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The 2014 Northwest Territories fires are one of the largest wildfires in history. However, it is difficult to explain
what caused such devastating wildfires simply with meteorological conditions and hydrological drought. There is
a lack of large-scale Near-Real-Time (NRT) observations that characterize fuel conditions. To fill this research
gap, we provide the new earth observations that the meso-scale vegetation heat represented by L-band
microwave-retrieved fuel (or canopy) temperature serves as a predictor of fire spread and lightning. We studied
two million-ha-scale extreme fire events in the Northwest Territories in 2014 and British Columbia in 2018 to
demonstrate that preheated endothermic vegetation condition (canopy temperature>295 K) ahead of flaming is
a prerequisite for mega-fires. Canopy temperature is thus proposed as an indicator to modulate convective
heating ahead of combustion, and fire spread, which strongly correlated (R? of 0.8 ~ 0.9) with pre-fire canopy
temperature increments. It is possible to predict large-wildfires with this threshold of canopy temperature. We
suggested a mechanism for vegetation under heat stress to trigger ignition and spread large fires. Our findings
provide additional evidence that continued warming of the Earth’s surface will lead to more severe firestorms

and carbon emissions.

1. Introduction

Boreal forests are the largest intact forest biome in the world (Wells
et al., 2020), with a large fraction within Canada. Boreal forests exert a
significant influence on global climate, largely owing to their high
terrestrial carbon storage, and characteristic surface albedo as well as
surface energy budgets (Bonan, 2008; Flannigan, 2015; Jones et al.,
2022). The climate is warming considerably faster in high-latitude re-
gions compared to other places on Earth, leading to the intensification of
boreal fire regimes (Bradshaw and Warkentin, 2015; Walker et al.,
2019). Considering that destructive fires started from only ~ 3 % of the
total area burned, fire spread is severe, especially in Canada. Given the
recent increases in fire frequency and burned area, there is a growing
consensus that more attention needs to be paid to fuel continuity and
accumulation rather than facing the limits of our ability to suppress fire
events (Moore, 2019). In particular extreme mega-fire disasters will
have a huge impact on environmental quality and carbon emission and
generate subsequent firestorms as a chain reaction.
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The chain reaction occurs due to the overarching impact of drying
land surface on the atmosphere. Several studies have shown that
mesoscale land surface such as vegetation cover often promotes deep
convection, triggering lightning or storm that ignites and/or exacerbates
wildfires (Chen et al., 2021; Taylor et al., 2012; Taylor et al., 2011;
Wang et al., 2009). Vegetation condition plays a more important role in
generating deep convection as compared to synoptic atmospheric con-
ditions during weak flow (i.e., wind speeds less than 10 m/s at 500 hPa)
(Carleton et al., 2008). Given that boreal forests have higher sensible
heat fluxes than tundra (Dissing and Verbyla, 2003; Flannigan, 2015),
such convective heat and dry fuels in coniferous boreal forests are likely
to intensify fire severity, and fire-nados (Lareau et al., 2018; Nauslar
et al., 2018; Zhang et al., 2019). Early prediction of fire severity espe-
cially firestorms is therefore of paramount importance for fire
management.

