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E N V I R O N M E N TA L  S T U D I E S

Multi-ignition fire complexes drive extreme fire years 
and impacts

Rebecca C. Scholten1*, Tirtha Banerjee1,2, Yang Chen1, Andrea Delgado1, Ajinkya Desai2,  

Ziming Ke3,4, Tianjia Liu1,5, Douglas C. Morton6,7, David A. Peterson8, Qi Tang3,  

Sander Veraverbeke9,10, Jishi Zhang3, James T. Randerson1,2

Climate change is intensifying �re behavior, with the largest and fastest-spreading �res causing the greatest im-
pacts on people and ecosystems. Yet the mechanisms driving variability and trends in large �res remain poorly 
understood. Using 12-hour satellite-derived �re tracking data from 2012 to 2023, we show that the merging of 
separate ignitions into multi-ignition complexes is a key process amplifying �re size and destructive potential 
across temperate and boreal ecoregions. Multi-ignition �res account for 31% of the burned area in California and 
59% in the Arctic-boreal domain, spread faster and persist longer than single-ignition �res, and disproportionately 
contribute to extreme �re years in California, Canada, and Siberia. They also generate stronger atmospheric feed-
backs, produce more pyrocumulonimbus events, and strain �re�ghting capacity by dispersing suppression re-
sources. Recognizing and accounting for �re-merging dynamics are critical for improving wild�re prediction, risk 
assessment, and management.

INTRODUCTION

�e past decade has seen increasing wild�re disasters contributing 
to economic losses and ecosystem damage (1–7). Climate warming 
has been linked to increasing burned areas, especially in forested 
regions across global biomes (8–11). �e devastating impacts from 
wild�res are, however, o�en caused by extreme �re behavior, spread 
rate, and size (12–14), and trends in such �re extremes are poorly 
understood. New climate extremes may facilitate �res that escape 
initial control (15) or synchronize �re behavior within and across 
regions due to persistent large-scale weather patterns (16–19), re-
quiring triaging of �re suppression resources.

Globally, �re sizes follow a log-normal distribution, with the vast 
majority of �res remaining small (20–22). Large �re seasons are of-
ten dominated by a few rare, large events (23). Fires usually origi-
nate from a single anthropogenic or natural point of ignition. In 
contrast, multi-ignition �res are wild�res that result from multiple 
separate ignition points that eventually merge into a single �re pe-
rimeter. Although there are prominent examples of extremely large 
and destructive multi-ignition �res in regions such as California in 
2020 and Canada in 2023, there has been little quantitative assess-
ment of these events or of how their impacts di�er from those of 
single-ignition wild�res.

Here, we assessed the contribution of multi-ignition �res to re-
gional burned area and loss and damage in temperate and boreal 
forest ecosystems using satellite data from 2012 to 2023. We exam-
ine their causes, impacts, and the atmospheric and human system 

feedbacks that may amplify their destructiveness. Our analysis le-
verages recent advances in subdaily �re tracking, drawing on perim-
eter data from the California Fire Events Data Suite (FEDS version 2) 
and the Arctic-boreal Fire Atlas (ABFA) (24, 25). Together, these 
datasets provide the most spatially extensive observations now avail-
able for tracking �re dynamics at subdaily time steps across diverse 
�re regimes, enabling us to identify and characterize multi-ignition 
�res as a broad-scale phenomenon. �e datasets track individual 
large (>4 km2) �re events’ starting location, growth, and merging. 
Each �re perimeter at a 12-hour time step is derived from active �re 
observations from the Visible Infrared Imaging Radiometer Suite 
(VIIRS) instrument on the Suomi National Polar-orbiting Partner-
ship satellite, with a nadir spatial resolution of ~375 m. Fire perim-
eters were validated using o�cial records in regions for which these 
were available (California, Alaska, and Canada). We classi�ed �re 
events as multi-ignition �res if the �re tracking algorithms identi�ed 
multiple nearby �re starts that remained independent for two or more 
time steps before physically merging (see Materials and Methods). 
We note that this de�nition di�ers from the term “complex �re” in 
�re management contexts, which refers to �res managed by a single 
Incident Management Team that shares resources and equipment. 
�e number and location of ignition points for the �res we identi-
�ed as multi-ignition �res agreed reasonably well with state and fed-
eral records in California and Canada (table S1 and �g. S1).

RESULTS

Disproportionate contribution to burned area and impacts
�e largest individual �res between 2012 and 2023 in California and 
the Arctic-boreal domain were multi-ignition �res (Fig. 1). �e larg-
est �re on record in California, the August Complex �re, burned 
4489 km2 in 2020 and had 10 �re starts. Five of the 10 largest �res in 
California during 2012–2023 were multi-ignition �res. In Yakutia, 
Eastern Siberia, 27 �re starts merged in 2021 to ultimately burn a 
total area of 15,759 km2. Multi-ignition �res accounted for 7% of the 
total number of �res larger than 4 km2 in California and 13% in the 
Arctic-boreal domain (Fig. 2, A and D). However, they contributed 
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to 31% of the burned area in California and 59% of the burned area in 
the Arctic-boreal domain since 2012 (Fig. 2, B and E). Normalizing by 
the number of separate ignition points, multi-ignition �res burned 
more area than single ignition �res (Fig. 2, C and F) in both California 
(median: 103.2 km2 versus 22.0 km2, P < 0.001; unless otherwise not-
ed, all P values are from a Mann-Whitney test) and the Arctic-boreal 

domain (median: 44.4 km2 versus 14.0 km2, P < 0.001; table S2). �ese 
�res occurred more frequently in California’s northern coastal and 
mountain regions (�g. S2A) and were widely distributed across North 
America and Siberia in the Arctic-boreal domain (�g. S2B).

Multi-ignition �res strongly in�uenced the interannual variability 
in burned area in temperate and boreal regions (Fig. 3 and table S3). 
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Fig. 1. Since 2012, the largest �res in California and the Arctic-boreal region began as multiple ignitions that later merged. (A) The August Complex �re in northern 

California in 2020 had 10 separate ignition points (denoted by turquoise dots). (B) A wild�re in Yakutia, Russia, in 2021 had 27 ignition points. The maps illustrate the �re 

starts from FEDS/ABFA �re tracking datasets along with the 12-hourly progression of these �res (in color), showing only �re perimeters up to the 99th percentile of their 

�nal area. See �g. S1 for a comparison of �re tracking �re starts with o�cial governmental records for the August Complex �re and a �re in Canada. Both maps are on the 

same spatial and temporal scale. (C) The location of these two �res in California and Siberia.
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Fig. 2. Although they are relatively rare, multi-ignition �res have a disproportionate e�ect on burned areas in California and Arctic-boreal regions. (A and D) The 

number of �res aggregated by the number of �re starts from the FEDS and ABFA �re tracking datasets. (B and E) Cumulative burned area as a function of the number of 

individual �re starts in a �re. (C and F) The area burned by each individual ignition in single- and multi-ignition �res, on a log scale.
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�e coe�cient of variation (CV) of burned area associated with 
multi-ignition �res was higher than the CV of burned area associ-
ated with single-ignition �res in all regions. Notably, large �re years 
in all regions consistently had larger contributions from multi-
ignition �res than small �re years (Fig. 3 and table S3). For example, 
multi-ignition �res accounted for 42% of the burned area in California’s 
largest �re years (2020 and 2021), compared to only 21% for all other 
�re years since 2012. Likewise, 76% of the burned area in Canada’s 
extreme 2023 �re season originated from multi-ignition �res. In 
Russia, multi-ignition �res contributed to 67% of the burned area in 
high-�re years during 2012 and 2021.

Recent �re perimeters can restrict the growth of a newly occur-
ring �re by reducing the amount of available fuel (26). �is limita-
tion from fuel availability would be expected to constrain the spread 
and size of multi-ignition �res relative to more widely spaced �res 
with the same number of ignition points. However, our results indi-
cate that �res grow larger when burning in a multi-ignition event. 
�is counterintuitive behavior may be related to �re behavior traits 
that enable faster initial growth and longer duration of these �res. 
Multi-ignition �res lasted longer on average than single ignition 
�res in California (median: 26.8 days versus 3.5 days, P < 0.001) and 
in the Arctic-boreal domain (median: 28.0 days versus 10.0 days, 
P < 0.001; Fig. 4 and table S2). Four days a�er ignition, multi-ignition 
�res burned more area per �re start compared to single-ignition 
�res in the Arctic-boreal domain (median: 8.4 km2 versus 5.7 km2, 
P < 0.001; table S2), but not in California. �is faster initial growth 
could not be explained by more favorable weather conditions. For 
instance, vapor pressure de�cit (VPD) values during the �rst 4 days 
of multi-ignition �res were similar compared to those observed for 
single-ignition �res in both regions (Fig. 4B). Multi-ignition �res 
may exhibit enhanced spread and persistence due to factors such as 
a longer active �re line relative to the �re area compared to single-
ignition �res [Fig. 4, D and E; analysis of variance (ANOVA) test, 
P < 0.001] and potential �re interaction e�ects (27).

