
to calculate FRP using the radiance-based approach. Low-
confidence fires are excluded from the analysis. The RSR
function of the MODIS channel 22, which will be used for
atmospheric correction, is shown in Fig. 1(a) and retrievable
at https://mcst.gsfc.nasa.gov/calibration/parameters.

B. VIIRS Active Fire Product

The level-2 VIIRS 375 m AF product from Suomi-NPP
(VNP14IMG) collection 2 (re-processed in January 2024)
from June 2019 to May 2020 is used in the study for one-
channel (MIR) FRP atmospheric correction [51], [54]. VIIRS
AF provides global FRP retrieval twice daily at a spatial
resolution of 375 m. It employs the high-resolution (375 m)
14 (3.74 um) and IS bands (11.45 pum) for fire detection.
However, due to the low saturation of the single-gain I-bands,
the product retrieves FRP using the radiance-based method
based on the moderate-resolution (750 m) dual-gain M13
(4.05 um) band. Specifically, the FRP is first determined
based on the M-band pixel and then equally distributed to the
collocated I-band fire pixels. During the study period, VIIRS
AF products from Suomi-NPP and NOAA-20 are available,
and only the product from Suomi-NPP is used in this study.
Low-confidence fires are excluded from the analysis.

C. VIIRS FILDA-2 Product

The VIIRS FILDA-2 products obtained from Suomi-NPP
and NOAA-20 are used in the study for one-channel (MIR)
FRP atmospheric correction [38]. VIIRS FILDA-2 products
offer global FRP retrieval twice daily with a spatial resolution
of 375 m. VIIRS FILDA-2 from Suomi-NPP is primarily used
in this study. Additionally, in Section V-C2, VIIRS FILDA-2
from NOAA-20 is compared with that from Suomi-NPP.
Unless explicitly stated otherwise, the reference to the VIIRS
FILDA-2 product in the article pertains to that obtained from
Suomi-NPP.

Compared with the VIIRS AF product, VIIRS FILDA-
2 incorporates the VIIRS DNB (~0.7 um) in addition to
the standard I bands to capture the visible and NIR sig-
nals from fires, leading to approximately 25%-30% more
fires detected at night, especially those smaller and cooler
fires that would otherwise be missed [38]. Furthermore, with
the visible and NIR information added, VIIRS FILDA-2
not only offers FRP retrieval but also provides retrievals
of nighttime VEF and MCE, which are indicators of
the fire combustion phase and fire temperature [31]. The
results generated from VIIRS FILDA-2 are available via
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TABLE I
CONFIGURATION OF THE MONTE CARLO SIMULATION

Component Temperature (K) Fraction
Flaming Ty ~ Normal(1000,100%2)  log;q fi ~ Normal(—3.5,0.552)
Fire pixel Smoldering ~ Tym ~ Normal (600, 1002) log;¢ fsm ~ Normal(—3,0.552)
Background T, ~ Normal (300, 102) fb=1=fn—fim
Background pixel average / Typ ~ Normal (T}, 1) /

http://esmc.uiowa.edu:3838/fires_detection. VIIRS FILDA-2 is
currently being implemented by the National Aeronautics
and Space Administration (NASA) and is anticipated to be
publicly available by the end of 2024 at https://viirsland.gsfc.
nasa.gov/Products/NASA/FILDA_ESDR.html.

Low-confidence fires are excluded from the analysis.
Additionally, duplicate fires between scans, identified by a
bow-tie-free fraction below 0.95, are discarded. Bow-tie-free
fraction is defined for each fire detection as the ratio of
the overlapping area between DNB (not affected by bow-tie
effect) and I-band (affected by bow-tie effect), to the total
I-band pixel area [30], [38]. A bow-tie-free fraction below
0.95 indicates that the fire detection is impacted by the bow-tie
effect and is likely to be double- or even triple-counted.
In addition, the RSR functions of the VIIRS M13 channel
(4.05 pum) and M14 channel (8.55 pum) (shown in Fig. 1),
which will be used in the atmospheric correction as well as in
the two-channel FRP formula derivation, are retrieved from
https://ncc.nesdis.noaa.gov/VIIRS/VIIRSSpectralResponseFun
ctions.php.

D. Goddard Earth Observing System Forward Processing

To consider the variations of water vapor content in the
atmospheric correction of FRP, the PW from the GEOS-FP
is used during the one-year study period [55]. GEOS-FP
provides weather and atmospheric composition forecasts by
assimilating observations from various platforms. It provides
the instantaneous total column PW vapor at a resolution of
0.25° x 0.3125° (latitude dimension x longitude dimension)
every 3 h. In addition, surface pressure from GOES-FP is used
for atmospheric correction, as it impacts the total amounts of
gases in the path of radiative transfer, which further impacts
total gas absorption and hence FRP retrieval. The forecast
of PW and surface pressure will allow us to conduct FRP
atmospheric correction not only in a reanalysis manner but
also operationally for the VIIRS FILDA-2 product which is
underway.

