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Abstract

The 2023 wildfire season in Canada was unprecedented in its scale and intensity. Spanning from late
April to early November and extending across much of the forested regions of Canada, the season resulted
in a record-breaking total area burned of approximately 15 million hectares, over seven times the historic
national annual average. The impacts were profound with more than 200 communities evacuated
(approximately 232,000 people), periods of dense smoke that caused significant public health concerns,
and unprecedented demands on fire-fighting resources. The exceptional area burned can be attributed to
several environmental factors that converged early in the season to enable extreme fire danger over much
of the country. These factors included early snowmelt, interannual drought conditions in western Canada,
and the rapid transition to drought in eastern Canada. Furthermore, the mean May–October temperature
over Canada in 2023 was a staggering 2.2°C warmer than normal (1991–2020), enabling sustained
extreme fire weather conditions throughout the fire season. These conditions led to a larger than normal
proportion of very large fires (> 50,000 hectares), many having burned for months from the spring into
the fall. Fires that started in May or June accounted for over two-thirds of the total area burned. Overall,
the 2023 wildfire season in Canada was characterized by its exceptional scale and major societal impacts,
setting new records and highlighting the increasing challenges posed by wildfires in the country.

Significance Statement:

The 2023 wildfire season in Canada was unprecedented, extending from coast to coast, and burning
approximately 15 million hectares between late April and the end of October – over seven times the
historic national average – challenging firefighting efforts. More than 200 communities were evacuated,
affecting hundreds of thousands of people, while dense smoke posed significant public health risks.
Environmental factors, including early snowmelt, prolonged drought in the west and rapid transition to
drought in the east, with unusually high temperatures, created extreme fire conditions. The season saw a
larger than average proportion of very large fires, many burning for months, including one fire complex
growing to over one million hectares. This record-setting season underscored the escalating challenges of
wildfires in Canada.

Introduction

The 2023 wildfire season in Canada was one of superlatives and broken records. At approximately 15
Mha, the area burned was by far the highest since the start of comprehensive national reporting (c. 1975),
shattering the previous record of 6.7 Mha in 1989 (Skakun et al. 2022). Four provinces and territories
registered their highest recorded annual area burned, with a massive fire complex reaching over 1 Mha,
larger than any fire since 1950. Over 200 communities had to be evacuated—some twice—under stressful
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or logistically complex circumstances. There were several fatalities, and hundreds of homes and important
infrastructure were destroyed. The smoke produced by Canadian wildfires had widespread consequences,
affecting not only nearby communities, but also major population centres >1,000 km from the wildfires,
notably in southern Canada and on the east coast of the USA (Wang et al. 2023). An unprecedented
contingent of wildland firefighters was deployed to respond to the wildfires and international help was
obtained from 12 countries and the European Union. The aftermath of the 2023 fire season will likely
affect communities and ecosystems for years, if not decades to come.

Canada’s climate has been warming at twice the global rate: the mean annual temperature has increased
1.7°C since 1948 nationally, with larger increases at high latitudes and during winter and spring (Bush et
al. 2019). Nationally, the annual area burned in the country has been increasing since the 1950s (Hanes et
al. 2019). While 2023 was unique in both magnitude and character, scientists and managers have long
anticipated the growing potential for increased fire activity (Flannigan et al. 2005; Flannigan and Van
Wagner, 1991). The length of the wildfire season—the window of opportunity for wildfire to ignite and
grow—has been steadily increasing due to warming over the last 50 years (Wotton and Flannigan 1993;
Jain et al. 2017; Hanes et al. 2019). Projections indicate more frequent and intense fire-conducive
weather, especially in the central and western part of the country (Wotton et al. 2017; Wang et al. 2020).
Moreover, recent wildfire seasons have been associated with extreme weather phenomena affecting an
uncommonly large area. For example, the 2021 “heat dome” that covered much of northwestern North
America brought record temperatures and entrained one of the worst wildfire seasons of the last century
in the province of British Columbia, contributing to the abrupt increase in fire activity in the province
since ~2000 (Parisien et al. 2023). Undoubtedly, the increasing potential for wildfires in Canada is
symptomatic of the changing climates; in fact, it was estimated that the heat dome would have been 150
times less likely to occur without the ongoing anthropogenic climate disruption (Philip et al. 2021).

Despite this growing body of knowledge about changing fire patterns, the 2023 wildfire season has
challenged our understanding of wildland fire in Canada. Canada is about the width of a Rossby wave, the
planetary wave pattern (Madden 1979) associated with meridional flow of the Jet Stream (Hoskins and
Ambrizzi 1993). Severe fire weather is more likely to develop on one side of a wave, leading typical
active fire years to occur regionally, rather than throughout the country (Macias Fauria et al. 2011).
Nationwide fire activity, affecting nearly all forested areas in a single season as experienced in 2023, was
unprecedented and was not anticipated until later in the century based on climate change projections
(Flannigan et al. 2005). Equally surprising, the fire activity in 2023 was relentless: except for a handful of
days, many large wildfires burned without respite from late April to early October, and several regions
underwent two or more significant surges in fire activity. Uncommon fire behavior, including a
pyro-tornado in British Columbia (https://www.uwo.ca/ntp/), and a record number of pyrocumulonimbus
events were observed due to the frequency and intensity of extreme weather and fire intensity.
Consequently, large areas of less-flammable vegetation, such as broadleaf-dominated forests and recently
burned stands, were affected by wildfires.

The goal of this article is to provide an overview of this exceptional year, and to examine the drivers and
impacts of the record-breaking 2023 wildfire season in Canada. Specific objectives consist of: (i)
describing the spatiotemporal patterns of fire activity, (ii) investigating the drivers of fire activity (i.e.,
weather conditions, ignition source, and fire duration), and (iii) examining the wildfires’ observed and
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potential impacts on people and ecosystems. To achieve this, we use several datasets quantifying wildfire
activity, weather and climate, ignitions, fire management response, and societal impacts. We interpret and
discuss our observations relative to past wildfire seasons, but also through the lens of a rapidly changing
physical and human environment.

