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Introduction: Climate change is predicted to increase the frequency of extreme
single-day fire spread events, with major ecological and social implications. In
contrast with well-documented spatio-temporal patterns of wildfire ignitions and
perimeters, daily progression remains poorly understood across continental spatial
scales, particularly for extreme single-day events (“blow ups”). Here, we characterize
daily wildfire spread across North America, including occurrence of extreme single-
day events, duration and seasonality of fire and extremes, and ecoregional climatic
niches of fire in terms of Actual Evapotranspiration (AET) and Climatic Water Deficit
(CWD) annual climate normals.

Methods: Remotely sensed daily progression of 9,636 wildfires >400 ha was
used to characterize ecoregional patterns of fire growth, extreme single-day
events, duration, and seasonality. To explore occurrence, extent, and impacts
of single-day extremes among ecoregions, we considered complementary
ecoregional and continental extreme thresholds (Ecoregional or Continental
Mean Daily Area Burned + 2SD). Ecoregional spread rates were regressed against
AET and CWD to explore climatic influence on spread.

Results: We found three-fold differences in mean Daily Area Burned among
10 North American ecoregions, ranging from 260 haday™ in the Marine West
Coast Forests to 751 haday~ in Mediterranean California. Ecoregional extreme
thresholds ranged from 3,829 ha day~!to 16,626 ha day!, relative to a continental
threshold of 7,173 haday™. The ~3% of events classified as extreme cumulatively
account for 16-55% of total area burned among ecoregions. We observed
four-fold differences in mean fire duration, ranging from 2.7 days in the Great
Plains to 10.5days in Northwestern Forested Mountains. Regions with shorter
fire durations also had greater daily area burned, suggesting a paradigm of fast-
growing short-duration fires in some regions and slow-growing long-duration
fires elsewhere. CWD had a weak positive relationship with spread rate and
extreme thresholds, and there was no pattern for AET.

Discussion: Regions with shorter fire durations had greater daily area burned,
suggesting a paradigm of fast-growing short-duration fires in some regions and
slow-growing long-duration fires elsewhere. Although climatic conditions can set
the stage for ignition and influence vegetation and fuels, finer-scale mechanisms
likely drive variation in daily spread. Daily fire progression offers valuable insights
into the regional and seasonal distributions of extreme single-day spread events,
and how these events shape net fire effects.
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Introduction

Increasing global wildfire activity is associated with a growing
occurrence of extreme wildfire events that pose substantial threats to
human communities and natural systems due to their rapid and
uncontrollable growth (Duane et al, 2021). Extreme fire events often
exhibit exceptional fire behavior, including “blow-ups;” pyrocumulonimbus
formation, high net fire radiative power (FRP), and even unusual
phenomena such as fire whirls (Castellnou et al., 2022; Cova et al,, 2023;
Darwish Ahmad et al, 2023). Extreme events exert overwhelming
demands on suppression resources and operational capacity, and can
result in significant costs, loss of life, as well as unique and enduring
ecosystem effects (Bowman et al,, 2017; Tedim et al,, 2020). Defining
extreme wildfire events can be challenging due to inconsistencies between
different metrics of fire activity and the socio-ecological impacts of wildfire
(Tedim et al,, 2018). Further, patterns of fire activity vary across gradients
of climate and human influence, and what constitutes an extreme event in
one location might represent normal fire activity elsewhere (Hantson et al,,
2015). However, regardless of how they are defined or measured, a focus
on extreme events casts light on the consequential fact that a relatively
small subset of short-duration events is disproportionately responsible for
overall wildfire impacts (Wang et al., 2021).

The daily rate of fire spread is an important aspect of extreme
wildfire behavior that has received little attention until recently but is
of growing interest. In the western US, many recent fire years have
been marked by conspicuously large, single-day fire spread events. For
example, during the record-setting 2020 fire season, 21 fires in
California, Oregon, and Colorado achieved 46 single-day blow-ups
that exceeded 10,000 ha/d. Such extreme single-day spread events can
account for a very large proportion of cumulative area burned; for
example, across fire-prone regions of the western US between 2002 and
2020, the largest 10% of single-day fire spread events accounted for
58% of overall area burned, and the top 1% of events accounted for
20% (Coop et al.,, 2022). Given the positive relationship between fire
size and duration (Wang et al., 2020), large, single-day fire spread
events can also disproportionately lengthen fire duration and attendant
demands on incident management and affected communities.
Therefore, using daily fire progression alongside occurrence of
single-day extremes to understand patterns of fire duration could
reveal valuable insights towards effective incident management.

Recent advances in our understanding of daily wildfire progression
across large landscapes are supported by the widespread availability of
satellite-based fire detections coupled with methodological advances
for their utilization (Parks et al., 2014; Andela et al,, 2019). For example,
remote sensing and geospatial approaches have linked various aspects
of daily fire progression to climate, weather conditions, and fuel
(vegetation) types (Veraverbeke et al., 2014; Holsinger et al., 2016; Hart
and Preston, 2020; Wang et al., 2023). However, the extent to which
these relationships hold across broader continental scales or vary
across narrower geographic regions remains uncertain.

Ecoregions provide a useful framework to assess geographic
patterns of variation in ecosystems and biophysical processes such as
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daily fire progression at the subcontinental scale. By integrating a broad
suite of climate and vegetation factors that influence fire, ecoregions
offer a useful grouping scheme for evaluation of different components
of fire regimes and extreme behaviors (Syphard and Keeley, 2020; Park
etal, 2021; Pausas, 2022). For instance, climate variation along two axes,
average actual evapotranspiration (AET) and climate water deficit
(CWD), shapes vegetation distributions and segregates ecoregions
across North America (Stephenson, 1998). AET, which measures both
energy and water availability, predicts net primary productivity
(Rosenzweig, 1968). Ecoregions with short-statured and sparse
vegetation display lower AET on average compared to more productive
conifer and broadleaf forests. Similarly, plant species distributions are
influenced by CWD, which measures drought or evaporative demand
exceeding moisture availability (Lutz et al, 2010). Warm desert
ecoregions have high annual deficits, whereas cool or mesic forests and
tundra have lower deficits. Because of these relationships to productivity
and fuel moisture, gradients of AET and CWD also predict components
of fire regimes across ecoregions, such as annual area burned and burn
severity (Parks et al., 2014). For example, fuel availability increases and
fuel type shifts from herbaceous to woody and from conifer to broadleaf
as a function of AET. Similarly, fuel moisture declines and flammability
increases with CWD. Given these mechanisms, we would also expect
ecoregional AET and CWD climate normals to influence aspects of
daily fire progression. For example, low fuel availability could limit daily
fire spread in ecoregions with high CWD, whereas herbaceous and
woody fuel types can promote very high rates of spread in regions with
lower CWD. Conversely, where AET is high and fuels are plentiful, high
fuel moisture and less flammable fuel types (e.g., broadleaf forests) may
generally constrain daily fire spread.

