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Abstract: Biomass burning plays a key role in the interaction between the atmosphere and the
biosphere. The nearly two-decade-old Moderate Resolution Imaging Spectroradiometer (MODIS)
active fire product provides critical information (e.g., fire radiative power or FRP) for characterizing
fires and estimating smoke emissions. Due to limitations of sensing geometry, MODIS fire detection
capability degrades at off-nadir angles and the sensor misses the observation of fires occurring inside
its equatorial swath gaps. This study investigates missing MODIS FRP observations using the 375 m
Visible Infrared Imaging Radiometer Suite (VIIRS) active fire data across Africa where fire occurs
in the majority of vegetation-covered areas and significantly contributes to global biomass-burning
emissions. We first examine the FRP relationship between the two sensors on a continental scale
and in grids of seven different resolutions. We find that MODIS misses a considerable number of
low-intensity fires across Africa, which results in the underestimation of daily MODIS FRP by at least
42.8% compared to VIIRS FRP. The underestimation of MODIS FRP varies largely with grid size and
satellite view angle. Based on comparisons of grid-level FRP from the two sensors, adjustment models
are established at seven resolutions from 0.05°-0.5° for mitigating the underestimation of MODIS grid
FRP. Furthermore, the investigation of the effect of equatorial swath gaps on MODIS FRP observations
reveals that swath gaps could lead to the underestimation of MODIS monthly summed FRP by 12.5%.
The quantitative information of missing MODIS FRP helps to improve our understanding of potential
uncertainties in the MODIS FRP based applications, especially emissions estimation.
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1. Introduction

Vegetation fire, as an important component of biogeochemical cycles, combusts fuels on the land
and releases water vapor, trace gases, and aerosol emissions into the atmosphere [1]. Global biomass
burning contributes a substantial amount of emissions that significantly affect the atmospheric carbon
budget, weather conditions, air quality, and climate [2,3]. For example, global fires annually burn an
area of ~350—422 Mha [4,5] and release ~2.2 Pg carbon [6], among which 67% (burned area) and 52%
(carbon) are, respectively, contributed by biomass burning in Africa alone [4,6]. Fire emissions are
likely underestimated from satellite observations due to a substantial number of undetected small
fires [6-8]. One of the most important fire parameters observed from satellites is fire radiative power
(FRP)—the instantaneous fire radiative energy [9]. FRP has been increasingly used to understand fire
characteristics [10-12], analyze impacts of fire weather conditions on fire activity [13], and predict
smoke injection height [14,15]. More importantly, FRP is a proxy of the rates of biomass combustion and
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emissions [9,16,17], which has been confirmed in lab-based combustion experiments [18], prescribed
fires [19], and landscape wildfires [20-23]. Thus, satellite-based FRP provides an effective way to
quantify biomass-burning emissions.

Among all satellite-based FRP products, the most commonly used and scientifically reliable
one is from the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the NASA Earth
Observing System (EOS) Aqua and Terra satellites. The MODIS active fire products have provided
FRP data since 2000, which has been widely applied to estimate regional-to-global trace gases and
aerosol emissions [24-29]. However, global applications of MODIS FRP are affected by the MODIS
sampling limitations and the equatorial swath gaps. First, the MODIS sensor is able to detect a fire
pixel of above 10 MW confidently at nadir but its fire detection capability decreases quickly at off-nadir
angles due to degrading pixel resolution [30-32]. Thus, MODIS could miss observations of fires (at
off-nadir angles) that are detectable at nadir, which results in the underestimation of MODIS FRP and
emissions estimates. To mitigate FRP underestimation caused by the sampling limitation-, a quadratic
model has been proposed separately for Aqua MODIS and Terra MODIS [30], and a mapping method
has been developed based on cumulative distribution function (CDF) [33]. Both methods assume that
MODIS ERP or FRP CDF in all scan angles should be the same as that at nadir if MODIS pixel size is
the same across all angles. This assumption would be valid only if fires burn consistently in the same
locations with constant FRP values during a long period when the sensor senses the fires in all angles
with the same observation frequency. It could be the case for gas flares but not landscape wildfires
because wildfires evolve fast with environmental conditions and its intensity is very dynamic [34].
Wang et al. [35] mitigate the underestimation of emissions at MODIS large view angles in the Northern
Hemisphere of Africa, by using emissions estimated with the smallest view angle within +2 days,
assuming persistent burning patterns during the same period. This may not work well because burning
sites could vary largely due to human activity [36].

Second, due to MODIS swath gaps between adjacent orbits at low latitudes, MODIS needs
two days to provide a full coverage of the equatorial regions between ~30°S and ~30°N [37]. As a
result, MODIS misses observations of fires daily inside its swath gaps, which has been known in
fire detection [38,39] and emissions estimation [40]. Due to the lack of comparable reference data,
the effects of swath-gap-caused missing fire observations on FRP and emissions estimates are poorly
understood quantitatively. To deal with the swath gap issue, studies often make assumptions that fire
activity within the swath gaps is consistent during a day or two days [24,35].

The imagery bands (I-band) of Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the
Suomi National Polar-orbiting Partnership (S-NPP) satellite for the first time provides daily global fire
observations at a resolution of 375 m without any gaps [41]. As a complement of the VIIRS 750 m active
fire product [42], the VIIRS I-band 375 m active fire data theoretically detect many more small and cool
fires than the 1 km MODIS active fire data, which have been demonstrated in agriculture burnings in
China [43] and India [44]. Therefore, the VIIRS I-band 375 m active fire data has a large potential to
improve biomass-burning emissions estimation. Both the S-NPP VIIRS and Aqua MODIS cross the
equator approximately at 01:30 and 13:30 local time and observe the same area with an overpassing
time difference of fewer than 50 min [37,45].