We used ICS-209 Incident Status Summary reports to assess the 
�re management resources and damages associated with �res in 
California. ICS-209 reports are standardized incident status sum-
mary forms used by US wild�re management agencies to docu-
ment and communicate key �re characteristics, resources deployed, 
and suppression progress during active wild�re incidents. Multi-
ignition �res in California were signi�cantly more expensive to 
manage (median cost: $51 million dollars) and required higher 
levels of �re suppression resources than single-ignition �res (me-
dian cost: $12 million dollars, P < 0.001; table S4). Multi-ignition 
�res also required twice the number of personnel on average (P < 
0001; table S4). When normalizing resources by the number of 
ignitions for each �re, multi-ignition �res were still more costly than 
single-ignition �res by a factor of 2, despite lower or comparable de-
ployment of �re suppression resources, including personnel (table S4). 
Di�erences were even more pronounced regarding damages, with 
multi-ignition �res leading to about three times more threatened 
structures and evacuees per ignition as well as signi�cantly more 
destroyed structures and a�ected civilians per ignition compared 
to single-ignition �res (table S4). Multi-ignition �res also dispro-
portionally a�ected the health of �re�ghting personnel (P = 0.04), 
indicating the potential for elevated hazards from more extreme be-
havior or resource limitation. ICS-209 reports from multi-ignition 
fires document potential underlying causes of the elevated risks 
for �re�ghters, including understa�ng, extended mobilization pe-
riods, and shorter resting periods due to longer shi�s (table S5). 
Limited data on threatened and damaged structures per fire were 
also available from the Alaska Wildland Fire Maps (AWFM) Fire 
Location dataset. In Alaska, multi-ignition fires resulted in more 
damage to structures per ignition than single-ignition fires (P = 
0.03). In contrast, the number of threatened structures did not 
di�er signi�cantly. Overall, about 9.9% of multi-ignition �res in 
Alaska resulted in structure damage compared to 3.8% for single-
ignition �res.
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Fig. 3. Multi-ignition �res have a disproportionate e�ect on interannual variability in burned area and extreme �re years. (A) California, (B) Alaska, (C) Canada, and 
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�res for average and large �re years are shown in table S3.
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Dry lightning causes clustered �re ignitions
In California, the probability of individual �res merging was 16 ± 
12% during 2012–2023 (table S6). We simulated the merging rate of 
�res in California expected from random chance by spatially dis-
tributing the observed number of �re ignitions in a given year using 
an observed �re probability map that accounted for lower burn prob-
abilities within recent �re perimeters, as a consequence of decreases 
in available fuels. We then assessed the merging probability by com-
paring the distances between simulated ignitions with radii derived 
from observed �re sizes from the same year. We found that simu-
lated merging probabilities were consistently lower by several orders 
of magnitude than the observed merging rate (table S6). An essen-
tial prerequisite of multi-ignition �res is thus the spatiotemporal 
clustering of ignitions in a region with su�cient fuel continuity to 
enable �re spread. �e median distance between ignitions within a 
multi-ignition �re was 9.5 km in California and 8.2 km in Arctic-
boreal regions (table S2). Multiple simultaneous ignition points sep-
arated by distances on this length scale (~5 to 13 km) appear optimal 
for creating large multi-ignition �re events.

Lightning strikes are a primary cause of clustered ignitions. Data 
on ignition sources for California �res revealed that multi-ignition 
�res are predominantly ignited by lightning (Fig. 5A). �is is in con-
trast to most �res in the region, which are ignited by humans (28). 

In central and northern California, moisture plumes linked to the 
remnants of tropical cyclones and the summertime North American 
monsoon circulation can support widespread thunderstorm devel-
opment that produces clustered lightning strikes (29). �under-
storms in these regions o�en develop over a layer of dry air near the 
ground, which results in high cloud bases and rapid evaporation of 
precipitation before it reaches the ground (30). Hundreds of �re ig-
nitions have been observed within a few days a�er these high-based, 
“dry thunderstorm” outbreaks that can quickly overwhelm initial 
�re attack capabilities (31). One of the most notable events occurred 
in August 2020, when such storms sparked �ve of the six largest �res 
of the season over a 4-day period (Fig. 5D).

Arctic-boreal regions are more prone to summer thunderstorm 
activity, and lightning is a more critical ignition source compared to 
wild�res in California. Large-scale regional patterns of fuel mois-
ture, shaped by summer drought, are essential for determining igni-
tion e�ciency in these regions (32, 33) and can promote clusters of 
ignitions that are prone to merging. According to government �re 
records, lightning was responsible for all but one multi-ignition �re 
in Alaska and 98% of those in Canada (Fig. 5, B and C).
Multi-ignition �res can overwhelm �re�ghting e�orts
When multiple �res ignite simultaneously across a region, avail-
able �re�ghting resources can be quickly overwhelmed, requiring 

Fig. 4. Mechanisms for the disproportionate size of multi-ignition �res. (A) Initial growth, estimated as the �re size on day 4 normalized by the number of initial igni-

tions, for single- and multi-ignition �res. (B) Initial VPD at ignition locations averaged over the �rst 4 days after ignition. (C) Fire duration (corrected for residual smoldering 

by computing the date and time when 99% of the �nal �re size was reached). Boxplots (A) and (C) only include the interquartile range for better visibility since the data 

are strongly skewed. Asterisks indicate signi�cance level (***: 0.001) for statistical testing for group di�erences [Mann-Whitney test for (A) and (C), t test for (B)]. (D and 

E) Ratio of �re line length to �re size for 12-hourly time steps of all �re perimeters larger than 4 km2 in California (D) and the Arctic-boreal domain (E). Only perimeters up 

to 99% of the �nal �re size of each �re are retained. Model intercepts and slopes are signi�cantly di�erent between single- and multi-ignition �res for both regions 

(ANOVA P < 0.05). Information on statistical tests and sample sizes are found in table S2.
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triage—that is, prioritizing which �res or management objectives to 
address �rst. Fighting �res on multiple �re fronts also requires more 
complex management structures and overhead. �is strain can cre-
ate a self-reinforcing feedback that allows �res to grow larger and 
increase both, the damage they cause and the hazards faced by �re-
�ghters. Insu�cient suppression resources, including crews, over-
head personnel, aircra�, and engines, are frequently described in 
ICS-209 reports for multi-ignition �res in California (table S5). Re-
ports o�en note such limitations, especially in the initial days a�er 
ignition, which present a crucial window for initial attack and cost-
e�cient containment.

Many of the most prominent and destructive examples of multi-
ignition �res in California happened in large �re years, when re-
sources were divided across multiple simultaneously burning �res. 
However, analysis of initial resource allocation (up to 4 days a�er 
ignition) revealed that while large �re seasons signi�cantly reduced 
resources available to manage single-ignition �res, multi-ignition 
�res consistently received less personnel per ignition regardless of 
�re season severity (�g. S3 and table S7). Di�erences in the alloca-
tion of engines and equipment between single- and multi-ignition 
�res were largest in average �re seasons. �is disparity may partly 
re�ect that lightning-caused �res o�en occur in remote locations 
where resource allocation faces greater logistical challenges and cost-
bene�t constraints. Furthermore, large lightning events such as the 
August 2020 lightning storm can deliver hundreds of �re starts 

within 1 or 2 days, creating acute resource shortages when a sub-
stantial fraction of a season’s �res ignite simultaneously.

ICS-209 reports further document that multi-ignition �res dis-
play aggressive �re behavior, including substantial runs due to the 
merging of �res or simultaneous crown �re initiations and spotting, 
which elevates hazards and challenges to containment. Sharing of 
resources such as aircra� is described as leading to di�culties in as-
sessing �re size and growth, hampering suppression planning. Oth-
er speci�c challenges for the suppression of multi-ignition �res are a 
scarcity of specialized crews and extended deployments, which lead 
to prioritization of point protection and �res being le� understa�ed. 
While event-speci�c data on resource allocation were not available 
for Arctic-boreal regions, considerable resource strain has also been 
reported, for example, in Canada in 2023, where multi-ignition �res 
contributed to 76% of the area burned (34).

Multi-ignition �res are also more likely than single-ignition �res 
to generate extreme, plume-driven �re behavior and pyroconvec-
tion, which can culminate in �re-triggered thunderstorms, known 
as pyrocumulonimbus events (pyroCbs). On the basis of a global 
inventory of pyroCb occurrences (35–37), we found that 67% of py-
roCbs in Russia and Canada in 2023 were associated with multi-
ignition �res. �e number of pyroCbs generated by a �re was linked 
to the number of separate ignition points in Canada and Russia in 
2023 (Pearson’s r = 0.68, P < 0.001; Fig. 6A). �e merging of two �re 
lines can increase the surface area with high sensible heat �uxes 
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needed to trigger deep convection (38, 39) and create a rotating column 
of rising air which can induce pyroconvection (40). Notably, 53% of the 
73 pyroCbs observed over multi-ignition �res in Canada and Russia 
in 2023 occurred between 1 day before and 3 days a�er a merging 
event, with 22% occurring on the day of merging (Fig. 6B). In con-
trast, if pyroCbs were to have occurred randomly over the lifetime of 
multi-ignition �res, the expected probability of occurring on the day 
of a merging event would be only 1% (z-score = 17.5, P < 0.001).

In California, only 19 pyroCbs linked to 10 FEDS �res were iden-
ti�ed between 2012 and 2023, providing too few cases for robust 
statistical analysis. Multi-ignition �res had a slightly higher likeli-
hood of producing pyroCbs (6.6% versus 4.5% for single-ignition 
�res), but only two pyroCb events occurred in �res that met our 
multi-ignition de�nition. �is indicates that factors other than �re 
merging—particularly explosive �re growth—can drive pyroCb for-
mation, as many pyroCb-producing �res were extremely large re-
gardless of ignition type or number.