In addition to ecoregional differences in climate and vegetation
distributions, ecoregions vary in a suite of other ecological and human
factors that could also lead to differing patterns of extreme single-day
events and daily fire progression. For example, ecoregional differences
in standing fuel biomass may influence occurrence of extreme
single-day events and fire durations moreso than annual productivity
inferred from AET climate normals. Ecoregions also face different
pressures of environmental change that are relevant to daily fire
progression, including patterns of invasion by highly flammable
annual grasses (Fusco et al., 2019), vegetation responses to climate
change (Hossain and Li, 2021), and climate change velocity (e.g., rate
of climatic warming; Loarie et al., 2009). Such climatic changes are
broadly expected to promote extreme single-day events and modulate
fire seasons (Wang et al, 2015; Kirchmeier-Young et al., 2019;
Halofsky et al., 2020; Coop et al., 2022). Consequently, occurrence of
single-day blow-ups and their realized impacts are likely to differ
among ecoregions, along with associated differences in characteristic
fire duration and seasonality.

The increasing availability of gridded climate data (Abatzoglou
et al, 2018) and improved consistency of high-resolution fire
perimeter maps between the United States and Canada provide new
opportunities to gain insights into extreme single-day events and daily
fire progression at continental and sub-continental scales. The purpose
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of this study was to quantify extreme single-day spread events and
assess their relative influence in shaping patterns of net fire effects
across northern North America, defined here as Canada and the
United States. Our primary objective was to characterize North
American daily fire progression and extreme single-day events at the
continental and ecoregional scales. Our secondary objective was to
explore how ecoregions differ in other aspects of daily fire progression,
namely total fire duration (number of days of burning), duration of
consecutive daily extreme spread, and fire season (timing of fire
spread and extreme events within the year), as well as trends in annual
occurrence of extreme single-day events over time. Our third objective
was to contextualize average and extreme single-day spread along
ecoregional annual AET and CWD climate normals, which may
directly influence daily fire spread rates and contribute to any
differences observed among ecoregions. By exploring the geography
and climate space of extreme single-day wildfire spread events, we aim
to help identify where and when blow-ups occur most frequently and
are most consequential in terms of proportion of area burned. Our
findings are particularly relevant to fire management agencies and
communities that are increasingly threatened by rapidly spreading
fires and changing fire seasonality, as well as land managers tasked
with managing novel fire activity and landscape-scale impacts.

Methods
Study area

Our study area spans the continental United States, Alaska, and
Canada (c. 2x10’km? Figure 1A). To examine fire activity across
northern North America, we utilized North American Level 1 Ecoregions
(Commission for Environmental Cooperation, 2006), which integrate
the continent’s diverse climate, geology, vegetation, and human land use
patterns into ecologically similar geographic regions. To simplify our
analyses, we merged three smaller ecoregions, each with a relatively low
number of fires, into larger neighboring ecoregions with relatively similar
vegetative and climatic conditions. Specifically, we merged Tropical Wet
Forests with Eastern Temperate Forests, Southern Semi-arid Highlands
with Temperate Sierras, and Hudson Plain with Taiga.

10.3389/ffgc.2024.1355361

Following these modifications, our study area comprises 10
ecoregions with distinct climate and vegetation characteristics
(Figure 1A). Briefly, “North American Deserts” consist of arid and
semi-arid regions, characterized by sparse vegetation such as cacti,
shrubs, and drought-tolerant grasses with occasional desert-adapted
2006).
Climatologically, the deserts are characterized by drought conditions

trees (Commission for Environmental Cooperation,
with low evapotranspiration (e.g., Figure 1B). Next, “Mediterranean
California” is named for its Mediterranean climate, characterized by
hot, dry summers and mild, wet winters. The vegetation includes a mix
of shrubs, chaparral, grasses, and oak woodlands. The “Temperate
Sierras” comprises mountainous regions including sky-islands from
the “Southern Semi-arid Highlands” Its diverse vegetation includes
meadows as well as coniferous and mixed forests. Elevational gradients
in these systems lead to variation in climatic conditions similar to
those experienced by the deserts and Mediterranean California. In
contrast, the “Tundra” is characterized by low temperatures and
drought, permafrost, and a short summer growing season with
vegetation mainly consisting of mosses, lichens, dwarf shrubs, and
grasses. Bordering the tundra to the south is the “Taiga,” a more
productive ecoregion dominated by conifers, including spruce, fir, and
pine trees. The floor of these dense boreal forests typically has a thick
layer of organic matter, including needles, leaves, and woody debris.
However, the Taiga also includes some minerotrophic peatlands with
varying degrees of canopy cover from the “Hudson Plain” ecoregion
that is combined here. To the south of the Taiga are “Northern Forests,”
typified by a mix of coniferous and deciduous forests. Fuels in this
ecoregion vary by dominant tree species and forest composition - for
example, woody debris and fine needles accumulate in predominantly
coniferous forests, whereas deciduous forests also accumulate coarse
leaf litter. The mountainous regions of the Pacific Northwest are
summarized as the “Northwestern Forested Mountains,” characterized
by a wetter climate that creates diverse temperate rainforests and
mixed conifer forests that extends into the Sierra Nevada and the
Rocky Mountains. Towards the Pacific coast, the “Marine West Coast
Forest” encompasses coastal regions with mild, moist climates and a
mix of coniferous and broadleaf trees. Spanning the southeast of our
study area, the “Eastern Temperate Forests” covers a broad area and
includes deciduous, mixed, and coniferous forests with a generally wet
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FIGURE 1
North American ecoregions’ (A) geographic locations and their (B) average annual actual evapotranspiration (AET) and climatic water deficit (CWD)
within ecoregional burned areas during the 2002-2021 climate reference period. Ecoregion is denoted by color, with cross center points indicating
ecoregions’ burned areas’ average annual CWD and AET. Error bars (crosses) give +/— 1 SD of AET or CWD across burned pixels.
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and productive climate. Like the northern forests, the diverse array of
tree species found in eastern temperate forests begets heterogeneity in
understory fuel conditions. Our decision to merge “Tropical Wet
Forests,” found exclusively at the southernmost tip of Florida, further
contributes to the diversity of conditions in this region. Finally, the
“Great Plains” ecoregion spanning the central USA and southern
Canada is predominantly characterized by grasslands and shrublands,
and often forest corridors along streams. The region experiences a
range of climatic conditions from low to moderate drought.