Results and Discussion

Overview of the wildfire season

The 2023 wildfire season extended across seven months (Fig. 1), following early snowmelt that coincided
with record-breaking heat. Many of these wildfires caused evacuations, loss of homes, and infrastructure;
several continued to burn for the rest of the fire season, reaching very large sizes (e.g., ≥ 105 ha). The fire
season abruptly began in mid April with an evacuation in southern British Columbia. Shortly afterward,
hundreds of mainly human-caused wildfires began in Alberta in early May. In late May, fast-spreading
wildfires on the eastern coast—an area where large wildfires are relatively rare—led to the evacuation of
thousands of people from several communities in Nova Scotia and the destruction of hundreds of
buildings outside of Halifax and in southern Nova Scotia. In early June, multiple convective cells with
associated lightning ignited a string of fires across south-central Quebec, followed by another series of
wildfires three weeks later that ignited to the north of the initial ones. The Quebec wildfires burned for
weeks and produced a colossal plume of smoke that caused severe smoke pollution in several major cities
in Canada and the USA, eventually spreading throughout much of the northern hemisphere (Wang et al.
2023). In midsummer, large wildfires burning in the Northwest Territories caused extensive structural
losses and the evacuation of about 70% of the population, including the territorial capital city of
Yellowknife. In mid-August, wildfires across British Columbia also burned close to communities,
destroying hundreds of structures in south-central British Columbia. Embers transported over 3 km across
Okanagan Lake started spot fires that threatened the city of Kelowna. Across Canada, there were many
rapidly spreading crown fires over the fire season with extreme fire intensity and towering convection
columns. Extreme fire behavior and instability generated 140 pyro-cumulonimbus events in the country,
83% of the total observed globally in 2023 (D. A. Peterson, pers. comm.). As a testament to the
widespread and sustained nature of the 2023 wildfire activity, September 22nd—usually a quiet time at the
end of the season—was the largest single-day area burned in Canada (~440,000 ha) since satellite records
began.

Exceptionally high area burned

The 2023 Canadian fire season was remarkable due to coast-to-coast fire activity lasting from late April to
late October, resulting in a record-breaking total burned area of approximately 15 Mha, corresponding to
around 4% of Canada's forest area and more than seven times the historic national average. At the level of
individual provinces and territories (Table S1), Quebec, the Northwest Territories, British Columbia, and
Alberta all registered a record year for total area burned. In comparison with the 1986–2022 period, the
area burned in 2023 eclipsed the previous record of 6.7 Mha burned in 1989 (Fig. 2). The widely reported
preliminary figure of 18.5 Mha burned is based on active fire data from the fire management agencies for
the National Fire Situation Report (CIFFC, https://ciffc.net/). The agencies provide invaluable real-time
information during the fire season, but the data is considered to be preliminary estimates for daily
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operations. Final quality control to account for water bodies and unburned vegetation islands is performed
postseason. Our revised estimate is based on a hybrid NBAC-M3 dataset, combining ~12 Mha mapped at
high resolution with Landsat and Sentinel-2 satellite imagery and ~3 Mha of perimeters estimated from
thermal anomalies.

There were about ~6,700 reported wildfire ignitions in 2023, which represents—surprisingly— a lower
number than the average of about 8,000 wildfires per year (Hanes et al. 2019). Lightning ignited 59% of
the wildfires and lightning-caused wildfires accounted for 93% of the total area burned (long-term
average = 91%) (Hanes et al. 2019). Lightning storms that caused multiple simultaneous ignitions that are
beyond initial attack capacity led to several large fires, some of which eventually coalesced. Lightning
fires that started on four days, May 13th, May 27th , June 1st and July 5th, were responsible for 30% of
the total annual area burned. Interestingly, 2023 had the third lowest overall lightning detections since
1998. The lightning-ignition efficiency was high due to extensive areas of dry, receptive ground fuels
coinciding with the specific timing and location of lightning events (Rao et al. 2023), a phenomenon that
is expected to increase as a function of the ongoing warming and drying (Hessilt et al. 2022). Although
they are responsible for a comparatively low proportion of the total area burned (7%), human-caused
ignitions were numerous early in the season, before the greening of vegetation and the prevalence of
lightning storms (Parisien et al. 2023). Many of these, notably in Alberta, burned for months and caused
evacuations of communities. Yet, it is difficult to confidently assign a human cause to some fires due to
ongoing investigations and the eventual intermingling of individual fires with multiple ignition sources in
large wildfire complexes.

Drivers of fire activity

Early season drought conditions

In 2023, much of Canada faced a significant moisture deficit at the onset of the fire season, primarily
attributed to prolonged drought and premature snowmelt. The country was snow free considerably earlier
than the 2004–2022 average, particularly in northern and west-central Canada (British Columbia, Alberta,
and Saskatchewan), and along the east coast (Fig. 3 a, b). The maximum root zone soil moisture drying
rate increased in western Canada in early May, followed by rapid, intense drying in eastern Ontario and
southern Quebec in late May and early June (Figs. 3 c, d). Standardized anomalies of the Canadian Fire
Weather Index (FWI) System Drought Code (DC), show similar trends, with severe drought conditions in
some northern and western areas in May, and new-onset drought conditions in Quebec and Nova Scotia in
June (Fig. 3d, e). Early-season drought is a common occurrence in western Canada (Tymstra et al. 2021),
due to persistent drought carried over from the previous year and exacerbated by a low winter snowpack
(Hanes et al. 2020) (Fig. S1). In contrast, the 2023 fire season started with near-normal levels of soil
moisture following snowmelt in the eastern provinces, but above-normal temperatures and rapid drying
caused what could be described as a ‘flash drought’, an emerging phenomenon that we are only beginning
to understand (Christian et al. 2024).
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Persistent extreme fire weather

Canada experienced extreme fire weather conditions in 2023, recognized as the hottest year on record
globally (NOAA 2024). Mean fire season daily temperature, precipitation, and vapor pressure deficit
(VPD) anomalies confirm that it was significantly hotter and drier in Canada than normal (Fig. 4). The
mean May to October fire season temperature was 2.2°C warmer than the baseline period (1991–2020),
with higher values in northern Canada and average-to-below average values in southern Ontario, Quebec,
and New Brunswick. This anomaly is already comparable to what is expected in summertime temperature
increases over Canada for ~2050, based on projections from CMIP6 climate models under the SSP5‑8.5
scenario (https://climate-scenarios.canada.ca/?page=cmip6-scenarios). VPD is a good predictor of fuel
moisture globally (Rodrigues et al. 2024) and area burned regionally (Parks and Abatzoglou, 2020). Many
daily mean temperature and VPD extremes were observed across the country in 2023; for example, on
July 7 the temperature at Norman Wells, NWT (65° N), just south of the Arctic Circle, reached 38 °C.
Precipitation deficits were widespread, particularly in regions of western and northern Canada and
western Quebec; all areas that experienced unusually large wildfires during 2023.