Despite such an amplifying impact of vegetation (Chen et al., 2021;
Yebra et al., 2013), the most widely-used wildfire prediction systems are
based purely on weather forecast information (van Wagner, 1987).
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Among the challenges for predicting the severity of large-scale wildfires
is the lack of availability of Near-Real-Time (NRT) live fuel information
on vegetation dynamics for use in operational decision-making. In
response to this scarcity of fuel information, there have been many at-
tempts to use satellite observations for monitoring vegetation condi-
tions. However, there are several limitations in applying satellite
observations for wildfires (Leblon et al., 2012; Leblon 2016). Satellite-
based Normalized Difference Vegetation Index (NDVI) and differenced
Normalized Burn Ratio (ANBR) have been used to determine live fuel
moisture or burn severity (Parks et al. 2014; Yebra et al. 2013; Yebra
et al. 2022). However, NDVI is a better predictor of vegetation chloro-
phyll content than live fuel moisture(Ceccato et al., 2001; Chen et al.,
2021; Leblon, 2005). Thermal infrared images are used to estimate land
surface temperature or energy balance-based estimates of evapotrans-
piration. Land surface temperature exhibits a better relationship with
fire weather indices or fuel moisture than NDVI (Leblon, 2005). Nolan
et al. (2016) attempted to estimate dead fine fuel moisture content (FM)
from Moderate Resolution Imaging Spectroradiometer (MODIS) land
surface temperature. Nonetheless, it has several limitations for opera-
tional implementation, including that optical or thermal infrared images
are largely affected by cloud shadows. Additionally, land surface tem-
perature estimates do not take into account the heat transfer from
leaves, and are not sensitive to moisture fluctuations (Leblon, 2005).
When using it for evapotranspiration as a proxy of vegetation moisture,
there is an impediment. Live vegetation moisture is much less dependent
on atmospheric conditions than dead vegetation because it is more
dependent on soil moisture(Szpakowski and Jensen, 2019). For fire
severity, MODIS Fire Radiative Power is often used as a measure of
biomass consumption in fire. However, only 15 ~ 30 % of the total heat
energy contributes from radiation, implying that convective fire energy,
a majority of combustion is not included(Dickinson et al., 2016). Finally,
the backscatter observed from the European Remote Sensing satellite
(ERS)-1/-2 Synthetic Aperture Radar and RADARSAT-1/-2 have been
used for post-fire management (Pirotti et al., 2023; Szpakowski and
Jensen, 2019). However, C-band backscatter is influenced by con-
founding factors such as surface roughness and volume scattering from
vegetation and is less able to penetrate the forests than L-band
microwaves.

L-band microwave observations are certainly more effective for
monitoring the moisture of vegetation. As compared to thermal infrared
or C-band microwave sensors, L-band radiometry has several advantages
for characterizing vegetation fuel conditions. That includes the semi-
transparence of the vegetation layer, reduced scattering signals within
the vegetation canopy, and a reduced influence from soil roughness on
the microwave measurements (Meyer et al., 2018). Radio frequency
interferences (RFI) and atmospheric effects such as rain or storms are
also comparatively limited at this frequency(Reul et al., 2016).

In this study, we propose a methodology to predict mega-fires at the
incipient stage of fire development, which may ultimately enhance fire
management. To this end, we employed a space-borne L-band micro-
wave radiometer to estimate canopy temperature. Canopy temperature
is used as a proxy for indicating meso-scale fuel dryness required to
predict when and where mega-fires will spread, as it provides infor-
mation on the progress of dehydration of preheated endothermic vege-
tation before combustion occurs. This measure was applied to two mega-
fire events in western Canada, in which more than 4.9 M ha of boreal
forest burned.

More importantly, we provide a conceptual breakthrough in the
application of satellite data from the detection of ongoing or post-fire
events using SAR or thermal infrared images to predict ahead of com-
bustion. In this respect, this approach is set apart from traditional sat-
ellite data applications, which detect smouldering or flame as an
exothermic product of combustion.

International Journal of Applied Earth Observation and Geoinformation 129 (2024) 103776

2. Methods
2.1. Study area

The Northwest Territories (NWT; June to October 2014) and British
Columbia (BC; July to November 2018) experienced mega-fires that
burned 3.5 million ha (94.3 Tg C) and 1.35 million ha, respectively
(Fig. 1) (Veraverbeke et al., 2017; Walker et al., 2018; Wang and Strong,
2019). The 2014 fire season in the NWT was the highest in terms of area
burned. The 2018 fire season was the largest on record in BC in terms of
area burned since 1950 when modern records began.