PyroCbs also reduce suppression e�ciency by inducing unpre-
dictable and hazardous extreme �re behavior (41, 42). Lightning 
strikes produced by pyroCb activity (a unique type of high-based dry 
thunderstorm) (43) can limit aircra� deployment, hinder airborne 
suppression e�ciency (44), and ignite additional spot �res tens of 
kilometers away from the �re front (45–47). Plume-driven �res gen-
erate irregular wind patterns, which may push �re fronts and spot 
�res in unexpected directions, jeopardizing containment lines (36) 
and elevating risks for �re�ghters and communities (48). Physical in-
teractions between �res burning in close vicinity can further contrib-
ute to the large size of multi-ignition �res. For example, �re merging 
can be accelerated when large �res act as attractors for smaller �res 
(49) through changes in surface winds that develop in response to 
the intense surface heating and deep convection generated by the 
larger �re. Entrainment e�ects are ubiquitous even at meter scales 
(50) and may be most far-reaching for plume-driven �res that gener-
ate pyroCbs (38, 39). In a simulation of the Dixie Fire in California—
which produced a pyroCb on 9 August 2021, while exhibiting two 
distinct �re fronts—chaotic and highly heterogeneous wind patterns 
developed (�g. S4). Downbursts from pyroCbs can lead to extreme 
�re spread episodes, which can further accelerate merging of �res 

(48). Interactions between physical factors induced by �re attraction, 
extreme �re behavior, and reduced suppression e�ciency due to in-
creased �re�ghting hazards and resource strain are likely to exacer-
bate the impacts of multi-ignition �res in a positive feedback loop, as 
shown in �g. S5.

DISCUSSION

Tropical and mid-latitude storm systems can facilitate thunderstorm 
development and associated �re ignitions from lightning strikes over 
large areas, when they coincide with a dry airmass near the surface 
during or following a heatwave. �e risk of dry lightning strikes 
across temperate and boreal regions, as well as future trends in such 
events, is not now well understood. Increasing regional summer heat 
waves and droughts, along with associated increases in �re weather 
(11), heighten the chances of thunderstorms delivering dry lightning 
because intense surface heating can evaporate rain before it reaches 
the ground (29). For example, modeling studies in Arctic-boreal re-
gions suggest that the number of �res escaping initial attack is rising 
(31) due to increases in lightning ignitions (32, 51). Understanding 
the compound risk of persistent heatwaves and high-based thunder-
storms across regions is therefore crucial to better forecast the occur-
rence of multi-ignition �res.

�e identi�cation and analysis of multi-ignition �res have only be-
come possible because of recent advances in �re tracking, and uncer-
tainties associated with these data products are considerable due to the 
temporal and spatial limitations of medium-resolution satellite obser-
vations. �e impact of multi-ignition �res described here is likely un-
derestimated, and our estimate of the number of multi-ignition �res is 
likely conservative since our approach cannot disentangle multiple 
ignitions that burn together very quickly. Furthermore, our dataset 
does not represent fast-moving grass �res well due to the limited tem-
poral resolution of the satellite imagery. Dense smoke and clouds, for 
example, from pyrocumulonimbus formations from large �res, can 
obscure satellite detection and may limit our ability to identify and 
di�erentiate between new ignitions and spot �res. As shown in table S8 
using hourly �re observations from the Geostationary Operational 
Environmental Satellites (GOES) instrument, solely increasing the 
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temporal resolution of satellite active �re detections does not improve 
the ability to distinguish separate ignitions. Instead, higher-resolution 
satellite imagery of thermal anomalies of �re in both time and space is 
critically needed to better understand the dynamics of multi-ignition 
�res and their impacts. Targeted �eld measurements of �re behavior 
are also essential for an improved understanding of the processes and 
feedbacks associated with multi-ignition �res and their e�ects on at-
mospheric dynamics and composition.

Multi-ignition �res can become more destructive due to feedback 
between physical processes and human systems (�g. S5). Given their 
association with more extreme �re behavior, we hypothesize that 
they may also generate disproportionate impacts through mecha-
nisms such as elevated �re severity. An essential next step in this con-
text is to quantify tree mortality and other measures of �re severity 
for multi-ignition and single-ignition �res, for example, using re-
motely sensed proxies, to explore whether the observed di�erences 
in �re behavior described here yield long-term ecosystem impacts. 
Furthermore, new management approaches may be needed to ad-
dress these �res’ unique characteristics. Early identi�cation and im-
proved assessment of the risks posed by dry lightning storms for 
generating synchronized ignitions during hot summer periods may 
enable more e�ective predeployment of �re suppression resources to 
vulnerable areas. At the same time, honing strategies to optimize �re 
suppression resources among multiple clustered �res, especially dur-
ing periods of resource strain, seems critical for limiting multi-
ignition fire growth and damages. Identifying the fire behavior 
components that make these �res particularly hazardous and di�-
cult to suppress can support resource allocation decisions and help 
prevent stress from triaging.

MATERIALS AND METHODS

Fire tracking data
We used satellite-derived �re tracking data for 2012–2023 from the 
California FEDS and ABFA. Both datasets, which contain 12-hourly 
�re perimeters for all large �re events, were produced using VIIRS ac-
tive �re detections and an improved version (version 2) of the �re track-
ing FEDS algorithm. For both California and the Arctic-boreal 
domain, regional optimization was performed to calibrate land 
cover–speci�c spatial and temporal thresholds, determining whether a 
new �re cluster belongs to an existing �re or constitutes a new �re start 
(24, 25). �e proximity threshold for assigning a cluster to an existing 
�re was optimized to account for fuel type–speci�c variations in spread 
rates and ranged from 1 to 5 km to cover gaps in �re progression in-
duced by observation gaps due to the 12-hourly overpasses (24, 25). �e 
�re tracking algorithm also enables the merging of two existing, ac-
tively expanding �res using the same spatial proximity thresholds. A 
merging event occurs when a new cluster of �re detections is recorded 
between two actively expanding �res so that the new �re locations are 
within the attribution distance threshold of both �res. Actively expand-
ing �res were de�ned as �res that had new detections within a land 
cover– and biome-speci�c temporal threshold (up to 5 days for FEDS 
and up to 30 days for ABFA), which was based on typical smoldering 
times and validated for each dataset (24, 25). Multi-ignition �res were 
identi�ed as having at least two �re starts that either fully merged or 
burned simultaneously within the land cover–speci�c distance thresh-
old, indicating a high likelihood of merging between overpasses.

Following the minimum mapping unit of the widely used Moni-
toring Trends in Burn Severity Program (MTBS) for the western 

United States, we �ltered all �nal perimeters by size (1000 acres or 
4.05 km2). Fires greater than 4 km2 account for 79% of the burned 
area in California and 98% in the Arctic-boreal domain. Since agri-
cultural �res in California are generally small, they were automati-
cally excluded by the size �ltering criteria. For the Arctic-boreal 
domain, we further removed agricultural �res following the �ltering 
routine described by Scholten et al. (25). �ese constraints yielded a 
set of 830 �res in California and 16,775 �res in the Arctic-boreal 
domain for the period from 2012 through 2023.

For California, we further removed all �re polygons that did not 
coincide in space and time with a Fire and Resource Assessment 
Program (FRAP) or MTBS �re perimeter for California of the same 
year. We restricted our analysis to this smaller set of known �res to 
optimize the number of ignitions and to extract data on �re�ghting 
resource use and impacts, which are not available for all �res in the 
FEDS database. FRAP is the most complete digital record of �re 
perimeters in California, but it is still incomplete. Speci�cally, sev-
eral large �res within Camp Pendleton, Fort Hunter Liggett, Camp 
Roberts, and other military bases, as well as along the border with 
Mexico, were missing in FRAP. We therefore used MTBS perimeters 
for these missing �res. FRAP recorded a total of 515 �res in California 
in 2012–2023, and MTBS recorded an additional 41 �res. We matched 
�res based on spatial and temporal overlap. For the temporal over-
lap, we matched the “ALARM_DATE” attribute of FRAP or the 
“Ig_Date” attribute for MTBS perimeters, with the start time de-
rived from FEDS, allowing for a 10-day o�set in both directions 
to account for temporal uncertainties in all three datasets. The 
crosswalk removed small and recurring anthropogenic �res in the 
Central Valley and the Sierra Nevada foothill regions and returned 
407 unique �res.

Identi�cation of �re starts
Both datasets, FEDS and ABFA, record all �re start locations for each 
�re throughout its lifetime as detected by the VIIRS sensor. �e orig-
inal �re tracking system, therefore, does not inherently di�erentiate 
between actual wild�re ignitions and other features that resemble 
�re starts, including spot �res, back-burns ignited for �re manage-
ment purposes, or artifacts created by detection gaps (for example, 
because of dense clouds or smoke). To optimize our algorithm pa-
rameters and accurately identify wild�re ignitions, we used reference 
ignition location data for California from the Fire Program Analy-
sis Fire Occurrence Dataset (FPA-FOD) and for Canada from the 
Canadian National Fire Database (CNFDB). We compared reference 
data to the original, un�ltered ignitions, as well as seven �ltering 
strategies, including only ignitions that grew at least once before 
merging (“growth �lter”), initial ignitions, ignitions of a minimum 
size (0.5 and 1 km2), and combinations of the four strategies. To 
identify the best �ltering strategy, we created a confusion matrix of 
correctly and incorrectly identi�ed single- and multi-ignition �res 
and computed omission and commission errors, as well as the over-
all accuracy and Cohen’s Kappa value (table S9). We also computed 
the average di�erence in the number of ignitions between datasets 
for all �res and �re complexes, as well as the fraction of �res with an 
identical number of ignitions in both datasets.