Daily fire progression and identification of
extreme events

We measured daily area burned (ha d™*) for individual wildfires by
interpolating spatially continuous daily progression maps following
methods developed by Parks (2014; Supplementary Figure S1). This
technique interpolates VIIRS and MODIS hotspot detections to map
the most likely day of burning at 30-m resolution within final wildfire
perimeters obtained from national repositories. Previous studies have
successfully utilized this technique to study various aspects of fire
activity, including daily area burned (Hart and Preston, 2020), spread
(Holsinger et al., 2016; Wang et al., 2017), and refugia (Meigs et al,
2020; Downing et al., 2021). We constrained all daily progression
interpolations to final fire perimeters obtained from the Monitoring
Trends in Burn Severity (MTBS, USA; USDA Forest Service and USGS,
2023) and National Burned Area Composite (NBAC, Canada; Hall
etal,, 2020) national repositories. Centroids of final fire perimeters were
used to identify within which ecoregion individual fires occurred. Fires
<400ha were removed from the NBAC dataset to be consistent with the
MTBS dataset, and because the interpolation method is inappropriate
for smaller fires due to the coarse spatial resolution of MODIS and
VIIRS pixels. Similarly, fires with <10 hotspot detections were excluded
from our analyses due to reduced accuracies in daily progression maps
interpolated from few detections. All detections that occurred between
midnight and 0600 h local time were assigned to the previous day under
the assumption that those locations likely burned during the previous
day with lingering heat signatures. In total, we interpolated daily fire
progression for 9,636 fires and 66,318 unique daily fire spread events,
which ranged in size from 25 to 224,565ha. Daily spread events
followed a skewed log-normal distribution, so we performed all
statistical analyses and calculations on log,, transformed values and
back-transformed to native values for presentation. One-way analysis
of variance (ANOVA) and Tukey’s Honestly Significant Difference
(HSD) were used to compare daily areas burned, fire duration, and fire
season among ecoregions. All geospatial data processing and statistical
analyses were completed in R 4.2.2 (R Core Team, 2022).

Next, we developed two complementary definitions of extreme
single-day fire spread thresholds to explore how occurrence, extent,
and impacts of single day blow-ups vary among ecoregions.
Specifically, following a distributional definition inspired by Coop
et al. (2022), we identified the top 2SD of events across northern
North America as “continental extreme spread events,” as well as by
ecoregion, or “ecoregional extreme spread events”:

Continental Extreme Spread threshold (ha d _1) =
Continental mean Daily Area Burned +2SD
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Ecoregional Extreme Spread threshold (ha dﬁl) =
Ecoregional mean Daily Area Burned +2SD

Similarly, we calculated continental and ecoregional “large” event
thresholds (e.g., mean+1SD) to identify single-day events that are
substantially larger than common spread days, but not as massive as
extreme spread days. By presenting both tiers of continental and
ecoregion-specific spread events, we aim to provide (1) a common
continental definition of extremes that facilitates intuitive comparison of
occurrence, extent, and impacts among ecoregions and (2) regionally
contextualized estimates that may more accurately characterize realized
differences in extreme fire activity among ecoregions.

Duration of fire spread, duration of
extreme activity, fire season, and
interannual trends in extremes’ occurrence

Day of burning information from daily fire progression maps
provides insight towards several temporal aspects of fire activity.
First, we calculated each fire’s duration as the difference between its
maximum and minimum day of burning, plus one day so that the
final day of burning was effectively counted (e.g., a fire that began
and ended on the same day would have a calculated duration of
1day). To determine how fire duration is related to average and
maximum daily spread, we regressed fires’ duration against their
average and maximum daily areas burned. We included a model
term for ecoregion to allow different intercepts and trends among
regions (e.g., linear regression: Average or Maximum Daily Area
Burned ~ Duration*Ecoregion). Second, we characterized duration
of single-day extreme fire activity by counting consecutively
occurring days of ecoregional and continental extremes within each
fire. Third, we examined differences in ecoregional fire seasons by
modeling day-of-year of burning among ecoregions (e.g., ANOVA:
day-of-year of burning ~ Ecoregion) and by plotting ecoregional
frequency histograms of common, large, and extreme events’
occurrences across a year. Finally, we used Sen’s slopes calculated
with the “trend” package (Pohlert, 2023) to analyze temporal trends
in ecoregional annual counts of both continental and ecoregion-
specific large and extreme single-day spread events between 2002
and 2021.

Daily fire spread and the climate space of
fire

We characterized ecoregions’ average climatic conditions in terms
of AET and CWD by sampling TerraClimate 2002-2021 annual
climate normal reference climatology rasters within the cumulative
area burned by all fires that occurred within each ecoregion. These
climate normal values were summarized as the ecoregional average
AET or CWD £ 1SD. To explore broad-scale patterns between daily
fire spread and these key climatic gradients, we regressed ecoregional
average daily spread rates as well as large and extreme fire spread
thresholds against ecoregional burned areas’ annual average AET and
CWD conditions (e.g., linear model; common, large, or extreme daily
fire spread threshold ~ Ecoregion*[AET or CWD]).

frontiersin.org


https://doi.org/10.3389/ffgc.2024.1355361
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Balik et al.