In this study, we use the 375 m VIIRS fire data as a reference to investigate the missing MODIS fire
observations due to the sampling limitations and the equatorial swath gaps. This study is conducted
in the following steps. First, we introduce the sensing geometry of MODIS and VIIRS I-band and
compare their fire detection capability across swath. Second, MODIS and VIIRS active fire detections
are preprocessed to correct inter-scanline repeat fire detections and extract fire detections sensed
contemporaneously by the two sensors. Third, we quantify VIIRS fire observations missed by MODIS
and compare contemporaneous FRP estimates from the two sensors at a continental scale and in
grids of seven different resolutions to establish empirical MODIS FRP adjustment models. Finally,
we investigate the swath-gap-caused missing MODIS FRP observations.
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2. Data

2.1. MODIS Sensing Geometry and Active Fire Data

MODIS observes actively burning fires in a sun-synchronous orbit, with a repeat cycle of 16 days [46].
MODIS crosses the equator at approximately 01:30 (Aqua, descending orbit), 10:30 (Terra, descending
orbit), 13:30 (Aqua, ascending orbit), and 22:30 (Terra, ascending orbit) local time [37], which provides
near-global coverage four times a day. Over a 110° field of view, a MODIS swath consists of ten scan lines
and each line has 1354 pixels with a swath width of 2340 km [37]. As scan angle varies from nadir to the
scan edge, the nominal pixel size increases from ~1 km to ~2.01 km and ~4.83 km in the along-track and
along-scan directions, respectively [46]. Accordingly, the pixel area increases by a factor of ~9.6 (Figure 1),
and adjacent scans overlap by up to 50%, which is called the “bow-tie” effect [37]. As a result, the “bow-tie”
effect results in the repeat detection of the same fires by adjacent scans [32,47]. MODIS provides a full
coverage of the globe every 2 days due to daily swath gaps across equatorial regions between 30°S and
30°N [37], which results in missing observations of fires within the swath gaps (Figure 2). MODIS sensing
geometry information (i.e., geolocation and angles) is stored in the swath-level geolocation products
(abbreviated MODO3 for Terra and MYDO3 for Aqua).

The collection 6 (C6) MODIS 1 km Level-2 active fire products (abbreviated MOD14 for Terra and
MYD14 for Aqua) are generated in MODIS sensing geometry (or a swath-level product). The products
provide for each fire pixel the observing time, coordinates, detection confidence (0%-100%), FRP (units:
MW per pixel), view zenith angle (VZA), brightness temperatures at the 4 and 11-pm bands, and
average brightness temperature of ambient background pixels at these two bands [48], as described in
Equation (1). FRP in the C6 products is estimated using radiances of the fire pixel and its ambient
non-fire pixels at the 4-um band [49]. This study obtained the C6 Aqua MODIS geolocation product
(MYDO03) and Level-2 active fire product (MYD14) from the NASA’s Level-1 and Atmosphere Archive
and Distribution System (LAADS) (https://ladsweb.modaps.eosdis.nasa.gov/) for the year 2017. The
MYD14 product for the 2003-2018 period was also obtained for the correction of historical MODIS FRP.
MYDO03 was used to locate and extract the swath gaps. For the sake of brevity, hereafter Aqua MODIS

is referred to as MODIS.
Ao

FRP = (7)@ f,MIR ~ Lb,MIR) @

where FRP is fire radiative power (units: MW); A is pixel area (units: km?); o is the Stefan-Boltzmann
constant (0 =5.67 x 108 Wm2 K™#); ais a sensor-specific constant; Lg pjr and Ly, pmir are radiances of
the fire pixel and its ambient background non-fire pixels at the 4-pm band.
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Figure 1. Variation of the area of a Moderate Resolution Imaging Spectroradiometer (MODIS) (blue
line) and VIIRS I-band (red line) pixel along the scan angle from nadir to the scan edge.
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Figure 2. Daytime active fire detections from Aqua MODIS (a) and Suomi National Polar-orbiting
Partnership (S-NPP Visible Infrared Imaging Radiometer Suite (VIIRS) I-band (b) on January 16, 2017.
The shading areas show areas observed by MODIS in three consecutive Aqua orbits across Africa.
Note that VIIRS observations have full coverage and the gaps from MODIS are added in (b) for

comparison purpose.

2.2. VIIRS I-band Sensing Geometry and Active Fire Data

S-NPP VIIRS is also in a sun-synchronous orbit, with a repeat cycle of 16 days [45]. Very similar to
Aqua MODIS, S-NPP VIIRS flies over the equator at approximately 1:30 (descending orbit) and 13:30
(ascending orbit) local time [45]. The VIIRS imagery-resolution bands sense 32 375 m-pixel lines per
scan with a field view of 112.56°, and each scan line is composed of 6400 pixels with a swath width of
3000 km [45,50]. The I-band pixel size generally increases along scan direction from nominal 375 m at
nadir to ~806 m at the scan edge (Figure 1) [45]. The growth rate of VIIRS pixel size with view angle
is largely reduced relative to MODIS because of the VIIRS pixel aggregation scheme that aggregates
three scan-direction samples from nadir to scan angle of 31.72° (three-sample zone) and subsequently
two samples to scan angle of 44.86° (two-sample zone) and one sample to the scan edge (one-sample
zone) [45]. Pixel size varies sharply at the boundaries between aggregation zones (Figure 1). Due to
the onboard bow-tie deletion algorithm, repeat detections of the same fires from VIIRS adjacent scans
are significantly fewer than MODIS [32]. Moreover, the wider swath width (3000 km), compared with
MODIS swath (2340 km), enables VIIRS to provide a daily full coverage of the globe without any gaps.
Thus, VIIRS can observe fires inside the equatorial MODIS swath gaps (Figure 2).