For California, FPA-FOD data were matched with FEDS based 
on FRAP �re names. Fires within FPA-FOD labeled �re complexes 
were aggregated for this comparison. The highest accuracy was 
achieved by applying a combination of growth and initial ignition 
�lters, with initial ignitions considered as those that start within 
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5 days of the earliest ignition in the multi-ignition �re. �is initial 
ignition threshold was chosen in line with the maximum temporal 
threshold used in the FEDS �re tracking. Table S9A shows the con-
fusion matrix for the un�ltered and �ltered versions of FEDS, com-
pared to FPA-FOD. FPA-FOD was �ltered to only include ignitions 
larger than 100 acres (fire size classes D to G) to approximately 
match the detection abilities of FEDS. It should be noted that FPA-
FOD lists several known multi-ignition �res in California, such as 
the CZU Lightning Complex and SCU Lightning Complex in 2020, 
as single-ignition �res, and therefore, the actual commission error is 
likely lower than reported. We further conducted a visual examina-
tion of the �re progression for the remaining multi-ignition �res 
that did not contain multiple ignitions according to FPA-FOD. We 
removed two multi-ignition �res that contained artifact ignitions 
(o�en in fast-moving fuels, for example, the Sand �re in 2016). �is 
strategy served to reduce the commission error further and create a 
high-con�dence set of multi-ignition �res for the assessment of �re 
management costs and impacts using data from ICS-209 reports. 
�e relatively large omission error in table S9 indicates that actual 
costs and damages from these �res may be larger than reported here. 
Figure  S1 shows an example of the FEDS-derived ignitions com-
pared to o�cial records from FPA-FOD and the National Interagen-
cy Fire Center Operational Data Archive �re progression data for 
the August Complex �re (2020). Table S1 reports all multi-ignition 
�res in California that were identi�ed through this process.

For Canada, we matched ABFA �res with CNFDB �re locations 
based on spatial and temporal overlap. Fires in Arctic-boreal regions 
can be ignited and perpetuated through several consecutive thunder-
storms, a phenomenon that was not observed in California in our ob-
servational record. We therefore used both the start date (REP_DATE 
attribute in CNFDB) and the end date of the ABFA �res for the tem-
poral matching. Since �res in Arctic-boreal regions can smolder for 
extended periods a�er ignition before being detected by the satellite, 
we adopted a more liberal threshold of 30 days for the initial ignition 
�ltering, in line with the smoldering thresholds used in the ABFA. A 
combination of the growth �lter and a 1-km2 size �lter yielded the 
highest accuracies compared to the reference dataset and was there-
fore adopted for the entire ABFA dataset (table S9B).

We also compared the FEDS �re starts to �re starts derived from 
the GOES–Observed Fire Event Representation (GOFER GOES-West) 
product (52), which tracks �res at a higher temporal (hourly) but 
coarser spatial resolution for a set of large wild�res in California from 
2019 to 2021. GOES imagery has a spatial resolution of ~2 km at the 
equator. We found that the higher temporal resolution of this product 
does not lead to a signi�cantly elevated ignition detection e�ciency, 
likely due to the tradeo� of lower spatial resolution (table S8).

We note that the actual number of individual �re starts is likely 
considerably higher than what is captured by the satellite data when 
considering more closely clustered �re starts that merge between 
satellite overpasses. For example, the FPA-FOD �re start dataset re-
ports a total of 41 �re starts for the August Complex �re in 2020, but 
only 11 of these reach a size of more than 100 acres before merging. 
�e relatively coarse temporal (12-hourly) and spatial (375 m) reso-
lution of VIIRS satellite observations is not well suited to capture 
merging at �ne temporal and spatial scales. Furthermore, the algo-
rithm is not designed to capture spotting at the �re front or potential 
nearby ignitions caused by pyroCb-induced lightning. Such �res 
that start close to one another may also be underrepresented in �re 
inventories, particularly in remote areas. �is underrepresentation 

of rapidly merging �res likely leads to an underestimation of igni-
tion counts. However, the missed ignitions will primarily a�ect ini-
tial �re growth dynamics rather than the longer-term (multiday) �re 
behavior that constitutes the primary focus of our analysis, as multi-
ignition �res in our dataset persist signi�cantly longer than single-
ignition �res and thus are dominated by �re dynamics following 
initial attack e�orts. While we cannot determine the actual num-
ber of ignitions for rapidly merging events over intervals of less than 
12 hours, our focus on large-scale �re interactions and resource al-
location e�ects throughout the �re lifetime means that our key �nd-
ings regarding multi-ignition �re behavior remain robust to this 
detection limitation.

Multi-ignition versus complex �res
According to �re management agencies, for example, in California 
and Canada, a �re complex consists of multiple wild�res or incidents 
managed by a single Incident Management Team sharing resources 
and equipment. �e satellite �re tracking we deployed di�ers from 
this management-perspective de�nition in that it aims only to in-
clude �res that have physically merged. �e system also assembles 
�res that burn simultaneously and in close vicinity (1 to 5 km de-
pending on the prevailing land cover) into �re complexes to avoid 
fragmentation of �res due to potential detection gaps in the active 
�re data.

In comparison with reference data from Incident Status Sum-
mary (ICS-209) reports and the FPA-FOD the California FEDS ver-
sion returned a smaller number of complex �res for all years except 
2020 (table S10). �is omission was primarily caused by �res that 
burned in a common management area but did not physically merge 
or come close enough for merging to become possible or multiple 
�res that started so close to each other that merging happened too 
fast to be reliably picked up by the satellite data.

Fire cause attribution
We used a set of reference �re databases to assess whether �res were 
caused by lightning or anthropogenic sources. For California, we 
used the �re cause attribution recorded in FRAP �re perimeters, 
supplemented with data from ICS-209 reports when a cause was re-
ported as unknown.

For Alaska, we used the AWFM Fire Location database distrib-
uted by the Alaska Interagency Coordination Center, which collects 
causes reported by the responsible �re agencies. We overlaid all �re 
locations with corresponding �re perimeters of the same year based 
on spatial and temporal overlap, allowing for a 10-day uncertainty 
in the date. When several �re locations were associated with the 
same perimeter, they shared the same cause, so that no correction 
had to be applied. �is crosswalk returned 440 matched �res (asso-
ciated with 502 unique events in ABFA), out of which 369 were cat-
egorized as single-ignition and 71 as multi-ignition �res.

For Canada, we used the National Burned Area Composite (NBAC), 
which combines satellite imagery with �re data from Natural Re-
sources Canada and Provincial, Territorial, and Parks Canada agen-
cies. Fire causes in this database are reported by the responsible 
agency. We matched FEDS and NBAC perimeters by overlaying them 
and retaining only those FEDS perimeters with a detected burn date 
within a range of 10 days before to 10 days a�er the NBAC start date. 
�is crosswalk returned a total of 2648 �res (2645 events according 
to NBAC), out of which 2214 were single-ignition and 334 were 
multi-ignition �res.
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Fire management data
We used ICS-209 Incident Status Summary reports to investigate 
hazards and resource strain associated with multi-ignition �res in 
California. We downloaded more than 900 ICS-209 reports for 
California �res from 2014 to 2023 from the FAMWeb Data Ware-
house (https://www.wild�re.gov/application/famweb-data-warehouse). 
ICS-209 reports contain interagency updates of �re behavior and 
impacts, personnel, and suppression resources (e.g., engines, dozers, 
and helicopters), usually up to twice per day (morning and evening) 
for large �res during periods of active �re growth. Because ICS-209 
reports are not retroactively revised, the data required intensive pre-
processing to correct for various data entry errors, including numeri-
cal anomalies, missing data, duplicate incident numbers, delayed 
timing of reports, and data stored as text descriptions due to technical 
issues with tabular inputs. We downscaled the data to hourly time 
steps using a cubic interpolation to account for the irregular temporal 
frequency of the reports. For complex �res with multiple ICS-209 re-
ports, we merged the relevant reports. Last, we cross-walked ICS-209 
reports to FRAP by comparing incident numbers, �re names, the tim-
ing of ignition, spatial proximity to FRAP perimeters, and �nal �re 
size. We also searched the individual reports of 11 prominent com-
plex �res between 2014 and 2021 for mentions of resource limitations 
and associated risks. Excerpts of such descriptions are summarized in 
table S4. We also used ICS-209-PLUS (53) data from 2012 to 2020 to 
assess the number of �res burning in a �re complex in comparison 
with FEDS- and GOFER-derived data (tables S1 and S9).

Limited data on �re impacts were also available for Alaska from 
AWFM. �is dataset included records of threatened and damaged 
structures per fire. The methodology for matching AWFM with 
ABFA is described in the “Fire cause attribution” section above.