Results

Occurrence and impacts of single-day
extreme fire spread

Between 2002 and 2021, 9,636 wildfires >400ha occurred in North
America, ranging from 75 to 2,388 fires or 3.7x107 to 3.2x10~* fires/km*
among ecoregions (Table 1; Figure 1A). Consequently, counts of daily
spread events also varied greatly by ecoregion (493 to 24,133 spread days;
66,318 total), with the fewest in Marine West Coast Forest and the most
in the Northwestern Forested Mountains. There were 2.9-fold differences
among ecoregions in mean daily area burned, ranging from 260 haday ™"
in the Marine West Coast Forests to 751haday™" in Mediterranean
California. The largest mean fire sizes were in the Taiga and Northern
Forests ecoregions (3546-3,880ha) and the smallest mean fire size was in
the Eastern Temperate Forests (1,330ha).

Extreme single-day fire events made an outsized contribution to
the total area burned in North America over the past two decades
(Figure 2). Daily areas burned by continental large single-day spread
events cumulatively account for 72% of total area burned, and
continental extreme single-day spread events account for more than
37% of the total area burned (Table 1; Figure 2). Continental large and
extreme thresholds varied greatly from the ecoregional thresholds
(Table 1 vs. Table 2). Specifically, there was 3.5-fold variation among
ecoregional thresholds, with ecoregional large spread thresholds
ranging from 997 haday™ to 3,403 haday', whereas the continental
large threshold was 1704haday™" (Figure 3A). Similarly, ecoregional

10.3389/ffgc.2024.1355361

extreme thresholds ranged from 3,829haday™" to 16,626 haday™’,
relative to a continental extreme threshold of 7,173haday™". When
using the continental thresholds, the percentage of fire spread events
identified as large ranged widely among ecoregions (9-30%), as did
the percentage of events identified as extreme (1-8%; Table 1). By
these continental definitions of single-day blow-ups, the North
American Deserts, Great Plains, Mediterranean California, and
Northern Forests experienced the most extreme spread days, whereas
the Tundra, Northwestern Forested Mountains, and Eastern
Temperate Forests experienced the fewest extreme spread days. In
contrast, when ecoregional definitions were used, similar proportions
of single-day spread events were identified as large and extreme
among ecoregions (15-17% for large; 2-3% for extreme). Nonetheless,
proportions of total area burned by single-day events range widely
among ecoregions and overlap between continental and ecoregional
definitions (Tables 1, 2). Specifically, continental large events spanned
53-85% of total area burned, relative to 58-73% for ecoregion-specific
large events. Likewise, continental extreme events spanned 16-55%,
and 20-41% for ecoregion-specific.

Fire duration and duration of extremes

Similar to daily area burned, fire duration varied greatly by
ecoregion. Ecoregions had a 4-fold difference in average fire duration,
ranging from 2.7 days in the Great Plains to 10.5 days in Northwestern
Forested Mountains (Figure 3B). Regions with shorter duration fires

TABLE 1 Summary of wildfire, daily spread, continental large and extreme events, and impacts in North American Ecoregions (EPA, level 1 classification)
from 2002-2021.

% of % of total
: Mean total area
Fire . Mean %
: n daily : % large area burned
. n density fire extreme
Ecoregion : . spread area : spread burned by
fires >400 ha (fires/ size spread
i events = burned I5el events by large events extreme
(ha d?) spread spread
events events
Marine west coast 75 1.3x10™* 493 260 1853 9 60 2 28
forest
Northwestern 2,388 1.2x107 24,133 299 2,708 11 60 1 25
forested mountains
Eastern temperate 513 1.9x107* 2072 339 1,330 10 53 1 18
forests
Temperate sierras 483 3.2x107° 3,134 361 2,356 13 64 2 28
Taiga 2,143 6.9x107* 18,772 427 3,546 18 70 3 31
Tundra 109 3.8x107° 632 427 2,360 13 53 1 16
Northern forests 1,373 4.5x10™* 9,349 566 3,880 25 81 6 47
Great plains 977 3.6x107* 2,419 623 2011 23 81 6 54
North American 1,214 8.3x10~ 3,792 697 2,817 29 85 8 55
deserts
Mediterranean 361 2.2x107° 1,522 751 2,744 30 81 6 42
California
North America 9,636 4.8x107™* 66,318 405 2,810 17 72 3 37

Areas burned by daily spread events were log,, transformed to approximate a normal distribution; back-transformed geometric means are presented here. Extreme spread events were defined

across ecoregions as daily area burned greater than or equal to continental large and extreme spread thresholds, defined as the mean daily area burned +1SD (1704ha d-') and +2SD (7,173 ha

d™"). Similar summaries are provided for ecoregional large and extreme events in Table 2.

Frontiers in Forests and Global Change

05

frontiersin.org


https://doi.org/10.3389/ffgc.2024.1355361
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

abueyn 1eqo)nH pue s159104 Ul SI9NUOIY

90

610 uISI13UO0L

TABLE 2 Summary of wildfire, daily spread, ecoregional large and extreme events, and impacts in North American Ecoregions (EPA, level 1 classification) from 2002—-2021.

Within- % of total Within- % of total
Fire AUEET CENY CED L/ % large aree ecoregion % extreme HeE
. n . n spread area Mean fire large o arg burned by 9 ° burned by
Ecoregion : density . spread extreme spread
fires > 400 ha ; events burned (ha size (ha) spread large extreme
(fires/ha) 2y events threshold events
d™) threshold spread (ha d-) spread
(ha d™) events events

Marine west coast forest 75 1.3x10™* 493 260 1853 997 16 72 3,829 3 40
Northwestern forested

2,388 1.2x107 24,133 299 2,708 1,112 17 70 4,127 3 37
mountains
Eastern temperate forests 513 1.9x107* 2,072 339 1,330 1,171 15 62 4,047 3 29
Temperate sierras 483 3.2x107° 3,134 361 2,356 1,392 16 69 5,364 3 35
Taiga 2,143 6.9x10™ 18,772 427 3,546 1781 17 69 7,423 3 30
Tundra 109 3.8x107 632 427 2,360 1,462 15 58 4,998 2 20
Northern forests 1,373 4.5x107 9,349 566 3,880 2,675 17 72 12,634 3 32
Great plains 977 3.6x107™* 2,419 623 2011 2,825 15 73 12,815 3 41
North American deserts 1,214 8.3x107* 3,792 697 2,817 3,403 16 72 16,626 3 33
Mediterranean California 361 2.2x107° 1,522 751 2,744 3,230 16 64 13,885 2 24
North America 9,636 4.8x10™ 66,318 405 2,810 NA 17 70 NA 3 33

