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Abstract. We evaluated surface and 500-hPa synoptic weather patterns, and fire weather indices from the Canadian
Forest Fire Danger Rating System for 80 large wildfires during 1990–2019 in Alberta that started inMay and grew to over
1000 ha. Spread days were identified during the first 4 days of wildfire activity.We observed two distinct synoptic weather

patterns on these days. Pre-frontal and frontal passage activity was the predominant feature associated with 48% of the
calendar spread days. Strong south–south-east winds from a surface high centred east of Alberta (west of Hudson Bay) and
supported by an upper ridge, and a surface low located south-west of the ridge occurred on 26%of the calendar spread days.
Surface analysis indicates the spring wildfire season in Alberta is driven by very high to extreme Initial Spread Index, a

rating of the expected wildfire rate of spread based on Fine Fuel Moisture Code and wind. Very high to extreme values of
Buildup Index, a rating of the amount of fuel available for consumption, are not a prerequisite for large wildfires in May.
For Alberta, this means large wildfires in May can occur after only a few days of dry, windy weather.
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Introduction

Very large wildfires are a common feature of the boreal fire
regime in Canada (Tymstra 2015; Hanes et al. 2019). However,
since 1959, Canada has experienced an increase in the number of

lightning wildfires (Coogan et al. 2019), area burned (Hanes
et al. 2019) and the number of wildfire disasters causing eva-
cuations and structural losses (Tymstra et al. 2020). Recent

disastrous wildfire seasons in western Canada occurred in 2011
(Alberta), 2014 (Northwest Territories), 2015 (Alberta and
Saskatchewan), 2016 (Alberta), 2017 and 2018 (British
Columbia), and 2019 (Alberta). Projected higher temperatures,

more lightning and weather extremes (Flannigan et al. 2009;
Coogan et al. 2019) will contribute to increasing wildfire
intensities in the future, and diminishing returns on investment

from suppression efforts (Wotton et al. 2017). During the 2005–
2014 period, extreme wildfire risk increased an estimated 150%
to 600% inwestern Canada as a result of the combined impact of

anthropogenic and natural forcing compared with natural vari-
ability alone (Kirchmeier-Young et al. 2017).

Climate change impacts also include changes in spring

phenology resulting in earlier spring wildfire seasons
(Beaubien and Hamann 2011; Pickell et al. 2017). Spring
wildfires across Canada are particularly a challenge during the
period between snowmelt and green-up when suppression

resources may not yet be fully available, and low fuel moisture

levels contribute to extreme wildfire behaviour. In Alberta,
spring is the critical season (Tymstra et al. 2019) when nearly
all of the associated structural losses occur fromwildfires. There

is therefore great interest in understanding the environmental
conditions contributing to wildfires that start in spring, subse-
quently grow large and become challenging to manage.

Various multivariate approaches have been used to investi-
gate biophysical factors associated with wildfires (occurrence
and area burned) in, for example, France (Ganteaume and
Jappiot 2013), Spain (Verdú et al. 2012; Viedma et al. 2015),

Portugal (Parente et al. 2016), the United States (Parks et al.
2018) and Canada (Cumming 2001; Krawchuk et al. 2006).

In their investigation of the relationship of various meteoro-

logical variables to area burned in Canada, Flannigan and
Harrington (1988) found the strongest predictor of the variance
in area burned was the duration of dry periods. Earlier studies

recognised the importance of wind, Byram (1954) suggesting
certain wind profiles are associated with blow-up wildfires, and
Schaefer (1957) linking jet streams and wildfires.

Schroeder et al. (1964) identified critical synoptic weather
types associated with periods of extreme fire behaviour, and
Brotak and Reifsnyder (1977) extended similar weather analy-
ses to investigate 60major wildfires in the eastern United States.
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Frontal passages were a common factor for 45 of these wildfires.
Skinner et al. (2002) found an association between large areas
burned in western Canada with 500-hPa ridging, and the mean

500-hPa height difference between 458N and 658N latitude. In
Alberta, frontal passages are often associated with the break-
down of these 500-hPa ridges and the subsequent arrival of
lightning-caused wildfires (Nimchuk 1983).