These areas were exposed to drying conditions during and before the
wildfire event (Kochtubajda et al., 2019). The hydrometeorological data
shows that the monthly discharge for the La Martre River below the
outlet of Lac La Martre (station ID: 07TA001, please see https://api.
weather.gc.ca/collections/hydrometric-stations/items/07TA001 for
the location) decreased from 37.5 m/s in June to 29.1 m3/s in J uly and
24.3 m3/s in August 2014(ECCC, 2022). At Yellowknife (climate ID:
2204101), daily rainfall was almost zero from May 28 to July 29, except
for two rain events at 4 mm. Daily mean air temperature during the same
period ranged between 6 and 22 °C. During mid-June and July, a daily
wind speed of maximum gust ranged from 35 to 55 km/h. For a com-
parison between fire and no-fire years, the monthly discharge for La
Martre river outlet was higher at 50 ~ 65 m%/s in 2013, 2018, and 2020
with no fires. Daily rainfall was similarly zero, except for 3 ~ 4 rain
events at 10 mm during the same season in 2013, and 2020, while there
were several rain events at greater than 10 mm in 2018. Air temperature
was similar to 2014, ranging between 8 and 22 °C during the same
season in 2013, 2018 and 2020. A daily wind speed of maximum gust
was similar to 2014, ranging from 35 to 55 km/h in 2013, 2018, and
2020 as well. For climatological anomalies, please see Kochtubajda et al.
(2019).

Around fire-affected areas in BC, the monthly discharge for Dean
River below Tanswanket Creek (08FC003, see https://api.weather.gc.ca
/collections/hydrometric-stations/items/08FC003 for location) drop-
ped from 23.5 m®/s in June to 9.78 m%/s in July and 3.48 m%/s in August
2018. At Ootsa Lakeskins Lake (climate ID: 1085836), daily precipita-
tion was almost zero from July 9 to September 1, except for one rain
event at 9 mm. Daily mean air temperature during the same period
ranged between 10 and 20 °C. During mid-July and August, a daily wind
speed of maximum gust was between 35 and 45 km/h.

Cloud-to-ground lightning data was obtained from the Canadian
Lightning Detection Network (CLDN) (Orville et al., 2011). Polygon data
for fire-affected areas and point data for ignition were acquired from the
Canadian National Fire Database (CNFDB)(Canada, 2022).

2.2. Retrieval of canopy temperature

Canopy temperature is closely related to sensible heat as follows

(Kustas and Norman, 1997):
T. - T,

He = pCp R @
where H_ is vegetation sensible heat flux (W/mz), p Cp is the volumetric
heat capacity of air (J/m® K), T, is canopy temperature (K), T, is the air
temperature at some reference height above the surface (K), and R, is the
resistance to heat transport (s/m). For gradient temperatures that should
be informed to characterize sensible heat, canopy temperatures were
assumed sufficient because of the endothermic ability of vegetation and
the poor conductibility of air as a heat sink (Oehri et al., 2022). Espe-
cially in drying conditions such as preheated fuels ahead of flame,
canopy temperature is higher than air temperature (Luan and Vico,
2021). In the event of rain, it is observed that air temperature suddenly
drops during wildfire spread, generating a bigger increment between
canopy and air temperature. Thus, canopy temperature is key for
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Fig. 1. Location of the megafires considered in this study: (a) 2014 wildfires in NWT (b) 2018 wildfires in BC. The number shows ignition dates in Day of Year (DoY).

Background map came from open street map.

inferring vegetation heat, as air temperature usually fluctuates below
canopy temperature.

Canopy temperature is also an essential element in the fire spread
mechanism. To sustain flaming combustion, fuels release heat and vol-
atiles through pyrolysis. This is governed by the energy balance between
the fuel preheating such as convective heating over the top surface of the
fuel or convective heating within the fuel bed, and the heat needed to
release volatiles as follows (Liu et al., 2021).

Qs = m(Hg + Cp (Tf - Tair) ) = Qnel (2)

where, Qs denotes the heat needed for pyrolysis that releases volatiles, m
is the mass burning rate, Hy is the heat of gasification, c, is the average
specific heat of the fuel, T¢ is the fuel temperature, T,; air temperature,
Qnet is the net heat feedback. Here, fuel temperature corresponds to
canopy temperature over forests. The temperature increase of the fuels
increases Qg as well as Qpet. This pre-heating (pre-ignition) mechanism is
accompanied by dehydration of fuels.

