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Abstract 24 

Climate change is intensifying fire behavior, with the largest and fastest-spreading fires causing 25 

the greatest impacts on people and ecosystems. Yet the mechanisms driving variability and trends 26 

in large fires remain poorly understood. Using 12-hour satellite-derived fire tracking data from 27 

2012–2023, we show that the merging of separate ignitions into multi-ignition complexes is a key 28 

process amplifying fire size and destructive potential across temperate and boreal ecoregions. 29 

Multi-ignition fires account for 31% of the burned area in California and 59% in the Arctic–30 

boreal domain, spread faster and persist longer than single-ignition fires, and disproportionately 31 

contribute to extreme fire years in California, Canada, and Siberia. They also generate stronger 32 

atmospheric feedbacks, produce more pyrocumulonimbus events, and strain firefighting capacity 33 

by dispersing suppression resources. Recognizing and accounting for fire-merging dynamics is 34 

critical for improving wildfire prediction, risk assessment, and management. 35 

 36 

Teaser 37 

When lightning ignites multiple fires that merge, the resulting complexes spread faster and cause 38 

greater destruction. 39 

 40 
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MAIN TEXT 41 

 42 

 43 

 44 

Introduction 45 

The last decade has seen increasing wildfire disasters contributing to economic losses and 46 

ecosystem damage (1–6). Climate warming has been linked to increasing burned areas, especially 47 

in forested regions across global biomes (7–10). The devastating impacts from wildfires are, 48 

however, often caused by extreme fire behavior, spread rate, and size (11–13), and trends in such 49 

fire extremes are poorly understood. New climate extremes may facilitate fires that escape initial 50 

control (14) or synchronize fire behavior within and across regions due to persistent large-scale 51 

weather patterns (15–18), requiring triaging of fire suppression resources. 52 

Globally, fire sizes follow a log-normal distribution, with the vast majority of fires remaining 53 

small (19–21). Large fire seasons are often dominated by a few rare, large events (22). Fires 54 

usually originate from a single anthropogenic or natural point of ignition. In contrast, multi-55 

ignition fires are wildfires that result from multiple separate ignition points that eventually merge 56 

into a single fire perimeter. Even though there are prominent examples of extremely large and 57 

destructive multi-ignition fires in regions such as California in 2020 and Canada in 2023, there 58 

has been little quantitative assessment of these events or of how their impacts differ from those of 59 

single-ignition wildfires. 60 

Here, we assessed the contribution of multi-ignition fires to regional burned area and loss and 61 

damage in temperate and boreal forest ecosystems using satellite data from 2012–2023. We 62 

examine their causes, impacts, and the atmospheric and human system feedbacks that may 63 

amplify their destructiveness. Our analysis leverages recent advances in sub-daily fire tracking, 64 

drawing on perimeter data from the California Fire Events Data Suite (FEDS version 2) and the 65 

Arctic-boreal Fire Atlas (ABFA) (23, 24). Together, these datasets provide the most spatially 66 

extensive observations currently available for tracking fire dynamics at sub-daily time steps 67 

across diverse fire regimes, enabling us to identify and characterize multi-ignition fires as a 68 

broad-scale phenomenon. The datasets track individual large (>4 km2) fire events' starting 69 

location, growth, and merging. Each fire perimeter at a 12-hour time step is derived from active 70 

fire observations from the Visible Infrared Imaging Radiometer Suite (VIIRS) instrument on the 71 

Suomi NPP satellite, with a nadir spatial resolution of approximately 375 m. Fire perimeters were 72 

validated using official records in regions for which these were available (California, Alaska, and 73 

Canada). We classified fire events as multi-ignition fires if the fire tracking algorithms identified 74 

multiple nearby fire starts that remained independent for two or more time steps before physically 75 

merging (see Materials and methods). We note that this definition differs from the term “complex 76 

fire” in fire management contexts, which refers to fires managed by a single Incident 77 

Management Team that shares resources and equipment. The number and location of ignition 78 

points for the fires we identified as multi-ignition fires agreed reasonably well with state and 79 

federal records in California and Canada (table S1, fig. S1).  80 

 81 

Results  82 

Disproportionate contribution to burned area and impacts 83 

The largest individual fires between 2012 and 2023 in California and the Arctic-boreal domain 84 

were multi-ignition fires (Fig. 1). The largest fire on record in California, the August Complex 85 

fire, burned 4,489 km2 in 2020 and had 10 fire starts. Five of the ten largest fires in California 86 

during 2012–2023 were multi-ignition fires. In Yakutia, Eastern Siberia, 27 fire starts merged in 87 

2021 to ultimately burn a total area of 15,759 km2. Multi-ignition fires accounted for 7% of the 88 
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total number of fires larger than 4 km2 in California and 13% in the Arctic-boreal domain 89 

(Fig. 2A,D). However, they contributed to 31% of the burned area in California and 59% of the 90 

burned area in the Arctic-boreal domain since 2012 (Fig. 2B,E). Normalizing by the number of 91 

separate ignition points, multi-ignition fires burned more area than single ignition fires 92 

(Fig. 2C,F) in both California (median: 103.2 km2 vs. 22.0 km2, p < 0.001; unless otherwise 93 

noted, all p-values are from a Mann–Whitney test) and the Arctic-boreal domain (median: 44.4 94 

km2 vs. 14.0 km2, p < 0.001, table S2). These fires occurred more frequently in California's 95 

northern coastal and mountain regions (fig. S2A) and were widely distributed across North 96 

America and Siberia in the Arctic-boreal domain (fig. S2B). 97 

Multi-ignition fires strongly influenced the interannual variability in burned area in temperate and 98 

boreal regions (Fig. 3, table S3). The coefficient of variation (CV) of burned area associated with 99 

multi-ignition fires was higher than the CV of burned area associated with single-ignition fires in 100 

all regions. Notably, large fire years in all regions consistently had larger contributions from 101 

multi-ignition fires than small fire years (Fig. 3, table S3). For example, multi-ignition fires 102 

accounted for 42% of the burned area in California's largest fire years (2020 and 2021), compared 103 

to only 21% for all other fire years since 2012. Likewise, 76% of the burned area in Canada's 104 

extreme 2023 fire season originated from multi-ignition fires. In Russia, multi-ignition fires 105 

contributed to 67% of the burned area in high-fire years during 2012 and 2021. 106 

Recent fire perimeters can restrict the growth of a newly occurring fire by reducing the amount of 107 

available fuel (25). This limitation from fuel availability would be expected to constrain the 108 

spread and size of multi-ignition fires relative to more widely spaced fires with the same number 109 

of ignition points. However, our results indicate that fires grow larger when burning in a multi-110 

ignition event. This counterintuitive behavior may be related to fire behavior traits that enable 111 

faster initial growth and longer duration of these fires. Indeed, multi-ignition fires lasted longer on 112 

average than single ignition fires in California (median: 26.8 days vs. 3.5 days, p < 0.001) and in 113 

the Arctic-boreal domain (median: 28.0 days vs. 10.0 days, p < 0.001, Fig. 4, table S2). Four days 114 

after ignition, multi-ignition fires burned more area per fire start compared to single-ignition fires 115 

in the Arctic-boreal domain (median: 8.4 km2 vs. 5.7 km2, p < 0.001, table S2), but not in 116 

California. This faster initial growth could not be explained by more favorable weather 117 

conditions. For instance, vapor pressure deficit values during the first four days of multi-ignition 118 

fires were similar compared to those observed for single-ignition fires in both regions (Fig. 4B). 119 

Multi-ignition fires may exhibit enhanced spread and persistence due to factors such as a longer 120 

active fire line relative to the fire area compared to single-ignition fires (Fig. 4D-E, ANOVA test, 121 

p < 0.001) and potential fire interaction effects (26).  122 

We used ICS-209 Incident Status Summary reports to assess the fire management resources and 123 

damages associated with fires in California. ICS-209 reports are standardized incident status 124 

summary forms used by US wildfire management agencies to document and communicate key 125 

fire characteristics, resources deployed, and suppression progress during active wildfire incidents. 126 

Multi-ignition fires in California were significantly more expensive to manage (median cost: 127 

$51M) and required higher levels of fire suppression resources than single-ignition fires (median 128 

cost: $12M, p < 0.001, table S4). Multi-ignition fires also required twice the number of personnel 129 

on average (p < 0001, table S4). When normalizing resources by the number of ignitions for each 130 

fire, multi-ignition fires were still more costly than single-ignition fires by a factor of 2, despite 131 

lower or comparable deployment of fire suppression resources, including personnel (table S4). 132 

Differences were even more pronounced regarding damages, with multi-ignition fires leading to 133 

about three times more threatened structures and evacuees per ignition as well as significantly 134 

more destroyed structures and affected civilians per ignition compared to single-ignition fires 135 

(table S4). Multi-ignition fires also disproportionally affected the health of firefighting personnel 136 

(p = 0.04), indicating the potential for elevated hazards from more extreme behavior or resource 137 
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limitation. ICS-209 reports from multi-ignition fires document potential underlying causes of the 138 

elevated risks for firefighters, including understaffing, extended mobilization periods, and shorter 139 

resting periods due to longer shifts (table S5). Limited data on threatened and damaged structures 140 

per fire was also available from the Alaska Wildland Fire Maps Fire Location dataset. In Alaska, 141 

multi-ignition fires resulted in more damage to structures per ignition than single-ignition fires (p 142 

= 0.03). In contrast, the number of threatened structures did not differ significantly. Overall, about 143 

9.9% of multi-ignition fires in Alaska resulted in structure damage compared to 3.8% for single-144 

ignition fires. 145 

Dry lightning causes clustered fire ignitions 146 

In California, the probability of individual fires merging was 16  12% during 2012-2023 (table 147 

S6). We simulated the merging rate of fires in California expected from random chance by 148 

spatially distributing the observed number of fire ignitions in a given year using an observed fire 149 

probability map that accounted for lower burn probabilities within recent fire perimeters, as a 150 

consequence of decreases in available fuels. We then assessed the merging probability by 151 

comparing the distances between simulated ignitions with radii derived from observed fire sizes 152 

from the same year. We found that simulated merging probabilities were consistently lower by 153 

several orders of magnitude than the observed merging rate (table S6). An essential prerequisite 154 

of multi-ignition fires is thus the spatiotemporal clustering of ignitions in a region with sufficient 155 

fuel continuity to enable fire spread. The median distance between ignitions within a multi-156 

ignition fire was 9.5 km in California and 8.2 km in Arctic-boreal regions (table S2). Multiple 157 

simultaneous ignition points separated by distances on this length scale (approximately 5-13 km) 158 

appear optimal for creating large multi-ignition fire events. 159 

Lightning strikes are a primary cause of clustered ignitions. Data on ignition sources for 160 