Areas burned by daily spread events were log,, transformed to approximate a normal distribution; back-transformed geometric means are presented here. Extreme spread events were defined within ecoregions as daily area burned greater than or equal to ecoregional
large and extreme spread thresholds (tabulated), defined as ecoregional mean daily area burned +1SD and +2SD. Similar summaries are provided for continental large and extreme events in Table 1.
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FIGURE 2

Distribution of daily fire spread events area burned (histogram bars, left Y axis) and their cumulative area burned across North America during the
2002-2021 study period (black points, right Y axis; n = 66,318 total spread events). The dotted blue vertical line indicates the continental mean daily
area burned (406 ha/d), whereas the dotted red line indicates large single-day events identified as exceeding a threshold of the continental mean daily
area burned +1SD (1704 ha d-%), while the dashed red line indicates extreme single-day events identified as exceeding the continental mean daily area
burned +2SD (7,173 ha d-%). The top 1SD and 2SD single-day spread events account for 72 and 37% of cumulative area burned, respectively.
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FIGURE 3

(A) Ecoregional daily area burned (ha day™) by fire spread events, and (B) fire duration (days). In both panels, values were log;, transformed and axis
labels were backtransformed to original scale. Boxplot hinges correspond to the first and third quartiles, bolded center lines represent medians,
whiskers represent 1.5 x interquartile range, and black circular points indicate outlier spread events. Blue circular points represent ecoregional
geometric mean daily area burned or fire duration. Blue dotted vertical lines indicate continental geometric mean daily area burned (406 ha d*) and
continental mean fire duration (6.5 days). Black letters in plot spaces to the immediate right of Y axis indicate Tukey's HSD groupings (e.g., Marine West
Coast Forest and Northwestern Forested Mountains have the same mean daily area burned; from one-way ANOVA test of Daily Area Burned:

Fio, 66308 = 317.6, p <0.001; Fire Duration one-way ANOVA: Fg g626 = 290.8, p <0.001). In (A), red “+" points represent ecoregional “large” fire spread
thresholds (i.e., ecoregional geometric mean + 1SD; Table 2), and red dotted vertical line indicates continental “large” spread threshold (i.e., continental
geometric mean + 1SD; 1,704 ha d-%). Red "X" points represent ecoregional “extreme” spread thresholds (i.e., ecoregional geometric mean + 2SD;

Table 2), and red dashed vertical line indicates continental “extreme” spread threshold (i.e., continental geometric mean +1SD; 7,173 ha d™).

also tend to have greater average daily areas burned, like Mediterranean ~ had some of the longest fire durations with moderate average daily
California, North American Deserts, and the Great Plains (Figure 4).  area burned. Further, within-ecoregion variability in fire duration was
Whereas, regions with longer-duration fires tend to have lower average  high, especially in areas with longer average durations (e.g., Figure 3).
daily areas burned, such as the Marine West Coast Forest and A similar negative relationship between average daily spread rate and
Northwestern Forested Mountains. Taiga and Northern Forests also  fire duration was apparent on a by-fire basis; only the Tundra and
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Taiga were exceptions, with no significant change in average daily
spread over the range of observed fire durations (Figure 5A). Whereas,
ecoregional maximum spread rates generally increased with fire
duration (Figure 5B). Although average fire duration is generally less
than one week (continental mean = 6.5 days), all regions experienced
fires that exceeded 50 days.

Extreme fire spread generally has a single-day duration, as very
few fires achieved consecutive days of extreme spread whether they
ecoregional thresholds
(Supplementary Figures S2A,B). For example, although nearly 10% of

were identified by continental or
fires experienced at least one day of continental extreme spread, only
3.5% achieved any consecutive days, with only 1.5% achieving more
than 2 consecutive days. One fire in the Northern Forests achieved a
12-day streak of continental extreme spread. Similarly, 8% of fires
experienced at least one day of ecoregional extreme spread, but only
3.2% achieved any consecutive days, with only 1.3% achieving more
than 2 consecutive days. One fire in the Northwestern Forested
Mountains achieved an 18-day streak of ecoregional extreme spread.
In contrast, a larger proportion of fires exhibit consecutive streaks of
extreme and/or large spread, ranging from 17-18% of fires by either
definition. Nonetheless, these extreme and/or large spread streaks
tend to be short duration, as only 9% of fires achieved more than 2
consecutive days (Supplementary Figures S2C,D). However, some
exceptional fires achieved multiple short and intermediate duration
streaks of extreme spread (e.g., 1x 2-day, 1x 5-day, 2x 7-day, and 1x9
day in Supplementary Figure S1).

Fire season and seasonality of extremes
Fire spread days in North America occur in every month of the

year but are concentrated in summer months (June-September) with
the end of July and beginning of August having the highest prevalence
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FIGURE 4

Ecoregional average fire duration versus average daily area burned
(linear model: average daily area burned ~ average duration;

Fu g =5.86, p=0.042, adj. R? = 0.35). Points colored by ecoregion;
black line represents linear model fit
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of fire spread events (Figure 6; Supplementary Figure S3A). Several
ecoregions have an earlier vernal start to their fire seasons,
predominantly Eastern Temperate Forests and the Great Plains, but
these two ecoregions also have the broadest and most bimodal
distributional spread of fire days. Apparent bimodality in the seasonal
distribution of fire days is also evident to a lesser degree in
Mediterranean California and the Marine West Coast Forest.
Northern Forests, Taiga, and Tundra have an abrupt start to the fire
season in mid-April through mid-May, with later fire season starts in
the most northern ecoregions. The Northwestern Forested Mountains
and Mediterranean California have longer fire seasons into the fall,
mostly burning in August-October.