More recent studies have applied statistical approaches for
synoptic weather typing using interpolated geospatial gridded
data from meteorological observations or modelled reanalysis

products and then correlating these with fire danger metrics.
Examples include the use of composite map analysis using
National Centers for Environmental Protection/National Center

for Atmospheric Research (NCEP/NCAR) reanalysis outputs of
days with highest area burned (Pereira et al. 2005), correlation
analysis ofNCEP/NCAR reanalysis outputs and theHaines Index

and Palmer Drought Index (Trouet et al. 2009), fuzzy c-means
cluster analysis classification of fire days into synoptic weather
groups (Duane and Brotons 2018); k-means cluster analysis
classification of weather type (Ruffault et al. 2017); and Self-

Organised Map classification of synoptic weather patterns asso-
ciated with critical fire weather conditions (Crimmins 2006;
Lagerquist et al. 2017; Zhong et al. 2020).

We similarly investigate the association between meteoro-
logical variables and synoptic conditions but focus on May
wildfire activity in Alberta, Canada. Our attention to the month

ofMay is motivated not only by recent disastrous spring seasons
but also past events such as the ‘Seven Days in May’ wildfire
outbreak in 1968 (McLean and Coulcher 1968) when a persis-
tent blocking pattern aloft allowed a surface high to sustain

strong and dry south–south-east winds over central Alberta
(Fig. 1).

The study area is depicted in Fig. 2. Only those wildfires

within the boreal forest in Alberta during the 1990–2019 period
were included in the present study. This period was selected
because detailed wildfire report and weather data in the Fire
Information andResource Environment System (FIRES), which

is managed by Alberta’sWildfireManagement Branch (WMB),
begins in 1990. TheWMB is responsible for managing wildfires
on provincial forested lands. Wildfires in the national parks are

managed separately and were excluded because of the absence
of detailed dailywildfire data similar to that available inAlberta.
Wildfire report data from FIRES are available publicly (https://

wildfire.alberta.ca/resources/), and weather data are available
via a request to the WMB. The next section describes the data
and analysis methods used to characterise the fire weather

conditions of large spring wildfires in May. This is followed
by the results and discussion sections. Our discussion focuses on
the operational implications for wildfire behaviour analysts
working on incident management teams. The conclusion sum-

marises the key results, limitations and research gaps, and
opportunities for enhanced wildfire preparedness in the spring.

Study area

Alberta is the sixth largest province of Canada, landlocked by

British Columbia to the west, Saskatchewan to the east,
Northwest Territories to the north, and the state of Montana,
USA (not included on Fig. 2) to the south. There are five eco-

zones in Alberta: Prairies, Montane Cordillera, Boreal Plains,
Taiga Plains and Taiga Shield (Wiken 1986). The Boreal Plains

1008

1004

1004
1000

RH 15-
25%

RH 30% Modified dry
Arctic air

Cold
Arctic air

1008

L

L

L

L

L

H

H

1012

1016

1016

1028

1024
1020

1012

1012

1012

1012

1008
1004

1004

1008

1012

1000

1000

1000

cool, moist

pacific air

Fig. 1. Surface weather analysis 23May 1968, 1300Mountain Standard Time (MST) (2000GreenwichMean Time (GMT)). Note the location

of the high-pressure area west of Hudson Bay that resulted in a strong, dry, south-east anti-cyclonic flow over central Alberta, and the low-

pressure area west of the province with a cyclonic flow supporting the south-east flow. Modified from Kiil and Grigel (1969).
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Ecozone covers most of Alberta’s forested landscape and
extends east into Saskatchewan and Manitoba. It is a landscape

dominated by coniferous forests interspersed with peatlands
(bogs, fens and swamps).