California fires revealed that multi-ignition fires are predominantly ignited by lightning (Fig. 5A). 161 

This is in contrast to the majority of fires in the region, which are ignited by humans (27). In 162 

central and northern California, moisture plumes linked to the remnants of tropical cyclones and 163 

the summertime North American monsoon circulation can support widespread thunderstorm 164 

development that produces clustered lightning strikes (28). Thunderstorms in these regions often 165 

develop over a layer of dry air near the ground, which results in high cloud bases and rapid 166 

evaporation of precipitation before it reaches the ground (29). Hundreds of fire ignitions have 167 

been observed within a few days after these high-based, 'dry thunderstorm' outbreaks that can 168 

quickly overwhelm initial fire attack capabilities (30). One of the most notable events occurred in 169 

August 2020, when such storms sparked five of the six largest fires of the season over a four-day 170 

period (Fig. 5D).  171 

Arctic-boreal regions are more prone to summer thunderstorm activity, and lightning is a more 172 

critical ignition source compared to wildfires in California. Large-scale regional patterns of fuel 173 

moisture, shaped by summer drought, are essential for determining ignition efficiency in these 174 

regions (31, 32) and can promote clusters of ignitions that are prone to merging. According to 175 

government fire records, lightning was responsible for all but one multi-ignition fire in Alaska 176 

and 98% of those in Canada (Fig. 5B,C).  177 

Multi-ignition fires can overwhelm firefighting efforts 178 

When multiple fires ignite simultaneously across a region, available firefighting resources can be 179 

quickly overwhelmed, requiring triage—that is, prioritizing which fires or management objectives 180 

to address first. Fighting fires on multiple fire fronts also requires more complex management 181 

structures and overhead. This strain can create a self-reinforcing feedback that allows fires to 182 

grow larger and increase both, the damage they cause, and the hazards faced by firefighters. 183 

Indeed, insufficient suppression resources, including crews, overhead personnel, aircraft, and 184 

engines, are frequently described in ICS-209 reports for multi-ignition fires in California 185 
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(table S5). Reports often note such limitations, especially in the initial days after ignition, which 186 

present a crucial window for initial attack and cost-efficient containment.  187 

Many of the most prominent and destructive examples of multi-ignition fires in California 188 

happened in large fire years, when resources were divided across multiple simultaneously burning 189 

fires. However, analysis of initial resource allocation (up to four days after ignition) revealed that 190 

while large fire seasons significantly reduced resources available to manage single-ignition fires, 191 

multi-ignition fires consistently received less personnel per ignition regardless of fire season 192 

severity (fig. S3, table S7). Differences in the allocation of engines and equipment between 193 

single- and multi-ignition fires were largest in average fire seasons. This disparity may partly 194 

reflect that lightning-caused fires often occur in remote locations where resource allocation faces 195 

greater logistical challenges and cost-benefit constraints. Furthermore, large lightning events such 196 

as the August 2020 lightning storm can deliver hundreds of fire starts within one or two days, 197 

creating acute resource shortages when a substantial fraction of a season's fires ignite 198 

simultaneously.  199 

ICS-209 reports further document that multi-ignition fires display aggressive fire behavior, 200 

including substantial runs due to the merging of fires or simultaneous crown fire initiations and 201 

spotting, which elevates hazards and challenges to containment. Sharing of resources such as 202 

aircraft is described as leading to difficulties in assessing fire size and growth, hampering 203 

suppression planning. Other specific challenges for the suppression of multi-ignition fires are a 204 

scarcity of specialized crews and extended deployments, which lead to prioritization of point 205 

protection and fires being left understaffed. While event-specific data on resource allocation were 206 

not available for Arctic-boreal regions, considerable resource strain has also been reported, for 207 

example, in Canada in 2023, where multi-ignition fires contributed to 76% of the area burned 208 

(33).  209 

Multi-ignition fires are also more likely than single-ignition fires to generate extreme, plume-210 

driven fire behavior and pyroconvection, which can culminate in fire-triggered thunderstorms, 211 

known as pyrocumulonimbus events (pyroCbs). Based on a global inventory of pyroCb 212 

occurrences (34–36), we found that 67% of pyroCbs in Russia and Canada in 2023 were 213 

associated with multi-ignition fires. The number of pyroCbs generated by a fire was linked to the 214 

number of separate ignition points in Canada and Russia in 2023 (Pearson’s r = 0.68, p < 0.001, 215 

Fig. 6A). The merging of two fire lines can increase the surface area with high sensible heat 216 

fluxes needed to trigger deep convection (37, 38) and create a rotating column of rising air which 217 

can induce pyroconvection (39). Notably, 53% of the 73 pyroCbs observed over multi-ignition 218 

fires in Canada and Russia in 2023 occurred between one day before and three days after a 219 

merging event, with 22% occurring on the day of merging (Fig. 6B). In contrast, if pyroCbs were 220 

to have occurred randomly over the lifetime of multi-ignition fires, the expected probability of 221 

occurring on the day of a merging event would be only 1% (z-score = 17.5, p < 0.001).  222 

In California, only 19 pyroCbs linked to ten FEDS fires were identified between 2012 and 2023, 223 

providing too few cases for robust statistical analysis. Multi-ignition fires had a slightly higher 224 

likelihood of producing pyroCbs (6.6% vs. 4.5% for single-ignition fires), but only two pyroCb 225 

events occurred in fires that met our multi-ignition definition. This indicates that factors other 226 

than fire merging—particularly explosive fire growth—can drive pyroCb formation, as many 227 

pyroCb-producing fires were extremely large regardless of ignition type or number.  228 

PyroCbs also reduce suppression efficiency by inducing unpredictable and hazardous extreme fire 229 

behavior (40, 41). Lightning strikes produced by pyroCb activity (a unique type of high-based dry 230 

thunderstorm) (42) can limit aircraft deployment, hinder airborne suppression efficiency (43), and 231 

ignite additional spot fires tens of kilometers away from the fire front (44–46). Plume-driven fires 232 

generate irregular wind patterns, which may push fire fronts and spot fires in unexpected 233 
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directions, jeopardizing containment lines (35) and elevating risks for firefighters and 234 

communities (47). Physical interactions between fires burning in close vicinity can further 235 

contribute to the large size of multi-ignition fires. For example, fire merging can be accelerated 236 

when large fires act as attractors for smaller fires (48) through changes in surface winds that 237 

develop in response to the intense surface heating and deep convection generated by the larger 238 

fire. Entrainment effects are ubiquitous even at meter scales (49), and may be most far-reaching 239 

for plume-driven fires that generate pyroCbs (37, 38). In a simulation of the Dixie Fire in 240 

California—which produced a pyroCb on August 9, 2021, while exhibiting two distinct fire 241 

fronts—chaotic and highly heterogeneous wind patterns developed (fig. S4). Downbursts from 242 

pyroCbs can lead to extreme fire spread episodes, which can further accelerate merging of fires 243 

(47). Interactions between physical factors induced by fire attraction, extreme fire behavior, and 244 

reduced suppression efficiency due to increased firefighting hazards and resource strain are likely 245 

to exacerbate the impacts of multi-ignition fires in a positive feedback loop, as shown in fig. S5. 246 

 247 

Discussion  248 

Tropical and mid-latitude storm systems can facilitate thunderstorm development and associated 249 

fire ignitions from lightning strikes over large areas, when they coincide with a dry airmass near 250 

the surface during or following a heatwave. The risk of dry lightning strikes across temperate and 251 

boreal regions, as well as future trends in such events, are not currently well understood. 252 

Increasing regional summer heat waves and droughts, along with associated increases in fire 253 

weather (10), heighten the chances of thunderstorms delivering dry lightning because intense 254 

surface heating can evaporate rain before it reaches the ground (28). For example, modeling 255 

studies in Arctic-boreal regions suggest that the number of fires escaping initial attack is rising 256 

(30) due to increases in lightning ignitions (31, 50). Understanding the compound risk of 257 

persistent heatwaves and high-based thunderstorms across regions is therefore crucial to better 258 

forecast the occurrence of multi-ignition fires. 259 

The identification and analysis of multi-ignition fires have only become possible because of 260 

recent advances in fire tracking, and uncertainties associated with these data products are 261 

considerable due to the temporal and spatial limitations of medium-resolution satellite 262 

observations. The impact of multi-ignition fires described here is likely underestimated, and our 263 

estimate of the number of multi-ignition fires is likely conservative since our approach cannot 264 

disentangle multiple ignitions that burn together very quickly. Furthermore, our dataset does not 265 

represent fast-moving grass fires well due to the limited temporal resolution of the satellite 266 

imagery. Dense smoke and clouds, for example, from pyrocumulonimbus formations from large 267 

fires, can obscure satellite detection and may limit our ability to identify and differentiate between 268 

new ignitions and spot fires. As shown in table S8 using hourly fire observations from the 269 

Geostationary Operational Environmental Satellites (GOES) instrument, solely increasing the 270 

temporal resolution of satellite active fire detections does not improve the ability to distinguish 271 

separate ignitions. Instead, higher resolution satellite imagery of thermal anomalies of fire in both 272 

time and space is critically needed to better understand the dynamics of multi-ignition fires and 273 

their impacts. Targeted field measurements of fire behavior are also essential for an improved 274 

understanding of the processes and feedbacks associated with multi-ignition fires and their effects 275 

on atmospheric dynamics and composition. 276 

Multi-ignition fires can become more destructive due to feedback between physical processes and 277 

human systems (fig. S5). Given their association with more extreme fire behavior, we hypothesize 278 

they may also generate disproportionate impacts through mechanisms such as elevated fire 279 

severity. An essential next step in this context is to quantify tree mortality and other measures of 280 

fire severity for multi-ignition and single-ignition fires, for example, using remotely sensed 281 

proxies, to explore whether the observed differences in fire behavior described here yield long-282 
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term ecosystem impacts. Furthermore, new management approaches may be needed to address 283 

these fires' unique characteristics. Early identification and improved assessment of the risks posed 284 

by dry lightning storms for generating synchronized ignitions during hot summer periods may 285 

enable more effective pre-deployment of fire suppression resources to vulnerable areas. At the 286 

same time, honing strategies to optimize fire suppression resources among multiple clustered 287 

fires, especially during periods of resource strain, seems critical for limiting multi-ignition fire 288 

growth and damages. Identifying the fire behavior components that make these fires particularly 289 

hazardous and difficult to suppress can support resource allocation decisions and help prevent 290 

stress from triaging. 291 

 292 

 293 

Materials and Methods 294 

 295 

Fire tracking data 296 

We used satellite-derived fire tracking data for 2012–2023 from the California Fire Events 297 