IV. TWo-CHANNEL FRP RETRIEVAL USING TIR-SHORT
A. Monte Carlo Simulation

To derive a formula for FRP retrieval using a combination
of VIIRS MIR (4.05 pm) and TIR-short (8.55 pm) channels,
Monte Carlo simulations are conducted to mimic the fire
detection by satellite. For successful detection of fire pixels,
it requires an estimate of the background MIR (~4 um)
and TIR (~11 pum) radiance, which is often characterized
by averaging the radiance of non-fire background pixels.
Therefore, simultaneous simulations of fire pixels and the

I VIIRS AF obs.
0.41 Monte Carlo sim.
203
=
®
Q
©0.2
o
0.1
0.0 ; ; ; —
-16 -14 -12 -10 -8 -6
FRP
In(A—P)

Fig. 3. PDFs of the natural logarithm of the FRP density (in MW-m~2) for the
Monte Carlo simulation (orange) and the actual VIIRS AF observation after
atmospheric correction (blue). Note, to directly compare with observation, the
FRP from the Monte Carlo simulation here is calculated based on the MIR
radiance using (3).

corresponding background pixels are conducted. The design
of the Monte Carlo simulation is shown in Table I.

Each simulated fire pixel consists of a randomized fraction
of flaming fires, smoldering fires, and non-fire background.
The flaming fraction is pseudo-randomly generated in a log-
normal fashion, where the logjo of the flaming fraction obeys
a Gaussian distribution with a mean of —3.5 and a standard
deviation of 0.55. Similarly, the logjp of the smoldering
fraction obeys a Gaussian distribution with a mean of —3 and
a standard deviation of 0.55. The background fraction is then
calculated based on the flaming and smoldering fraction. The
temperature of each component is pseudo-randomly generated
following a Gaussian distribution, with a mean of 1000 K
and a standard deviation of 100 K for flaming fires, a mean
of 600 K and a standard deviation of 100 K for smoldering
fires, and a mean of 300 K and a standard deviation of 10 K
for non-fire background [39]. The pixel size is set equal to that
of the VIIRS I band in nadir (375 x 375 m), although this
term ultimately cancels out and does not impact the derivation
of the FRP formula.

The average temperature of the non-fire background pixels
is pseudo-randomly generated following a Gaussian distribu-
tion. The mean is set equal to the temperature of the non-fire
counterpart in the simulated fire pixel, and the standard
deviation is set to 1 K. A standard deviation of 1 K is
estimated based on the VIIRS FILDA-2 observations (see
details in the Supplementary Material). Adding perturbation
to the average temperature of background pixels is essential,
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Fig. 4. Evaluation of (a) one-channel (MIR, 4.05 pm) FRP retrieval and (b) two-channel (MIR and TIR-short, 4.05 «m and 8.55 pum) FRP retrieval based
on Monte Carlo simulation. Each dot indicates a fire simulation, with the color indicating the MCE. The black lines are the 1:1 line.

because, in reality, it can deviate from the true background
temperature in the fire pixel. This is especially important at
the TIR-short (8.55 um) channel, as an uncertainty of 1 K in
the background temperature in cases of small fires can lead
to a ~50% difference in the TIR-short anomaly between the
fire pixel and the background pixel average, thereby resulting
in a ~6% difference in the two-channel FRP retrieval (for a
typical small fire with a temperature of 800 K and a fraction
of 1073).

For each fire simulation, the true FRP of the fire pixel is
obtained using (1). The BOA upward radiance of the fire pixel
and background pixel average is calculated using the Planck
function assuming a blackbody behavior, which is further
convolved with the sensor RSR function of the respective
VIIRS channel. Then, the true FRP is fit as a function of the
BOA upward radiance of the fire pixel and background pixel
average by minimizing the least square errors.

In addition, the MCE of each fire simulation is approx-
imated, as it is desirable to evaluate the FRP retrieving
performance under different fire temperatures or fire combus-
tion phases. It is approximated by the ratio of fire radiance at
the visible channel to that at the MIR channel following Zhou
et al. [38]:

FRP ©

where MCE is the MCE of the simulated fire pixel, and
VLP is the visible light power of the simulated fire pixel
(approximated by its theoretical radiance at the VIIRS DNB).

Comparing the Monte Carlo simulation with the actual
observation from the VIIRS AF product, their PDFs of the
natural logarithm of the FRP density (in MW-m~2) align
closely (Fig. 3). Both PDFs exhibit a peak centered around
—10.5, and their right tails extend to —6, highlighting the
model capability in capturing the observed PDF of FRP.
Notably, this set-up of the Monte Carlo simulation is an
improvement upon the previous experiments [39], [46] in that
it effectively represents the FRP distribution from the actual
VIIRS observations.