The seasonal timing of ecoregional and continental large and
extreme single day spread events generally follow similar patterns
(ecoregional = Figure 6; continental=Supplementary Figure S4).
However, the average dates of large and extreme single-day events
occur earlier than that of common events in several ecoregions with
unimodal fire seasons, specifically Marine West Coast Forests,
Temperate Sierras, and Northern Forests (Supplementary Figure S3B).
Whereas, in Mediterranean California, large and extreme single-day
events generally occur later than common events.

Trends in occurrence of extremes between
2002-2021

Annual occurrence of continental and ecoregional extreme
single-day events has increased since 2002 in the Northwestern
Forested Mountains S5G: p=0.025;
Supplementary Figure S6G: p=0.025). However, there are no temporal

(Supplementary Figure
trends in the annual number of events for either tier of ecoregion-
specific or continental single-day events in any other ecoregion, or
across all of North America (Supplementary Figures S5, S6).

Linking daily fire spread to ecoregional
climate

Ecoregional burned areas’ annual normal AET did not have a
strong relationship with ecoregional daily fire spread metrics as
average area burned per day, or as ecoregional thresholds of large or
extreme single-day spread events (Figure 7A). Conversely, there were
positive, but weak, relationships between ecoregional burned areas’
annual normal CWD and their fire spread metrics (Figure 7B).
Specifically, all three fire spread metrics increased with ecoregions’
CWD annual normal, indicating greater daily spread in droughtier
conditions, with the large exception of the Temperate Sierras.

There is substantial overlap among ecoregions’ annual normal
climate conditions in a 2D space of AET and CWD (Figure 1B). The
ecoregions with the highest daily area burned and some of the largest
single-day spread events were Mediterranean California, North
American Deserts, and the Great Plains (Figure 3A). These ecoregions
are characterized by high CWD and low AET (Figures 1B, 7), and thus
are highly arid places dominated by light, flashy fuel loads. Those
ecoregions that were more moderate in their daily area burned and
single-day spread event thresholds were the northern ecoregions of
Tundra, Taiga, and Northern Forests. These ecoregions have low CWD
but also relatively low AET. Finally, ecoregions with the lowest daily
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Ecoregion; Fus, o616 = 79.08, p<0.001, adj. R?=0.13).

Ecoregional relationship between fire duration and by-fire average daily area burned (A) and with by-fire maximum daily area burned (B). Axes were
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area burned and single-day event thresholds had the highest AET and
generally low CWD and are predominantly forested ecoregions, such
as Northwestern Forested Mountains, Marine West Coast Forest, and
Eastern Temperate Forests.

Discussion

As human and ecological communities are increasingly threatened
by fires burning under novel fuels and weather conditions (Parisien
etal., 2020; Higuera et al., 2023), it is imperative to understand how
patterns of daily fire spread vary across North America to provide
context for these events and to monitor outcomes and trends. Here,
we characterized daily fire progression and extreme single-day fire
spread or blow-up events across northern North America and at the
ecoregional scale. In doing so, we found substantial ecoregional
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variation in the typical size of large and extreme single-day blow-up
events (i.e., daily area burned thresholds), the prevalence of these
single-day events, and how they contribute to overall area burned.
This ecoregional variation is likely a result of the spatially and
temporally varying factors that control fire spread, such as fuel type,
fuel amount and contiguity, and prevalence of fire-conducive weather
(Krawchuk and Moritz, 2011; Parisien et al., 2014). We also show that
fire duration and fire seasons vary across ecoregions, which is likely a
reflection of the specific fire regime characteristics and their
controlling factors (Archibald et al., 2013; Jain et al., 2017; Cattau
et al., 2020).

Single-day extreme fire spread events are disproportionately
shaping North American landscapes (Wang et al., 2021). For example,
daily fire spread exceeding 1,704 ha/day (continental large single-day
events) burned an average of 2.3 million ha/year in the US between
2002-2021, or 2.2x more area than US public lands treated through
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Seasonal distribution of fire spread events (day of burning) by ecoregion (panels A-J, region given above plotspace), using ecoregional definitions of
large and extreme events. Fill color of stacked histogram bars indicates spread type, with blue fill for nonextreme spread days, orange fill for
ecoregional large single-day events, and red fill for ecoregional extreme single-day events.
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Three tiers of ecoregional fire spread regressed against burned areas’ average annual AET (A) and CWD (B). Point shape indicates fire spread type, with
squares representing ecoregional mean daily area burned (linear models, AET: Fyg = 0.663, p = 0.439, adj R?=0.03; CWD: Fyq = 3.612, p=0.094, adj
R?=0.225), circles for large fire spread thresholds (linear models, AET: Fyg = 0.81, p = 0.394, adj R? = 0.022; CWD: Fq =348, p =0.099, adj R? = 0.216),
and triangles for extreme spread thresholds (linear models, AET: Fg = 0.868, p = 0.379, adj R? = 0.014; CWD: Fug = 3.161, p = 0.113, adj R? = 0.194). For
CWD (B), the solid line represents the marginally significant trendline for mean daily area burned, dotted for large, and dashed for extreme.

mechanical means and prescribed fire annually on average between  classified as large or extreme under our ecoregional and continental
fiscal years 2002-2021 (USDA Forest Service FACTS, 2023).  definitions emphasize that relatively few spread days are responsible
Furthermore, the low proportions of single-day spread events  for substantial proportions of total area burned, with their cumulative
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area burned exceeding 80% (large & extreme single-day events) and
50% (extreme single-day events) of the total area burned in some
ecoregions. These events have meaningful ecological outcomes. For
example, Naficy et al. (2021) found that daily fire spread rates of
spatially disjoint day of burning patches was one of the top predictors
of fire severity and refugia probability in forests of the Pacific
Northwest, with spread rates around the continental or Northwestern
(~1,500-2000 ha day™")
associated with higher probabilities of high-severity burn and reduced

Forested Mountains large thresholds
refugia. Given that the extent and severity of their landscape impacts
inherently occur within brief timeframes, extreme single-day events
pose substantial challenges to land managers and considerable risks
to the safety of affected communities and firefighters (Coen et al.,
2020). Our analysis revealing their differential prevalence, extent, and
outcomes among ecoregions points to the need to better understand
the confluence of top-down and bottom-up factors that lead to
extreme single and multi-day spread events, as well as
their consequences.