Modeling of �re merging probability in California
Annual probabilities for the merging of �res in California were based 
on 1000 random simulations of �re locations during each calendar 
year from 2012 to 2023. For each year, the observed number of �re 
starts (N) was used, but locations were drawn from a �re probability 
map based on FRAP �re perimeters larger than 4 km2. �e �re prob-
ability map was produced by computing the annual fraction of burned 
area from large �res recorded in FRAP in 5-km grid cells across 
California. �e probability map was adjusted to consider fuel limita-
tions from previous burning in forest and shrubland ecosystems. We 
used 30-m Global Land Cover Mapping and Estimation land cover 
data (54) for 2011 to assign each 5-km grid cell a dominant land cover 
type. We then created annual probability maps where grid cells were 
adjusted to zero if more than 10% of the grid cell had burned in the 
preceding 10 years for forests and 5 years for shrublands.

To account for di�erences in �re sizes between years, we used 
observed �re sizes to compute the probability of two �res merging. 
Fire sizes of complex �res were divided by the number of ignitions 
assuming that all ignitions contribute the same fraction of total area. 
�e merging probability was assessed by computing all distances be-
tween �re starts for each simulation and comparing them to three 
thresholds based on radii derived from observed �re sizes (table S6): 
(1) the sum of the two largest radii of the year (maximum), (2) the 
average of all radii of the year (mean), and (3) the median of all radii 
of the year (median). Radii were computed from �re sizes assum-
ing circular �re shapes. �e maximum scenario (the probability of 
merging if all �res of a given year would reach the largest �re size 
radius of that year) thereby represents a case where the largest �res 

are occurring in locations where ignitions are spatially closest. �e 
mean and median scenarios represent cases where distances between 
ignitions and �re sizes are not linked. When using the median and 
maximum observed distances between ignitions of multi-ignition 
�res as thresholds instead (i.e., disregarding di�erences in �re sizes 
between years), merging probabilities were 0.002 (median) and 0.024 
(maximum) for all years.

We computed observed distances between ignitions in multi-
ignition �res by computing pairwise distances between all ignition 
geometries. We then determined the shortest network that connects 
all ignitions and recorded all distances within that network.

E�ects of multiple ignitions on initial growth and 
�re duration
To assess the e�ect of multiple ignitions on initial growth, de�ned as 
the size on day 4 a�er the �rst ignition was detected, we selected a sub-
set of �res with a total duration of at least 4 days. Not all complex �res 
consist of �res that started on the same day. Fire starts that are scattered 
throughout time can be provided by anthropogenic ignitions, multiple 
thunderstorms delivering lightning ignitions, or by di�erences in hold-
over (smoldering) times a�er ignition and before a �re is detected by 
the satellite due to land cover variations. For the �re size comparison, 
we therefore only designated �res as multi-ignition if they had two or 
more �re starts on the �rst day of the �re. For the duration we used the 
previously developed de�nition of a multi-ignition �re that considers 
all ignitions throughout the lifetime of a �re and also included �res 
with a duration of less than 4 days. Since data on �re sizes and duration 
were strongly right-skewed, we used the Mann-Whitney test to test for 
di�erences in medians.

We also compared the daily active �re line length recorded by 
FEDS and ABFA between single- and multi-ignition �res. We summed 
up active �re line lengths and �re sizes for all �re parts for multi-
ignition �res. We then tested whether the relationship between �re 
area and �re line length di�ers between single-ignition and multi-
ignition fires using linear models. We fit three models with log-
transformed �re line length per unit burned area as the response 
variable: (1) a model with �re area and �re type (single versus multi-
ignition) as additive e�ects, (2) a model including an interaction term 
between �re area and �re type, and (3) a baseline model with �re area 
only. We used ANOVA to compare these nested models and assess 
whether the interaction term and �re type signi�cantly improved 
model �t, indicating di�erent scaling relationships between single- 
and multi-ignition �res. �e ANOVA revealed signi�cant di�erences 
between the baseline model and the model including the �re type 
(P < 0.001 for both regions), as well as between the models with and 
without interaction term (slope value of models, P < 0.001 for Arctic-
boreal regions, P = 0.02 for California).

For assessing di�erences in initial weather conditions between 
single- and multi-ignition �res, we computed daily mean VPD at ig-
nition locations using ERA5-Land (��h-generation European Centre 
for Medium-Range Weather Forecasts reanalysis) reanalysis data. We 
obtained daily mean temperature and dewpoint temperature from 
ERA5-Land and calculated saturated vapor pressure (SVP) and ac-
tual vapor pressure (AVP) using the Tetens equation

where T is the surface air temperature in kelvin. AVP is calculated 
using the same equation as SVP but with temperature T replaced by 

SVP = 6.1078 × e
17.2694× (T−273.16)

(T−35.86) (hPa)
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dewpoint temperature. VPD was then computed as the di�erence 
between SVP and AVP. ERA5-Land products are available at hourly 
temporal resolution with a native spatial resolution of ~9 km. We 
extracted VPD values at the location and timing of initial ignitions 
and computed the mean VPD over the 4 days following the time 
of ignition. We tested for signi�cant di�erences in VPD between 
single-ignition and multi-ignition �res using a two-sample t test.

PyroCb inventory
All pyroCb information was obtained from a global pyroCb inven-
tory described in detail by Peterson et al. (37), which builds from an 
earlier version of the inventory for 2013–2021 used in (36). �is da-
taset is based in part on a growing community e�ort to inventory all 
observed pyroCb activity worldwide, called �e Worldwide PyroCb 
Information Exchange (https://groups.io/g/pyrocb), which requires 
constant attention to �res and pyroCb activity in all regions world-
wide. �e inventory also leverages a previously developed automatic 
pyroCb detection algorithm applied to geostationary weather satel-
lite observations (30, 35). All entries in the inventory are listed at the 
pyroCb “event” level, de�ned as an individual pyroCb pulse or chain 
of several pulses (and resulting smoke injections) linked to a spe-
ci�c �re or segment of a large �re front (55).

�e location of individual pyroCb events provided in the inven-
tory can be displaced from the �re perimeters by several kilometers. 
For California, the pyroCb inventory contains a reference to the 
FRAP �re names. Since FEDS data were already cross-walked with 
FRAP, matching was based on �re names instead of a spatiotempo-
ral overlay analysis. �e recorded pyroCbs that had a corresponding 
FEDS �re in California included the following: 2021 Dixie (seven 
pyroCb events), 2018 Carr (two events), 2018 Cranston (two events), 
2021 KNP Complex (two events), 2018 Delta (one event), 2021 An-
telope (one event), 2021 Beckwourth Complex (one event), 2021 
Lava (one event), 2021 McFarland (one event), and 2022 Mosquito 
(one event).

For Canada and Russia, we assigned each pyroCb event to the 
closest �re within a 20-km radius that burned at the same time. Us-
ing this technique, we linked 107 of the 164 observed pyroCb events 
with a �re. For the 73 pyroCb events associated with multi-ignition 
�res in this dataset, we compared the date of pyroCbs to the merging 
date of individual �res to assess whether merging could trigger py-
roCb events. We identi�ed a pyroCb as associated with merging if a 
merging event happened between 3 days before and 1 day a�er a 
pyroCb development.

PyroCb simulation data
We chose the 2021 Dixie �re in California to analyze surface winds 
during a pyroCb event. While the Dixie �re was a single-ignition 
�re, it displayed two distinct �re fronts at the time when it devel-
oped a pyroCb on 9th August, allowing for the observation of po-
tential wind patterns that could enforce �re interactions and impede 
�re�ghting operations.

�e wild�re simulation conducted for this study used a global mul-
tiscale wild�re simulation framework integrated into the Energy 
Exascale Earth System Model (E3SM) (56). Key enhancements over 
E3SM version 2 (57) included the California Regionally Re�ned Mesh 
at a convection-permitting 3-km resolution (58), a one-dimensional 
plume-rise parameterization (59), a �re-induced vertical water vapor 
transport scheme, and surface wild�re sensible heat �ux representa-
tion. �e deep convection scheme was turned o� for all grids, and 

large-scale dynamics were constrained in coarser resolution areas 
using nudging for horizontal winds, temperature, and speci�c humid-
ity. �e dynamic core’s time step was reduced to 9.375 s to accommo-
date the �ner resolution, and the simulation used Cloud Layers Uni�ed 
By Binormals (60) for turbulence and the cloud microphysics scheme 
described by Gettelman and Morrison (MG2) (61) for cloud micro-
physics. �e Dixie Fire simulation covered 8 to 14 August 2021 
(2021/08/08 00 UTC-2021/08/14 00 UTC) and used ERA5-based 
atmospheric initial conditions merged with prespun aerosol �elds 
from prior output, removing the need for additional spin-up. In both 
cases, the free-running domain for nudging was centered at (37.2°N, 
119.4°W) with a 17° × 17° extent. Nudging was applied using the prod-
uct of two vertical Heaviside window functions—one for the lower and 
one for the upper atmosphere—scaled by a default timescale, yield-
ing 6 hours below 100 hPa and 50 hours above. �is weaker strato-
spheric nudging allowed two-way interactions between wild�re plumes 
and the large-scale circulation. Two experiments were conducted: a 
“Fire” run incorporating high-resolution (500-m, hourly) Fire Radia-
tive Power data speci�c to the Dixie Fire and a “NoFire” run excluding 
�re emissions. Inside the California domain, the model atmosphere 
was freely evolving, while outside the domain, nudging was applied to 
constrain large-scale circulation. �e simulated results successfully re-
produced key pyroCb features, including cloud height, spatiotemporal 
evolution, and convective intensity. For more details, please see (56). 
�e surface wind di�erences during peak pyroCb activity demon-
strate the critical role of �re processes in shaping regional atmospheric 
dynamics (�g. S4).