VLP
MCE =1+ 0.017ln( )

B. Retrieval Evaluation

The true FRP within the fire pixel is empirically fit as
a function of BOA upward radiance at the VIIRS MIR
and TIR-short channels based on Monte Carlo simulation
(Fig. 4). Building upon the 4 pm-radiance-based approach,
we incorporate the TIR-short (8.55 um) channel due to its
high sensitivity to smoldering fires. The motives for including
the TIR-short channel are that the majority of the fires from
the Monte Carlo simulation are small and smoldering (Fig. 4).
An experiment was conducted to retrieve FRP by incorporating
the NIR (2.25-um) channel, which would be more sensitive
to flaming fires. However, no significant improvement was
found in the overall performance (Fig. S3), as the output
from the Monte Carlo simulation consists predominantly of
smoldering fires. Note that only first-order terms are used in
the fitting, as incorporating second- and third-order terms does
not significantly improve the results.

The formula of the two-channel FRP retrieval is

FRP,¢,

= Ap[as.0sAL40s8oa + asssALgsspoa] x 107°

(7

where FRP,., (MW) is the retrieved FRP using two channels
(i.e., MIR and TIR-short), Ap is pixel size (m?), ALy4os.80a
and ALggspoa (W-m~2sr™'-um™") are, respectively, the
BOA upward MIR and TIR-short radiance anomaly between
the fire pixel and background pixel average, the best-fit param-
eters aq05 and ag 55 are, respectively, 17.03 and 8.74 (sr-um),
and 107® is the unit conversion factor from W to MW.
As seen in Fig. 4, the two-channel retrieval outperforms the
one-channel MIR retrieval, with an overall 62% reduction in
negative mean bias (from —0.21 to —0.08 MW) and a 12.5%
reduction in RMSE (from 1.28 to 1.12 MW). The improvement
is more pronounced for smoldering fires (73% reduction in
negative mean bias from —0.81 to —0.22 MW for fire with
MCE < 0.8) owing to the enhanced sensitivity to smoldering
temperature by introducing the TIR-short channel.

The two-channel FRP retrieval is further applied to the
nighttime VIIRS FILDA-2 product. In situations where there
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Comparison between the two-channel and one-channel FRP retrieval of (a) nighttime VIIRS FILDA-2 product from June 2019 to May 2020 and

(b) Monte Carlo simulation. The black solid line is the 1:1 line, the black dashed line is the best-fit line, and the color indicates the density of the data.

may be large uncertainties in discerning fire signals at the TIR-
short channel, such as cases of negative TIR-short radiance
anomaly or TIR-short radiance anomaly surpassing the MIR
radiance anomaly, we resort to the one-channel FRP retrieval
method. The comparison between the VIIRS FILDA-2 two-
channel and one-channel FRP retrieval is shown in Fig. 5(a).
Note that atmospheric correction at both channels (detailed in
Section V) has been considered here. Overall, the comparison
is consistent with the outcomes of the Monte Carlo simulation
shown in Fig. 5(b). The one-channel and two-channel methods
for VIIRS FILDA-2 exhibit a strong correlation of 0.998. The
two-channel FRP retrieval has a positive mean difference of
1.11 MW compared to the one-channel method. This overall
increase primarily stems from the increase in low FRP region
(FRP < 100 MW), which corresponds to the improvements for
the predominantly smoldering fires in Fig. 4. In the high FRP
region (FRP > 300 MW), the two-channel retrieval tends to be
slightly lower than the one-channel retrieval, consistent with
Monte Carlo simulation. Note that this does not imply that the
two-channel approach underestimates the true FRP, as it is in
comparison to the one-channel method and not in reference to
the true FRP. The two-channel retrieval results for Indonesia
are depicted in Fig. 6(a). A significant FRP increase is found
when employing the two-channel approach, especially for peat
fires characterized by intense smoldering, as indicated by the
low MCE values in Fig. 6(b). These results demonstrate the
efficacy of the two-channel FRP retrieval method in the VIIRS
FILDA-2 product, particularly in enhancing retrieval accuracy
for highly smoldering fires.

C. Sensitivity Analysis

Uncertainties in the two-channel FRP retrieval can stem
from several sources. These include: 1) uncertainties arising
from approximating the nonlinear FRP using a linear combina-
tion of radiances from two channels (Fig. 4); 2) uncertainties
associated with approximating the actual background radiance

AFRP (MW)
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0.90
0.88

0.86

MCE
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0.80
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Fig. 6. (a) Difference between the two-channel and one-channel FRP retrieval
and (b) MCE retrieval in Indonesia for the nighttime VIIRS FILDA-2 product
from June 2019 to May 2020 (aggregated to 0.5° x 0.5° CMG).

contribution with background pixel average; and 3) uncertain-
ties in the estimation of the BOA fire pixel radiance.