Data Suite (FEDS) and Arctic-Boreal Fire Atlas (ABFA). Both datasets, which contain 12-hourly 298 

fire perimeters for all large fire events, were produced using VIIRS active fire detections and an 299 

improved version (version 2) of the fire tracking FEDS algorithm. For both California and the 300 

Arctic-boreal domain, regional optimization was performed to calibrate land-cover specific spatial 301 

and temporal thresholds, determining whether a new fire cluster belongs to an existing fire or 302 

constitutes a new fire start (23, 24). The proximity threshold for assigning a cluster to an existing 303 

fire was optimized to account for fuel type-specific variations in spread rates and ranged from 1–5 304 

km to cover gaps in fire progression induced by observation gaps due to the 12-hourly overpasses 305 

(23, 24). The fire tracking algorithm also enables the merging of two existing, actively expanding 306 

fires using the same spatial proximity thresholds. A merging event occurs when a new cluster of 307 

fire detections is recorded between two actively expanding fires so that the new fire locations are 308 

within the attribution distance threshold of both fires. Actively expanding fires were defined as 309 

fires that had new detections within a landcover- and biome-specific temporal threshold (up to 310 

five days for FEDS and up to 30 days for ABFA), which was based on typical smoldering times 311 

and validated for each dataset (23, 24). Multi-ignition fires were identified as having at least two 312 

fire starts that either fully merged or burned simultaneously within the land-cover specific 313 

distance threshold, indicating a high likelihood of merging between overpasses. 314 

Following the minimum mapping unit of the widely used Monitoring Trends in Burn 315 

Severity Program (MTBS) for the western United States, we filtered all final perimeters by size 316 

(1000 acres, or 4.05 km2). Fires greater than 4 km2 account for 79% of the burned area in 317 

California and 98% in the Arctic-boreal domain. Since agricultural fires in California are 318 

generally small, they were automatically excluded by the size filtering criteria. For the Arctic-319 

boreal domain, we further removed agricultural fires following the filtering routine described by 320 

Scholten et al. (24). These constraints yielded a set of 830 fires in California and 16775 fires in 321 

the Arctic-boreal domain for the period from 2012 through 2023. 322 

For California, we further removed all fire polygons that did not coincide in space and time 323 

with a Fire and Resource Assessment Program (FRAP) or MTBS fire perimeter for California of 324 

the same year. We restricted our analysis to this smaller set of known fires to optimize the number 325 

of ignitions and to extract data on firefighting resource use and impacts, which are not available 326 

for all fires in the FEDS database. FRAP is the most complete digital record of fire perimeters in 327 

California, but it is still incomplete. Specifically, several large fires within Camp Pendleton, Fort 328 

Hunter Liggett, Camp Roberts, and other military bases, as well as along the border with Mexico 329 

were missing in FRAP. We therefore used MTBS perimeters for these missing fires. FRAP 330 

recorded a total of 515 fires in California in 2012–2023, and MTBS recorded an additional 41 331 

fires. We matched fires based on spatial and temporal overlap. For the temporal overlap, we 332 
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matched the ‘ALARM_DATE’ attribute of FRAP, or the ‘Ig_Date’ attribute for MTBS 333 

perimeters, with the start time derived from FEDS, allowing for a 10-day offset in both directions 334 

to account for temporal uncertainties in all three datasets. The crosswalk removed small and 335 

recurring anthropogenic fires in the Central Valley and the Sierra Nevada foothill regions and 336 

returned 407 unique fires. 337 

 338 

Identification of fire starts 339 

Both datasets, FEDS and ABFA, record all fire start locations for each fire throughout its 340 

lifetime as detected by the VIIRS sensor. The original fire tracking system, therefore, does not 341 

inherently differentiate between actual wildfire ignitions and other features that resemble fire 342 

starts, including spot fires, back-burns ignited for fire management purposes, or artifacts created 343 

by detection gaps (for example, because of dense clouds or smoke). To optimize our algorithm 344 

parameters and accurately identify wildfire ignitions, we used reference ignition location data for 345 

California from the Fire Program Analysis Fire Occurrence Dataset (FPA-FOD) and for Canada 346 

from the Canadian National Fire Database (CNFDB). We compared reference data to the original, 347 

unfiltered ignitions, as well as seven filtering strategies, including only ignitions that grew at least 348 

once before merging (“growth filter”), initial ignitions, ignitions of a minimum size (0.5 and 1 349 

km2), and combinations of the four strategies. To identify the best filtering strategy, we created a 350 

confusion matrix of correctly and incorrectly identified single- and multi-ignition fires and 351 

computed omission and commission errors, as well as the overall accuracy and Cohen’s Kappa 352 

value (table S9). We also computed the average difference in the number of ignitions between 353 

datasets for all fires and fire complexes, as well as the fraction of fires with an identical number of 354 

ignitions in both datasets.  355 

For California, FPA-FOD data were matched with FEDS based on FRAP fire names. Fires 356 

within FPA-FOD labeled fire complexes were aggregated for this comparison. The highest 357 

accuracy was achieved by applying a combination of growth and initial ignition filters, with initial 358 

ignitions considered as those that start within five days of the earliest ignition in the multi-ignition 359 

fire. This initial ignition threshold was chosen in line with the maximum temporal threshold used 360 

in the FEDS fire tracking. Table S9A shows the confusion matrix for the unfiltered and filtered 361 

versions of FEDS, compared to FPA-FOD. FPA-FOD was filtered to only include ignitions larger 362 

than 100 acres (fire size classes D–G) to approximately match the detection abilities of FEDS. It 363 

should be noted that FPA-FOD lists several known multi-ignition fires in California, such as the 364 

CZU Lightning Complex and SCU Lightning Complex in 2020, as single-ignition fires, and 365 

therefore, the actual commission error is likely lower than reported. We further conducted a visual 366 

examination of the fire progression for the remaining multi-ignition fires that did not contain 367 

multiple ignitions according to FPA-FOD. We removed two multi-ignition fires that contained 368 

artefact ignitions (often in fast-moving fuels, for example the Sand fire in 2016). This strategy 369 

served to reduce the commission error further and create a high-confidence set of multi-ignition 370 

fires for the assessment of fire management costs and impacts using data from ICS-209 reports. 371 

The relatively large omission error in table S9 indicates that actual costs and damages from these 372 

fires may be larger than reported here. Figure S1 shows an example of the FEDS-derived 373 

ignitions compared to official records from FPA-FOD and the National Interagency Fire Center 374 

(NIFC) Operational Data Archive fire progression data for the August Complex fire (2020). Table 375 

S1 reports all multi-ignition fires in California that were identified through this process. 376 

For Canada, we matched ABFA fires with CNFDB fire locations based on spatial and 377 

temporal overlap. Fires in Arctic-boreal regions can be ignited and perpetuated through several 378 

consecutive thunderstorms, a phenomenon that was not observed in California in our 379 

observational record. We therefore used both the start date (REP_DATE attribute in CNFDB) and 380 

the end date of the ABFA fires for the temporal matching. Since fires in Arctic-boreal regions can 381 

smolder for extended periods after ignition before being detected by the satellite, we adopted a 382 
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more liberal threshold of 30 days for the initial ignition filtering, in line with the smoldering 383 

thresholds used in the Arctic-boreal fire atlas. A combination of the growth filter and a 1 km2 size 384 

filter yielded the highest accuracies compared to the reference dataset and was therefore adopted 385 

for the entire ABFA dataset (table S9B). 386 

We also compared the FEDS fire starts to fire starts derived from the Geostationary 387 

Operational Environmental Satellites (GOES)–Observed Fire Event Representation (GOFER 388 

GOES-West) product (51), which tracks fires at a higher temporal (hourly) but coarser spatial 389 

resolution for a set of large wildfires in California from 2019 to 2021. GOES imagery has a 390 

spatial resolution of approximately 2 km at the equator. We found that the higher temporal 391 

resolution of this product does not lead to a significantly elevated ignition detection efficiency, 392 

likely due to the tradeoff of lower spatial resolution (table S8).  393 

We note that the actual number of individual fire starts is likely considerably higher than 394 

what is captured by the satellite data when considering more closely clustered fire starts that 395 

merge between satellite overpasses. For example, the FPA-FOD fire start dataset reports a total of 396 

41 fire starts for the August Complex fire in 2020, but only 11 of these reach a size of over 100 397 

acres before merging. The relatively coarse temporal (12-hourly) and spatial (375 m) resolution of 398 

VIIRS satellite observations is not well suited to capture merging at fine temporal and spatial 399 

scales. Furthermore, the algorithm is not designed to capture spotting at the fire front, or potential 400 

nearby ignitions caused by pyroCb-induced lightning. Such fires that start close to one another 401 

may also be underrepresented in fire inventories, particularly in remote areas. This 402 

underrepresentation of rapidly merging fires likely leads to an underestimation of ignition counts. 403 

However, the missed ignitions will primarily affect initial fire growth dynamics rather than the 404 

longer-term (multi-day) fire behavior that constitutes the primary focus of our analysis, as multi-405 

ignition fires in our dataset persist significantly longer than single-ignition fires and thus are 406 

dominated by fire dynamics following initial attack efforts. While we cannot determine the actual 407 

number of ignitions for rapidly merging events over intervals of less than 12 hours, our focus on 408 

large-scale fire interactions and resource allocation effects throughout the fire lifetime means our 409 

key findings regarding multi-ignition fire behavior remain robust to this detection limitation. 410 

 411 

Multi-ignition vs. complex fires 412 

According to fire management agencies, for example in California and Canada, a fire 413 

complex consists of multiple wildfires or incidents managed by a single Incident Management 414 

Team sharing resources and equipment. The satellite fire tracking we deployed differs from this 415 

management-perspective definition in that it aims only to include fires that have physically 416 

merged. The system also assembles fires that burn simultaneously and in close vicinity (1–5 km 417 

depending on the prevailing land cover) into fire complexes to avoid fragmentation of fires due to 418 

potential detection gaps in the active fire data.  419 

In comparison with reference data from Incident Status Summary (ICS-209) reports and the 420 