The S-NPP VIIRS 375 m Level-2 active fire product (VNP14IMG) for the first time improves the
daily global active fire data to a sub-kilometer resolution. As with MODIS Level-2 active fire data,
VNP14IMG, a swath-level product (6 min), is produced in VIIRS I-band geometry. For each fire pixel,
VNP14IMG provides detection time, coordinates, and confidence, VZA, solar zenith angle, brightness
temperatures at the I-4 (3.550-3.937 pm) and I-5 (10.560-12.428 pm) imagery bands, and day/night
flag [41,51]. Due to a relatively low saturation temperature of 367K, the S-NPP VIIRS I-4 band can
be easily saturated over powerful fires, which makes it very difficult to directly retrieve FRP from
radiance at I-4 band [51]. Thus, FRP recorded in the VNP14IMG product is indirectly estimated using
radiances of the collocated 750 m fire pixel and ambient non-fire pixels at the 4-pm Moderate-resolution
band (M-13, 3.987—4.145 um) [50,51]. This study obtained the 375 m VNP14IMG product from NASA's
LAADS for the year 2017.
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3. Methods

3.1. Correction of Inter-Scanline Repeat Fire Detections

The FRP estimates affected by inter-scanline repeat fire detections from adjacent scans were
corrected. First, we extracted the inter-scanline repeat fire detections by following the approach
proposed by Li et al. [32] for MODIS and VIIRS separately. Then, for each pair of repeat detections, one
remained while the other was excluded and their mean FRP was assigned to the remaining detection.
This correction process was applied to all MODIS and VIIRS fire detections of 2017.

Although the overlap of the S-NPP VIIRS swaths from adjacent orbits could also result in repeat
fire detections, the effect of these repeat detections to aggregated FRP is negligible, especially in
low-latitude regions (i.e., Africa) where the orbital overlap is very limited [32]. Thus, this study did
not correct these inter-orbits repeat detections.

3.2. Investigation of Missing MODIS FRP Due to Sampling Limitations

We explored missing MODIS FRP by comparing with contemporaneous 375 m VIIRS FRP at a
continental scale and a set of grid sizes.

3.2.1. Extraction of Contemporaneous Fire Detections

Daytime fire detections that were contemporaneously observed by MODIS and VIIRS were
extracted first for comparison purposes because fire is highly dynamic and evolves very fast as
environmental conditions (i.e., topography, fuel conditions, and fire weather) change [34]. This study
considered only daytime fire detections because fires burn mainly during daytime in most ecosystems
across Africa [52]. Specifically, for each MODIS ascending orbit (daytime) overpassing the Africa
continent, VIIRS fire detections were first clipped using the MODIS swath boundaries to exclude VIIRS
fire detections observed inside the equatorial MODIS swath gaps. Then, fire detections observed
contemporaneously by Aqua MODIS and S-NPP VIIRS within an observing time difference of +5 min
were extracted by assuming that FRP on the ground and cloud cover remained the same.

3.2.2. Examination of Fire Detection Capability

The difference between fire the detection capabilities of the MODIS sensor and VIIRS I-band
was examined by comparing their minimum, mean, and maximum FRP per fire pixel across swath.
Specifically, the extracted contemporaneous fire detections were first grouped by every 1° VZA. Then,
the minimum and maximum FRP estimates were calculated for each group as the FRP values at 0.5%
and 99.5% percentiles of all the corresponding pixel-level FRP to avoid potential extreme FRP values.

3.2.3. Comparison of FRP on a Continental Scale and Various Grid Sizes

To determine the overall missing MODIS FRP over Africa, we compared daily sum FRP from the
extracted daytime MODIS and VIIRS I-band contemporaneous active fire detections. There was a total
of 44 days from January 8 to December 26, 2017 when the two sensors sensed actively burning fires
contemporaneously (within +5 min) in the same region across Africa. Note that the difference between
MODIS and VIIRS overpass time was longer than 5 min during the rest of days. For each of the 44 days,
FRP of the contemporaneous active fire detections was summed up separately for MODIS and VIIRS.
Then, the daily sum FRP from the two sensors were statistically compared using the reduced major axis
regression (RMA) method that minimizes errors of both dependent and independent variables [53].
Their FRP correlation was characterized using Pearson’s correlation coefficient (r).

We further compared MODIS and VIIRS FRP at a set of grid sizes to explore the spatially detailed
difference in FRP from the two sensors. Specifically, the extracted contemporaneous fire detections
were first gridded into the seven grids of 0.05°, 0.1°, 0.25°, 0.5°, 1°, 2.5°, and 5°, separately, for MODIS
and VIIRS. Then, grids with valid fire detections (FRP > 0 MW) were spatially matched between two
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sensors. This is because, even within an observing time difference of 5 min, fires sensed by one sensor
(e.g., VIIRS) could be missed by the other sensor (e.g., MODIS), and vice versa [32]. Grids where both
MODIS and VIIRS contemporaneously detected fires were considered as the matched grids; otherwise,
grids, where only one of the two sensors observed fires, were grouped as the not-matched grids. In the
not-matched grids, fire detections observed by one sensor were considered as missing fire observations
by the other sensor. Subsequently, the percentage of these missing fire detections and their contribution
to the sum FRP were calculated for MODIS and VIIRS, respectively. Meanwhile, for a matched grid,
grid-level FRP was obtained separately for VIIRS and MODIS by summing up FRP within a given grid.
Finally, the ratio of VIIRS grid FRP to MODIS grid FRP was calculated using Equation (2):

_ FRPy
? = FRPy,

)

where @ is the grid FRP ratio, and FRPy and FRP); are VIIRS and MODIS grid FRP, respectively.

The variation in grid FRP from MODIS and VIIRS data was examined for the seven grid scales.
The finest grid resolution was set as 0.05° as it is approximately a MODIS pixel (~5 km) at the scan
edge along the equator.