To investigate the retrieval uncertainties due to the back-
ground radiance estimation, a sensitivity test is conducted
assuming a 2 K standard deviation of the average background
pixel temperature (as opposed to 1 K). For the two-channel
FRP fitting, the RMSE increases by 8% when uncertainties in
the background radiance estimation increase (Fig. S4).

The uncertainties in the BOA fire pixel radiance estima-
tion are twofold: instrument noise at TOA and atmospheric
correction to convert TOA radiance to BOA radiance. From
the VIIRS Radiometric Calibration Algorithm Theoretical
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Basis Document (ATBD) [56], the uncertainty in the TOA
BT is approximately 0.7% and 0.4% for the MIR and TIR
channels. Considering the noise in TOA BT leads to higher
uncertainties in the two-channel fitting of FRP, with a 35%
increase in RMSE and a 0.2% decrease in explained variability
(Fig. S5). Nevertheless, it is still apparent that the two-channel
retrieval outperforms the one-channel retrieval, demonstrating
the robustness of the proposed two-channel retrieval method.
Currently, the uncertainties and biases associated with the
atmospheric correction are substantial, as no atmospheric
correction is considered for the MODIS AF, VIIRS AF, and
VIIRS FILDA-2 products. This will be illustrated in detail in
Section V.

V. ATMOSPHERIC CORRECTION
A. Radiative Transfer Modeling

In the actual satellite retrieval, atmospheric correction is
required to convert the radiance from TOA to BOA before
the FRP calculation. In this section, atmospheric correction is
conducted on the MODIS and VIIRS MIR channels, which
will be used for the one-channel FRP retrieval in the MODIS
AF, VIIRS AF, and VIIRS FILDA-2 products. Additionally,
atmospheric correction is conducted on the VIIRS TIR-short
channel, which can be used for the potential two-channel FRP
application on the VIIRS FILDA-2 product.

To simulate gas absorption and atmospheric transmittance
for the atmospheric correction of FRP, the UNL-VRTM is
employed [57], [58]. UNL-VRTM features VLIDORT as
the core for radiative transfer, a linearized Mie-code and
a T-matrix code for aerosol optical properties, a Rayleigh
scattering module for molecular scattering, as well as a
line-by-line gas absorption calculation using the HITRAN
database. In the model, the one-way atmospheric transmittance
is calculated as the ratio of the TOA to BOA upward radiance
at various VZAs. This treatment is more accurate than a
simplified approach where the optical depth is scaled by the
cosine function at various VZAs, and the transmittance is
calculated using Beer’s law. This is because the mass of
the atmosphere is not uniformly distributed along the light
path, and nonlinearities can occur due to processes such as
multiple scattering and coupling/interaction between the TOA
light source (e.g., sunlight or moonlight), the surface, and the
atmosphere. A sensitivity test shows that the difference in
the VIIRS 4-pm transmittance between these two approaches
is negligible in nadir but increases to 2.3% at VZA = 60°
(Fig. S6). PW in the model is calculated using the following
equation [59], [60]:

1 PTOA
PW = —/ x(p)dp ®)
Pw8 J ppoa

where PW is the precipitable water (mm), p,, is the density of
water (g-cm~3), g is the acceleration due to gravity (m-s~2),
x(p) is the average water vapor mixing ratio (kg-kg™') as
a function of pressure (p, hPa), and pgoa and proa are,
respectively, the pressure (hPa) at BOA and TOA.

Currently, only first-order atmospheric correction (i.e., due
to gas absorption from the standard atmosphere) is considered.
Second-order correction (i.e., due to absorption and scattering
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Fig. 7. Atmospheric transmittance as a function of VZA and PW at (a) the
MODIS MIR channel (channel 22, 3.96 um), (b) the VIIRS MIR channel
(M13, 4.05 pm), and (c) the VIIRS TIR-short channel (M14, 8.55 um).

from the gaseous and aerosol emissions from fires) is not
considered, as fire emissions are uncertain and constrained
by FRP itself. Furthermore, upon conducting a Mie code
calculation, the mass extinction efficiency of typical smoke
particles decreases by over 90% from mid-visible to MIR,
suggesting that smoke optical depth at ~4 um is negligible.
The results shown later in Section V-C1 will demonstrate that
first-order atmospheric correction is sufficient to effectively
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(a) Angular dependency of the average FRP density before and after atmospheric correction for the nighttime MODIS AF product from June 2019 to

May 2020. The red solid line is the relative increase after atmospheric correction. (b) Similar to (a), but for the nighttime VIIRS AF product (blue lines)
and the nighttime VIIRS FILDA-2 product (orange lines). The red solid line is the relative increase after atmospheric correction for the nighttime VIIRS AF
product. (c) Similar to (a), but for the daytime MODIS AF product. (d) Similar to (a), but for the daytime VIIRS AF product.