The canopy temperature is estimated from the L-band SMOS/SMAP
brightness temperature (Lee, 2021). Microwave satellite-measured
brightness temperature contains a radiation component of the canopy
emission scattered at the surface and attenuated through the canopy and
atmosphere, in addition to the soil emission attenuated by the canopy
and atmosphere (Kerr et al., 2012). Theoretically, the 1.4 GHz L-band
microwave (with a wavelength of 21 cm) penetrates more deeply
through a thick vegetation layer than C-band (4 to 8 GHz), X-band (8 to
12 GHz), and Ku-band (12 to 18 GHz) beam. Specifically, L-band mi-
crowave radiometers are known to penetrate to several centimeters in
soil depths (penetration depth depends on soil moisture and texture)
covered by vegetation with a vegetation water content of up to 5 kg/m?
(Liu et al., 2018). Because dense forests usually have a vegetation water
content of greater than 5 kg/m?, it is thought that the L-band satellite
senses brightness temperature mainly from the top crown (e.g. leaves,
needles, twigs and branches) and trunk of vegetation canopy rather than
of the soil reflectivity (Link et al., 2018). In the case of dense forests, soil
contribution is negligible and scattering albedo w is almost zero (0.03 ~
0,06 ), meaning that it’sextinction due to absorption (Wigneron et al.,
2017). The zeroth-order T -w model widely used for retrieving soil
moisture does not account for multiple volume scattering microwave
effects or the complexity of the effects of the vegetation structure,
causing lots of error propagation to estimation of vegetation optical
depth (Wang et al., 2023).

First, the directional radiometric surface temperature Ty is estimated
from SMOS and SMAP brightness temperature measurement Ty at view
angle 0 and directional emissivity € (e.g. SMOS or SMAP brightness
temperature/land surface temperature from independent sources), as
follows (De Jeu and Owe, 2003; Kustas and Norman, 1997; Lee, 2021):

To(0) = {[T5 (0)" — (1 — £(0)) Tl ] Je(0) }'" €)

where n, the power in the Stefan-Boltzman equation, is calculated for the
L-band wavelength (21 cm) and a temperature range from 190 to 315 K
(Becker and Li, 1990), and the hemispherical temperature of the sky Ty
is 2.7 K. Atmospheric contribution at L-band is significantly small, and
does not largely affect a temporal resolution of brightness temperature
(Reul et al. 2012). Soil reflectivity was neglected in dense forests (Kerr
et al., 2019). Then, the canopy temperature T¢ is estimated from Tg.

Te = {[Te (0)" — (1 - £)T2] /£ }'" )

where T; is the soil surface temperature, and f is the vegetation fraction
as a function of the LAI (Kustas and Norman, 1997).

2.3. Satellite data

For the NWT wildfires, the European Space Agency (ESA)’s Soil
Moisture and Ocean Salinity (SMOS) Level 3 daily (version 3.3)
brightness temperature product on a 25-km EASEv2 grid was acquired
through the Centre Aval de Traitement des Données (CATDS) (Kerr
et al.,, 2012). In this study, reprocessed MIR_CDF3TD products with a
descending orbit were selected. For BC wildfires, the National Aero-
nautics and Space Administration (NASA)’s Soil Moisture Active Passive
(SMAP) brightness temperature launched in 2015 with a descending
orbit was obtained from Earth Data (O’Neill et al. 2021). The Level 3
radiometer data (version 5) was on a daily 9 km EASE polar grid. Surface
temperature was also acquired from the same SMAP dataset.

For ancillary data, the 500 m Leaf Area Index (LAI) data was ac-
quired from 8-day MOD15A2 Version 6 products from the Moderate
Resolution Imaging Spectroradiometer (MODIS) (Myneni et al. 2015).
The daily surface and soil temperature data required to calculate canopy
temperature was acquired from Goddard Earth Sciences Data and In-
formation Services Center MERRA-2 at 0.5° resolutions (GMAO, 2015).

2.4. ECMWF meteorological data

Several meteorological variables were obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis data.
Relative humidity, convective available potential energy (CAPE), and
convective precipitation were acquired from 0.25° ERA5 hourly rean-
alysis of the Copernicus Climate Change Service (C3S) Climate Data
Store, while surface sensible heat flux and evapotranspiration from
vegetation were obtained from 9 km ERAS Land hourly data (Bell et al.
2020; Hersbach et al. 2018; Munoz Sabater, 2021). Heat flux data were
collected daily at 1:00 UTC (as LST 7:00 pm on the previous day in NWT,
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6 pm in BC) to separate the sensible heat emitted from wildfires from the
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effects of incoming solar radiation at noon. During the study period, the

vegetation transpiration was low at 0.14 ~ 0.72 mm/d, while the rela-

tive humidity was around 30 ~ 50 %, and the convective precipitation

was 0.03 ~ 0.38 mm/hr.

