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Lightning as a major driver of recent large fire
years in North American boreal forests
Sander Veraverbeke1,2*, Brendan M. Rogers3, Mike L. Goulden1, Randi R. Jandt4, Charles E. Miller5,
Elizabeth B. Wiggins1 and James T. Randerson1

Changes in climate and fire regimes are transforming the boreal forest, the world’s largest biome. Boreal North America
recently experienced two years with large burned area: 2014 in the Northwest Territories and 2015 in Alaska. Here we use
climate, lightning, fire and vegetation data sets to assess the mechanisms contributing to large fire years. We find that
lightning ignitions have increased since 1975, and that the 2014 and 2015 events coincided with a record number of lightning
ignitions and exceptionally high levels of burning near the northern treeline. Lightning ignition explainedmore than 55% of the
interannual variability in burned area, and was correlated with temperature and precipitation, which are projected to increase
bymid-century. The analysis shows that lightning drives interannual and long-term ignition and burned area dynamics in boreal
North America, and implies future ignition increases may increase carbon loss while accelerating the northward expansion of
boreal forest.

The boreal forest is the world’s largest terrestrial biome
containing approximately 30% of the world’s forest cover1,
and tundra and boreal ecosystems store about 35% of global

soil carbon2. Fire is the main landscape disturbance in the boreal
forest and exerts important controls on carbon and energy fluxes,
with positive and negative feedbacks to climate3. Burned area
has increased during the last several decades in much of boreal
North America4,5. Models project significant increases, up to a
doubling or more, of the burned area in boreal forest and Arctic
tundra ecosystems by the end of the century6–10.

Regional burned area is driven by both the number of ignitions
and the size of fires11. Lightning ignition accounts for the majority
of burned area in boreal North America12,13, and is more prevalent
over dense forests14. Fire size is a function of fire weather severity
and the connectivity of fuels on the landscape. Projections of future
burned area should account for the interacting effects of ignition,
fire size and fuel availability across the landscape, but few analyses
have considered all three factors. Projections of future wildfires
have often emphasized observed statistical relationships between
meteorological conditions and burned area6–8,15. These relationships
are useful for understanding contemporary variability, but their
predictive use is limited if ignition, fire size and fuel distribution
respond differently to climate change. Fire size may be self-
regulating16,17, and current statistical relationshipsmay overestimate
changes with warming as less flammable, early succession shrubs
and deciduous trees become progressively more abundant18 and
limit fire spread19,20. Lightning frequency is projected to increase
by the mid twenty-first century in temperate North America with
increases in convective storm activity21. Lightning may increase in a
similar manner in boreal and Arctic regions, raising the possibility
that increases in ignitions will alter the spatial distribution of fire22.
However, few analyses of past fire trends or projections of future
trends have considered the effects of both ignition number and fire
size on the boreal fire regime.

Large multi-fire complexes in the Northwest Territories in 2014
and Interior Alaska in 2015 provide an excellent case study to
explore the controls on years with large burned area in boreal North
America (Fig. 1). Here we used multiple remote sensing and other
geospatial data sets to: quantify pyrogenic carbon emissions from
these events, assess the relative importance of ignition and fire size as
drivers of burned area, identify the role of climate-induced lightning
as a triggering mechanism influencing burned area and carbon
emissions, and estimate future change in the cascade between
climate, lightning, ignition and burned area.

We used an improved and geographically extended version of
the Alaskan Fire EmissionsDatabase23 (AKFED) to estimate burned
area and carbon emissions for the 2014 and 2015 events. The
2014 Northwest Territories complex burned 3.41± 0.21Mha and
emitted 164±32 TgC. In Interior Alaska in 2015, burned area was
1.49± 0.18Mha, and emissions totalled 55± 11 TgC. The area of
Northwest Territories that burned in 2014 was the highest on record
since at least 1975 (our analysis window began in 1975, coincident
with significant improvements in fire perimeter records during the
satellite era12,13). Similarly, the area of Interior Alaska burned in 2015
was the third highest on record since 1975 (only 2004 and 2005 were
higher). Both events featured unusually high levels of ignition and
burned area in the forest to tundra ecotone (Fig. 2); ignition and fire
occurrence in these areas have historically been less frequent.