Even though average fire spread rates are greater in some
ecoregions (e.g., Great Plains, North American Deserts), it is
important to contextualize this finding with the duration of fires
(Figure 4). For example, those ecoregions with the highest daily spread
rates also tend to experience lower duration fires, as previously
reported by Andela et al. (2019), resulting in a smaller mean final fire
size relative to other ecoregions with lower fire spread rates and longer
duration fires. Longer duration fires in the Northern Forests,
Northwestern Forested Mountains, and Taiga ecoregions are likely a
result of larger woody fuels and thick surface fuels (e.g., pine duff,
peat) that can retain burning embers even under variable weather
conditions, which then contribute to fire spread when weather
becomes more fire conducive (Krawchuk and Moritz, 2011; Prichard
etal., 2017). Furthermore, these regions’ rugged terrain can complicate
suppression efforts, and their lower population densities may lead to
patterns of fire management that allow fires to continue burning when
less infrastructure and fewer lives are at risk (Park et al., 2021).

Our analyses also indicate that longer fires are generally associated
with greater maximum daily spread rates. This suggests that large or
extreme spread days may be more likely to occur the longer a fire
burns, or that their occurrence extends fire duration by rapidly
expanding the area of active burning. Alternatively, the same
top-down and/or bottom-up conditions that promote rapid fire spread
may also be conducive to longer fire durations. Regardless of the
directions of causality and mechanisms linking maximum daily
spread rate and duration, these patterns may be expected to produce
the exponential relationship between final fire size and duration in
many ecoregions (Xi et al., 2019; Wang et al., 2020). Furthermore,
even if relatively few fires achieve consecutive extreme spread days,
longer duration fires inherently have greater opportunity for
consecutive extreme behavior, particularly given the potential for
greater daily spread with each additional day of burning. Such
feedbacks between daily spread and fire duration raise the possibility
of a self-reinforcing loop wherein extended fire duration amplifies the
potential for large or extreme spread days, further extending the
lifespan of a fire and likelihood of subsequent extreme behavior,
drastically expanding the final fire size.

In addition to differential spread and fire duration, fire seasons
and seasonality of extreme single-day events also varied among
ecoregions. Although some ecoregions have more confined fire
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seasons (e.g., Tundra, Taiga, Northern Forests, Northwestern Forested
Mountains, Marine West Coast Forest), fire occurs nearly year-round
in some ecoregions (e.g., Great Plains, Eastern Temperate Forests),
with extreme single-day events typically distributed across nine of the
twelve months of the year. Interestingly, a bimodal fire season was
observed in the Mediterranean California, Marine West Coast Forests,
Eastern Temperate Forests, and Great Plains ecoregions, a
phenomenon also reported by Benali et al. (2017) in the central and
southwest regions of the continent. In some locations like
Mediterranean California, the November peak is likely associated with
Santa Ana winds (Westerling et al., 2004). Santa Ana winds are also
likely responsible for the later average seasonal timing of extreme
single-day events in the region. Elsewhere, particularly in broadleaf
forests, the phenological stage of vegetation may influence fire season
timing (Parisien et al., 2023) or that of extreme single-day spread. For
example, in some ecoregions with bimodal fire seasons such as the
Eastern Temperate Forests, Great Plains, and Marine West Coast
Forests, early season fires and extreme single-day events may occur
before vegetation green-up; then fire activity diminishes until late
summer and early fall when fuels again become sufficiently dry to
carry fire. The abrupt truncation of the fire season in the Northern
Forests, Taiga, and Tundra ecoregions is likely due to rapid onset of
weather that is prohibitive to fire spread (i.e., snow) compared to more
southerly ecoregions. Similar to our spread rate and fire duration
findings, ecoregional differences in vegetation, fuel loads, and climate
likely contribute to the observed variability in fire season and
seasonality of extreme single-day events.

However, there are several key caveats to interpreting our fire
seasonality results. First, our analyses only considered wildfires
>400 ha; the inclusion of spread days from smaller wildfires, as well as
those from prescribed and cultural burning practices would likely
result in greater fire season heterogeneity and pyrodiversity. Second,
we used relatively broad EPA Level 1 Ecoregions to group fires across
the continent. This choice of spatial grouping unit could influence our
results, with finer-scale spatial groupings likely to reveal greater
heterogeneity in regional fire regimes. Because of this finer-scale
heterogeneity, grouping fires across broader spatial scales may also
contribute to some of the bimodal fire seasons we observed. For
example, we merged the Eastern Temperate Forests ecoregion with the
relatively small but pyroregionally unique Tropical Wet Forests region,
which comprises southern Florida. Fires may occur throughout most
of the year in Florida, in contrast to the Appalachians where fire
generally occurs in the fall when precipitation and relative humidity
are low following the seasonal accumulation of fine fuels in the form
of falling leaves. Thus, ecoregions do not necessarily coincide with
pyroregions (Galizia et al., 2021), and pyroregional diversity within
larger ecoregions creates further nuance in interpreting the patterns
of fire seasonality presented here.

Although understanding ecoregional variation in the seasonal
timing of large and extreme single-day events throughout a year is
valuable for management considerations, it is also crucial to examine
how the prevalence of these events has changed over time, particularly
given expectations that they will occur more frequently in a warmer
and drier future (Wang et al., 2015; Kirchmeier-Young et al., 2019;
Halofsky et al., 2020). At the time of our analysis, annual frequencies
have not increased since 2002 in most ecoregions or across the
continent; however, extreme events are occurring more frequently in
the Northwestern Forested Mountains (Supplementary Figure S5).
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Notably, the Northwestern Forested Mountains are the most fire-
prone ecoregion in our dataset in terms of having the greatest number
of fires larger than 400 ha and the most fire spread days (e.g., Tables 1,
2). Therefore, although the occurrence of extremes is broadly
projected to increase due to climate change, our analysis of a short
timeseries demonstrates that outlier extreme events are already
occurring more frequently in the most fire-prone ecoregion of North
America despite its comparatively low average daily spread rate.
However, it is important to recognize that our ability to detect
temporal trends in the frequency of extreme single-day events may
be limited by the relatively short duration of the time period over
which we are able to interpolate daily fire progression.