3.2.4. Adjustment of Grid-Level MODIS FRP

We also explored the potential relationship between MODIS and VIIRS grid FRP across MODIS
VZA. For a given grid size, mean MODIS VZA in a grid was calculated based on VZA values of MODIS
fire detections. Then, the grid FRP ratio was grouped for every 1° VZA, and for each group the median
grid FRP ratio was obtained. Subsequently, the median grid FRP ratio was fitted as a function of
MODIS VZA using a second-order polynomial function:

Pmed = Po + P10 + 26> 3)

where @meq is the median of the grid-level FRP ratio (¢), 6 is MODIS VZA (in units of radian), and {3,
31, and (3, are three model parameters. Note that the use of the median instead of the mean grid FRP
ratio was to avoid the effects of potential extreme FRP ratio values.

A set of polynomial functions was calculated for the seven different grid sizes from 0.05° to 5°.
These functions were considered as empirical models for adjusting MODIS FRP.

3.3. Investigation of Missing MODIS FRP inside Equatorial Swath Gaps

The missing MODIS FRP inside its swath gaps was estimated using VIIRS FRP. The width of a
MODIS swath gap across the meridian is a function of latitude, as described in Appendix A. The gap
width decreases from 388.1 km at the equator to zero at ~30.7°N and ~30.7°S (Figure 3). By taking VIIRS
FRP as reference data, missing MODIS FRP were estimated in the following steps. First, daily MODIS
swath gaps were built by intersecting boundaries of adjacent swaths based on MODIS geolocation
product (MYDO03). Second, the swath gap polygons were applied to clip daily VIIRS fire detections
observed inside swath gaps. Third, FRP from the clipped VIIRS fire detections were aggregated in 1°
grids to examine the spatial patterns and were summed up across Africa for the whole study period to
infer the underestimation of MODIS FRP due to swath gaps. Fourth, FRP from VIIRS fire detections
observed inside and outside MODIS swath gaps were also summed up at an interval of one month to
explore the seasonal variation of missing MODIS FRP.
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Figure 3. Cross-meridian width of a MODIS swath gap along latitude (the gray dash line indicates the
equator).
4. Results

4.1. Fire Detection Capability across Swath

Comparisons of the minimum, mean, and maximum FRP per fire pixel show that the fire detection
capability across swath (or VZA) varies considerably for the MODIS sensor while it is generally
consistent for VIIRS I-band. As VZA increases from nadir to the scan edge, the minimum, mean, and
maximum FRP from MODIS all show an increasing trend, while those from VIIRS show a very small
variation (Figure 4). The VIIRS FRP at the boundaries between aggregation zones shows a triangular
zig pattern due to the sharp change of VIIRS I-band pixel size (Figures 1 and 4). Minimum FRP shows
that MODIS is able to detect fires with FRP of ~4.3 MW (per pixel) at nadir and > 31.7 MW at the
scan edge, whereas VIIRS can sense fires with FRP of ~1.3 MW (per pixel) and > 2.9 MW, respectively.
This indicates that the fire detection capability of MODIS decreases by a factor of 7.4 at the scan edge
while the capability of VIIRS changes by a factor of 1.5, 1.6 and 2.2 in the three-sample, two-sample,
and one-sample aggregation zones. As view angle varies from nadir to the scan edge, the mean
FRP increases from ~23.7-~130.8 MW for MODIS and ~9.4—~18.6 MW for VIIRS and the maximum
FRP increases from ~237.2-~1130.7 MW and ~72.4—~142.6 MW for MODIS and VIIRS, respectively
(Figure 4). The sharp decrease in MODIS fire detection capability at large VZAs is associated with the
increase in MODIS pixel size at off nadir (Figure 1); on the contrary, VIIRS fire detection capability
varies slightly due to the generally consistent pixel size across swath (Figure 1).
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Figure 4. Variations of the minimum (min), mean, and maximum (max) fire radiative power (FRP) per
fire detection (or pixel) of the MODIS (a) and VIIRS (b) sensors in different satellite view zenith angles
(VZAs) from nadir to the scan edge. Note that the y-axis is on a logarithmic scale.

4.2. Continental-Scale FRP

MODIS FRP is much smaller than VIIRS FRP on a continental scale in Africa. Linear regression
shows that the daily sum FRP estimates from contemporaneous fire detections between MODIS and
VIIRS are highly correlated (Pearson r > 0.95). However, their FRP value differs significantly. In
comparison with the VIIRS sum FRP from VIIRS fire detections observed both inside and outside
the MODIS swath gaps, MODIS sum FRP is approximately 49% smaller according to the regression
slope, with a significant bias of 20124.43 MW that accounts for 13.5% of the daily mean of MODIS sum
FRP or 8.3% of the daily mean of VIIRS sum FRP (Figure 5a). Comparing with only VIIRS sum FRP
from VIIRS fire detections sensed outside MODIS swath gaps, MODIS sum FRP is approximately 26%
smaller with a bias of 25116.66 MW that explains 16.8% of the daily mean of MODIS sum FRP and
11.8% of the daily mean of VIIRS sum FRP outside MODIS swath gaps (Figure 5b).

DOY

(a) ™ 1 VIIRS = 25116.66 + 1.26 x MODIS (b) oy

300

VIIRS FRP (10° MW)
VIIRS FRP (10° MW)

0 1 2 3 4 5 6 7
MODIS FRP (10° MW) MODIS FRP (10° MW)

Figure 5. Comparison of daily continental sum FRP from daytime active fire detections observed
contemporaneously by MODIS and VIIRS I-band across Africa in 2017. (a) MODIS FRP versus VIIRS
FRP from all VIIRS fire detections, and (b) MODIS FRP versus VIIRS FRP inside MODIS granules (VIIRS
detections in swath gaps were excluded). The color legend on the right represents the date (day of year,
abbreviated as DOY) of each sample observation. The red solid line represents the best-fitted model
line and the dashed line is the 1:1 line.
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4.3. Grid-Level FRP