We investigated the drivers of years with large burned area and
the annual trends by decomposing burned area into the number of
ignitions and the size of fires (regional burned area = number of
ignitions × mean fire size)11. We used the cause attribute from the
Canadian and Alaskan large fire databases to distinguish fires from
lightning and human origin12,13, and to better understand the role of
lightning in regulating long-term trends. The majority of fires had
only one ignition per fire (91% of fires in the Northwest Territories,
and 97% in Interior Alaska between 2001 and 2015), and we defined
fire size as the burned area per ignition.We found that, between 1975
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Supplementary figures 

 

Supplementary Figure 1. Raw (observed) and detrended lightning density for (a) the Northwest Territories 

and (b) Interior Alaska.  
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Supplementary Figure 2. Fraction of ignition and burned area per month in (a) the Northwest Territories 

and (b) Interior Alaska between 2001 and 2015. Only ignitions and burned area from lightning ignitions were 

considered. 
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Supplementary Figure 3. Key statistical relationships found for the cascade from meteorology to carbon 

emissions for the Northwest Territories and Interior Alaska between 2001 and 2015. The numbers displayed 

represent R
2
 values (*** denotes significant relationships at a level of p < 0.001, ** at a level of p < 0.01, and * at a 

level of p < 0.05). (T: temperature, P: precipitation, CP: convective precipitation, VPD: vapor pressure deficit). 
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Supplementary Figure 4. Interannual relationships from 2001 to 2015 between (a, b) July vapor pressure 

deficit and mean fire size, and (c, d) mean fire size and burned area in the Northwest Territories and Interior 

Alaska. Only lightning fires were considered.  
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Supplementary Figure 5. Mean fire size in the Northwest Territories and Interior Alaska between 2001 and 

2015 as a function of ignition timing. Only lightning fires were considered. 
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Supplementary Figure 6. Decreases in lightning in June-July in the treeline ecotone for (a) the Northwest 

Territories, and (b) Interior Alaska. Intra-cloud and cloud-to-ground lightning flash climatology was derived for 

June between 1995 and 1999 from the spaceborne Optical Transient Detector. 
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Supplementary Figure 7. The extreme fire years in the Northwest Territories and Interior Alaska were 

characterized by above-average (a, b) temperature and (c, d) lightning along the treeline ecotone. Future 

temperature  is also predicted to increase. (sd: standard deviation) 
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Supplementary Figure 8. Convective mass flux, a strong lightning predictor
30

, in June-July in 1980-2004, and 

absolute and relative increase in convective mass flux by 2050-2074 for (a, c, e) the Northwest Territories, and 

(b, d, f) Interior Alaska.  
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Supplementary table 

Supplementary Table 1. Adjusted R
2
 values (𝑹𝒂𝒅𝒋

𝟐 ) and corrected Akaike information criterion (AICc) of 

multiple linear regression models (with constant) for modeling interannual variability in lightning in the 

Northwest Territories (2005-2014) and Interior Alaska (2001-2012). (** denotes significant regression models at 

a level of p < 0.01, and * at a level of p < 0.05). (CAPE: convective available potential energy, T: temperature, P: 

precipitation, CP: convective precipitation) 

Predictor variables Northwest Territories Interior Alaska 

 𝑅𝑎𝑑𝑗
2  AICc 𝑅𝑎𝑑𝑗

2  AICc 

CAPE -0.13 -53.22 0.5* -53.50 

T -0.07 -53.69 0.51* -55.69 

P 0.41* -59.71 -0.10 -46.03 

CP -0.05 -53.95 0.21 -49.99 

𝐶𝐴𝑃𝐸 × 𝑃 0.17 -56.27 0.34* -52.16 

𝐶𝐴𝑃𝐸 × 𝐶𝑃 -0.11 -55.09 0.52** -55.96 

𝐶𝐴𝑃𝐸 × 𝑇 0.13 -48.89 0.50** -55.40 

𝑇 × 𝑃 0.47* -60.73 0.04 -47.72 

𝑇 × 𝐶𝑃 -0.10 -53.42 0.49** -55.20 

𝑃 × 𝐶𝑃 0.04 -47.65 0 -47.17 

CAPE, P 0.33 -56.44 0.47* -53.27 

CAPE, CP 0.09 -50.82 0.47* -53.36 

CAPE, T 0.10 -53.51 0.52* -54.49 

T, P 0.37 -61.10 0.50* -54.04 

T, CP -0.02 -52.22 0.65** -58.35 

P, CP 0.65* -62.98 0.71** -60.68 

CAPE, T, P 0.43 -54.62 0.46* -50.86 

CAPE, T, CP 0.08 -49.80 0.62* -55.05 

CAPE, P, CP 0.78** -64.19 0.71** -58.32 

T, P, CP 0.90** -72.22 0.76** -60.73 

CAPE, T, P, CP 0.91** -66.30 0.74* -55.91 

 