Fire growth is largely determined by the occurrence of extreme weather conditions (Wang et al. 2014).
Here, we define extreme fire weather when the Fire Weather Index (FWI) exceeds the climatological 95th

percentile of FWI calculated at each location (FWI95). The FWI is a meteorological-based measure of
overall fire danger used extensively in fire management (Van Wagner 1987). In 2023, there was a strong
correlation between the forested area where FWI exceeded FWI95 and the daily burned area in each
province and territory (Fig. 5). Because conditions were extreme for many regions of the country for an
extended period of time (e.g., 2-5 months), this enabled the synchronous burning observed in both
western and eastern Canada. Synchronous extreme fire weather conditions across large areas has
previously been identified as a proxy for constraints on fire suppression resources (Magnussen and Taylor
2012, Abatzoglou et al. 2021). The highest number of extreme fire weather days occurred in northeastern
British Columbia, northern Alberta, and southern Northwest Territories (Fig. 6a). Nationwide, fire
weather was most extreme in May and June (Fig. 6b), as a result of significant spring drought conditions
over much of the country (Figs. 3 & 4). When examining the mean proportion of daily forested area
exceeding FWI95, 2023 was also the most extreme fire weather year since at least 1940 (Fig. 6d). Similar
relationships were also found for two other FWI System components (Van Wagner 1987), the Initial
Spread Index (ISI) and the Buildup Index (BUI) (Fig. S2). Although drought conditions dominated much
of the 2023 fire season, days of extreme fire growth were also related to the presence of high near-surface
winds, as evidenced by the largest growth days typically coinciding with short-lived (1–3 days) surges in
the FWI (Fig. S6).

Large-scale atmospheric circulation patterns have a strong influence on weather extremes. Atmospheric
ridges and the associated positive 500-hPa geopotential height anomalies are associated with fire
conducive weather, such as ‘blocking’ highs (Skinner et al. 2002, Jain and Flannigan 2021). Blocking can
be characterized by persistent positive anomalies (PPAs) in 500-hPa geopotential heights (Tibaldi and
Molteni, 1990). Sharma et al. (2022) found PPAs in North America were associated with positive
fire-weather anomalies and a seven-fold increase in the likelihood of wildfire ignitions. In 2023, the
persistent and widespread extreme fire weather conditions were likely related to the presence of frequent
blocking events. Whereas for the baseline period (1991–2020) the mean number of annual
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(April–October) blocking days in Canada is ~15, Figure 6c shows the number of blocking days during
2023 far exceeded this value in most parts of the country, both in western and eastern Canada.

Fire size and duration

Most wildfires in Canada’s managed forest are contained or self-extinguished before they reach 200 ha in
size; however, fires that survive and exceed 200 ha (“large fires”) account for approximately 97% of the
area burned (Stocks et al. 2002; Hanes et al. 2019). In 2023, there were many more large fires in Canada
(834) than in previous years (average of 320 for 1986–2022, Fig. S4), as well as a substantially higher
frequency of very large fires > 50,000 ha (Fig.7a). The contribution of very large fires in 2023 is
noteworthy: 60 of them were responsible for 73% of the total area burned, compared to an average of 7
very large fires with 41% of the total area burned in the historical period (Fig. 7a). An uncommon event
during most years, wildfire complexes where two or more wildfires eventually burn together resulted in 6
of the 10 largest, long-burning wildfires on record (Figs. S5, S6).

How did so many fires become so large in 2023? The likelihood of fire growth in any time period depends
on the probability of extreme weather favoring growth, and the absence of fire-ending events such as
significant rain or the onset of winter, assuming no fuel limitations (Wiitala and Carlton 1994). Because
the number of possible spread days for a given fire is limited by the fire duration, fire size also covaries
with the time from ignition to control or extinguishment (Xi et al. 2020). This is illustrated by the growth
of the 10 largest wildfires that burned in Canada in 2023 (Figs S5, S6). Of the 43 very large fires (>
50,000 ha) that occurred in western Canada (west of 85°W), the median duration was 82 days (90% CI
32–156) in contrast to only 40 days (22–89) for the 17 very large fires that occurred in eastern Canada.
The relationship between the number of potential spread days (defined here as days exceeding the 95th
percentile of fire season FWI during each fire and at its location) and fire size is shown in Fig. 7b. In fact,
a robust power-law relationship exists between extreme fire weather days (i.e., potential spread days) and
fire size throughout Canada (Wang et al. 2020). Interestingly, large fires that burned in western Canada
burned over a longer period than those in eastern Canada, but under similar numbers of extreme fire
weather days, relative to the local FWI climatology. Although conditions were extreme in each regional
context, typical fire weather conditions in western Canada are more severe overall due to climatologically
higher aridity. The fires in eastern Canada that grew very large over a relatively short duration, compared
to those in western Canada, may also reflect bottom-up factors such as fuel continuity and topography
although further work is required to understand these regional differences (Wang et al. 2014).