Supplementary Materials
This PDF �le includes:

Figs. S1 to S5

Tables S1 to S10

REFERENCES
	 1.	 M. Burke, A. Driscoll, S. Heft-Neal, J. Xue, J. Burney, M. Wara, The changing risk and burden 

of wild�re in the United States. Proc. Natl. Acad. Sci. U.S.A. 118, e2011048118 (2021).

	 2.	 F. H. Johnston, N. Borchers-Arriagada, G. G. Morgan, B. Jalaludin, A. J. Palmer,  

G. J. Williamson, D. M. J. S. Bowman, Unprecedented health costs of smoke-related PM2.5 

from the 2019–20 Australian mega�res. Nat. Sustain. 4, 42–47 (2021).

	 3.	T . Ye, Y. Guo, G. Chen, X. Yue, R. Xu, M. de Sousa Zanotti Stagliorio Coêlho, P. H. N. Saldiva, 

Q. Zhao, S. Li, Risk and burden of hospital admissions associated with wild�re-related 

PM2·5 in Brazil, 2000–15: A nationwide time-series study. Health 5, e599–e607 (2021).

	 4.	 F. Reisen, S. M. Duran, M. Flannigan, C. Elliott, K. Rideout, Wild�re smoke and public 

health risk. Int. J. Wildland Fire 24, 1029–1044 (2015).

	 5.	D . Thomas, D. Butry, S. Gilbert, D. Webb, J. Fung, “The costs and losses of wild�res: A 

literature survey” (NIST SP 1215, National Institute of Standards and Technology, 

Gaithersburg, MD, 2017); https://doi.org/10.6028/NIST.SP.1215.

	 6.	 J. K. Shuman, J. K. Balch, R. T. Barnes, P. E. Higuera, C. I. Roos, D. W. Schwilk, E. N. Stavros,  

T. Banerjee, M. M. Bela, J. Bendix, S. Bertolino, S. Bililign, K. D. Bladon, P. Brando,  

R. E. Breidenthal, B. Buma, D. Calhoun, L. M. V. Carvalho, M. E. Cattau, K. M. Cawley,  

S. Chandra, M. L. Chipman, J. Cobian-Iñiguez, E. Conlisk, J. D. Coop, A. Cullen, K. T. Davis,  

A. Dayalu, F. De Sales, M. Dolman, L. M. Ellsworth, S. Franklin, C. H. Guiterman,  

M. Hamilton, E. J. Hanan, W. D. Hansen, S. Hantson, B. J. Harvey, A. Holz, T. Huang,  

M. D. Hurteau, N. T. Ilangakoon, M. Jennings, C. Jones, A. Klimaszewski-Patterson,  

L. N. Kobziar, J. Kominoski, B. Kosovic, M. A. Krawchuk, P. Laris, J. Leonard,  

S. M. Loria-Salazar, M. Lucash, H. Mahmoud, E. Margolis, T. Maxwell, J. L. McCarty,  

D. B. McWethy, R. S. Meyer, J. R. Miesel, W. K. Moser, R. C. Nagy, D. Niyogi, H. M. Palmer,  

A. Pellegrini, B. Poulter, K. Robertson, A. V. Rocha, M. Sadegh, F. Santos, F. Scordo, J. O. Sexton, 

A. S. Sharma, A. M. S. Smith, A. J. Soja, C. Still, T. Swetnam, A. D. Syphard, M. W. Tingley,  

A. Tohidi, A. T. Trugman, M. Turetsky, J. M. Varner, Y. Wang, T. Whitman, S. Yelenik, X. Zhang, 

Reimagine �re science for the anthropocene. PNAS Nexus 1, pgac115 (2022).

	 7.	 S. T. Seydi, J. T. Abatzoglou, M. W. Jones, C. A. Kolden, G. Filippelli, M. D. Hurteau,  

A. AghaKouchak, C. H. Luce, C. Miao, M. Sadegh, Increasing global human exposure to 

wildland �res despite declining burned area. Science 389, 826–829 (2025).

D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://w
w

w
.scien

ce.o
rg

 at U
n
iv

ersity
 o

f C
alifo

rn
ia Irv

in
e o

n
 Jan

u
ary

 0
2
, 2

0
2
6



Scholten et al., Sci. Adv. 12, eadx6477 (2026)     2 January 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

11 of 12

	 8.	T . M. Ellis, D. M. J. S. Bowman, P. Jain, M. D. Flannigan, G. J. Williamson, Global increase in 

wild�re risk due to climate-driven declines in fuel moisture. Glob. Chang. Biol. 28, 

1544–1559 (2022).

	 9.	 M. W. Jones, J. T. Abatzoglou, S. Veraverbeke, N. Andela, G. Lasslop, M. Forkel, A. J. P. Smith, 

C. Burton, R. A. Betts, G. R. van der Werf, S. Sitch, J. G. Canadell, C. Santín, C. Kolden,  

S. H. Doerr, C. Le Quéré, Global and regional trends and drivers of �re under climate 

change. Rev. Geophys. 60, e2020RG000726 (2022).

	 10.	 J. G. Canadell, C. P. M. Meyer, G. D. Cook, A. J. Dowdy, P. R. Briggs, J. Knauer, A. Pepler,  

V. Haverd, Multi-decadal increase of forest burned area in Australia is linked to climate 

change. Nat. Commun. 12, 6921 (2021).

	 11.	 A. P. Williams, J. T. Abatzoglou, A. Gershunov, J. Guzman-Morales, D. A. Bishop, J. K. Balch, 

D. P. Lettenmaier, Observed impacts of anthropogenic climate change on wild�re in 

California. Earth’s Future 7, 892–910 (2019).

	 12.	 Y. Jin, M. L. Goulden, N. Faivre, S. Veraverbeke, F. Sun, A. Hall, M. S. Hand, S. Hook,  

J. T. Randerson, Identi�cation of two distinct �re regimes in Southern California: 

Implications for economic impact and future change. Environ. Res. Lett. 10, 094005 (2015).

	 13.	 S. Hantson, N. Andela, M. L. Goulden, J. T. Randerson, Human-ignited �res result in more 

extreme �re behavior and ecosystem impacts. Nat. Commun. 13, 2717 (2022).

	 14.	 J. K. Balch, V. Iglesias, A. L. Mahood, M. C. Cook, C. Amaral, A. De Castro, S. Leyk,  

T. L. M. Intosh, R. Chelsea Nagy, L. S. Denis, T. Tu�, E. Verleye, A. Park Williams, C. A. Kolden, 

The fastest-growing and most destructive �res in the US (2001 to 2020). Science 386, 

425–431 (2024).

	 15.	 A. A. Gutierrez, S. Hantson, B. Langenbrunner, B. Chen, Y. Jin, M. L. Goulden,  

J. T. Randerson, Wild�re response to changing daily temperature extremes in California’s 

Sierra Nevada. Sci. Adv. 7, eabe6417 (2021).

	 16.	 R. C. Scholten, D. Coumou, F. Luo, S. Veraverbeke, Early snowmelt and polar jet dynamics 

co-in�uence recent extreme Siberian �re seasons. Science 378, 1005–1009 (2022).

	 17.	 P. Jain, M. D. Flannigan, The relationship between the polar jet stream and extreme 

wild�re events in North America. J. Clim. 34, 6247–6265 (2021).

	 18.	 M. Á. Torres-Vázquez, F. Di Giuseppe, A. Moreno-Torreira, A. Gincheva, S. Jerez, M. Turco, 

Large increase in extreme �re weather synchronicity over Europe. Environ. Res. Lett. 20, 

024045 (2025).

	 19.	 J. T. Abatzoglou, C. S. Juang, A. P. Williams, C. A. Kolden, A. L. Westerling, Increasing 

synchronous �re danger in forests of the Western United States. Geophys. Res. Lett. 48, 

e2020GL091377 (2021).

	 20.	 M. A. Moritz, M. E. Morais, L. A. Summerell, J. M. Carlson, J. Doyle, Wild�res, complexity, 

and highly optimized tolerance. Proc. Natl. Acad. Sci. U.S.A. 102, 17912–17917 (2005).

	 21.	 S. Hantson, S. Pueyo, E. Chuvieco, Global �re size distribution: From power law to 

log-normal. Int. J. Wildland Fire 25, 403–412 (2016).

	 22.	 B. D. Malamud, J. D. A. Millington, G. L. W. Perry, Characterizing wild�re regimes in the 

United States. Proc. Natl. Acad. Sci. U.S.A. 102, 4694–4699 (2005).

	 23.	 S. Li, T. Banerjee, Spatial and temporal pattern of wild�res in California from 2000 to 2019. 

Sci. Rep. 11, 8779 (2021).

	 24.	 Y. Chen, S. Hantson, N. Andela, S. R. Co�eld, C. A. Gra�, D. C. Morton, L. E. Ott,  

E. Foufoula-Georgiou, P. Smyth, M. L. Goulden, J. T. Randerson, California wild�re spread 

derived using VIIRS satellite observations and an object-based tracking system. Sci. Data 

9, 249 (2022).