Both SMOS and SMAP satellite-retrieved canopy temperatures
appropriately represented endothermic processes of typical fire

3. Results and discussions

3.1. Increments in canopy temperatures
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developments. In Fig. 2, canopy temperature well-differentiated fire
years (>295 K) with no fire years (<295 K). The ignition occurred and
fires started to spread, when exceeding a threshold of canopy temper-
ature. As shown in Fig. 2-a, this pre-ignition phase during DoY 158 ~
168 is referred to as the ‘incipient’ stage. In contrast, the post-ignition
phase during DoY 168 ~ 183 is the ‘flashover’ stage, also called ‘blow
up’ which makes a transit to the fires burning most vegetation with
suddenly increasing fire intensity as functions of fire spread and heat
release rate. At the flashover stage of canopy temperature, wildfires
rapidly spread several ignitions throughout the forests as shown in Fig. 1
and Fig. 3.

Over the NWT in 2014, canopy temperatures show a non-flaming
preheating phase before the ignition date on the Day of Year (DoY)
168 (Fig. 2a). At the incipient stage, with consistently increasing canopy
temperature above 295 K for 10 days, desiccating vegetation is prone to
ignition. At flashover, canopy temperatures exceeded 295 K, releasing
heat and burning biomass. Based upon the observations of Fig. 2-a and e,
the heat adsorption from a sufficient increase in canopy temperature
above 295 K of a critical threshold is followed by this flashover that
releases the heat. Finally, a decay stage is observed following the
flashover on DoY 183. The burned areas declined along with the
decrease in canopy temperature, generating small wildfires with resid-
ual heat. Although several fire events occurred on DoY 199 in Fig. 1-a,
the size of the burned area was smaller at this decay stage of canopy
temperature, despite a high density of lightning strikes 2 days ago
(Fig. 3-c and d).

As shown in Fig. 2- ¢, and d, the same area under similar vegetation
species and dry season with 2014 fire years did not consistently and
sharply increase canopy temperature up to the level of 295 K in 2018
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and 2020 when there was no fire. In 2013, the canopy temperatures
sometimes exceeded 295 K during DoY 173 ~ 188, leading to small
wildfires. However, they did not spread to destructive mega-fires as in
2014, due to lower fire energy (heat release) arising from small heat
adsorption at the incipient stage as shown in Equation (1) and (2) (more
figures will be shown later). More specifically, in Fig. 2-b, it is observed
that a temperature gradient (i.e. ATc during DoY 158 ~ 173) and its
magnitude (mostly less than 295 K) in 2013 were not as high as in 2014
when canopy temperatures continued increasing almost for a month and
reaching their magnitude above 295 K while absorbing heat. For com-
parison in terms of burned area, 2014 wildfires with higher convective
energy as functions of temperature increments, magnitudes and conse-
quently vegetation heat spread to 1,785,000 ha during DoY 167 ~ 287.
In contrast, 2013 wildfires with lower fire energy (i.e. lower preheating
temperature) burned 24,591 ha during DoY 173 ~ 255.

The increment of canopy temperature before ignitions was also
observed in BC wildfires. During the preheating process on DoY 201 to
210 in Fig. 2-e, canopy temperature consistently increased above a
threshold of 295 K, drying fuels and absorbing heat. When reaching 300
K, fire simultaneously spread to several other areas on DoY 212, as
shown in Fig. 1-b, to release heat. Although several fire events occurred
on DoY 215, and 222 in Fig. 3-d, the size of the burned area was smaller
at this decay stage of canopy temperature.

Because the preheating process (dehydration) of the fuels leads to
pyrolysis, releasing volatiles and triggering ignition, we suggest that a
large positive slope and threshold of canopy temperatures indicate fuel
availability as drying vegetation fuels ahead of the flame and fire spread.
Available fuels are conceptually different from the total fuels (McArthur
and Cheney, 2015). Canopy temperature didn’t increase when fuels
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were not available in 2013, 2018, and 2020 in the similar dry season and
vegetation species (further discussion is available at Fig. 5).