The seasonal timing of ignitions also influences fire size, and this was particularly evident in 2023, as
environmental conditions favoring fire growth over extinguishment persisted for extended periods in
many regions of Canada (Figs. S5 & S6), particularly in western Canada where some fires burned for five
months. Wildfires that began in the spring and were not extinguished quickly grew larger (Fig. 7c) and
accounted for an outsized proportion of the total burn area. The proportions of fires > 1,000 ha ignited in
May, June, July, and August corresponded to 0.12, 0.24, 0.37, 0.08, respectively, but were responsible for
substantially different proportions of the total area burned (0.35, 0.34, 0.24, 0.05, respectively; see Fig.
7d). A smaller number of large fires that began in April and September had a negligible contribution to
the area burned nationally.
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Fire management considerations

In 2023, approximately 79% of wildfires detected in Canada received full suppression response, with the
remaining 21% receiving modified or monitored (i.e., no direct intervention) response. However,
modified and monitored fires contributed 61% percent of the total burned area. The number of active
wildfires placed an overwhelming demand on resources throughout most of the 2023 fire season (Fig S3).
A national preparedness level of 5, signifying an extreme fire load, insufficient national resources, and
limited exchange capabilities, was declared on May 11 and persisted for a record 120 consecutive days.
Unprecedented personnel imports and exchanges occurred within Canada (over 1,700 individuals), and
over 5,500 individuals from 12 countries and the European Union provided assistance. Additionally, the
collective fire-fighting effort included contract firefighting crews, structural firefighters from municipal
and local governments, individuals who volunteered, and the Canadian Armed Forces that were deployed
to aid in firefighting efforts in multiple provinces. A significant number of firebreaks were created to halt
fire spread and protect communities and critical infrastructure. As a result of this record fire-suppression
effort, approximately 85% of full-response fires were contained to under 200 hectares, in contrast to 62%
of modified- and monitored-response fires that did not exceed this size.

Societal and ecosystem impacts

Aside from fire management, the human dimensions of wildfire also include the vulnerability of
communities or individuals to wildfire smoke, evacuations, and the potential loss of structures or even
lives. Wildfires in Canada in 2023 resulted in profound societal impacts. Hundreds of thousands of people
in communities were affected by evacuations, structure losses, power outages, and business interruptions,
and millions of people in North America were exposed to wildfire smoke. Tragically, eight people
working on wildfires in Canada were killed during the 2023 fire season. The approximately 15 Mha
burned represents a vast area of fire-affected forest, with important implications for post-fire ecological
recovery, habitat conservation, human use and enjoyment of forest resources, and the Canadian forestry
industry.

Air quality

Fine particulate matter with an aerodynamic diameter less than 2.5 µm (PM2.5) is a known air pollutant;
exposure to PM2.5 from wildfires has been shown to significantly impact human health (Matz et al. 2020).
For communities near sources of wildfires, smoke causes direct visibility degradation and hazardous
exposures to air pollutants. Smoke can be transported hundreds to thousands of kilometers downwind,
thus causing population-level exposure to elevated levels of PM2.5 across large regions. Figure 8c shows
the air quality warnings (bulletins) issued by forecasters at Environment and Climate Change Canada
(ECCC) for possible onset of poor air quality conditions (Air Quality Health Index (AQHI), Stieb et al.
2008) for years between 2017 and 2023. Within the current decade, most AQHI alerts are the result of
wildfire events across the country, with peaks during June to September. Compared to the annual average
of about ~1,300 alerts from 2017–2022, 2023 stands out with ~5,000 alerts issued (Jan–Nov), due to the
extreme poor air quality conditions from summer wildfires across Canada. Fires in the southern
Northwest Territories, and northwestern Quebec were particularly influential sources of smoke in 2023
(Fig. 8a). In some regions, almost half of the summer (> 60 days) was spent in unsafe air quality
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conditions, sometimes in air containing more than 18 times the level of PM2.5 required to trigger an air
quality warning (Fig. 8b). Smoke transport from fires as point sources (Fig. 8b) also affected many large
communities along several eastern states of the USA. Furthermore, satellite imagery from early June 2023
also showed smoke from Quebec fires transported across the Atlantic impacting countries in western
Europe (Wang et al. 2023). In 2023, Canadians experienced approximately eight days of poor air quality
on average during the fire season; however, severely affected regions with lower populations, such as the
Northwest Territories, endured up to 44 poor air quality days (Tables S4 & S5).

Evacuations

Most of Canada’s population of ~41 million is concentrated in the southern part of the country, where fire
activity is less prevalent. However approximately 12.3% of Canadians live within or adjacent to forested
areas, in the wildland urban interface (WUI; Johnston and Flannigan 2017), and these communities are
more likely to experience an evacuation when threatened by fire. Indigenous communities, of which
32.1% of the on-reserve population is located within the WUI, are especially vulnerable to evacuation
(Erni et al. 2021; Tepley et al. 2022). Evacuations are extremely disruptive for community cohesion and
economics, and have negative physical and mental health impacts (Asfaw et al. 2019; Cherry and Haynes,
2017).

In 2023, wildfires triggered evacuations of communities in 12 of the country’s 13 provinces and territories
(Natural Resources Canada, 2023a). Preliminary estimates indicate that approximately 232,000 people
were evacuated in 282 events; the most evacuees of any fire season since records began in 1980 (Beverly
and Bothwell, 2011), and nearly three times as many people as were evacuated due to the Horse River
Wildfire that burned through Fort McMurray in 2016. Five of the 10 largest evacuations ever recorded in
Canada occurred this year (Table S3), with some communities such as Edson in Alberta and
Lebel-sur-Quévillon in Quebec, experiencing repeated evacuations. The 2023 fire season will
undoubtedly have lasting social and health impacts, throughout the country.

Ecological impacts

The 2023 wildfire season will significantly alter forest landscapes due to extensive stand-replacing
wildfires. While most Canadian forests are adapted to large, intense fires and the recent burn rates have
remained within the historical range of variability (Chavardès et al. 2022), the scale of this wildfire season
(~4% of the total forest area burned) in Canada is well outside what was observed in the recent decades.
The widespread burning of young forests (i.e., <30 years since fire or harvest) in 2023 has the potential to
cause extensive post-fire tree regeneration failures, because immature trees cannot provide enough seeds
following a fire (Reid et al. 2023; Splawinski et al. 2019). These failures, compounded by logging
legacies, drought, and insect outbreaks, could reduce forest productivity (Cyr et al. 2022) and carbon
stocks (Walker et al. 2019), and accelerate the transition from boreal forests to open taiga, prairies or
parklands (Stralberg et al. 2018; Whitman et al. 2019). Forest landscape changes from the 2023 wildfire
season will have profound effects on forest ecosystem processes and biodiversity, with species adapted to
early-stage or open-canopy forests benefitting, whereas those reliant on mature or old-growth forests,
such as woodland caribou (Rangifer tarandus), being most negatively affected in the near term (Rudolph
et al. 2017; Stewart et al. 2020). The cumulative impacts of the area burned in 2023 coupled with the
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extensive anthropogenic disturbance legacies on the landscape will challenge the resilience of forest
ecosystems, especially if fire activity continues to increase, as projected (Gauthier et al. 2015).