Alberta’s geographic location and topographic features

influence weather patterns, which impacts the wildfire season.
The Rocky Mountains and foothills traversing north-west from
the Canada–United States border (498N) to near Grande Prairie
(558N) support the formation of clouds and precipitation during
easterly upslope wind flows, and warming and drying during
westerly downslope wind flows. North of Grande Cache, moist
Pacific air masses have fairly easy entry into central and

northern Alberta. Air masses originating from the Arctic also
move unimpeded as they travel south and south-east into the
Prairie Provinces (Alberta, Saskatchewan and Manitoba).

Methods

For the 1990–2019 period, we selected all May wildfire starts in
Alberta with a reported extinguished size exceeding 1000 ha (see
Fig. 2). Point attribute and perimeter data were obtained from the

Alberta WMB in Edmonton, Alberta. If a wildfire in Alberta
grows larger than 2.0 ha before initial attack begins, it is con-

sidered an initial attack (IA) escape. If a wildfire cannot be con-
tained at 1000 hours on the following daywhen it was assessed, it
is reported as a containment or Being Held (BH) escape. Of the

selected 80 wildfires, 57 escaped both IA and BH, and 4 escaped
IA but were successfully contained (BH success). Despite initial
attack resources arriving on 19 wildfires before they exceeded

2 ha in size, BH success was attained on only one wildfire.
Most wildfires are assessed the day they are reported, which

typically is the day they started. We focus on the first 4 days,
which includes the wildfire start date. For the three wildfires

starting earlier but discovered and reported later, and the three
wildfires with start dates reported as unknown, we used the
discovered date as Day 1. Podur and Wotton (2011) used an

Initial Spread Index (ISI) classification threshold of $8.7 to
differentiate wildfire spread days from non-spread days. ISI is a
numerical rating of a wildfire’s spread potential (Van Wagner

1987). To derive spread day distributions for input into burn
probability modelling, Parisien et al. (2013) applied a calculated
rate of spread threshold of$1 m min�1 to identify spread days.
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Fig. 2. Location of the Province of Alberta and wildfires greater than 1000 ha in size on provincial forested lands that started

during themonth ofMay.Wildfires greater than 100 000 ha are labelled by year. The five ecozones in Alberta are delineated and

labelled. TS, Taiga Shield Ecozone. Wildfire perimeter data provided by the Wildfire Management Branch.
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We chose a mixed approach to identify a spread day event.
A spread day occurred on Day 1 if the reported wildfire size
exceeded 200 ha or the noon ISI was 9 or greater. Spread days
occurred on Days 2 to 4 if either they doubled in size from the

previous day or the ISI $ 9 threshold was reached. The ISI
threshold of 9 is the start of the Very High ISI category used in
Alberta (Table 1). Days with a reported BH or UC (under

control) status were not considered as spread days.
We analysed surface (3-h intervals) and 500-hPa synoptic

weather patterns (2� per day) for the first 4 days for all 80

wildfires. For those days when a spread event occurred, we
manually characterised the weather patterns into 24 surface and
upper weather pattern combinations (see Table 2). Ridges and
troughs were identified as elongated areas of high (ridge) or low

(trough) pressure occurring at the surfaceor aloft.We identified air
masses that were more concentric in shape as lows or highs. The
weather pattern ‘other’ includes col (neutral) and zonal flow.

For the 1990–2004 period, we accessed surface maps from

the National Oceanic andAtmospheric Administration (NOAA)
National Centers for Environmental Prediction (NCEP) surface
analysis archive (National Oceanic and Atmospheric Adminis-

tration 2021a), and 500-hPa maps from the NOAA Central
Library weather and climate collections (National Oceanic and
Atmospheric Administration 2021b). To address gaps in the

surface maps during the 1990–2004 period, we also accessed
daily surface weather maps from the NOAA central library
weather and climate collections (National Oceanic and Atmo-
spheric Administration 2021c).