Fire Program Analysis Fire Occurrence Dataset (FPA-FOD) the California FEDS version returned 421 

a smaller number of complex fires for all years except 2020 (table S10). This omission was 422 

primarily caused by fires that burned in a common management area but did not physically merge 423 

or come close enough for merging to become possible, or multiple fires that started so close to 424 

each other that merging happened too fast to be reliably picked up by the satellite data.  425 

 426 

Fire cause attribution 427 

We used a set of reference fire databases to assess whether fires were caused by lightning or 428 

anthropogenic sources. For California, we used the fire cause attribution recorded in Fire and 429 

Resource Assessment Program (FRAP) fire perimeters, supplemented with data from ICS-209 430 

reports when a cause was reported as Unknown.  431 
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For Alaska, we used the Alaska Wildland Fire Maps (AWFM) fire location database 432 

distributed by the Alaska Interagency Coordination Center, which collects causes reported by the 433 

responsible fire agencies. We overlaid all fire locations with corresponding fire perimeters of the 434 

same year based on spatial and temporal overlap, allowing for a 10-day uncertainty in the date. 435 

When several fire locations were associated with the same perimeter, they shared the same cause, 436 

so that no correction had to be applied. This crosswalk returned 440 matched fires (associated 437 

with 502 unique events in ABFA), out of which 369 were categorized as single-ignition and 71 as 438 

multi-ignition fires.  439 

For Canada, we used the National Burned Area Composite (NBAC), which combines 440 

satellite imagery with fire data from Natural Resources Canada and Provincial, Territorial, and 441 

Parks Canada agencies. Fire causes in this database are reported by the responsible agency. We 442 

matched FEDS and NBAC perimeters by overlaying them and retaining only those FEDS 443 

perimeters with a detected burn date within a range of ten days before to ten days after the NBAC 444 

start date. This crosswalk returned a total of 2648 fires (2645 events according to NBAC), out of 445 

which 2214 were single-ignition and 334 were multi-ignition fires. 446 

 447 

Fire management data 448 

We used ICS-209 Incident Status Summary reports to investigate hazards and resource strain 449 

associated with multi-ignition fires in California. We downloaded over 900 ICS-209 reports for 450 

California fires from 2014-2023 from the FAMWeb Data Warehouse 451 

(https://www.wildfire.gov/application/famweb-data-warehouse). ICS-209 reports contain 452 

interagency updates of fire behavior and impacts, personnel, and suppression resources (e.g., 453 

engines, dozers, helicopters), usually up to twice per day (morning and evening) for large fires 454 

during periods of active fire growth. Because ICS-209 reports are not retroactively revised, the 455 

data required intensive pre-processing to correct for various data entry errors, including numerical 456 

anomalies, missing data, duplicate incident numbers, delayed timing of reports, and data stored as 457 

text descriptions due to technical issues with tabular inputs. We downscaled the data to hourly 458 

timesteps using a cubic interpolation to account for the irregular temporal frequency of the 459 

reports. For complex fires with multiple ICS-209 reports, we merged the relevant reports. Finally, 460 

we cross-walked ICS-209 reports to FRAP by comparing incident numbers, fire names, the timing 461 

of ignition, spatial proximity to FRAP perimeters, and final fire size. We also searched the 462 

individual reports of 11 prominent complex fires between 2014 and 2021 for mentions of resource 463 

limitations and associated risks. Excerpts of such descriptions are summarized in table S4. We 464 

also used ICS-209-PLUS (52) data from 2012-2020 to assess the number of fires burning in a fire 465 

complex in comparison with FEDS- and GOFER-derived data (tables S1 and S9). 466 

Limited data on fire impacts was also available for Alaska from AWFM. This dataset 467 

included records of threatened and damaged structures per fire. The methodology for matching 468 

AWFM with ABFA is described in the section “Fire cause attribution” above. 469 

 470 

Modelling of fire merging probability in California 471 

Annual probabilities for the merging of fires in California were based on 1000 random 472 

simulations of fire locations during each calendar year from 2012 to 2023. For each year, the 473 

observed number of fire starts (N) was used, but locations were drawn from a fire probability map 474 

based on FRAP fire perimeters larger than 4 km2. The fire probability map was produced by 475 

computing the annual fraction of burned area from large fires recorded in FRAP in 5-km grid 476 

cells across California. The probability map was adjusted to consider fuel limitations from 477 

previous burning in forest and shrubland ecosystems. We used 30 m Global Land Cover Mapping 478 

and Estimation (GLanCE) land cover data (53) for 2011 to assign each 5 km grid cell a dominant 479 

land cover type. We then created annual probability maps where grid cells were adjusted to zero if 480 
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more than 10% of the grid cell had burned in the preceding 10 years for forests and 5 years for 481 

shrublands. 482 

To account for differences in fire sizes between years, we used observed fire sizes to 483 

compute the probability of two fires merging. Fire sizes of complex fires were divided by the 484 

number of ignitions assuming that all ignitions contribute the same fraction of total area. The 485 

merging probability was assessed by computing all distances between fire starts for each 486 

simulation and comparing them to three thresholds based on radii derived from observed fire sizes 487 

(table S6): (1) the sum of the two largest radii of the year (maximum), (2) the average of all radii 488 

of the year (mean) and (3) the median of all radii of the year (median). Radii were computed from 489 

fire sizes assuming circular fire shapes. The maximum scenario (the probability of merging if all 490 

fires of a given year would reach the largest fire size radius of that year) thereby represents a case 491 

where the largest fires are occurring in locations where ignitions are spatially closest. The mean 492 

and median scenarios represent cases where distances between ignitions and fire sizes are not 493 

linked. When using the median and maximum observed distances between ignitions of multi-494 

ignition fires as thresholds instead (i.e., disregarding differences in fire sizes between years), 495 

merging probabilities were 0.002 (median) and 0.024 (maximum) for all years. 496 

We computed observed distances between ignitions in multi-ignition fires by computing 497 

pairwise distances between all ignition geometries. We then determined the shortest network that 498 

connects all ignitions and recorded all distances within that network. 499 

 500 

Effects of multiple ignitions on initial growth and fire duration 501 

To assess the effect of multiple ignitions on initial growth, defined as the size on day four 502 

after the first ignition was detected, we selected a subset of fires with a total duration of at least 503 

four days. Not all complex fires consist of fires that started on the same day. Fire starts that are 504 

scattered throughout time can be provided by anthropogenic ignitions, multiple thunderstorms 505 

delivering lightning ignitions, or by differences in holdover (smoldering) times after ignition and 506 

before a fire is detected by the satellite due to landcover variations. For the fire size comparison, 507 

we therefore only designated fires as multi-ignition if they had two or more fire starts on the first 508 

day of the fire. For the duration we used the previously developed definition of a multi-ignition 509 

fire that considers all ignitions throughout the lifetime of a fire, and also included fires with a 510 

duration of less than four days. Since data on fire sizes and duration were strongly right-skewed, 511 

we used the Mann-Whitney test to test for differences in medians.  512 

We also compared the daily active fire line length recorded by FEDS and ABFA between 513 

single- and multi-ignition fires. We summed up active fire line lengths and fire sizes for all fire 514 

parts for multi-ignition fires. We then tested whether the relationship between fire area and fire 515 

line length differs between single-ignition and multi-ignition fires using linear models. We fit 516 

three models with log-transformed fire line length per unit burned area as the response variable: 517 

(1) a model with fire area and fire type (single vs. multi-ignition) as additive effects, (2) a model 518 

including an interaction term between fire area and fire type, and (3) a baseline model with fire 519 

area only. We used ANOVA to compare these nested models and assess whether the interaction 520 

term and fire type significantly improved model fit, indicating different scaling relationships 521 

between single- and multi-ignition fires. The ANOVA revealed significant differences between 522 

the baseline model and the model including the fire type (p < 0.001 for both regions), as well as 523 

between the models with and without interaction term (slope value of models, p < 0.001 for 524 

Arctic-boreal regions, p = 0.02 for California). 525 

For assessing differences in initial weather conditions between single- and multi-ignition 526 

fires, we computed daily mean vapor pressure deficit (VPD) at ignition locations using ERA5-527 

Land (fifth-generation European Centre for Medium-Range Weather Forecasts reanalysis) 528 

reanalysis data. We obtained daily mean temperature and dewpoint temperature from ERA5-Land 529 
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and calculated saturated vapor pressure (SVP) and actual vapor pressure (AVP) using the Tetens 530 

equation: 531 

SVP =  6.1078 ×  𝑒
17.2694 × (T−273.16)

(T−35.86)  (ℎ𝑃𝑎) 532 

 533 

where T is the surface air temperature in Kelvin. AVP is calculated using the same equation 534 

as SVP, but with temperature T replaced by dewpoint temperature. VPD was then computed as 535 

the difference between SVP and AVP. ERA5-Land products are available at hourly temporal 536 

resolution with a native spatial resolution of approximately 9 km. We extracted VPD values at the 537 

location and timing of initial ignitions and computed the mean VPD over the four days following 538 

the time of ignition. We tested for significant differences in VPD between single-ignition and 539 

multi-ignition fires using a two-sample t-test.  540 

 541 

PyroCb Inventory 542 

All pyroCb information was obtained from a global pyroCb inventory described in detail by 543 

(36), which builds from an earlier version of the inventory for 2013-2021 used in (35). This 544 

dataset is based in part on a growing community effort to inventory all observed pyroCb activity 545 

worldwide, called The Worldwide PyroCb Information Exchange (https://groups.io/g/pyrocb), 546 

which requires constant attention to fires and pyroCb activity in all regions worldwide. The 547 

inventory also leverages a previously developed automatic pyroCb-detection algorithm applied to 548 

geostationary weather satellite observations (29, 34). All entries in the inventory are listed at the 549 

pyroCb 'event' level, defined as an individual pyroCb pulse or chain of several pulses (and 550 

resulting smoke injections) linked to a specific fire or segment of a large fire front (54). 551 