mitigate the artifacts of the angular dependency of global FRP
retrieval. The atmosphere is assumed to be cloud-free as a
rigid cloud mask is employed in the fire detection algorithms
before FRP retrieval [28], [38], [S1]. The surface is assumed
to be a flat Lambertian surface, which could lead to uncer-
tainties if subpixel fires are obscured by surrounding elevated
terrain at larger VZAs [61], [62]. The gas vertical profile
of the mid-latitude summer atmosphere is used. Sensitivity
tests using different vertical shapes were conducted, and the
transmittance difference was less than 1%. This indicates that
the impacts of vertical shape on total gas absorption are
marginal, while the total amount of gases may play a more
important role. Finally, surface pressure is varied in the model,
which is an indicator of total amount of gases in the path of
radiative transfer, proportional to total gas absorption. As the
relationship between the number of gas molecules and pressure
(at a given temperature) is well described by the ideal gas law,
the look-up tables of atmospheric transmittance below are only
shown as a function of VZA and PW at sea level pressure.

B. Look-Up Table of Atmospheric Transmittance

The line-by-line one-way atmospheric transmittance is com-
puted at the MODIS MIR channel (band 22, 3.96 um) and
VIIRS MIR channel (M13, 4.05 um) under varying VZAs and
PW. The primary gas absorbents at MIR are N;, CO,, N,O,
and water vapor [Fig. 1(a)]. To obtain the average atmospheric
transmittance, the gas absorption spectra are convolved with
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sensor RSR function. The results are shown in Fig. 7(a)
and (b). In nadir, under dry conditions (PW = 10 mm), the
atmospheric transmittance is ~0.89 for MODIS and ~0.72 for
VIIRS. However, off-nadir (VZA = 60°) with the same water
vapor content, the atmospheric transmittance drops signifi-
cantly to ~0.80 for MODIS and ~0.55 for VIIRS, marking
a reduction in transmittance of 9% and 17%, respectively.
This decrease in transmittance is attributed to the increased
length of the light path, which amplifies total gas absorption.
Furthermore, as water vapor content rises, the gas absorption
from water vapor is also enhanced, leading to a decrease in
atmospheric transmittance. For instance, in nadir, under wet
conditions (PW = 70 mm), the atmospheric transmittance
declines to ~0.78 for MODIS and ~0.63 for VIIRS (a
reduction of 11% and 9%, respectively) when compared to
dry conditions. It is worth highlighting that the VIIRS MIR
channel exhibits reduced transparency compared to MODIS
due to enhanced absorption from N, and CO,. Consequently,
the VIIRS MIR transmittance is 17% lower than that of
MODIS under dry conditions in nadir, with the difference
escalating to 25% off-nadir (VZA = 60°). This emphasizes
that the need for atmospheric correction is even more vital for
VIIRS than MODIS at the MIR channel.

At the VIIRS TIR-short channel (M14, 8.55 um), water
vapor dominates the total gas absorption, accounting for 96.8%
of the total gas optical depth, followed by N,O (2.3%), O;
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absorption spectra with sensor RSR function, Fig. 7(c) shows
the average transmittance at the VIIRS TIR-short channel.
Under dry conditions (PW = 10 mm), the transmittance
is ~0.80 in nadir and drops to ~0.70 off-nadir (VZA =
60°), which is a 10% decrease with VZA. Furthermore, the
TIR-short transmittance drops drastically with PW, with a
value of 0.80 in nadir under dry conditions (PW = 10 mm)
and 0.27 under wet conditions (PW = 70 mm), marking a
significant reduction of 53%. This underscores the crucial
importance of correcting for water vapor absorption in the
two-channel FRP retrieval application. To address this, the
PW data from GEOS-FP is incorporated for atmospheric
correction.

C. Impacts of Atmospheric Correction

In this section, the impacts of atmospheric correction will be
illustrated using the single-channel (MIR) FRP retrieval as an
example. The implications extend analogously to two-channel
FRP retrieval, although the latter is more impacted by water
vapor absorption. Single-channel FRP retrievals are obtained
from the MODIS AF, VIIRS AF, and VIIRS FILDA-2 prod-
ucts. For each detected fire hotspot, the corresponding MIR
transmittance is determined based on VZA and GEOS-FP
PW using the look-up tables provided in Fig. 7(a) and (b).
With the knowledge of MIR transmittance, the atmospherically
corrected one-channel FRP is calculated using (4).