	 25.	 R. C. Scholten, S. Veraverbeke, Y. Chen, J. T. Randerson, Spatial variability in Arctic–boreal �re 

regimes in�uenced by environmental and human factors. Nat. Geosci. 17, 866–873 (2024).

	 26.	 K. Hayes, C. M. Ho�man, R. Linn, J. Ziegler, B. Buma, Fuel constraints, not �re weather 

conditions, limit �re behavior in reburned boreal forests. Agric. For. Meteorol. 358, 110216 

(2024).

	 27.	 A. I. Filkov, B. Holyland, B. Cirulis, K. Moinuddin, D. Sutherland, J. Sharples, J. Hilton,  

C. B. Clements, T. D. Penman, Investigating the dynamic behaviour of merging �re fronts. 

Int. J. Wildland Fire 34, DOI: 10.1071/WF24126 (2025).

	 28.	 J. K. Balch, B. A. Bradley, J. T. Abatzoglou, R. C. Nagy, E. J. Fusco, A. L. Mahood, Human-

started wild�res expand the �re niche across the United States. Proc. Natl. Acad. Sci. U.S.A. 

114, 2946–2951 (2017).

	 29.	D . A. Kalashnikov, J. T. Abatzoglou, N. J. Nauslar, D. L. Swain, D. Touma, D. Singh, 

Meteorological and geographical factors associated with dry lightning in central and 

northern California. Environ. Res. Climate 1, 025001 (2022).

	 30.	D . A. Peterson, E. J. Hyer, J. R. Campbell, J. E. Solbrig, M. D. Fromm, A conceptual model for 

development of intense pyrocumulonimbus in Western North America. Mon. Weather 

Rev. 145, 2235–2255 (2017).

	 31.	 J. Podur, M. Wotton, Will climate change overwhelm �re management capacity? Ecol. 

Model. 221, 1301–1309 (2010).

	 32.	T . D. Hessilt, J. T. Abatzoglou, Y. Chen, J. T. Randerson, R. C. Scholten, G. Van Der Werf,  

S. Veraverbeke, Future increases in lightning ignition e�ciency and wild�re occurrence 

expected from drier fuels in boreal forest ecosystems of western North America. Environ. 

Res. Lett. 17, 054008 (2022).

	 33.	 F. Sedano, J. T. Randerson, Multi-scale in�uence of vapor pressure de�cit on �re ignition 

and spread in boreal forest ecosystems. Biogeosciences 11, 3739–3755 (2014).

	 34.	 P. Jain, Drivers and impacts of the record-breaking 2023 wild�re season in Canada. Nat. 

Commun. 15, 6764 (2024).

	 35.	D . A. Peterson, M. D. Fromm, J. E. Solbrig, E. J. Hyer, M. L. Surratt, J. R. Campbell, Detection 

and inventory of intense pyroconvection in Western North America using GOES-15 

daytime infrared data. J. Appl. Meteorol. Climatol. 56, 471–493 (2017).

	 36.	 M. Fromm, R. Servranckx, B. J. Stocks, D. A. Peterson, Understanding the critical elements 

of the pyrocumulonimbus storm sparked by high-intensity wildland �re. Commun. Earth 

Environ. 3, 243 (2022).

	 37.	D . A. Peterson, M. Berman, M. Fromm, W. Julstrom, R. Servranckx, E. Hyer, J. Campbell, 

Worldwide inventory reveals the frequency and variability of pyrocumulonimbus and 

stratospheric smoke plumes during 2013–2023. npj Clim. Atmos. Sci. 8, 325 (2025).

	 38.	 M. A. Finney, S. S. McAllister, A review of �re interactions and mass �res. J. Combust. 2011, 

548328 (2011).

	 39.	 R. L. Badlan, J. J. Sharples, J. P. Evans, R. H. D. McRae, “Insights into the role of �re 

geometry and violent pyroconvection” in MODSIM2019, 23rd International Congress on 

Modelling and Simulation, S. El Sawah, Ed. (Modelling and Simulation Society of Australia 

and New Zealand, 2019); https://mssanz.org.au/modsim2019/H7/badlan.pdf.

	 40.	N . P. Lareau, C. B. Clements, A. Kochanski, T. Aydell, A. T. Hudak, T. R. McCarley, R. Ottmar, 

Observations of a rotating pyroconvective plume. Int. J. Wildland Fire 33, WF23045 (2024).

	 41.	 M. G. Cruz, A. L. Sullivan, J. S. Gould, N. C. Sims, A. J. Bannister, J. J. Hollis, R. J. Hurley, 

Anatomy of a catastrophic wild�re: The Black Saturday Kilmore East �re in Victoria, 

Australia. For. Ecol. Manag. 284, 269–285 (2012).

	 42.	 A. J. Dowdy, M. D. Fromm, N. McCarthy, Pyrocumulonimbus lightning and �re ignition on 

Black Saturday in southeast Australia. JGR Atmospheres 122, 7342–7354 (2017).

	 43.	E . Dworak, D. A. Peterson, P. E. Saide, L. Thapa, J. Bortnik, Impact of smoke aerosol loading 

on lightning characteristics of pyrocumulonimbus compared with other high-based 

thunderstorms. JGR Atmospheres 130, e2024JD042285 (2025).

	 44.	H . Fry, S. Lin, J. Serna, “SoCal blazes spread in high heat; line �re in inland empire grows to 

23,600 acres in 4 days and is 3% contained,” Los Angeles Times, 10 September 2024.

	 45.	 Struzik, E., “Inside the mind of a wild�re” in Firestorm (Island Press, 2017); https://doi.

org/10.5822/978-1-61091-819-0_3.

	 46.	 B. Kochtubajda, J. Brimelow, M. Flannigan, B. Morrow, M. D. Greenhough, “Sidebar 7.1: 

The extreme 2016 wild�re in Fort McMurray, Alberta, Canada” in State of the Climate in 

2016 (Bull. Amer. Meteor. Soc., 2017; DOI: 10.1175/2017BAMSStateoftheClimate.1.). vol. 8 

of 98, pp. 93–98.

	 47.	N . P. Lareau, Plume dynamics drive extreme long-range spotting during California’s Dixie 

Fire. JGR Atmospheres 130, e2024JD043167 (2025).

	 48.	 B. E. Potter, J. R. Hernandez, Downdraft out�ows: Climatological potential to in�uence �re 

behaviour. Int. J. Wildland Fire 26, 685–692 (2017).

	 49.	 R. R. Linn, J. K. Hiers, J. J. O’Brien, K. Yedinak, C. Ho�man, J. Can�eld, D. Robinson,  

S. Goodrick, Wildland �re entrainment: The missing link between wildland �re and its 

environment. PNAS Nexus 4, pgae576 (2024).

	 50.	 A. Desai, W. E. Heilman, N. S. Skowronski, K. L. Clark, M. R. Gallagher, C. B. Clements,  

T. Banerjee, Features of turbulence during wildland �res in forested and grassland 

environments. Agric. For. Meteorol. 338, 109501 (2023).

	 51.	 Y. Chen, D. M. Romps, J. T. Seeley, S. Veraverbeke, W. J. Riley, Z. A. Mekonnen,  

J. T. Randerson, Future increases in Arctic lightning and �re risk for permafrost carbon. 

Nat. Clim. Chang. 11, 404–410 (2021).

	 52.	T . Liu, J. T. Randerson, Y. Chen, D. C. Morton, E. B. Wiggins, P. Smyth, E. Foufoula-Georgiou, 

R. Nadler, O. Nevo, Systematically tracking the hourly progression of large wild�res using 

GOES satellite observations. Earth Syst. Sci. Data 16, 1395–1424 (2024).

	 53.	L . St. Denis, K. C. Short, K. McConnell, M. Cook, M. Buckland, All-hazards dataset mined 

from the US National Incident Management System 1999–2020, version 3, �gshare 

(2022); https://doi.org/10.6084/m9.�gshare.19858927.v3.

	 54.	 P. Arevalo, R. Stanimirova, E. Bullock, Y. Zhang, K. Tarrio, K. Turlej, K.-T. Hu, K. McAvoy, V. 

Pasquarella, C. Woodcock, P. Olofsson, Z. Zhu, N. Gorelick, T. Loveland, C. Barber, M. Friedl, 

Global Land Cover Mapping and Estimation Yearly 30 m V001, NASA Land Processes 

Distributed Active Archive Center (2022); https://doi.org/10.5067/MEASURES/GLANCE/

GLANCE30.001.

	 55.	D . A. Peterson, M. D. Fromm, R. H. D. McRae, J. R. Campbell, E. J. Hyer, G. Taha,  

C. P. Camacho, G. P. Kablick, C. C. Schmidt, M. T. DeLand, Australia’s Black Summer 

pyrocumulonimbus super outbreak reveals potential for increasingly extreme 

stratospheric smoke events. npj Clim. Atmos Sci. 4, 38 (2021).

	 56.	 Z. Ke, Q. Tang, J. Zhang, Y. Chen, J. Randerson, J. Li, Y. Zhang, Simulating 

pyrocumulonimbus clouds using a multiscale wild�re simulation framework. Geophys. 

Res. Lett. 52, e2024GL114025 (2025).