The location of individual pyroCb events provided in the inventory can be displaced from 552 

the fire perimeters by several kilometers. For California, the pyroCb inventory contains a 553 

reference to the FRAP fire names. Since FEDS data was already cross-walked with FRAP, 554 

matching was based on fire names instead of a spatiotemporal overlay analysis. The recorded 555 

pyroCbs that had a corresponding FEDS fire in California included: 2021 Dixie (7 pyroCb 556 

events), 2018 Carr (2 events), 2018 Cranston (2 events), 2021 KNP Complex (2 events), 2018 557 

Delta (1 event), 2021 Antelope (1 event), 2021 Beckwourth Complex (1 event), 2021 Lava (1 558 

event), 2021 McFarland (1 event), and 2022 Mosquito (1 event).  559 

For Canada and Russia, we assigned each pyroCb event to the closest fire within a 20 km 560 

radius that burned at the same time. Using this technique, we linked 107 of the 164 observed 561 

pyroCb events with a fire. For the 73 pyroCb events associated with multi-ignition fires in this 562 

dataset, we compared the date of pyroCbs to the merging date of individual fires to assess whether 563 

merging could trigger pyroCb events. We identified a pyroCb as associated with merging if a 564 

merging event happened between three days before and one day after a pyroCb development. 565 

 566 

PyroCb simulation data 567 

We chose the 2021 Dixie fire in California to analyze surface winds during a pyroCb event. 568 

While the Dixie fire was a single-ignition fire, it displayed two distinct fire fronts at the time 569 

when it developed a pyroCb on August 9th, allowing for the observation of potential wind 570 

patterns that could enforce fire interactions and impede firefighting operations.  571 

The wildfire simulation conducted for this study used a novel global multiscale wildfire 572 

simulation framework integrated into the Energy Exascale Earth System Model (E3SM) (55). Key 573 

enhancements over E3SM version 2 (56) included the California Regionally Refined Mesh 574 

(CARRM) at a convection-permitting 3-km resolution (57), a one-dimensional plume-rise 575 

parameterization (58), a fire-induced vertical water vapor transport scheme, and surface wildfire 576 

sensible heat flux representation. The deep convection scheme was turned off for all grids, and 577 

large-scale dynamics were constrained in coarser resolution areas using nudging for horizontal 578 

winds, temperature, and specific humidity. The dynamic core's time step was reduced to 9.375 579 
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seconds to accommodate the finer resolution, and the simulation used Cloud Layers Unified By 580 

Binormals (CLUBB) (59) for turbulence and the cloud microphysics scheme described by 581 

Gettelman and Morrison (MG2) (60) for cloud microphysics. The Dixie Fire simulation covered 582 

8-14 August 2021 (2021/08/08 00 UTC-2021/08/14 00 UTC) and used ERA5-based atmospheric 583 

initial conditions merged with pre-spun aerosol fields from prior output, removing the need for 584 

additional spin-up. In both cases, the free-running domain for nudging was centered at [37.2° N, 585 

119.4° W] with a 17° × 17° extent. Nudging was applied using the product of two vertical 586 

Heaviside window functions - one for the lower and one for the upper atmosphere — scaled by a 587 

default timescale, yielding 6 h below 100 hPa and 50 h above. This weaker stratospheric nudging 588 

allowed two-way interactions between wildfire plumes and the large-scale circulation. Two 589 

experiments were conducted: a "Fire" run incorporating high-resolution (500-m, hourly) Fire 590 

Radiative Power (FRP) data specific to the Dixie Fire, and a "NoFire" run excluding fire 591 

emissions. Inside the California domain, the model atmosphere was freely evolving, while outside 592 

the domain, nudging was applied to constrain large-scale circulation. The simulated results 593 

successfully reproduced key pyroCb features, including cloud height, spatiotemporal evolution, 594 

and convective intensity. For more details, please see (55). The surface wind differences during 595 

peak pyroCb activity demonstrate the critical role of fire processes in shaping regional 596 

atmospheric dynamics (fig. S4). 597 
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multiple ignitions that later merged. A: The August Complex fire in northern California in 836 

2020 had 10 separate ignition points (denoted by turquoise dots). B: A wildfire in Yakutia, 837 

Russia, in 2021 had 27 ignition points. The maps illustrate the fire starts from FEDS/ABFA fire 838 

tracking datasets along with the 12-hourly progression of these fires (in color), showing only fire 839 

perimeters up to the 99th percentile of their final area. See fig. S1 for a comparison of fire 840 
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https://doi.org/10.1594/PANGAEA.967653
https://doi.org/10.6084/m9.figshare.c.5601537.v1
https://www.fire.ca.gov/what-we-do/fire-resource-assessment-program/fire-perimeters
https://www.fire.ca.gov/what-we-do/fire-resource-assessment-program/fire-perimeters
https://www.mtbs.gov/direct-download
https://www.fs.usda.gov/rds/archive/Catalog/RDS-2013-0009.5
https://cwfis.cfs.nrcan.gc.ca/datamart/download/nbac
https://fire.ak.blm.gov/aicc.php
https://www.wildfire.gov/application/famweb-data-warehouse
https://www.wildfire.gov/application/famweb-data-warehouse
https://figshare.com/articles/dataset/All-hazards_dataset_mined_from_the_US_National_Incident_Management_System_1999-2020/19858927/3
https://figshare.com/articles/dataset/All-hazards_dataset_mined_from_the_US_National_Incident_Management_System_1999-2020/19858927/3
https://figshare.com/articles/dataset/All-hazards_dataset_mined_from_the_US_National_Incident_Management_System_1999-2020/19858927/3
https://cds.climate.copernicus.eu/


Science Advances                                               Manuscript Template                                                                           Page 19 of 44 

 

Canada. Both maps are on the same spatial and temporal scale. C: The location of these two fires 842 

in California and Siberia. 843 

  844 
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 845 

 846 

Fig. 2. Although they are relatively rare, multi-ignition fires have a disproportionate effect 847 

on burned areas in California (A–C) and Arctic-boreal regions (D–F). A, D, The number of 848 

fires aggregated by the number of fire starts from the FEDS and ABFA fire tracking datasets. B, 849 

E, Cumulative burned area as a function of the number of individual fire starts in a fire. C, F, The 850 

area burned by each individual ignition in single- and multi-ignition fires, on a log scale. 851 

  852 
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 853 

Fig. 3. Multi-ignition fires have a disproportionate effect on interannual variability in 854 

burned area and extreme fire years. A: California, B: Alaska, C: Canada, D: Russia. Colors 855 

represent the burned area contributed by fires with a given number of ignitions. Average 856 

percentages of burned area from multi- and single-ignition fires for average and large fire years 857 

are shown in table S3. 858 

  859 
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 860 

Fig. 4: Mechanisms for the disproportionate size of multi-ignition fires. A: Initial growth, 861 

estimated as the fire size on day four normalized by the number of initial ignitions, for single- and 862 

multi-ignition fires. B: Initial vapor pressure deficit (VPD) at ignition locations averaged over the 863 

first four days after ignition. C: Fire duration (corrected for residual smoldering by computing the 864 

date and time when 99% of the final fire size was reached). Boxplots A and C only include the 865 

IQR for better visibility since the data are strongly skewed. Asterisks indicate significance level 866 

(***: 0.001) for statistical testing for group differences (Mann-Whitney test for A and C, t-test for 867 

B). D–E: Ratio of fire line length to fire size for 12-hourly time steps of all fire perimeters larger 868 

than 4 km2 in California (D) and the Arctic-boreal domain (E). Only perimeters up to 99% of the 869 

final fire size of each fire are retained. Model intercepts and slopes are significantly different 870 

between single- and multi-ignition fires for both regions (ANOVA p-values < 0.05). Information 871 

on statistical tests and sample sizes are found in Table S2. 872 
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 874 

Fig. 5. Lightning causes the majority of multi-ignition fires in California and Arctic-boreal 875 

regions. A-C: Fraction of ignitions of single- and multi-ignition fires caused by lightning, 876 

anthropogenic, and undetermined sources. A: California (377 single-ignition and 30 multi-877 

ignition fires), B: Alaska (369 single-ignition and 71 multi-ignition fires), C: Canada (2214 878 

single-ignition and 334 multi-ignition fires). Fire causes were assessed by overlaying large FEDS 879 

perimeters (> 4 km2) with Fire and Resource Assessment Program fire perimeters (for California), 880 

the National Burned Area Composite (for Canada), and the Alaska Wildland Fire Maps Fire 881 

Location data (for Alaska). D: Monthly lightning density from the World Wide Lightning 882 

Location Network (61) in California in August 2020 shows thunderstorm tracks over Northern 883 

California and corresponding perimeters of multi-ignition fires ignited by this event over the 884 

period from August 16–19. 885 
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 887 

Fig. 6. In Arctic-boreal regions, multi-ignition fires are associated with more pyroCb events 888 

than single-ignition fires. A: Scatter plot of the number of pyroCb events caused by a fire and 889 

the number of ignitions for that fire (Pearson’s r = 0.68, p < 0.001, Spearman’s rho = 0.41, 890 

p = 0.001). Data includes 60 single- and multi-ignition fires with 108 associated pyroCb events in 891 

2023. The color of the points represents the number of fires in each bin. B: Minimum time 892 

between a merging event and a pyroCb in multi-ignition fires. The dataset in panel B includes 30 893 

multi-ignition fires with 73 associated pyroCbs. 894 

 895 
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 919 
Fig. S1. 920 

12-hourly perimeters and fire starts from FEDS/ABFA (blue diamonds) and governmental data 921 

sources (red triangles, grey outlines) for the largest fires observed in California and Canada in 922 

2012–2023. Panel A shows the 2020 August Complex Fire in California. Panel B shows a 923 

wildfire in the Northwest Territories, Canada, in 2023. Filtering was applied to retain only true 924 

fire starts and remove artifacts caused by missing detections, as well as spot fires. For California, 925 

fire starts were filtered by start date and individual growth before merging. For the Arctic-boreal 926 

we used a minimum size and individual growth before merging threshold. The filtered 927 

FEDS/ABFA fire starts agree well with reference fire start data for both regions. NIFC: National 928 

Interagency Fire Center Incident Feature Service daily fire polygons. Fire perimeters were 929 

compiled from: August 19 at 10:24 pm (southern half of the complex), August 20 at 10:06 am 930 

(northern fire areas), and August 25 and 28 aerial surveys (small fires in northern/central areas). 931 

FPA-FOD: Fire Program Analysis Fire Occurrence Dataset (57); only fires larger than 100 acres 932 

were included. CNFDB: Canadian National Fire Database fire locations.  933 
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934 