Conclusions

The 2023 Canadian fire season shattered national and multiple regional records, causing profound societal
and health impacts. The combination of extreme weather and an extended fire season led to
longer-lasting, hence larger, wildfires, resulting in a burned area approximately seven times the national
average. Unprecedented synchronous fire activity strained fire management and response capacities
across the country. Climate change has increased wildfire activity globally (Sullivan et al. 2022),
including in Canada, where recent extreme fire weather in British Columbia and Alberta has been linked
to climate change (Kirchmeier-Young et al. 2019; Whitman et al. 2022). Although research is needed to
quantify the importance of climate change to the 2023 fire season at a national scale, anthropogenic
climate change strongly contributed to Quebec’s worst-recorded fire season (Barnes et al. 2023).
Disentangling the relative influence of human landscape legacies and worsening fire weather (Jain et al.
2022; 2017; Jones et al. 2022) on the current Canadian fire environment is ongoing, but it is inescapable
that extreme heat and moisture deficits drove the record-breaking 2023 fire season. The disproportionate
effect a few days of extreme weather can have on the total area burned is also evident in this fire season
(Wang et al. 2023; Coop et al. 2022), leading to worrisome prospects given projected future conditions
(Wang et al. 2020). Fire-fuel feedbacks may offset some potential for future fire activity (Boulanger et al.
2017; Gaboriau et al. 2023); however, increasingly severe weather overwhelms this resistance to burning.
Although this trajectory cannot easily be changed, we are not without options. Increased focus on
innovative and integrated fire management strategies that prioritize prevention and mitigation are gaining
momentum. This will require all stakeholders to engage in fostering more fire resilient environments, as
the 2023 fire season may foreshadow the emergence of severe climate change impacts on fire activity
decades earlier than previously anticipated.

Materials and Methods

Wildfires in Canada

Fire-prone regions of Canada have predominantly boreal and temperate continental climates, with the
majority of wildfires occurring between April 1 and September 30. Even though about half are ignited by
humans, lightning-caused fires are responsible for a greater proportion (~90%) of the area burned (Hanes
et al. 2019), occurring in remote areas (Erni et al. 2020). In some parts of the country, Indigenous cultural
burning during spring or fall also drove local fire regimes, though these practices were suppressed
beginning in the early 20th century (Lewis et al. 1988; Hoffman et al. 2022). From a meteorological
standpoint, the Canadian wildfire season is typically characterized by a series of high-pressure
atmospheric systems resulting in drying periods of several days to more than one week, interspersed with
rain events (Taylor, 2020). Lightning storms occurring during or after these dry spells can cause several
hundred fire starts within a few days in a given region. When followed by persistent warm and dry
weather and strong winds, extensive forested areas can burn as crown fires (Frelich et al. 2021).
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Fire data

In Canada, high-quality spatial wildfire perimeters are available from the National Burned Area
Composite (NBAC; Skakun et al. 2022). At the time of writing, the NBAC product had not yet been
completed and consolidated with agency data, so we considered a variety of provisional fire data sources
to form a complete picture of fire activity for 2023.

Agency fire data

During the fire season in Canada, fire information reported by fire management agencies are collated by
the Canadian Interagency Forest Fire Centre (CIFFC). This data includes reported date, fire ignition
cause, and fire management response type. We downloaded reported data for 2023 (https://ciffc.net/,
accessed December 29, 2023) to determine the number of incidents, management responses, and fire
cause.

Subdaily fire detections

Near-real-time fire perimeter polygons were obtained from the M3 fire perimeters (Natural Resources
Canada. 2023b.) derived from thermal anomaly (hotspot) point detections using a two-step buffering
process as follows. First, VIIRS (375m) hotspots (VIIRS and MODIS (1km) in Quebec) are buffered out
rout meters to form circular polygons. Boundaries between intersecting circular polygons are dissolved to
form larger polygons. Second, perimeters of the resulting polygons are buffered in (contracted) rin meters.
The choice of rout and rin for each ecozone were determined by comparing buffered polygons from
2012–2021 with higher-resolution fire perimeters from the NBAC. Selected radii maximize the
intersecting area, and minimize commission and omission errors.

National Burned Area Composite

The provisional 2023 NBAC fire perimeters were created using cloud and shadow-free satellite imagery
from the Google Earth Engine Collection-2 catalogue (Landsat-8 and -9 data combined at 30-metres
resolution, and Sentinel-2 data at 20-metres). We produced post-fire mosaics using median compositing of
images collected over a 30-day period starting after the last hotspot acquisition date of the corresponding
M3 perimeter. A pre-fire mosaic was derived likewise using the dates of the post-fire mosaic one year
earlier. Image compositing was performed independently for Landsat and Sentinel, and an analyst selected
the best quality pre- and post-fire mosaics for image mapping. In this procedure, an adaptive threshold
was applied based on the differenced Normalized Burn Ratio to map pixels corresponding to burned areas
(Skakun et al. 2022). The largest fires contributing the greatest area burned were targeted for NBAC
mapping.

NBAC-M3 2023 hybrid dataset

We produced a hybrid fire perimeter dataset ("NBAC-M3”) using the combination of all preliminary
NBAC fire perimeters and, for the 18% of the 2023 area burned which was not yet mapped, M3
perimeters (Natural Resources Canada, 2023b). We removed water bodies using the CanVec hydrographic
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features polygons (Natural Resources Canada 2019). It was necessary to correct the apparent burned area
from M3 buffered hotspots, since buffered points typically overestimate area burned due to the presence
of unburned islands and water bodies that are not accounted for in the buffering process. We did this by
dividing the NBAC area burned by the total area burned reported in historical M3 buffered hotspots for
2012–2022, stratified by ecozone and year, thereby producing ecozone-specific calibration factors. We
multiplied the calculated area of the M3 polygons for 2023 by the correction factors, within ecozones.
Finally, polygons less than 1ha in size were removed from the final dataset to minimize any introduced
artifacts from the above process. We then summed the calibrated M3 area burned, with the mapped area
burned from NBAC polygons to estimate the total area burned in 2023.