4.3.1. Missing MODIS FRP Due to Sampling Limitations

MODIS misses a considerable number of fire observations (counts) and FRP (Figure 6). At a
grid size of 0.05°, Aqua MODIS has no fire detections in 76% of grids where VIIRS I-band senses at
least one detection (Figure 6a) and fires detected by VIIRS in these grids account for 58% of daily
VIIRS I-band fire detections (Figure 6b) and 39% of daily VIIRS sum FRP (Figure 6c) across Africa.
Similarly, the VIIRS I-band observes no fires in 16% of grids where Aqua MODIS senses at least one
fire detection (Figure 6a) and MODIS fire detections in these grids explain 12% of daily MODIS fire
detections (Figure 6b) and 9% of daily MODIS sum FRP (Figure 6¢c). As grid size grows, the missing fire
detections and FRP retrievals in the not-matched grids decrease sharply. For instance, when grid size
grows to 0.25°, the number of VIIRS I-band fire detections missed by Aqua MODIS in the not-matched
grids reduces to 28% (Figure 6b) accounting for 20% of daily VIIRS sum FRP (Figure 6c), while VIIRS
merely misses <1% of daily Aqua MODIS fire detections (Figure 6b) and <1% of daily Aqua MODIS
sum FRP. When grid size further grows to 5°, there are still 34% of grids where only VIIRS observes
fires (Figure 6a) but these grids explain < 1% of daily VIIRS fire detections (Figure 6b) and < 1% of
daily VIIRS sum FRP (Figure 6a).
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Figure 6. Percentages of the daily not-matched grids (a) and fire detections (b) and sum FRP (c) in
these grids between Aqua MODIS (blue) and VIIRS I-band (red) at seven different resolutions across
Africa. The solid cycles represent median values and the error bars indicate values at the 5th and
95th percentiles.

Missing MODIS fire detections increase along view angles and the missing fires generally have
relatively small FRP values (Figure 7). Ata 0.25° grid across Africa, the percent of VIIRS fire detections
missed by Aqua MODIS in every 5° VZA increases from 14% to 52% as the MODIS view angle increases
from nadir to the scan edge, with 79% of all the missing fire detections located in grids with MODIS
VZAs > 30° (Figure 7a). The VIIRS fire detections missed by Aqua MODIS have an average FRP of 6.8
MW per fire pixel, which is much smaller than the average FRP (12.4 MW per fire pixel) of VIIRS fire
detections observed by Aqua MODIS. Furthermore, the VIIRS FRP frequency density distributions
indicate that MODIS observed and missed a similar number of VIIRS fires with FRP less than 2 MW
but MODIS observed more VIIRS fires than missed ones with an FRP larger than 2 MW than it missed
(Figure 7b).
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Figure 7. VIIRS fire detection count and FRP distributions in the matched and not-matched 0.25° grids
across Africa. (a) The stacked histogram shows the percent of the matched (red) and not-matched
(blue) VIIRS fire detections in every 5° MODIS VZA from nadir to the scan edge, and the yellow line
displays the cumulative percentage of the not-matched VIIRS fire detections to all the fire detections
contemporaneously observed by VIIRS I-band. (b) VIIRS FRP frequency density distributions in the
matched (red cycle) and not-matched (blue triangle) grids. The gray dash line shows the location of 2
MW FRP.

4.3.2. Underestimation of MODIS Grid FRP and Adjustment Models

The relationship between MODIS and VIIRS grid FRP, characterized as the median FRP ratio of
VIIRS to MODIS, varies with satellite VZA and grid size (Figure 8 and Table 1). Generally, the FRP
ratio decreases slightly along VZA for grid size finer than 0.5° (Figure 8a—c), remains nearly constant at
a grid size of 0.5° (Figure 8d, as also indicated by the fitted model and small r? showing in Table 1),
but increases for the grid size coarser than 0.5° (Figure 8e—g). At the finest grid size of 0.05°, the
FRP ratio indicates that MODIS and VIIRS grid FRP are generally comparable in view angles close
to nadir but VIIRS grid FRP becomes smaller in large view angles, although the ratio at individual
grids varies largely from 0.1-10 (Figure 8a). As the grid grows to 0.25°, a commonly used resolution in
biomass-burning emissions inventories, MODIS grid FRP on average is underestimated by 14-31%
in all view angles relative to VIIRS grid FRP according to the FRP ratio (Figure 8c), in which MODIS
misses 20% of VIIRS sum FRP (Figure 6b). At the coarsest grid size of 5°, the FRP ratio also reveals that
MODIS FRP underestimation generally increases from 69-130% with VZA (Figure 8g). Consequently,
the underestimation of MODIS grid FRP increases with the increase in grid size and VZA.

The VIIRS-to-MODIS FRP ratio is a function of satellite VZA at a grid size, which provides
empirical relationships to adjust the underestimation of MODIS FRP partly at different resolutions
(Table 1). All the best-fit models for the seven grid sizes show a high coefficient of determination
(r? > 0.67) and small root-mean-square error (RMSE) (<0.146). Interestingly, the parameter o, the bias
of FRP ratio, which measures the degree of underestimation of MODIS grid FRP in nadir (VZA = 0°)
underestimation of MODIS grid FRP (in nadir with VZA = 0°), increases significantly from 1.05 to 1.69
as grid size grows from the finest to the coarsest.
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Figure 8. Derived best-fitted models (Equation (3)) at seven grid resolutions: (a) 0.05°, (b) 0.1°, (c) 0.25°,
(d)0.5°, (e) 1.0°, (f) 2.5°, and (g) 5.0°. Gray solid dots represent the matched grids, blue solid cycles and
bars are the median, 10th, and 90th percentiles of the FRP ratio in every 1° MODIS VZA, and the red
solid line is the best-fitted model. Note that the y-axis uses logarithmic scale for visualization purposes.
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Table 1. Best-fitted models for VIIRS to MODIS FRP ratio as a function of MODIS VZA at seven

grid sizes.
Model Parameters
Grid Size (Degree) r? RMSE
Bo B1 B2

0.05 1.054 + 0.02 ** —0.045 + 0.08 —0.223 + 0.07 ** 0.93 0.026
0.10 1.133 £ 0.02 ** 0.030 = 0.08 —0.265 + 0.07 ** 0.91 0.028
0.25 1.313 £ 0.02 ** —0.006 = 0.09 0.141 £ 0.07 ** 0.74 0.030
0.50 1.401 + 0.04 ** 0.004 = 0.16 0.074 +0.14 0.23 0.054
1.0 1.456 + 0.05 ** —0.085 + 0.22 0.369 + 0.18 ** 0.72 0.070
25 1.564 + 0.08 ** —0.295 + 0.35* 0.672 £ 0.29 ** 0.68 0.113
5.0 1.690 + 0.12 ** —0.851 + 0.48 ** 1.219 + 0.40 ** 0.67 0.146

Note that ** and * represent p-value < 0.001 and p-value < 0.1, respectively, and the term after “+” is the 95% level

confidence interval.