 935 

Fig. S2. 936 

The location of single- and multi-ignition fires in California (A) and the Arctic-boreal domain (B) 937 

during 2012-2023. Fire perimeters are colored by the number of ignitions. 938 
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 939 

Fig. S3. 940 

Median resource distribution per ignition during the first 4 days after the start of multi-ignition 941 

(red, n=28) and single-ignition fires (blue, n=243) in California. A: Total personnel; B: Crews; C: 942 

Engines; D; Water tenders; E: Bulldozers; F: Helicopters. Solid lines: average fire seasons (2014-943 

2019 & 2022). Dashed lines: large fire seasons (2020 and 2021, Nmulti=11, Nsingle=70). All 944 

median, interquartile ranges and p-values for differences between single- and multi-ignition 945 

resource distributions are shown in table S7. 946 
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 948 

Fig. S4. 949 

Updrafts from pyroCb development between two fire fronts can cause strong, variable surface 950 

wind fields that can impede firefighting operations and drive extreme spread. A, VIIRS satellite 951 

image of the Dixie fire in California on August 9, 2020, preceding a pyroCb event that developed 952 

later that day. B, 10-m wind speed and direction (arrows) derived from a wildfire simulation of 953 

the Dixie pyroCb at 6am UTC August 9 (see methods). C, The wind vectors here represent the 954 

difference between a simulation with fire emissions and sensible heat fluxes and a simulation 955 

without fire. This difference isolates the influence of the fire on near-surface winds. Yellow 956 

asterisk: pyroCb location at 6:20am UTC according to the pyroCb inventory. FEDS fire 957 

perimeters are shown for August 9, 12pm (dark red) and August 10, 12am (bright red). The gray 958 

shaded area of the fire perimeter burned prior to August 9. The background image in panel B 959 

shows the  LANDFIRE 2020 Elevation product. 960 
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 962 

Fig. S5. 963 

Physical and fire management feedbacks induced by multi-ignition fires lead to positive feedback 964 

loops, increasing the probability of fires becoming large and destructive. Green arrows represent 965 

positive links and brown arrows represent negative relationships. Box colors show the net effect 966 

(positive/negative) of multi-ignition fires on fire size compared to single ignitions. 967 
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Table S1. 969 

Multi-ignition fires in California 2012-2023. The table lists the official name of the fire complex 970 

and associated fires from the Fire and Resource Assessment Program (FRAP), the number of 971 

large fire starts from FPA-FOD and ICS-209 reports (only fires that grow larger than 100 acres 972 

are included) and from FEDS, and the fire cause according to FRAP. Data from ICS reports were 973 

manually extracted from reports for 2021-2023. 974 

 975 

Year Complex Fire(s) FPA-FOD ICS-209 FEDS Cause 

2012 Fort Complex Goff 3 4 3 Lightning 

2013 Forks Complex Butler, Salmon 

Complex 

3 7 2 Human 

2014 

 

Happy Camp Complex Frying Pan 4 3 3 Lightning 

Basilone Complex Pulgas 3 3 2  

2015  Fork Complex Shiell, Rail, Peak 7 10 3 Lightning 

Gasquet Complex Peak 4 7 2 Lightning 

Mad River Complex Lassics,  Gobbler, 

Pickett,  Pine 1-44 

3 4 4 Lightning 

Route Complex Johnson 5 8 3 Lightning 

2017  
Eclipse Complex  

Oak, Ukonom 
7 

14 2 
Lightning 

Cedar 2 

Salmon August Complex Wallow 4 2 2 Lightning 

Southern LNU Complex Nuns 3 2 2 Unknown 

Helena/Fork 
 

2 - 2 Lightning/ 

Misc 

Modoc July Complex Steele, Lake, Rimrock 6 3 2 Lightning 

2018 Mendocino Complex Ranch, River 2 2 2 Human 

2020  August Complex 
 

11 4 10 Lightning 

CZU Aug Lightning Complex 
 

1 1 4 Lightning 

LNU Lightning Complex Hennessey 6 1 2 Lightning 

North Complex  3 2 2 Lightning 

Red Salmon Complex  2 1 2 Lightning 

River  1 - 2 Lightning 

SCU Lightning Complex  1 3 2 Lightning 

Slater/Devil  2 2 2 Unknown 

 1-12 - - 2 Unknown 

2021  River Complex 
 

- 3 3 Lightning 

KNP Complex 
 

- 2 2 Lightning 

2022 2022 SRF Lightning Complex Ammon  8 3 Lightning 

2023  Smith River Complex 
Kelly, Hurdy Gurdy, 

Corral 
- 8 5 Lightning 

2023 SRF Lightning Complex Mosquito - 8 
2 

5 
Lightning 

 976 

 977 
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Table S2. 979 

Median, interquartile range (IQR), and Mann-Whitney p-value statistics of burned area per 980 

ignition, burned area per ignition on day four, duration, and distance between ignitions for single- 981 

and multi-ignition fires. 982 

 983 

Variable Group Region Median IQR N p-value 

Burned area per 

ignition (km2) 

 

Single-ignition California 22.0 8.9 – 80.0 377 
< 0.001 

Multi-ignition 103.2 51.0 – 267.8 30 

Single-ignition Arctic-boreal 14.0 7.1 – 34.2 14,305 
< 0.001 

Multi-ignition 44.4 17.2 – 117.1 2,161 

Burned area per 

ignition on day 4 (km2) 

 

Single-ignition California 24.8 6.65 – 92.5 180 
0.62 

Multi-ignition 20.9 6.60 – 80.7 29 

Single-ignition Arctic-boreal 5.7 2.2 – 13.0 12171 
< 0.001 

Multi-ignition 8.4 3.4 – 19.4 1205 

Duration (days) 

 

Single-ignition 
California 

3.5 1.0 – 10.0 377 
< 0.001 

Multi-ignition 26.8 14.5 – 36.8 30 

Single-ignition 
Arctic-boreal 

10.0 4.0 – 21.5 14,305 
< 0.001 

Multi-ignition 28.0 16.0 – 48.0 2,161 

Distance between 

ignitions (km) 

Multi-ignition California 9.5 6.4 – 13.4 54  

Arctic-boreal 8.2 5.1 – 13.2 4178  

 984 

  985 
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Table S3. 986 

Average burned area (BA, km2) from single- and multi-ignition fires in average and large fire 987 

years and coefficient of variation for California and Arctic-boreal regions in 2012–2023. Large 988 

fire years were identified as years with a burned area larger than the mean + one standard 989 

deviation; for California: 2020, 2021; Alaska: 2015, 2019, 2022; Canada: 2023; Russia: 2012, 990 

2021. The coefficient of variation was computed from the mean and standard deviation of the 991 

burned area time series. 992 

 993 

 Average fire years Large fire years Coefficient of variation 

Region Mean BA 

(single) 

Mean BA 

(multi) 

% BA 

(multi) 

Mean BA 

(single) 

Mean BA 

(multi) 

% BA 

(multi) 

Single-

ignition 

Multi-

ignition 

All 

fires 

California 2,212 578 20.7 8,297 5,951 41.8 0.84 1.77 1.06 

Alaska 1,064 465 30.4 5,986 7,140 54.4 1.03 1.51 1.25 

Canada 9,013 12,116 57.3 36,208 116,614 76.3 0.79 1.51 1.24 

Russia 30,313 34,003 52.9 46,321 92,056 66.5 0.35 0.60 0.47 

 994 

  995 
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 996 

Table S4. 997 

Fire management resources and loss and damage due to multi-ignition (N=28) and single-ignition 998 

fires (N=290). For the comparison per ignition all resources and damages were divided by the 999 

number of ignitions for each fire. Following ICS-209 protocol, affected civilians and responders 1000 

include those who are: injured, ill, or deceased; trapped or missing; sheltering in place, 1001 

quarantined, requiring or having received immunizations; and evacuated or in temporary shelters 1002 

(civilians only). 1003 

 1004 

  Multi-ign. fires 

(total) 
Single-ign. fires Multi-ign. fires (per 

ignition) 
Mann-Whitney test 

p-value 

  
Median IQR Median IQR Median IQR Total 

Per 

ignition 

R
es

o
u

rc
es

 

Incident cost  

(million $) 
50.7 

32.8 – 

97.0 
11.5 

3.9 – 

34.8 
23.0 

13.5 – 

34.2 
< 0.001 0.01 

Total personnel 

(number of people) 
1,766.0 

1,227.5 – 

2,598.3 
971.0 

542.3 – 

1,899.5 
690.6 

471.4 – 

1,024.1 
< 0.001 0.06 

# Engines 139.5 
108.8 – 

253.3 
90.0 

30.3 – 

176.8 
54.2 

37.5 – 

86.4 
< 0.001 0.29 

# Helicopters 11.5 
8.0 – 

21.0 
9.0 

4.0 – 

15.0 
4.8 

3.4 – 

8.0 
< 0.001 0.04 

# Bulldozers 25.0 
19.5 – 

44.5 
14.0 

5.0 – 

29.0 
11.3 

6.8 – 

17.6 
< 0.001 0.63 

# Water tenders 31.0 
23.0 – 

47..8 
16.0 

7.0 – 

31.0 
13.1 

9.7 – 

21.1 
< 0.001 0.61 

L
o
ss

 &
 D

a
m

a
g
e
 

Threatened structures 1,869.5 
451.5 – 

13,768.8 
249.0 

24.0 – 

1,470.3 
887.8 

150.5 – 

3,946.2 
< 0.001 0.005 

Damaged structures 2.0 
0.0 – 

29.0 
0.0 

0.0 – 

3.0 
0.8 

0.0 – 

14.5 
0.003 0.02 

Destroyed structures 10.0 
1.8 – 

320.0 
2.0 

0.0 – 

20.0 
3.3 

0.6 – 

119.0 
0.004 0.04 

Affected civilians 981.0 
194.3 – 

17,631.3 
150.0 

0.0 – 

1,463.5 
366.3 

78.9 – 

8,610.5 
0.002 0.04 

Evacuated civilians 943.5 
186.8 – 

17,200.0 
117.5 

0.0 – 

1,409.0 
360.7 

78.9 – 

8,600.0 
0.001 0.03 

Affected responders 12.0 
3.0 – 

28.5 
2.0 

0.0 – 

6.0 
4.0 

1.4 – 

14.3 
< 0.001 0.04 

 1005 

  1006 
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Table S5. 1007 

Selected excerpts of ICS-209 reports for prominent multi-ignition fires in California illustrating resource limitations 1008 

and associated risks. 1009 

 1010 

Year Fire name Start 

date 

Report 

date 

Excerpts 

2014 July 

Complex 

 08/05 –

08/06 

The zero percent containment in block 8 is due to continuing indirect line 

construction due to limited suppression resources, steep/rugged terrain and 

aggressive fire behavior. 