Daily fire growth

To estimate daily fire growth, we interpolated the fire detection date from hotspots for all wildfires in the
NBAC-interim dataset with a final area over 500 ha. Detection date (NRT VIIRS 2022) was corrected to
local standard time and interpolated using ordinary kriging to a 180-m grid, following Parks (2014). A
filter was applied to detections prior to April 1st to remove false detections outside of the main fire season.
In total, 641 fires were interpolated, accounting for ~99.5% of the total area burned in 2023.

Snowmelt timing

Daily snow cover data was obtained from the Interactive Multisensor Snow and Ice Mapping System
(IMS) produced by the United States National Ice Center (USNIC, 2008) at 4-km resolution. We defined
snowmelt timing at each location as the first day of the longest snow free period at that location for any
given year. In addition, snow melt timing departures for 2023 were determined by the anomaly (days) of
the 2023 snowmelt timing from the mean timing of the period 2004–2022.

Drought data

The root zone soil moisture (RZSM) is an indicator of the moisture content of the top 1 m of soil, and as
such, is a useful measure of drought. We obtained the RZSM from the Global Land Data Assimilation
System (GLDAS-2.2, Li et al. 2020), a land surface model constrained by Data Assimilation of the
Gravity Recovery and Climate Experiment (GRACE-DA). The GLDAS-2.2. data is daily at 0.25 degrees
resolution, and was subset to North America. To determine rapid onset of drought, we calculated the
maximum amount of drying (i.e., reduction in RZSM values, kg m-2) that occurred using a 14-day sliding
window from May 1st to June 30th. The timing of rapid onset was defined as the midpoint of the window
corresponding to the maximum 14-day drying.

Weather and fire weather

Weather data was obtained from the ERA5 reanalysis via the Copernicus Climate Change Service
(Hersbach et al. 2023). ERA5 includes an extensive set of surface and upper air atmospheric variables,
available hourly and globally at 0.25° resolution. We downloaded 2 m temperature, 2 m dewpoint
temperature, precipitation, and the 10 m U and V components of wind. Relative humidity and Vapor
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Pressure Deficit (VPD) were estimated from temperature and dewpoint temperature, using the equation
from Alduchov and Eskridge for VPD (1996).

We examined mean daily anomalies of temperature, precipitation and vapor pressure deficit (VPD)
averaged between May 1st and October 31st (fire season) of 2023 compared with the baseline period
(1991–2020); we also plotted the rank of the fire season mean of each variable for 2023 compared with
the period 1940–2023.

The Canadian Fire Weather Index System (CFWIS) — part of the Canadian Forest Fire Danger Rating
System (CFFDRS; Van Wagner, 1987) — is an empirical model that combines screen level temperature,
relative humidity, 10-m open wind speed, and 24-hour accumulated precipitation collected at solar noon
(Van Wagner, 1987). The System outputs represent proxies to fuel moisture in the forest floor, potential
fire behavior and an overall fire danger rating (the Fire Weather Index, FWI). We calculated CFWIS
outputs from ERA5 weather following a procedure to account for interseasonal drought conditions
(McElhinny et al. 2020). Fire season was determined using the startup condition that daily maximum
temperature should exceed 12° C for three consecutive days, and annual shutdown conditions when
temperatures fall below 5° C for three consecutive days, serving as a proxy for snow free periods (Wotton
and Flannigan 1993).

We calculated a climatology of extreme FWI values at each ERA5 grid cell, defined as the 95th percentile
of FWI values (FWI95) between 1991–2020 (omitting values outside of the fire season). An extreme fire
weather day is then any day for which FWI>FWI95. Using percentiles to define extreme fire weather
accounts for the fact that the fire-weather relationship (e.g., fire ignition and spread) are heterogeneous
across the landscape. The extent of extreme fire weather conditions was further defined as the forested
area exceeding the local (i.e., grid-level) 95th percentile of the FWI (FWI95, defined by the fire season
period during 1991–2020, Wang et al. 2015). We defined forested area by applying a threshold of > 20%
canopy cover to the NASA Making Earth System Data Records for Use in Research Environments
(MEaSUREs) Vegetation Continuous Fields (VCF) Version 1 data product (VCF5KYR, Hansen et al.
2018)

To examine the influence of large-scale atmospheric patterns over Canada in 2023 — and in particular,
blocking events — we applied the identification algorithm for persistent positive anomalies (PPAs) in
500-hPa geopotential heights, previously developed by Sharma et al. (2022). A PPA was identified for
contiguous regions where the 500-hPa geopotential heights exceeded one standard deviation above the
local seasonal climatological mean (for the baseline period 1991–2020) and persisted for at least 5 days,
with the additional criterion that each event reached at least 100,000 km2 during its evolution. We applied
the algorithm using a domain that covers the entirety of the forested area of Canada.

Air quality

We compiled PM2.5 concentration maps from the first 24-hr model outputs of the ECCC operational
Regional Air Quality Deterministic Prediction System-FireWork (ECCC RAQDPSFW TechNote, 2021).
FireWork is a state-of-science numerical air quality forecast system with near-real-time wildfire emissions
(Chen et al. 2019; O’Neill et al. 2023). The core of the FireWork system is the GEM-MACH
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meteorology-chemical-coupled model that simulates the dynamics of chemical composition, accounting
for detailed gas-, aqueous- and particle-phase chemical reactions and atmospheric physics. The model
domain covers North America with a 10-km grid resolution. Hourly wildfire emissions were estimated
using the Canadian Forest Fire Emissions Prediction System (CFFEPS, Chen et al. 2019) for fire grid
locations representing hotspot areas (past-24 hr satellite detection by VIIRS sensors). We estimated
emissions with forecast meteorology, fuel type, and burn areas through the NRCan Canadian Wildland
Fire Information System (Natural Resources Canada, 2023c). Output of the FireWork system consists of
hourly concentrations of gas-phase and aerosol species. The total fine PM components represent
simulated PM2.5 concentrations. We adopted thresholds for ambient levels of PM2.5 as regulated under the
Canadian Ambient Air Quality Standards (CAAQS, https://ccme.ca/en/air-quality-report), with daily and
annual standards determined as a 24-hour average concentration of 27 µg m-3 and an annual average of
8.8 µg m-3.