4.4. Missing FRP inside MODIS Swath Gaps

Active fires inside the MODIS swath gaps contribute substantial FRP. Figure 9a and b show yearly
summed MODIS and VIIRS FRP at 1° grids in the MODIS observed area (outside swath gaps) in 2017.
The FRP spatial pattern shows that fires mainly burn in areas between 4°N and 16°N in the Northern

Hemisphere, Africa, and between 2°S and 20°S in the Southern Hemisphere, Africa.
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Figure 9. Yearly summed MODIS and VIIRS daytime FRP at a 1° grid across Africa in 2017. (a) The
observed MODIS FRP, (b) the observed VIIRS FRP in the MODIS-sensed areas (outside MODIS swath
gaps), (c) the total number of days without Aqua MODIS observations (inside MODIS swath gaps),

and (d) the VIIRS FRP observed inside MODIS swath gaps.



Remote Sens. 2020, 12, 1561 13 of 20

Figure 9c shows that MODIS swath gaps occur in ~80% of the areas between 30°S and 30°N across
Africa, of which 41% was not observed by MODIS for more than 30 days in 2017. Figure 9d shows the
yearly summed VIIRS FRP observed inside MODIS swath gaps. It indicates that fires observed by
VIIRS inside MODIS swath gaps account for 10.7% of yearly summed FRP (9.0 x 107 MW) from all
VIIRS fire detections across Africa. Indeed, MODIS could miss fire observations in most of the areas
where a swath gap occurs, especially fire-prone regions with a highly frequent occurrence of gaps.
Therefore, to a large extent, the amount of FRP missed by MODIS is related to fire frequency and the
number of days when swath gaps appear.

VIIRS ERP observed inside MODIS swath gaps varies seasonally (Figure 10). The monthly sum
VIIRS FRP inside the gaps peaks in August and December when peak fire seasons generally occur in
Southern and Northern Hemisphere Africa [52], which reflects that MODIS misses 0.4-1.4 X 10® MW
FRP monthly (an average of ~0.8x10° MW). This monthly missing FRP in gaps explains 9.4-18.3%
(an average of 12.5%) of monthly VIIRS FRP observed outside MODIS swath gaps. In, MODIS missing
FRP accounts for 10.7% and 12.8% of VIIRS FRP observed outside swath gaps, respectively, in Southern
Hemisphere Africa during fire season from July to October [52] and Northern Hemisphere Africa
during fire season from November to March (next year). The relatively larger percent of missing FRP in
Northern Hemisphere Africa is due to the fact that MODIS swath gap occurs in many more days over
fire-prone regions in Northern Hemisphere Africa than that in Southern Hemisphere Africa (Figure 9c).
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Figure 10. Seasonal variations of VIIRS FRP observed inside MODIS swath gaps (blue) and the ratio
(red) of the VIIRS FRP inside to outside MODIS swath gaps across Africa in 2017.

5. Discussion

The MODIS sensor has a relatively low fire detection capability and misses a large portion
of FRP observations relative to the VIIRS I-band sensor. The minimal FRP (per fire pixel) across
swath suggests that the MODIS sensor misses fires with intensity less than ~4.3 MW at nadir and
~31.7 MW at the scan edge (Figure 4a), whereas VIIRS I band (375m) can detect approximate 3-11
times smaller fires (Figure 4b). Across the African continent, fires missed by MODIS result in the
underestimation of MODIS FRP by 42.8% (26% + bias interpreted as 16.8% of daily mean MODIS
FRP in Figure 5b) because fires with FRP<31.7 MW account for a significant portion of all fires as
indicated by VIIRS FRP frequency density distributions (Figure 7b). Our previous comparison between
MODIS and VIIRS M-band FRP suggests that the daily MODIS sum FRP is only underestimated by
approximately 10.5% across Africa [32]. Thus, much more underestimation of MODIS FRP is revealed
by comparing with VIIRS I-band FRP. Similar findings on underestimation of MODIS FRP have also
been demonstrated in cropland fires [43,44]. For example, compared with the Aqua MODIS monthly
summed FRP in agriculture burnings, VIIRS I-band measures 120% more FRP in Punjab, India [44],
and synthesized VIIRS I-band and M-band radiances measure FRP about six times larger in eastern
China [43]. Additionally, it is worth noting that, for relatively small fires detected by the MODIS
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sensor, high albedo across the fire-prone Africa savannas also causes uncertainty in MODIS FRP
retrievals [54,55].

Furthermore, missing MODIS FRP due to relatively lower fire detection capability is also evident
at the grid level. For a given grid size from the finest 0.05° to the coarsest 0.5°, MODIS senses no fires in
a large number of grids where only VIIRS has fire detections (Figure 6). It indicates that VIIRS senses
many more fires with FRP beyond MODIS fire detection capability. These MODIS missing fires occur
in many areas across Africa, as suggested by the large percentages of grids where only VIIRS senses
tires (Figure 6a). For example, the percentage is still 34% even at a grid size of 0.5° (Figure 6a), although
fires in these grids contribute to a very small portion of daily VIIRS sum FRP (Figure 6b,c). In addition,
the increase in the ratio of VIIRS to MODIS grid FRP with view angles suggests that MODIS misses
more FRP at large view angles than in nadir as its detection capability reduces at off nadir. For example,
as grid size grows larger than 1.0° (Figure 6), the underestimation of MODIS FRP could increase by up
to ~60% at the scan edge relative to in nadir (Figure 8e,f).