2014 Happy 

Camp 

Complex 

08/11 08/16 Management opportunities on the Frying Pan are being reevaluated with the 

possibility of Frying Pan and Falkstien growing together. Additional crew 

resources are needed to support projected opportunities. The Falkstein fire is 

estimated at 350 ac and remains unstaffed. 

08/18 A strong inversion held until mid-afternoon when it was broken up by 

thunderstorms developing of the Complex. Lightning strikes forced crews to 

disengage and/or shelter from the lightning 

Hunters in the area are in danger of being trapped by both the Frying Pan and 

Falkstein fires. 

08/29 Steep terrain, long travel times around the fire and poor air quality continue to 

slow and hamper fire suppression efforts 

2015 Fork 

Complex 

07/30 07/31 […] limited availability of ground and air resources 

Several other large fires in the area continue to draw resources. 

07/31– 

08/02 

Fatigue management will still be a priority until sufficient resources are assigned. 

07/31–

08/06 

The amount of fires has far exceeded the initial attack capabilities and the majority 

of these fires are currently unstaffed. An Initial Attack Area can only be identified 

once adequate resources arrive. 

08/01–

08/15 

Reduce firefighter exposure by only engaging fires with the highest probability of 

success. 

08/03–

08/15 

The current helicopter medivac alternative does not provide for a timely response 

(>45 min) and transportation of injured firefighters. 

08/03 Aviation assets are in jeopardy of being shut down due to the lack of available 

aviation frequencies and the inability to establish TFRs. 

Due to a complex airspace coordination of multiple incidents an ATGS Platform is 

required to prevent shutdown of aviation assets.  

08/03–

08/12 

Given the current limited number of resources assigned and the fires 

growth/terrain/complexity will drastically extend containment objectives and 

further force evacuations. […] It is unlikely to achieve incident management targets 

with current resources and constraints.  

2017 

 

Orleans 

Complex 

07/25 08/29 – 

09/25 

All aviation resources are being shared [with the Salmon August Complex, 

Eclipse Complex, and for Initial Attack on the SRF and KNF]. 

 07/25 09/02 – 

09/06 

Critical orders to support SOP and structure protection plan remain unfilled. 

Minimum critical orders to keep current resource levels in days to come remain 

unfilled. Resources continue to demob with no backfill. 

07/25 09/03 The Wallow fire of the Salmon August complex is approximately 5 miles from the 

Haypress Fire and its impact of combining with the Haypress fire and associated 

increased uncontained fire perimeter (along with the threat to Salmon River Road 

and nearby communities) will require additional resources beyond what is listed 

here in order to adequately mitigate the threat to life and property. […] 

With limited resources, snag hazards, and difficult steep access, successful 

containment was not probable. 

Eclipse 

Complex 

 

08/15 09/07 Several Divisions are downstaffed to patrol status due to lack of Overhead and 

Crews 

09/07 Priorities for the limited resources include: […] 

Division Z and F will be unstaffed but patrolled due to limited resources.  

Due to limited resource availability, the Cedar Fire will be unstaffed, but patrolled 

for the next operational period.  
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09/07 Limited resources, UTF orders, and crews timing out have caused several 

divisions to be down-staffed or forced into monitor status due to lack of engines 

and crews to support the operations. Steep and rocky terrain with significant dead 

and down fuels, snags, and long travel times on steep mountain roads create a 

significant challenge for suppression operations with the limited resources. 

Due to the lack of engines and crews divisions have been forced into monitor 

status or down-staffed. […] UTF orders, limited and timing out resources will 

make it increasingly difficult to support the incident priorities, strategy and tactics 

while the threats to the areas and values at risk remain valid. 

09/07 Lack of HEQB's will prohibit the use of heavy equipment on vital areas of the 

fires, this includes direct suppression actions, contingency and suppression repair. 

2018 Mendocino 

Complex 

07/27 07/28 –

07/30 

A lack of suppression and overhead resources will challenge todays operational 

plan. 

2020 

 

CZU AUG 

lightning 

 

8/16 

 

08/19 A FMAG was submitted last night (8/18). The fires have begun to merge and have 

made significant runs overnight destroying multiple structures and heading into the 

San Lorenzo Valley including Boulder Creek, forcing large scale evacuations of 

over 22,000 people. 

08/20 Statewide drawdown of resources has created challenges to supporting the 

incident priorities. Crews are focusing on life safety threats until sufficient 

equipment arrives to initiate perimeter control and indirect actions. 

08/22 –

08/27 

Active fire and a lack of resources to mop up interior burn is slowing the progress 

for DINS teams. 

08/24 –

08/28 

Heavy fuels and steep rugged terrain are keeping progress slow with the limited 

resources available. 

August 

complex 

 

08/17 

 

08/18 (explain major problems and concerns) HEAT, WINDS, RESOURCE NEEDS 

08/19 This complex includes 32 fires with more fires expected to be detected as fuels 

continue to dry out. Complexities include: limited resources and logistical 

difficulties managing multiple fires in steep, rugged terrain with limited 

connectivity and long distances. 

08/21 Complexities include: limited resources and logistical difficulties managing 

multiple fires in steep, rugged terrain with limited connectivity and long distances. 

Extreme fire behavior including group torching and spotting impedes control 

efforts. Aircraft are being utilized to support firing operations, but aircraft are 

limited. [..] We have had difficulty assessing fire size and growth due to multiple 

UTF of infrared operations and the size of the complex leading to insufficient IR 

time. 

08/24 

08/25 

The number, type, and pace of incoming resources are completely inadequate 

given the size of the complex, fire behavior, logistical difficulties managing 

multiple fires in steep, rugged terrain with limited connectivity, numerous values at 

risk, and long distances necessitating 3 hour drives between fires. Operations have 

been limited by lack of resources. Active fire behavior including group torching 

and spotting on multiple adjacent fires impedes control efforts. Aircraft are being 

utilized to support firing operations, but aircraft are limited.  

LNU LC 

 

08/17 

 

08/19 –

01/09 

Very limited resources assigned to the incident. 

08/19 A lack of critical resources in the State has forced the Initial Attack resources to be 

double shifted. 

08/20 –

08/28 

Very limited resources assigned to the incident has caused resources to work longer 

than normal shifts altering the work to rest cycle. 

08/20 –

09/01  

The fires will continue to be staffed with the limited resources, making structure 

defense and perimeter control difficult. 

2021 

 

River 

Complex 

 

07/30 

 

08/01 Continue to staff fires with resources available. Continue to access and get size ups 

of current fires. Fully suppress fires when staffed. Continue to prioritize fires 

focusing on fires with higher growth potential and values at risk.   

08/01 –

08/02 

Multiple fires and being able to staff with limited resources. 



Science Advances                                               Manuscript Template                                                                           Page 38 of 44 

 

08/02 –

08/03 

We are engaged in point protection at this point due to fire activity and limited 

resources. 

09/08 Current resources are in-sufficient to complete the multiple burns we have 

underway. (at time of merging) 

09/01 –

09/28 

The current organization is already understaffed and with time out dates will 

become worse and span of control will become in-sufficient. 

2021 KNP 

Complex 

09/11 09/12  –

09/14 

Currently have insufficient resources of all types (crews, engines, overhead) to 

execute the plan to control the fire and protect values at risk. 

 1011 

  1012 
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Table S6. 1013 

Annual probabilities for merging of fires in California. The observed column represents the 1014 

probability that any two large fires will merge based on the satellite observations. The simulated 1015 

probability is derived from a model analysis we undertook to explore the probability of two large 1016 

fire starts merging due to random chance from ignition locations that were randomly distributed 1017 

over the landscape. In the simulation, for each year, the observed number of fire starts (N) was 1018 

used, but locations were drawn from a fire probability map we created using FRAP fire 1019 

perimeters larger than 1000 acres. Merging probability was assessed by computing all distances 1020 

between fire starts for each simulation and comparing them to three thresholds based on radii 1021 

derived from observed fire sizes: (1) the sum of the two largest radii of the year (maximum), (2) 1022 

the average of all radii of the year (mean) and (3) the median of all radii of the year (median). 1023 

Radii were computed from fire sizes assuming circular fire shapes. Fire sizes of multi-ignition 1024 

fires were divided by the number of ignitions. 1025 

 1026 

Year N Nmulti-ignition 
Observed probability of 

merging 

Simulated probability 

Maximum Mean Median 

2012 34 3 0.088 0.012 0.001 0.001 

2013 28 2 0.071 0.012 0.002 0.001 

2014 35 5 0.143 0.008 0.001 0.001 

2015 42 12 0.286 0.012 0.002 0.001 

2016 35 0 0.000 0.009 0.001 0.001 

2017 66 12 0.182 0.016 0.002 0.001 

2018 31 2 0.065 0.023 0.003 0.001 

2019 22 0 0.000 0.008 0.001 0.001 

2020 84 28 0.333 0.025 0.003 0.001 

2021 37 5 0.135 0.039 0.004 0.002 

2022 18 3 0.167 0.007 0.002 0.001 

2023 29 12 0.414 0.003 0.001 0.001 

Mean 38.4 7.0 0.157 0.015 0.002 0.001 

  1027 
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Table S7. 1028 

Median and interquartile range (IQR) of resources per ignition during the first four days after the 1029 

start of multi-ignition and single-ignition fires for large (2020 & 2021, Nmulti=11, Nsingle=70) and 1030 

average fire years (2014–2019, 2022, Nsingle=17, Nsingle=173). P-values are based on Mann-1031 

Whitney tests. 1032 

 1033 
 Resource Days after 

ignition 
Single-ignition fires Multi-ignition fires p-value 

Median IQR Median IQR 
 

L
a
rg

e 
fi

re
 y

ea
rs

 (
2
0
2
0
 &

 2
0
2
1
) 