Air Quality (AQ) Alert Bulletins issued by MSC-ECCC, 2017-2023. Data representing the number of all
AQ Alert bulletins issued throughout the period. Each AQ alert will have a minimum of 2 bulletins issued
(issuance and termination), plus a number of continued bulletins based on the persistence of the event.
Each AQ Alert’s area of coverage varies in size based on the geographical extent of the AQ event.

Evacuations

Evacuation data for Canada for 1980–2023 were obtained by request from the Canadian Wildland Fire
Evacuation Database (Natural Resources Canada, 2023a). This data is compiled using an exhaustive
search of media reports and quality control measures as described by Tepley et al. (2022). Evacuation data
from 2023 are provisional and are subject to updates as evacuation numbers are confirmed.
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Figures and Tables

Figure 1: Infographic showing NBAC-M3 mapped fires, regional area burned and timeline and location of key
events that occurred during the Canadian 2023 wildfire season.
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Figure 2: Annual area burned for Canada from the National Burned Area Composite (NBAC; 1986–2022) and
NBAC-M3 (Natural Resources Canada, 2023b) datasets. During 2023, 15 Mha burned, compared to the annual
mean of 2.1 Mha (1986–2022, dashed line). The next largest annual area burned occurred in 1989 with 6.7 Mha.
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a) snowmelt timing b) snowmelt timing departure

c) maximum RZSM drying timing d) maximum RZSM drying amount

e) May DC f) June DC

Figure 3: Early 2023 fire season conditions for Canada. Panels: a) timing of snow melt; b) snow melt timing
departure (days) from historical norm (2004–2022); c) mid-point timing of maximum Root Zone Soil Moisture
(RZSM) drying in any two-week period between May and July; d) the corresponding maximum RZSM drying
amount; e) standardized anomalies of the May Drought Code (DC); f) standardized anomalies of the June DC. Data
sources described in methods.
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a) b)

c) d)

e) f)

Figure 4: 2023 fire season (May-October) anomalies relative to baseline period (1991–2020) for 2 m temperature a),
total precipitation c) and Vapor Pressure Deficit (VPD; e); Fire season (May-October) mean value ranking during
period 1940–2023 for 2 m temperature b), total precipitation d) and VPD f). Data derived from the ERA5 reanalysis.
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a) Daily area burned

b) Area extreme fire weather

Figure 5: a) Daily area burned in 2023, by province/territory estimated from interpolated day of burn for fires ≥ 500
ha; b) the daily forested area in each province/territory with FWI values exceeding the 95th percentile of FWI (during
the fire season). Nunavut is excluded from the plots due to its low total area burned and low forest cover.
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a) b)

c) d)

Figure 6 : a) Total number of days exceeding local 95th percentile of FWI for 2023; b) Proportion forested area
exceeding local 95th percentile of FWI (black) compared with mean (red) values for 1991–2020 (confidence
intervals shaded for 5th and 95th percentiles); c) The number of blocking days between April 1st and October 31st

2023; d) Mean proportion forested area exceeding local 95th percentile of FWI during fire season (May-Sep) for each
year (1940–2023).
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a) b)

c) d)

Figure 7 a) Left: number of fires > 50k ha for each fire size class for historical period (1986–2022, annual mean)
and for 2023; Right: proportion of total area burned for each fire size class for 1986–2022 and 2023; b) Fire size as
function of potential spread days (extreme fire weather days; FWI95) for Western Canada (west of -85 deg longitude)
and eastern Canada (east of -85 degrees longitude). c) Distribution of fire sizes by start month for all fires > 1,000
ha. (colored outliers correspond to fires > 100,000 ha). d) Cumulative daily area burned for fires starting in each
month between May-October.
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a) b)

c) d)

Figure 8: Panel a) The number of days in 2023 with daily mean PM2.5 greater than 27μgm-3; b) the maximum daily
value of PM2.5 that occurred during 2023; panel c) the number of air quality bulletins each month issued by
Environment and Climate Change Canada between 2017 and 2023 (Health and Air Quality Forecast Services
Program, MSC-ECCC, December 2023); panel d) The number of annual evacuation orders and evacuees from
1980–2023 using data from the Canadian wildfire evacuation database.
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Supplementary Material for:
Canada Under Fire – Drivers and Impacts of the Record-breaking 2023 Wildfire Season
Jain et al. 2024

Table S1: Regional summaries for total area burned in 2023

Region 2023 Area burned (ha) 2023 rank (1986-2023)

Quebec 4,258,416 1

Northwest Territories 3,574,813 1

Alberta 2,735,063 1

British Columbia 2,342,294 1

Saskatchewan 1,137,683 3

Yukon Territory 379,668 2

Ontario 341,599 6

Manitoba 142,334 18

Maritimes 24,064 2

Newfoundland and Labrador 19,257 18

Nunavut 2,323 10



Table S2 : Data corresponding to Fig 10c in main text. Air Quality (AQ) Alert Bulletins issued by MSC-ECCC,
2017-2023. Data representing the number of all AQ Alert bulletins issued throughout the period. Each AQ alert will
have a minimum of 2 bulletins issued (issuance and termination), plus a number of continued bulletins based on the
persistence of the event. Each AQ Alert’s area of coverage varies in size based on the geographical extent of the AQ
event.

2017 2018 2019 2020 2021 2022 2023

Jan 122 97 53 32 45 79 34

Feb 77 61 67 87 52 43 59

Mar 50 129 366 49 102 90 142

Apr 20 66 68 0 20 10 28

May 31 53 108 33 104 19 520

Jun 9 31 185 48 160 64 1412

Jul 223 217 273 22 728 245 932

Aug 413 589 66 70 407 191 979

Sep 385 54 15 96 101 247 762

Oct 32 22 6 9 77 153 72

Nov 85 67 17 12 27 138 55

Dec 127 37 69 27 10 43 21

Total 1574 1423 1293 485 1833 1322 5016



Table S3. Ten largest wildfire evacuations on record, by number of evacuees (Canadian Forest Service, 2023). Five
of the ten largest evacuation events (by number of evacuees) since 1980 occurred in 2023.