MODIS FRP underestimation due to relatively low detection capability can be partly mitigated.
At a continent scale, daily MODIS FRP underestimation can be directly adjusted based on the derived
relationship between MODIS and VIIRS FRP illustrated in Figure 5b. This adjustment undoubtedly
improves the estimation of total biomass-burning emissions from MODIS FRP across Africa. On
a grid level, the fitted models at seven different grid resolutions can be applied to adjust MODIS
FRP in grids where MODIS senses fires. Indeed, these fitted models can help to adjust grid-based
MODIS ERP that is used in most of biomass-burning emissions inventories at a grid resolution from
0.1°-1.0°, including GBBEPx—GIlobal Biomass Burning Emissions Products [28] —GFAS—the Global
Fire Assimilation System [24]—and FEER—Fire Energetics and Emissions Research [26]. For example,
at the grid size of 0.5° the model can improve MODIS FRP by 40-50%. It is worthwhile to note that
there is a trade-off between grid size and degree to which the MODIS FRP underestimation can be
adjusted. At a fine grid resolution (e.g., 0.25°), there is a considerable number of grids with only VIIRS
fire detections but without MODIS fire detections. In these grids, the missing MODIS FRP cannot be
adjusted using the corresponding models that require FRP values available from both MODIS and
VIIRS fire detections. For the grid size being larger than 2.5°, almost all grids contain both VIIRS
and MODIS fire detections. In this case, the fitted models can be applied to improve MODIS FRP
underestimation at almost all coarse grids, but spatial details are missed relative to fine-resolution
ones. Therefore, choosing an appropriate grid resolution to adjust the MODIS FRP underestimation
depends on the application purposes.

The FRP comparisons in different grid resolutions provide direct evidence to evaluate the published
methods for adjusting the bow-tie effect caused MODIS FRP underestimation. First, our results show
that MODIS FRP in 0.5° grids is relatively underestimated by 40-50% compared to VIIRS (Figure 8d
and Table 1). This is very similar to the previous finding that MODIS FRP at a 0.5° grid could be
improved by 44% across Africa by correcting the MODIS bow-tie effect [30]. However, this study
indicates that the MODIS FRP underestimation should be attributed to two factors: (1) the MODIS
bow-tie effect and (2) the MODIS coarser-resolution effect relative to VIIRS I-band in nadir. In other
words, VIIRS I-band, theoretically, is able to sense smaller and/or cooler fires than MODIS even at
nadir, although both sensors observe fires in the same grid. Thus, it is likely the algorithm of bow-tie
correction [30] could overestimate MODIS FRP.

Second, Kaur et al. [33] correct the MODIS bow-tie effect on FRP by mapping the CDF of grid FRP
at large VZA to nadir and find that MODIS FRP could be improved by up to 44% for 1° grids with
a VZA > 55°. Our results show that MODIS FRP is underestimated by 47-85% relative to VIIRS in
1° grids as VZA varies from nadir to the scan edge. Because VIIRS fire detection capability is almost
consistent across VZA (Figures 1 and 4b), it can be derived that the underestimation of MODIS FRP
attributed to VZA effect could be as large as 38% (38% = 85% — 47%), which is slightly smaller than the
44% found by Kaur et al. [33]. However, MODIS FRP in nadir is still underestimated by 47% compared
to VIIRS FRP.
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Third, Wang et al. [35] corrects MODIS FRP at large view angles (VZA>35°) in 27 km X 27 km
grids by using FRP at smallest VZA observed within two days and finds that emissions estimates could
be increased by a factor of two across Northern Hemisphere Africa, including the FRP improvements
by correction of clouds and swath gaps. However, our results show that MODIS grid FRP on average is
smaller than VIIRS grid FRP by up to 31% at a grid resolution of 0.25° (~25 km at the equator, Figure 7c).
Even when all VIIRS I-band FRP inside and outside MODIS swath gaps across Africa are considered,
the continental-scale MODIS FRP is relatively underestimated by ~62.5% (49% + bias interpreted as
13.5% of daily mean MODIS FRP in Figure 5a), much smaller than the difference of a factor of two. It is
likely that the assumption proposed by Wang et al. [35] for correcting MODIS FRP at large VZA and
swath gaps may not work well and could overestimate MODIS FRP. This is demonstrated in Figure 11,
which shows the variations of mean VZA and daily FRP of MODIS and VIIRS I-band in a 1° grid
centering at 30.232°E and 4.139°N in January 2017. The grid FRP estimates from the two sensors show
similar temporal patterns, although MODIS swath gap occurred on January 4 and 20. According to the
assumption in Wang et al. [35], MODIS FRP requires correction for a total of 23 days in January 2017.
The correction of VZA and swath gaps obviously results in the overestimation of MODIS grid FRP and
alters a temporal pattern compared to the observed VIIRS grid FRP, especially during days from Jan
5-10 and Jan 15-20 (Figure 11).
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Figure 11. Mean VZA and daily grid FRP from (a) VIIRS and (b) MODIS in a 1° grid centering at
30.232°E and 4.139°N in January 2017. The black triangle represents grid FRP and the gray solid cycle
is VZA. In (b), the cyan squares indicate the days without valid MODIS fire observations due to swath
gaps and the dashed line of 35° VZA is considered as a VZA threshold to adjust MODIS FRP (results are
denoted as pink triangles) based on the algorithm proposed by Wang et al. [35].