Total personnel 1 175.0 55.0–443.0 44.8 14.6–86.1 0.01 

2 244.0 107.8–583.0 82.0 32.0–132.1 0.02 

3 245.5 133.3–736.5 153.4 80.4–257.9 0.09 

4 203.5 20.8–773.8 225.5 168.6–321.4 0.85 

# Crews 1 4.0 1.0–10.3 1.0 0.6–1.7 0.01 

2 6.0 2.8–12.3 1.3 0.8–2.8 0.004 

3 6.0 2.8–15.0 2.3 1.2–4.0 0.01 

4 5.0 0.0–14.5 4.0 3.5–4.8 0.59 

# Engines 1 14.5 2.0–35.0 4.5 0.5–8.6 0.06 

2 19.0 4.0–50.3 8.0 1.8–18.3 0.15 

3 21.0 4.0–59.0 10.8 4.0–28.7 0.28 

4 16.0 0.5–54.8 19.8 10.7–37.8 0.69 

# Water tenders 1 2.0 0.0–6.0 0.8 0.0–2.0 0.18 

2 2.0 0.0–6.3 1.3 0.1–4.4 0.60 

3 2.5 0.8–8.0 4.0 0.6–5.4 0.77 

4 2.0 0.0–9.3 4.7 1.5–7.8 0.74 

# Dozers 1 2.0 0.0–6.3 0.6 0.1–2.8 0.22 

2 2.0 0.0–10.0 1.0 0.4–5.4 0.59 

3 3.0 0.0–10..3 2.0 0.5–6.9 0.83 

4 3.0 0.0–8.8 2.7 1.4–6.6 0.86 

# Helicopters 1 2.0 0.0–4.0 0.5 0.0–1.4 0.09 

2 2.0 0.0–5.0 0.9 0.0–1.5 0.16 

3 1.0 0.0–6.0 1.6 0.6–2.4 0.99 

4 0.5 0.0–4.8 1.5 0.9–3.5 0.47 

A
v
er

a
g
e 

fi
re

 y
ea

rs
 (

2
0
1
4

-2
0
1
9
, 
2
0
2
2
) 

Total personnel 1 408.0 196.0–702.0 39.8 4.5–120.0 < 0.001 

2 635.0 272.0–1058.0 126.0 23.5–182.5 < 0.001 

3 646.0 285.0–1467.0 135.5 83.5–266.5 < 0.001 

4 652.0 307.3–1467.8 178.0 53.5–224.3 0.004 

# Crews 1 11.0 4.0–20.0 0.8 0.0–4.0 < 0.001 

2 17.0 7.0–28.0 3.8 0.7–5.7 < 0.001 

3 18.0 7.0–35.0 4.3 1.7–5.8 < 0.001 

4 17.0 5.8–32.5 4.7 1.3–5.4 0.002 

# Engines 1 28.0 11.0–68.0 2.5 0.0–11.5 < 0.001 

2 46.0 15.0–101.0 6.5 0.5–19.0 < 0.001 

3 48.0 17.0–119.0 8.0 3.0–30.5 < 0.001 

4 47.0 11.0–113.5 6.3 3.0–19.0 0.01 

# Water tenders 1 3.0 0.0–7.0 0.0 0.0–2.0 < 0.001 

2 5.0 2.0–12.0 1.0 0.0–3.5 < 0.001 

3 7.0 2.0–17.0 2.7 0.0–5.3 0.002 

4 10.0 2.0–19.3 2.3 0.0–5.3 0.02 

# Dozers 1 4.0 1.0–10.0 0.5 0.0–1.3 < 0.001 

2 6.0 2.0–13.0 1.0 0.0–2.8 < 0.001 

3 7.0 2.0–13.0 2.0 0.3–4.5 0.005 

4 5.0 0.8–16.0 2.0 1.3–3.0 0.12 

# Helicopters 1 3.0 0.0–6.0 0.3 0.0–1.5 0.0003 

2 4.0 1.0–8.0 0.5 0.0–1.8 < 0.001 

3 4.0 1.0–9.0 1.0 0.0–2.0 0.002 

4 4.0 0.0–9.0 0.8 0.3–1.4 0.04 

  1034 
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Table S8. 1035 

Comparison of the number of fire starts for 21 large fires that burned over 50 000 acres (202 km2) 1036 

in California from 2019 to 2021 from the GOES-Observed Fire Event Representation (GOFER) 1037 

based on GOES-West, the FEDS-derived approach used here, and FPA-FOD. 1038 

 1039 

Fire name Year 
# Ignitions 

GOFER FEDS (filtered) FPA-FOD (large) 

Kincade 2019 1 1 1 

Walker 2019 1 1 1 

August Complex 2020 8 10 11 

Bobcat 2020 1 1 1 

Creek 2020 1 1 2 

CZU Lightning Complex 2020 3 4 1 

Dolan 2020 1 1 1 

Glass 2020 1 1 1 

July Complex 2020 4 1 4 

LNU Lightning Complex 2020 9 4 6 

North Complex 2020 6 2 3 

Red Salmon Complex 2020 2 2 2 

SCU Lightning Complex 2020 4 4 1 

Slater and Devil 2020 2 2 1 

SQF Complex 2020 2 1 2 

W-5 Cold Springs 2020 1 1 1 

Zogg 2020 1 1 1 

Dixie 2021 6 1 - 

KNP Complex 2021 2 2 - 

River Complex 2021 3 4 - 

Tamarack 2021 2 1 - 

 1040 

  1041 
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Table S9. 1042 

Accuracy of multi- and single-fire identification from our approach (FEDS and ABFA-derived) 1043 

and US and Canada national fire datasets. In part A of the Table, we compare our FEDS-derived 1044 

approach with the USFS FPA-FOD database. In this analysis, we had 274 matched fires and fire 1045 

complexes. In part B we compare our ABFA-derived approach with fire locations from the 1046 

Canadian National Fire Database fire locations. In this analysis we had 2185 matched fires and 1047 

fire complexes. The eight versions of FEDS/ABFA are based on different filtering strategies for 1048 

ignitions: unfiltered (No Filter), ignitions that grew at least once before merging (Growth), initial 1049 

ignitions only, minimum size filters (0.5 and 1 km2) and a combination of growth and all other 1050 

filters. The filtering strategy with the best accuracy metrics is highlighted in gray. Single and 1051 

Multi refer to the number of matched fires with one or several fire locations in the reference 1052 

dataset and FEDS/ABFA displayed as a confusion matrix. Average diff. refers to the mean 1053 

difference in number of ignitions between both datasets (pairwise comparisons) across all 1054 

matched fires. Fraction correct refers to the fraction of fires with a matching number of ignitions 1055 

between both dataset. For California, FEDS fires were matched with Fire and Resource 1056 

Assessment Program (FRAP) fire names and complex names, and fires within fire complexes 1057 

were aggregated for the comparison. FPA-FOD was filtered by ignitions that grew over 100 acres 1058 

(fire size classes D-G). 1059 

  1060 

A  FPA-FOD 

Commission 

Error 

Omission 

Error 

Accuracy # Ignitions per fire 

 
 

Single Multi Overall Kappa 
Average 

diff. 

Fraction 

correct 

Unfiltered 
Single 208 22 0.10 0.09 

0.85 0.44 -0.03 0.80 
Multi 20 24 0.45 0.48 

Growth 

filter 

Single 217 23 0.10 0.05 
0.88 0.50 -0.14 0.83 

Multi 11 23 0.32 0.50 

Initial 

ignition 

filter 

Single 216 23 0.10 0.05 
0.87 0.49 -0.11 0.83 

Multi 12 23 0.34 0.50 

Fires > 

0.5 km2 

Single 212 24 0.10 0.07 
0.85 0.44 -0.15 0.84 

Multi 16 22 0.42 0.52 

Fires > 

1 km2 

Single 215 24 0.10 0.06 
0.86 0.47 -0.15 0.84 

Multi 13 22 0.37 0.52 

Growth + 

Initial 

Single 222 24 0.10 0.03 
0.89 0.54 -0.18 0.85 

Multi 6 22 0.21 0.52 

Growth + 

0.5 km2 

Single 218 24 0.10 0.04 
0.88 0.49 -0.09 0.82 

Multi 10 22 0.31 0.52 

Growth + 

1 km2 

Single 219 24 0.10 0.04 
0.88 0.50 -0.12 0.83 

Multi 9 22 0.29 0.52 

  1061 
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B  CNFD 

Commission 

Error 

Omission 

Error 

Accuracy # Ignitions per fire 

 
 

Single Multi Overall Kappa 
Average 

diff. 

Fraction 

correct 

Unfiltered 
Single 1471 130 0.08 0.17 

0.80 0.43 0.44 0.73 
Multi 311 273 0.53 0.32 

Growth 

filter 

Single 1660 179 0.10 0.07 
0.86 0.52 -0.02 0.81 

Multi 122 224 0.35 0.44 

Initial 

ignition 

filter 

Single 1492 139 0.09 0.16 
0.80 0.43 0.31 0.73 

Multi 290 264 0.52 0.34 

Fires > 

0.5 km2 

Single 1585 163 0.09 0.11 
0.84 0.47 0.17 0.77 

Multi 197 240 0.45 0.40 

Fires > 

1 km2 

Single 1619 172 0.10 0.09 
0.85 0.49 0.09 0.79 

Multi 163 231 0.41 0.43 

Growth + 

Initial 

Single 1667 187 0.10 0.06 
0.86 0.51 -0.07 0.81 

Multi 115 216 0.35 0.46 

Growth + 

0.5 km2 

Single 1670 183 0.10 0.06 
0.86 0.52 -0.04 0.81 

Multi 112 220 0.34 0.45 

Growth + 

1 km2 

Single 1680 189 0.10 0.06 
0.87 0.52 -0.06 0.82 

Multi 102 214 0.32 0.47 

 1062 

  1063 
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 1064 

Table S10. 1065 

Annual number of multi-ignition fires in California based on FEDS and four different reference 1066 

datasets. ICS-209: Incident Status Summary reports of daily wildfire situation. FPA-FOD: Fire 1067 

Program Analysis fire occurrence database. For ICS-209, complex fires are estimated as the 1068 

number of fires with 'complex' in their name. For FPA-FOD, complex fires are estimated as the 1069 

number of fires complexes listed as having a complex name. 1070 

 1071 

Year ICS-209 FPA-FOD FEDS 

2012 5 12 1 

2013 2 5 1 

2014 8 8 2 

2015 9 9 4 

2016 2 2 0 

2017 11 12 6 

2018 2 2 1 

2019 0 0 0 

2020 9 9 9 

2021 4 NA 2 

2022 1 NA 1 

2023 7 NA 3 

 1072 

 1073 

 1074 
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