3.2. Lightning

This predictive power of drying fuels for fire spread was further
scrutinized in terms of dry lightning events. In consideration of low
humidity and precipitation and high canopy temperature (dry fuels) in
our study areas, the lightning events were characterized as “dry” light-
ning, i.e. less than 2.5 mm of precipitation as defined by NOAA/NWS
Storm Prediction Center (https://www.spc.noaa.gov/exper/dryt/). It is
produced from heat (Kalashnikov et al., 2022; Schultz et al., 2019).

Canopy temperature is considered to have influenced lightning for-
mation. In supplementary Fig. 1, a positive relationship between dry
lightning strikes on several ignition dates and elevated antecedent
canopy temperature ahead of those lightning events implies that
convective heat transfer from vegetation affected lightning, and thun-
derstorms by producing an unstable and warm atmosphere (Chen et al.,
2021; Dissing and Verbyla, 2003; Hessilt et al., 2022; Rogers et al.,
2015). However, this relation is weak in BC fires, due to smaller
convective heat (further discussed later).

It is difficult to explain extensive fire spread with lightning ignitions
only. Over NWT and BC wildfires, as shown in Fig. 4-a and c, although
dry lightning strikes were dense, the fire areas were small. In Fig. 3-d,
there had been no lightning in several BC fire areas that occurred before
DoY 212. Several lightning events were subsequently observed on DoY
212 in unburned areas.
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Fire spread was better predicted when ignitions were combined with
dry fuels than lightning ignition alone. In Fig. 4-b and d, the 10-day
increments of pre-fire canopy temperature at incipient stages
increased with the total burned areas at extinction stage. In Fig. 4-b and
d, ‘pre-fire’ indicates the 10 day-averaged estimates on incipient stage
during DoY 158 ~ 166 for NWT wildfires and during DoY 201 ~ 208 for
BC wildfires, before all ignition occurrences. Accordingly, monitoring
the pre-fire canopy temperature over ignited areas should provide pre-
dictive information on potential fire spread.

3.3. Sensible heat and fire spread

As formulated by Equation (1) and Fig. 5, canopy temperature is also
related to sensible heat during the preheating process before ignitions.
In Fig. 5, ‘antecedent’ implies the period right before various ignition
events including flashover, while ‘pre-fire’ indicates the incipient stage
before all ignitions. For example, antecedent estimates for NWT wild-
fires at the incipient stage correspond to a time-average of DoY 158 ~
166 before the incipience on DoY 167 ~ 168 in Fig. 2-a, while ante-
cedent flashover shows a time-average of 10 days right before the
flashover on DoY 177. Similarly, antecedent flashover for BC wildfires
takes a time average of DoY 202 ~ 211 before the flashover on DoY 212
in Fig. 2-e. Canopy temperatures at flashover and incipient stages
differentiated each stage as shown by red and blue stars (fade out in the
background), respectively. Surface sensible heat to be transferred up-
wards implies that vegetation is warmer than the air temperature.

It was found that sensible heat resulting from increased canopy
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temperature contributed to fire occurrence. The antecedent sensible
heat in Fig. 5-a increased along with the antecedent canopy tempera-
ture, prior to both incipient and flashover stages. In particular, this
correlation was more pronounced in the burned areas shown by circles
than no-fire areas in the background. More specifically, sensible heat
with dry fuels (i.e. higher canopy temperature) was more elevated
before ignitions than that with total fuels shown by stars in the sur-
rounding non-burned areas, suggesting the importance of identifying
available fuels with canopy temperature.