The MODIS equatorial swath gaps also significantly affect its observation of actively burning fires
at low latitudes. By referencing to VIIRS FRP, MODIS swath gaps result in a mean monthly omission
error of ~12.5% in MODIS FRP, which varies largely in different seasons. It is similar to a previous
finding that swath gaps explain 14% of omission error by comparing MODIS fire detections with
field observations in the Yucatan forest, Mexico [38]. At low latitudes, it is well known that cloud
obscuration is one of key factors that limit fire observations [56]. For instance, cloud contamination
could lead to an omission error of 11% in MODIS fire detections across the Amazon region [56], which
is very close to the omission error caused by swath gaps. Thus, MODIS swath gaps play an equally
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important role in affecting MODIS active fire data as clouds. Therefore, the prediction of MODIS
missing FRP inside swath gaps for historical MODIS fire data during the past two decades could
significantly improve the estimation of biomass-burning emissions and benefit related applications.

Mitigation of the swath-gap-caused underestimation of MODIS FRP is very challenging. Although
MODIS swath gap has been a known problem in fire detection since the first release of the MODIS active
fire product [57], very limited studies have investigated potential approaches to mitigate the swath
gap effect on MODIS FRP. For any day without valid observations due to swath gaps, a commonly
used strategy is to use the FRP observations of the previous day (or previous days with the minimal
VZA) directly [24,35]. This approach could largely underestimate or overestimate the missing FRP
inside swath gaps, as illustrated in Figure 11, because burn sites most likely do not persist from day
to day due to human activity and changes in fire weather [36]. For the time period with the VIIRS
fire observations available, a potential mitigation approach is to examine the daily FRP relationship
between the MODIS and VIIRS sensors over the areas outside swath gaps and apply it to predict FRP
missed by MODIS inside swath gaps.

6. Conclusions

MODIS FRP has been applied to estimate biomass-burning emissions [24-29] and generate global
emissions products [24,26,28] for nearly two decades. However, MODIS misses a large amount of
small and cool fires because of a coarse pixel size of 1.0-4.83 km [30-33] and all fires inside MODIS
swath gaps [35,40], which could result in a significant omission of actively burning fires, and the
underestimation of emissions subsequently. This is especially noticeable in Africa where fires have
characteristics of low-to-moderate intensity and high frequency [58] and release more than half of
global biomass-burning emissions [6].

This study investigates FRP observations missed by Aqua MODIS due to sampling limitations
and swath gaps using the S-NPP VIIRS I-band (375 m) active fire data across Africa. The variation
of pixel-level minimum, mean, and maximum FRP across swath indicates that MODIS detection
capability decreases sharply while that of VIIRS is generally consistent as view angle increases from
nadir to the scan edge. The dependence of the MODIS and VIIRS fire detection capability on view
angle is expected to be validated in the next step using the airborne-based very-high-resolution FRP
observations during the NASA and NOAA lead 2019 FIREX-AQ (Fire Influence on Regional to Global
Environments and Air Quality) field campaign [59]. Comparing FRP from fire detections observed
contemporaneously by MODIS and VIIRS for the whole Africa continent and in seven grid sizes from
0.05°-5° quantifies the underestimation of MODIS FRP. On a continental scale, MODIS underestimates
FRP by at least 42.8% relative to the contemporaneous VIIRS FRP. In grids, MODIS misses more than
half of VIIRS fire detections and ~39% VIIRS FRP in 0.05°grids, although the missing rate decreases
with grid size. The MODIS FRP underestimation could be partially mitigated using FRP adjustment
models established from VIIRS-to-MODIS ERP ratio at seven different grid sizes, separately. Moreover,
MODIS misses a large number of fires inside its swath gaps, where the missed FRP accounts for 12.5%
of VIIRS FRP observed in the areas outside swath gaps. The missing MODIS FRP could be predicted
using VIIRS fire data if available. Overall, the significantly large underestimation of MODIS FRP
found in this study provides crucially quantitative information for understanding the uncertainties
in the MODIS FRP and the related applications, especially biomass-burning emissions estimation.
These uncertainties could be significantly improved by using the FRP adjustment models developed in
this study.
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Appendix A. Calculation of the Cross-Meridian Width of a MODIS Swath Gap

The cross-meridian width of a MODIS swath gap at a given latitude is calculated as follows:

(Ly — L)

dy = (A1)
where, given a latitude A, d, is the cross-meridian gap width (units of km), Ly and Ly are the
circumference of the cycle of latitude (at A) and the length of Aqua MODIS daily coverage along the
cycle of latitude, respectively. n is number of Aqua orbits in 24 h (n = 24 h X 60 min/98.9 min = 14.56),
where the 98.9 min is the mean orbital period of MODIS. The circumference of the cycle of latitude (at
A) is calculated as:

L A= 2nR A (AZ)

(a2 cos(A))* + (P2 sin(A))?
(acos(A))? + (bsin(A))?
where L, is the same as in Al, R, is radius of the cycle of latitude (at A), and 7 is the constant Pi.
a (a=6378.1km) and b (b = 6356.8 km) are the equatorial radius of the earth and polar radius of

the earth, respectively. The length of Aqua MODIS daily coverage along the cycle of latitude is
calculated as:

R, = cos(A) J (A3)

LM = 2d1n (A4)
4= (A5)
cos(w)

where L, and n are the same as in Al. d; is the length of a cross-track half of MODIS swath (or length
from nadir to the scan edge, ds = 2340 km/2 = 1170 km) projected along the cycle of latitude, and w is
the angle between the ascending orbit track of MODIS Aqua and the north direction (w = 98.2° — 90° =
8.2°), as illustrated in Figure Al. Note that MODIS Aqua orbit has an inclination of 98.2°.

MODIS Aqua
ascending orbit track

@ = 8.2°
d =%/

os(w)

Figure A1. Illustration of calculating the projected length of a MODIS swath along the cycle of latitude.
The orange arrow represents between the ascending orbit track of MODIS Aqua and the blue line
shows a cross-track half of MODIS swath.
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