Anticipating extreme single-day events is critical yet challenging
given the wide range of conditions under which fire occurs across the
continent (Figure 1B; Parisien et al., 2016). As such, understanding
ecoregional prevalence and extent of extreme single-day events will
be important to improve resource deployment and community
protection, particularly given the substantial differences among
ecoregional extreme thresholds (e.g., 3,829 ha to 16,626 ha). This vast
difference in extreme thresholds coupled with the variability in human
populations and development patterns across the continent result in
differential risk to communities and infrastructure (Nagy et al., 2018;
Parl et al., 2021). For example, in Mediterranean California, extreme
single-day events exceeding 13,885ha/d are particularly concerning
given the high human population density and geography of the area.
Understanding this risk can help identify communities that should
be preemptively evacuated, and strategically plan points of engagement
that may be more effective given the likelihood of the large single-day
spread events (Thompson et al., 2018). In contrast, the exceptionally
high extreme threshold in the North American Deserts (16,626 ha/
day) may potentially be mitigated by growing the invasive species
management programs within the region and by creating effective fuel
breaks. However, response options will inevitably vary elsewhere, such
as the Northern Forests ecoregion that is characterized by high fuel
loads, low human population density, and extreme event sizes
exceeding 12,634ha/day with the largest mean fire size of any
ecoregion. While population density is fairly low, this ecoregion has
many rural, remote, and dispersed communities that often include
First Nations Indigenous people who are disproportionately impacted
by these extreme events (Davies et al, 2018; McGee, 2021).
Furthermore, evacuations are complicated by having few or indirect
roads to these remote communities (Tepley et al., 2022). Human
impacts due to fire duration are also important to consider for those
communities that are experiencing long evacuations (Stidham et al.,
2011) and the strain on fire fighters who have extended deployments
on these long-duration incidents (Vincent et al., 2016; Jeklin et al.,
2020). Ecoregional links to climate and ecoregional fire spread rates
provide useful information for tailoring management efforts to
specific regions and for anticipating future fires and extreme
single-day events.

Ecoregional variability of fire spread rates (mean daily area
burned, large and extreme single-day events) suggests that broad-scale
vegetation and climatic factors captured in ecoregional delineations
have bottom-up and top-down effects on fire spread rates. For
example, the ecoregions with the highest average daily spread rates
and most large and extreme single-day events, calculated either by
frequency or percent of area burned, were the Great Plains and
Mediterranean California, which are generally characterized as drier
ecoregions largely comprised of grasslands and shrubland fuel types
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which tend to drive rapid fire spread (Cheney et al., 1993; Cruz et al,
2022). The high daily fire spread rates in the North American Deserts
ecoregion could be linked to invasive annual grasses that promote
rapid fire spread [e.g., Bromus tectorum (cheatgrass); Balch et al.,
2013]. Conversely, ecoregions with lower daily spread rates including
the Marine West Coast Forests, Eastern Temperate Forests, and
Northwestern Forested Mountains generally have higher biomass and
lower CWD, though the Northern Forests ecoregion does not follow
this pattern. Greater average spread in the Northern Forests despite
low CWD may be a function of bottom-up factors, such as landscapes
of highly contiguous fuels.

Fire spread rates (daily, large, extreme) generally increase with
CWD annual climate normals. The Temperate Sierras ecoregion may
deviate from this overall relationship between fire spread and climate
due to specific landscape patterns unique to this region. Specifically,
fires in isolated and relatively small mountain ranges (i.e., sky islands)
are likely limited in size and spread rates by the lack of large,
contiguous areas of fuel (Wardle et al., 1997). Nonetheless, this general
relationship between fire spread and CWD broadly agrees with other
studies showing that metrics of fire activity (fire frequency, area
burned, fire severity) can vary along climatic gradients (Krawchuk and
Moritz, 2011; Parks et al., 2014). However, the lack of a strong
relationship is not completely unexpected, as Archibald et al. (2013)
demonstrated a weak relationship between fire regime and climate.
For example, the lack of correlation between fire spread rates and AET
in our dataset may be attributed to the relatively low variability among
ecoregions’ 30-year AET annual climate normals. Eastern Temperate
Forests are a clear outlier with high AET, but they also had the lowest
mean fire size and a low-moderate number of spread events.
Consequently, annual normal AET and CWD may help set the stage
for fire by influencing vegetation distributions and fuel conditions, but
daily spread may be more strongly influenced by other finer-scale
vegetation or fire weather drivers (Potter and McEvoy, 2021; Jain et al.,
2022) or internal self-reinforcing weather dynamics (i.e., winds) that
drive extreme blow-up behavior (Coen et al., 2018).

Conclusion

Here, we define ‘extreme’ based entirely on daily fire spread area.
We do not account for other fire characteristics that may be considered
extreme in other contexts, such as community impacts (evacuations,
smoke, loss of life and property), firefighting resources needed,
ecological consequences of fire (fire severity, carbon emissions), or
physical and hydrological impacts (debris flows, erosion, landslides,
flooding). As such, extreme in this context may not always have
negative impacts on human or natural communities, and conversely
many events not labeled as “extreme” here may have wide-ranging
human and ecological impacts. Consequently, more research is needed
to understand how large single-day events correspond to community,
ecological, physical, and hydrologic impacts.

Extreme single-day spread clearly poses a threat to communities
in fire-prone regions of North America, as experienced by
communities such as Paradise, California (2018), Detroit, Oregon
(2020), Fort McMurray, Alberta (2016), among many others. As
we continue to navigate novel climate conditions that are resulting in
more wildfires and shifting fire regimes, understanding extreme
single-day fire spread events is critical for planning and conservation
of our landscapes and communities. Our approach of studying daily
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fire progression complements past geographic characterizations of
wildfire regimes, which primarily relied on ignition points, dates, and
final fire sizes. By providing detailed spatio-temporal fire spread
information, mapping daily fire progression can facilitate the fine-
scale analyses that are needed to identify the top-down and bottom-up
mechanisms that create blow-ups and their consequences to
ecosystems and society.
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