In Fig. 6, temporal evolutions of higher sensible heat, and lightning
strikes, as well as pre-fire canopy temperature for the NWT wildfire are
well demonstrated. Negative upward sensible heat at the incipient stage
decreased from —68.29 W/m? to —48.05 W/m? at flashover, implying
that the preheated endothermic vegetation released sensible heat to the
air by flaming. The more vegetation stores heat at the incipient stage, the
more it releases heat at flashover. At the decay stage, this was recovered
back to —72.45 W/m2 Because dry lightning is also a product of
convective heat, strikes also increased from 726 at the incipient stage to
1148 at flashover because a reduced upward sensible heat destabilized
the atmosphere. This increase in sensible heat and lightning at flashover
is reasonably well expected as antecedent the canopy temperature
increased from 291.9 K to 295.555 K ahead of their increases. Thus,
canopy temperatures are suggested as a good proxy to predict fire spread
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Fig. 6. Spatial average over NWT wildfires (upward sensible heat is shown by
negative values).

as a function of heat adsorption (fuel dryness) and lightning ignition.
3.4. Convective energy and burned area

In addition to dry lightning and sensible heat, we also investigated
how canopy temperature influenced convective energy. Vegetation-
induced updraft flow against cold air deepens the atmospheric bound-
ary layer (ABL), resulting in increases in convective available potential
energy (CAPE) (Kirshbaum and Wang, 2014; Lee, 2018; Zhang et al.,
2019). CAPE is highly related to the occurrence of thunderstorms or fire
whirls, which leads to fast fire spread (Liu et al., 2021; Morgenstern
et al., 2022).

Before ignitions, antecedent CAPE is shown to be related to ante-
cedent canopy temperature, as shown in Supplementary Fig. 2, sug-
gesting that both factors of canopy temperature and CAPE contributed to
flashover, and that fire spread in these regions is attributed to convective
heating rather than radiative energy. More specifically, in the case of
NWT wildfires, the highest fire spread occurred at the incipient stage,
showing the higher antecedent CAPE in red circles of burned areas. The
CAPE of those areas was proportional to an increase in antecedent
canopy temperature, as compared to the total fuels indicated by stars
(Supplementary Fig. 2-a). Similarly, in BC wildfires, the highest fire
spread occurred at the flashover stage, which exhibited higher ante-
cedent CAPE in blue circles of flammable fuels (Supplementary Fig. 2-b).
Considering its CAPE level was 10-fold smaller than NWT fires, and the
gradient of canopy temperature was smaller, it can be explained why BC
wildfires did not have lightning at the incipient stage. This comparison
suggests that vegetation convection forces fire spread at the meso-scale
(Carleton et al., 2008; Dissing and Verbyla, 2003).

For comparison, fire spread and burned area were not effectively
captured by weather index, MODIS active fire, MODIS Fire Radiative
Power, and SMAP Vegetation Water Content (VWC) in Supplementary
Figs. 3-5. In Fig. 7-e, SMAP vegetation water content did not show and/
or predict a vegetation dynamic as shown in canopy temperature in
Fig. 2.

4. Conclusion

In this study, we explored the unknown mechanism for how warmed
vegetation may trigger large-scale fires and even lightning. To discover
this, we retrieved fuel (or canopy) temperature from L-band microwave
sensors which can better penetrate through top crown and trunk of
vegetation canopy, as compared to C-band microwave sensor. It is
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transparent under the cloud or smoke covers. We found that preheated
endothermic vegetation condition (>295 K) ahead of flaming is a pre-
requisite for mega-fires. It is thus proposed to monitor a tipping point
when canopy temperature exceeds 295 K and initiates convective
heating to predict combustion, and fire spread.

Our findings call attention to the need to include the earth obser-
vations of canopy temperature as fuel conditions in fire prediction sys-
tems to account for vegetation heat transfer. If monitoring canopy
temperatures around ignition points, fuel availability and accordingly
fire spread can be estimated and used for developing an early warning
system and preventing subsequent ecological damages from mega-fires.

This approach does not require to specify vegetation species and is
not limited to specific vegetation species locally observed. In addition,
this does not need the synoptic scale weather information obtained from
interpolating several local stations. Accordingly, this approach could be
applied to a global prediction system. However, there is a caveat in
applying this approach. If land cover is not dense forests, then a
contribution from soil reflectivity may need to be considered when
retrieving canopy temperature. For future studies, we suggest applying a
similar approach to other mega-fires-affected regions with different
vegetation densities and structures to assess whether vegetation prop-
erties can affect convective heat and fire spread of geographical
patterns.
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