Evacuation Date Province/Territory Location Evacuees

2016-05-03 AB Fort McMurray 88000

2003-08-18 BC Kelowna 33050

2023-08-16 NT Yellowknife 21720

2023-08-17 BC West Kelowna 19809

2023-05-28 NS Halifax 16400

2009-07-18 BC West Kelowna 11000

2017-07-15 BC Williams Lake 10753

2023-08-17 BC Kelowna 9757

2023-05-05 AB Edson 8414

1998-08-10 BC Salmon Arm 8000



North American Drought Monitor

To evaluate general drought conditions in Canada, we used summary statistics from the North American
Drought Monitor (NADM, National Drought Mitigation Center). The statistics consists of a monthly time
series of drought classification for each province/territory. Classifications include D0 (Abnormally Dry),
D1 (Moderate Drought), D2 (Severe Drought), D3 (Extreme Drought), D4 (Exceptional Drought). We
retrieved data for the percentage area with conditions D0-D4, i.e., Abnormally dry or in drought.

Fig S1: Monthly time series of percentage of each province or territory that is abnormally dry or in drought
conditions for 2022 and 2023. The climatological mean (2002-2023) is shown by the blue line with 95% confidence
intervals shaded. Data from the North American Drought Monitor (see methods). See Lawrimore et al 2002 for
drought definitions.



Extreme Fire Weather

The 95th percentile of the Initial Spread Index (ISI) and Build-up Index (BUI), indices which are
components (output indices) of the FWI System (Van Wagner 1987) showed similar regional and
temporal trends to FWI95 in 2023 (Fig. 6 main text). Because of its dependence on wind speed, the ISI is
related to wind-driven fire regimes, whereas the BUI - which depends on the Drought Code (DC) and
Duff Moisture Code (DMC) - is related to drought-driven fire regimes.

a) b)

c) d)

e) f)

Fig. S2: a) Total number of days exceeding local 95th percentile of ISI for 2023; c) Total forested area exceeding
local 95th percentile of ISI (black) compared with 5th and 95th percentiles (shaded) and mean (red) values for



1991-2020; e) Mean percent daily forested area exceeding local 95th percentile of ISI during fire season (May-Sept)
for each year (1940-2023); b) Total number of days exceeding local 95th percentile of BUI for 2023; d) Total
forested area exceeding local 95th percentile of BUI (black) compared with 5th and 95th percentiles (shaded) and
mean (red) values for 1991-2020; f) Mean percent daily forested area exceeding local 95th percentile of BUI during
fire season (May-Sept) for each year (1940-2023).



Figure. S3: Number of active fires > 200 ha for 2019–2023, by reported suppression action (fire response) using
archived CIFFC fire agency data.

Fig. S4: Total annual area burned in Canada as a function of number of fires > 200ha using NBAC data
(1986–2023). The four years with the greatest area burned are indicated. The relationship follows an approximate
power law. Large fires > 200 ha account for 95% of area burned in Canada. In 2023, 2.6 times the average number
of large fires burned about 7 times the average area.



Population exposure to wildfire smoke

We combined population data with the 2023 modeled surface PM2.5 concentrations (see methods in main
text) to determine population exposure to wildfire smoke during 2023. For regional exposure (province or
territory) we used the gridded population downloaded from:
https://sedac.ciesin.columbia.edu/data/collection/gpw-v4/sets/browse. For urban centers we used the
Census Metropolitan areas from the Government of Canada open data portal:
https://open.canada.ca/data/en/dataset/096b2a17-2755-40fe-b750-1c489c5e6b6a. For regional wildfire
smoke exposure, we calculated a weighted mean of days of PM2.5 > 27μgm-3 using the gridded population
density as the weighting factor. For census metropolitan areas we extracted days of PM2.5 > 27μgm-3 to
each area. The resulting values represented the per capita number of poor air quality experienced in 2023 .

Table S4: Poor air quality days per capita for each province/territory of Canada, defined as the population weighted

mean of days with PM2.5 greater than 27μgm-3.

Region Smoky days per capita

British Columbia 3.5

Alberta 17.1

Saskatchewan 10.6

Manitoba 7.9

Ontario 8.7

Quebec 6.6

New Brunswick 0.2

Yukon 1.7

Nunavut 0.4

Newfoundland and Labrador 0.7

Nova Scotia 0.1

Northwest Territories 43.6

Prince Edward Island 0

Canada 8

Table S5: Mean poor air quality days and maximum daily PM2.5 for the 10 most populous census metropolitan areas.

Census metropolitan area population poor AQ days max daily PM2.5

Toronto 6,202,225 14 129

Montreal 4,291,732 12 135

Vancouver 2,642,825 4 112

Ottawa - Gatineau 1,488,307 11 215

Calgary 1,481,806 18 103

Edmonton 1,418,118 21 219

Quebec 839,311 4 117

https://sedac.ciesin.columbia.edu/data/collection/gpw-v4/sets/browse
https://open.canada.ca/data/en/dataset/096b2a17-2755-40fe-b750-1c489c5e6b6a


Winnipeg 834,678 10 70

Hamilton 785,184 11 127

Kitchener - Cambridge - Waterloo 575,847 7 97



Daily growth of ten largest wildfires in 2023.

We considered individual cases of the 10 largest mapped fires of 2023 by examining daily area burned,
the corresponding mean daily FWI values and the daily precipitation at the location of the fire.

Fig. S5: Location of the 10 largest wildfires that burned in Canada in 2023.







Fig. S6: Interpolated day of year of burning for the 10 largest wildfires that burned in Canada in 2023. Also shown
for each fire is daily area burned, Fire Weather Index values at the fire location (with extreme fire weather days
defined by days exceeding the 95th percentile of the local climatology fire season FWI, shown by red points), daily
precipitation and 100m wind speed (mean values were taken over each fire perimeter).
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