1) Reduced Angular Dependency Artifact: The results in
Fig. 8(a) and (b) demonstrate that after atmospheric correction,
the artifact of the angular dependency of one-channel FRP
retrieval at nighttime is effectively mitigated, if not entirely
eliminated, for the MODIS AF, VIIRS AF, and VIIRS FILDA-
2 products. The angular dependency is quantified using the
mean FRP density (in MW-m~2.count™"), normalized by pixel
area to account for increasing pixel size with VZA, and
normalized by fire count to account for decreased sensor
sensitivity to fires with increasing pixel size. At night, before
correction, all three products exhibit a prominent angular
dependency of FRP (in MW-m~2.count™"), with the FRP nadir
(VZA < 10°) to off-nadir (VZA > 60°) ratio of 1.24 for
MODIS AF, 1.55 for VIIRS AF, and 1.51 for VIIRS FILDA-2.
After correction, their nadir to off-nadir ratio decreases to 1.07,
1.05, and 1.03, respectively, highlighting the effective mitiga-
tion of the angular dependency artifacts. Note that the top 1%
of the data (in terms of mean FRP density) are excluded to
remove the noise from extreme fire events. Additionally, the
9° running average is applied to the nighttime MODIS AF
product to enhance signals from its limited observation (only
7% of the MODIS AF detections are at night during the study
period). It is worth emphasizing that, prior to atmospheric
correction, VIIRS AF and VIIRS FILDA-2 show a more
pronounced angular dependency in FRP compared to MODIS
AF. This is due to the more significant gas absorption at the
VIIRS MIR channel, which is further amplified with rising
VZA.

During the day, a notable reduction in the FRP angular
dependency is also observed. The FRP nadir to off-nadir ratio
decreases from 1.45 to 1.25 for MODIS AF, and from 1.77 to
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Fig. 9. Angular dependency (a) of the 14 (3.74 m) BT mean (blue) and

MAD (orange) of background pixels, (b) of the I5 (11.45 ;um) BT mean (blue)
and MAD (orange) of the background pixels, and (c) of the M13 (4.05 um)
BT of fire pixels, for the VIIRS AF product from June 2019 to May 2020.

1.21 for VIIRS AF [Fig. 8(c) and (d)]. Despite the signifi-
cant mitigation, a residual daytime FRP angular dependency
persists after atmospheric correction, potentially linked to the
inherent bias in the MODIS AF and VIIRS AF algorithm for
daytime fire detection. Taking the VIIRS I-band AF product as
an example, the ratio of mean FRP density for the detected fire
pixels between nadir and off-nadir is 1.77 during the day. For
reference, this ratio is only 1.55 at night, which is the extent
that can be accounted for by atmospheric correction in the FRP
calculation [Fig. 8(b) and (d)]. The additional 22% in daytime
angular dependency unaccounted for is attributed to the bias
in fire detection. In fact, there is a strong angular dependency
in the contextual thresholds used for daytime fire detection.
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(b) Daily Comparison After Correction
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Fig. 10. Daily-by-day and grid-by-grid comparison of the nighttime VIIRS FILDA-2 one-channel FRP retrieval between Suomi-NPP and NOAA-20 (aggregated
to 1° x 1° CMG) from June 2019 to May 2020 (a) before and (b) after atmospheric correction. The black solid line is the 1:1 line, the black dashed line is
the best-fit line, and the color indicates the density of the data. (c) and (d) Similar to (a) and (b), but on an annual scale.

The contextual thresholds are determined based on the mean
and the mean absolute deviation (MAD) of the 14 (3.74 pm)
and I5 (11.45 pum) background pixel BT [51]. Nonetheless,
during daytime, the mean and MAD of the 14 background
pixel BT are higher in-nadir than off-nadir, with a nadir and
off-nadir difference of 3.4 and 0.7 K, respectively, whereas
the difference is much smaller at night (1.3 and 0.2 K, respec-
tively) [Fig. 9(a)]. A similar day-night contrast is observed in
the mean and MAD of the IS background pixel BT, with a
nadir and off-nadir difference of 5.0 and 0.7 K at day, and
1.3 and 0.2 K at night [Fig. 9(b)]. Hence, using these criteria
which are themselves dependent on VZAs, the detected fire
pixels in turn exhibit a more pronounced angular dependency
of the M13 (4.05 um) BT during the day. The fire pixel M13
BT has a nadir and off-nadir difference of 11.4 K during the
day, while this difference is only 6.7 K at night [Fig. 9(c)].
In other words, fire pixels with a lower MIR BT/radiance
can be detected off-nadir, due to the contextual test threshold
being less stringent. This threshold, however, is in terms of the
radiance of the entire fire pixel (composed of a fire component
and a background component). The lower threshold off-nadir

is orthogonal to, and should not be confused with decreased
sensor sensitivity to the fire component off-nadir as pixel area
grows (and fire fraction decreases), which leads to smaller and
cooler fires being missed.