	 57.	 J. Golaz, L. P. Van Roekel, X. Zheng, A. F. Roberts, J. D. Wolfe, W. Lin, A. M. Bradley, Q. Tang, 

M. E. Maltrud, R. M. Forsyth, C. Zhang, T. Zhou, K. Zhang, C. S. Zender, M. Wu, H. Wang,  

A. K. Turner, B. Singh, J. H. Richter, Y. Qin, M. R. Petersen, A. Mametjanov, P. Ma, V. E. Larson, 

J. Krishna, N. D. Keen, N. Je�ery, E. C. Hunke, W. M. Hannah, O. Guba, B. M. Gri�n, Y. Feng, 

D. Engwirda, A. V. Di Vittorio, C. Dang, L. M. Conlon, C. Chen, M. A. Brunke, G. Bisht,  

J. J. Benedict, X. S. Asay-Davis, Y. Zhang, M. Zhang, X. Zeng, S. Xie, P. J. Wolfram, T. Vo,  

D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://w
w

w
.scien

ce.o
rg

 at U
n
iv

ersity
 o

f C
alifo

rn
ia Irv

in
e o

n
 Jan

u
ary

 0
2
, 2

0
2
6



Scholten et al., Sci. Adv. 12, eadx6477 (2026)     2 January 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

12 of 12

M. Veneziani, T. K. Tesfa, S. Sreepathi, A. G. Salinger, J. E. J. R. Eyre, M. J. Prather, S. Mahajan, 

Q. Li, P. W. Jones, R. L. Jacob, G. W. Huebler, X. Huang, B. R. Hillman, B. E. Harrop, J. G. Foucar,  

Y. Fang, D. S. Comeau, P. M. Caldwell, T. Bartoletti, K. Balaguru, M. A. Taylor, R. B. McCoy,  

L. R. Leung, D. C. Bader, The DOE E3SM Model Version 2: Overview of the physical model and 

initial model evaluation. J. Adv. Model Earth Syst. 14, e2022MS003156 (2022).

	 58.	 J. Zhang, P. Bogenschutz, Q. Tang, P. Cameron-smith, C. Zhang, Leveraging regional mesh 

re�nement to simulate future climate projections for California using the Simpli�ed 

Convection-Permitting E3SM Atmosphere Model Version 0. Geosci. Model Dev. 17, 

3687–3731 (2024).

	 59.	 S. R. Freitas, K. M. Longo, R. Chat�eld, D. Latham, J. C. Santos, R. Gielow, J. A. Carvalho Jr., 

Including the sub-grid scale plume rise of vegetation �res in low resolution atmospheric 

transport models. Atmos. Chem. Phys. 7, 3385–3398 (2007).

	 60.	 J.-C. Golaz, V. E. Larson, W. R. Cotton, A PDF-based model for boundary layer clouds. Part I: 

Method and model description. J. Atmos. Sci. 59, 3540–3551 (2002).

	 61.	 A. Gettelman, H. Morrison, Advanced two-moment bulk microphysics for global 

models. Part I: O�-line tests and comparison with other schemes. J. Clim. 28, 1268–1287 

(2015).

	 62.	 R. H. Holzworth, J. B. Brundell, M. P. McCarthy, A. R. Jacobson, C. J. Rodger, T. S. Anderson, 

Lightning in the Arctic. Geophys. Res. Lett. 48, e2020GL091366 (2021).

Acknowledgments 

Funding: This work was supported by the Dutch Research Council (NWO) Rubicon Grant 

019.241EN.018 (R.C.S.); NASA Earth Information System–Fire 80NSSC20K0590 (J.T.R. and 

D.C.M.); NASA Modeling, Analysis, and Prediction (MAP) Program 80NSSC21K1362 (J.T.R. and 

D.C.M.); NASA FireSense 80NSSC24K1823 and 80NSSC24K1317 (J.T.R. and D.C.M.); US 

Department of Energy Lawrence Livermore National Laboratory Lab Directed Research and 

Development program 22-ERD-008 and 24-ERD-019 (Q.T.); US National Science Foundation 

Collaborations in Arti�cial Intelligence and Geosciences grant RISE-2425932 (J.T.R.); US 

Department of Energy O�ce of Science Biological and Environmental Research E3SM project 

(J.T.R.); NOAA Climate and Global Change Postdoctoral Fellowship NA21OAR4310383 (T.L.); US 

National Science Foundation NSF-AGS-PDM-2146520 (T.B.); US National Science Foundation 

NSF-OISE-2114740 (T.B.); US National Science Foundation NSF-CPS-2209695 (T.B.); US National 

Science Foundation NSF-ECO-CBET-2318718 (T.B.); US National Science Foundation 

NSF-DMS-2335847) (T.B.); US National Science Foundation NSF RISE FIRE: FG28482 (T.B.); 

University of California O�ce of the President UCOP-LFR-20-653572 (T.B.); NASA 

80NSSC22K1911 (T.B.); United States Department of Agriculture NIFA 2021-67022-35908 (T.B.); 

United States Department of Agriculture USDA-20-CR-11242306-072 (T.B.); European Research 

Council Consolidator grant 101000987 (S.V.); University of California, Irvine Henry Samueli 

Endowed Fellowship, Public Impact Fellowship, and Graduate Dean’s Dissertation Fellowship 

(A.Des.); NASA Modeling, Analysis, and Prediction (MAP) Program 80HQTR21T0099 (D.A.P.); 

NASA SAGE III/ISS Science Team 80NSSC24K1183 (D.A.P.); NASA FireSense Program (D.A.P.); 

NASA INjected Smoke and PYRocumulonimbus Experiment (INSPYRE) (D.A.P.); and National 

Science Foundation grant no. OIA- 2148788 (Z.K.). Lawrence Livermore National Laboratory 

(LLNL) is operated by Lawrence Livermore National Security, LLC, for the US Department of 

Energy, National Nuclear Security Administration under Contract DE-AC52-07NA27344. LLNL 

IM Release: LLNL-JRNL-2006143. Author contributions: Conceptualization: R.C.S., J.T.R., and 

S.V. Methodology: R.C.S., Y.C., Z.K., T.L., Q.T., J.Z., J.T.R., S.V., and D.A.P. Software: R.C.S., Y.C., J.Z., 

and Q.T. Resources: A.Del., J.T.R., D.A.P., and Y.C. Data curation: R.C.S., Z.K., D.A.P., T.L., and Q.T. 

Investigation: R.C.S., Z.K., and A.Del. Visualization: R.C.S. and D.A.P. Validation: R.C.S., A.Del., and 

D.A.P. Formal analysis: R.C.S., Z.K., A.Del., and Q.T. Writing—original draft: R.C.S. Writing—

review and editing: R.C.S., T.B., Y.C., A.Del., A.Des., Z.K., T.L., D.C.M., D.A.P., Q.T., S.V., J.Z., and J.T.R. 

Project administration: R.C.S., J.T.R., and Q.T. Funding acquisition: R.C.S., J.T.R., and Q.T. 

Supervision: J.T.R., T.L., and Q.T. Competing interests: The authors declare that they have no 

competing interests. Data and materials availability: The satellite-derived �re tracking data 

underlying this research are available from Pangaea (https://doi.org/10.1594/

PANGAEA.967653) and �gshare (https://doi.org/10.6084/m9.�gshare.c.5601537.v1). Reference 

data on �re perimeters and �re ignitions can be accessed via https://�re.ca.gov/what-we-do/

�re-resource-assessment-program/�re-perimeters for the FRAP, https://mtbs.gov/

direct-download for the MTBS, https://fs.usda.gov/rds/archive/Catalog/RDS-2013-0009.5 for 

the FPA-FOD, https://cw�s.cfs.nrcan.gc.ca/datamart/download/nbac for NBAC, and https://�re.

ak.blm.gov/aicc.php for Alaska Interagency Coordination Center �re perimeters. Incident 

Status Summary reports for California are available from the FAMWeb Data Warehouse 

(https://wild�re.gov/application/famweb-data-warehouse) and the ICS-209-Plus database 

(https://�gshare.com/articles/dataset/All-hazards_dataset_mined_from_the_US_National_

Incident_Management_System_1999-2020/19858927/3). ERA5 reanalysis data can be 

retrieved from the Copernicus Climate Data Store (https://cds.climate.copernicus.eu/datasets/

derived-era5-land-daily-statistics?tab=download). The Worldwide PyroCb Inventory data �le 

used in this study is available as a supplementary data �le in Peterson et al. (37) (https://doi.

org/10.1038/s41612-025-01188-5).

Submitted 22 March 2025 

Accepted 1 December 2025 

Published 2 January 2026 

10.1126/sciadv.adx6477

D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://w
w

w
.scien

ce.o
rg

 at U
n
iv

ersity
 o

f C
alifo

rn
ia Irv

in
e o

n
 Jan

u
ary

 0
2
, 2

0
2
6


	Multi-ignition fire complexes drive extreme fire years and impacts
	INTRODUCTION
	RESULTS
	Disproportionate contribution to burned area and impacts
	Dry lightning causes clustered fire ignitions
	Multi-ignition fires can overwhelm firefighting efforts


	DISCUSSION
	MATERIALS AND METHODS
	Fire tracking data
	Identification of fire starts
	Multi-ignition versus complex fires
	Fire cause attribution
	Fire management data
	Modeling of fire merging probability in California
	Effects of multiple ignitions on initial growth and fire duration
	PyroCb inventory
	PyroCb simulation data

	Supplementary Materials
	This PDF file includes:

	REFERENCES
	Acknowledgments