To further alleviate the daytime FRP angular dependency,
it is essential to address the angular dependency of the
thresholds used in the contextual test. For VIIRS, the angular
dependency of the mean and MAD of the 14 (3.74 pum) and
IS (11.45 pum) background pixel radiance should be mitigated.
One reason for the angular dependency of the above terms is
possibly that, the background pixels which are supposed to be
fire-free are actually not “clean” (i.e., there are fire signals
in the background pixels), particularly in nadir. Expanding
the window size for the contextual test is necessary for
accurate characterization of the background 14 and I5 radiance.
Currently, the window size is set to a minimum of 11 X
11 pixels (which can grow up to 31 x 31 pixels) for both nadir
and off-nadir. In terms of area (unit: m?), however, the window
size is actually smaller in-nadir compared to off-nadir due to
the increase of pixel size with VZA. This may potentially
lead to less accurate background characterization in nadir (i.e.,
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(a) Global distribution of the nighttime VIIRS FILDA-2 atmospheric-corrected one-channel (MIR) FRP retrieval (aggregated to 0.25° x 0.25°

CMG) from June 2019 to May 2020 and (b) its increase compared to the uncorrected FRP.

a higher mean I4 and IS5 radiance of the background pixels
from fire contamination, usually accompanied by a higher
MAD of the I4 and I5 radiance due to surface temperature
inhomogeneity). It is thereby desirable to use an enlarged
window that is sufficient to minimize fire contamination, and
one that varies with VZA (in terms of pixel number) to account
for the pixel size difference and ensure equal area. The issue
of the persisting daytime FRP angular dependency even after
atmospheric correction is associated with the inherent bias in
the daytime fire detection algorithm, which is a separate issue
from FRP retrieval and will be addressed in a companion
paper describing the daytime VIIRS FILDA-2 fire detection
algorithm.

2) Improved Agreement Between VIIRS FILDA-2 for
Suomi-NPP and NOAA-20: During the study period (June
2019-May 2020), Suomi-NPP flies half an orbit (approxi-
mately 50 min) ahead of NOAA-20. Despite this observation
time difference, it is assumed that there are no significant
differences in fire energy on a global and annual scale.
Hence, the discrepancies between the VIIRS FILDA-2 Suomi-
NPP and NOAA-20 FRP retrievals mainly stem from the
differences in their viewing geometry (and hence different
atmospheric attenuation in the MIR radiance), and can thereby
be mitigated by atmospheric correction. To accommodate the
observation footprint differences, the VIIRS FILDA-2 FRP
retrievals from Suomi-NPP are NOAA-20 are aggregated to
1° x 1° CMG and compared grid-by-grid. The results, given in
Fig. 10, demonstrate an improved agreement of nighttime one-
channel VIIRS FILDA-2 FRP retrievals between Suomi-NPP
and NOAA-20 post-correction. Their day-to-day comparison
before correction exhibits an absolute mean difference of
0.58 MW, while there are almost no systematic differences

(absolute mean difference = 0.03 MW) after correction. On an
annual basis, the absolute mean difference decreases by 51.8%
(from 18.82 to 9.08 MW) and the normalized RMSE decreases
by 1.6% (from 1.24 to 1.22 MW). This suggests that atmo-
spheric correction is effective in aligning the VIIRS FILDA-2
FRP retrievals for Suomi-NPP and NOAA-20, by reconciling
the differences in atmospheric absorption at the MIR channel
due to different viewing geometry.

3) Ubiquitous FRP Increase: Atmospheric correction leads
to a ubiquitous FRP increase for all three fire products. For
the MODIS AF product, there is a ~15% increase in FRP
in-nadir and ~36% off-nadir (Fig. 8). The increase in FRP is
approximately three times more significant for the VIIRS AF
and VIIRS FILDA-2 products, with a ~42% increase in nadir
and a ~140% increase off-nadir. This is due to correcting for
the stronger gas absorption at the VIIRS MIR channel, which
is 17% more significant than MODIS in-nadir and 25% off-
nadir. Globally, from June 2019 to May 2020, there is a relative
FRP increase of 20.8%, 65.8%, and 62.5%, respectively, for
the MODIS AF product (including both daytime and night-
time) (Fig. S7), the VIIRS AF product (daytime and nighttime)
(Fig. S8), and the VIIRS FILDA-2 product (nighttime only)
(Fig. 11).

VI. CONCLUSION

The FRP retrievals from MODIS and VIIRS serve as the
cornerstone for major global top-down fire emission invento-
ries extensively used by the air pollution modeling community.
This work contributes to constraining the FRP retrieval uncer-
tainties from two perspectives. First, a novel two-channel FRP
retrieval formula is proposed for VIIRS, by integrating the
TIR-short (8.55 wm) channel alongside the conventional MIR
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(4.05 pum) channel. This formulation, in theory, surpasses the
traditional one-channel retrieval approach that solely relies
on MIR with a 62% reduction in negative mean bias. The
TIR-short channel adds to the FRP retrieval in its increased
sensitivity to smoldering fires compared to the MIR channel,
while in the meantime is less contaminated by non-fire back-
ground compared to the TIR (~11 wm) channel employed
by previous studies using the bispectral approach. Applying
the two-channel FRP retrieval method on the VIIRS FILDA-2
product yields results that are consistent with those obtained
from the Monte Carlo simulation.

Second, atmospheric correction is performed on the MODIS
MIR, VIIRS MIR, and VIIRS TIR-short channels given the
significant atmospheric absorption. N, dominates absorption
for MODIS MIR, CO, for VIIRS MIR, and water vapor
for VIIRS TIR-short. In nadir, atmospheric transmittance is
0.89 for MODIS MIR, 0.72 for VIIRS MIR, and 0.80 for
VIIRS TIR-short. The transmittance decreases with increasing
VZA (0.80 for MODIS MIR, 0.55 for VIIRS MIR, and
0.70 for VIIRS TIR-short at VZA = 60°). Notably, the VIIRS
MIR channel is less transparent than MODIS MIR (17%
less in-nadir and 25% off-nadir) due to enhanced absorption
from N, and CO,, highlighting the even greater importance
of atmospheric correction for VIIRS. In addition, the VIIRS
TIR-short channel is heavily impacted by water vapor absorp-
tion, with transmittance decreased by 53% as PW increases
from 10 to 70 mm. This underscores the importance of
considering variations in water vapor content, especially in
the application of two-channel FRP retrieval.

Furthermore, the significance of atmospheric correction is
demonstrated from three aspects using the one-channel FRP
retrievals from the MODIS AF product, VIIRS AF prod-
uct, and VIIRS FILDA-2 product. The significance is also
indicative for two-channel FRP retrieval. First, the artifact
of FRP angular dependency due to increased atmospheric
attenuation with VZA is effectively reduced after atmospheric
correction. The FRP nadir to off-nadir ratio decreases from
1.24 (1.45) to 1.07 (1.25) for nighttime (daytime) MODIS
AF, from 1.55 (1.77) to 1.05 (1.21) for nighttime (daytime)
VIIRS AF, and from 1.51 to 1.03 for nighttime VIIRS FILDA-
2. While the FRP angular dependency is nearly eliminated
at night, there is a residual daytime angular dependency
even after correction. This is because the thresholds used
in the contextual test are strongly dependent on VZA in
the daytime fire detection algorithm, resulting in an inherent
bias in the fires detected that cannot be accounted for by
conducting atmospheric correction in the FRP calculation.
Second, an enhanced consistency is observed between the
VIIRS FILDA-2 Suomi-NPP FRP retrieval and NOAA-20
FRP retrieval, attributed to atmospheric correction reconciling
the differences in the atmospheric absorption at the MIR
channels due to different viewing geometry. Third, there is an
omnipresent FRP increase for all three products, with VIIRS
experiencing a more substantial rise than MODIS. The MODIS
AF product shows approximately 15% and 36% increases
in-nadir and off-nadir, respectively. In contrast, the VIIRS AF
and VIIRS FILDA-2 products demonstrate more significant
increases due to correcting for stronger gas absorption at
the VIIRS MIR channel, reaching 42% in-nadir and 140%
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off-nadir. Globally and annually (June 2019-May 2020), the
relative FRP increases are 20.8%, 65.8%, and 62.5% for the
MODIS AF product, VIIRS AF product, and VIIRS FILDA-2
product, respectively.

VII. IMPLICATIONS AND OUTLOOKS

The improvements in the MODIS and VIIRS FRP retrievals
have several implications for the downstream top-down fire
emission inventory products. Currently, many such invento-
ries depend on a scaling factor to ensure that the modeled
aerosol optical depth (AOD) aligns with observed AOD cli-
matologically on a global/regional scale [6], [7], [8]. While
a climatological scaling factor maintains overall consistency
with observation when averaged spatiotemporally, its appli-
cation to individual fires may result in overestimation or
underestimation, depending on the accuracy of the FRP
retrieval for each specific fire. Although some studies employ
VZA-dependent scaling factors and found better agreement
between MODIS and VIIRS FRP, their approach remains
empirical and does not consider the underlying physical
processes (e.g., atmospheric absorption) that influence the
accuracy of FRP retrieval at various VZAs [48]. This study
addresses the gap with a focus on the inherent physical
processes (such as fire combustion efficiency and atmospheric
correction) and aims to enhance the FRP retrieval accuracy
for each individual fire, which, in turn, holds the potential for
an overall improvement when translated into fire emissions.
Specifically, the mitigation of the angular dependency artifact
of FRP through atmospheric correction signifies a parallel
improvement in the resulting fire emissions. This improve-
ment directly addresses the fluctuations induced by day-to-day
changes in satellite orbit, ensuring improved dynamics in
fire emissions. Furthermore, the enhanced agreement of the
VIIRS FILDA-2 FRP retrievals between VIIRS Suomi-NPP
and NOAA-20 implies a more consistent depiction of fire
emissions derived from different platforms. With the decom-
mission of MODIS, a better continuity is implied as major fire
emission inventories transition to VIIRS.
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