Table 1. Hazard rating classes for fire weather index codes and indices used in Alberta

FFMC, Fine Fuel Moisture Code; DMC, Duff Moisture Code; DC, Drought Code; ISI, Initial Spread Index; BUI, Buildup Index; FWI, Fire Weather Index

Hazard Rating FFMC DMC DC ISI BUI FWI

Low 0–76 0–21 0–79 0–1.5 0–24 0–4.5

Moderate 77–84 22–27 80–189 2–4 25–40 4.5–10.5

High 85–88 28–40 190–299 5–8 41–60 10.5–18.5

Very High 89–91 41–60 300–424 9–15 61–89 18.5–29.5

Extreme 92þ 61þ 425þ 16þ 90þ 29.5þ

Table 2. Synoptic-scale weather patterns and associated pre-frontal, frontal passage and gust occurrences for the 149 spread day events associated

with one or more wildfires

For example, a total of 26 spread day events occurred with weather pattern 1a (trough at the surface and a ridge at 500 hPa), 4 days had pre-frontal activity

(3 with reported gusts), 8 days had frontal passage (7with reported gusts), and 11 days had gusts but with no pre-frontal or frontal passage activity

Synoptic-scale weather pattern Surfaceþ upper (500 hPa) weather pattern Number of spread day events

Total Pre-frontal/gusts Frontal passage/gusts Gusts

Trough/lowþ ridge/high 1a: Troughþ ridge 26 4/3 8/7 11

1b: Troughþ high 1 0 1/1 0

1c: Lowþ ridge 32 2/1 17/8 9

1d: Lowþ high 2 0 0 0

Trough/lowþ trough/low 2a: Troughþ trough 5 0 4/1 0

2b: Troughþ low 3 0 1/1 1

2c: Lowþ trough 1 0 1/1 0

2d: Lowþ low 1 0 0 0

Trough/lowþ other 3a: Troughþ col 5 0 0 3

3b: Troughþ zonal 1 0 0 1

Flow 1 0 0 1

3c: Lowþ other

Ridge/highþ ridge/high 4a: Ridgeþ ridge 12 1/1 2/2 6

4b: Ridgeþ high 0 0 0 0

4c: Highþ ridge 40 5/2 6/3 18

4d: Highþ high 2 0 0 2

Ridge/highþ trough/low 5a: Ridgeþ trough 0 0 0 0

5b: Ridgeþ low 0 0 0 0

5c: Highþ trough 4 0 2/2 1

5d: Highþ low 2 0 2/0 0

Ridge/highþ other 6a: Ridgeþ col 1 0 1/0 0

6b: Highþ zonal flow 4 0 0 3

6c: Highþ col 2 0 1/1 0

Otherþ ridge 7a: Colþ ridge 3 0 1/1 0

Otherþ other 8a: Colþ col 1 0 0 1
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For the 2005–2019 period, we accessed surface maps from
the NOAA NCEP surface analysis archives (National Oceanic
and Atmospheric Administration 2021c), and 500-hPa maps

from the NOAA NCEP daily weather map archives (National
Oceanic and Atmospheric Administration 2021d).

We used theMcElhinny et al. (2020) global high-resolution

(0.258 � 0.258) dataset of Fire Weather Index (FWI) System
fuel moisture codes and fire behaviour indices that were
calculated using surface meteorology data from the ERA5

reanalysis (Mesinger et al. 2006) for the 1979–2018 period.
For our study, we extended this dataset to include 2019. The
Province of Alberta including an edge buffer was clipped from
the global dataset between –120.1258 and –109.8758 longitude
and 48.8758 and 60.1258 latitude. FWI System outputs were
calculated using the ERA5 deterministic meteorology outputs
of temperature (8C), dewpoint temperature (8C) used to derive
relative humidity (%), wind speed (km h�1), and 24-h accumu-
lated precipitation (mm). The standard overwinter Drought
Code adjustment was used to derive starting values as

described by McElhinny et al. (2020).
The FWI system was developed adhering to the World

Meteorological Organization reporting standards (Lawson and

Armitage 2008). For forecasting purposes, the recommended
hourly surface wind speed for use in the FWI system is the
average 10-mwind speed over the last 10min before the hour. In
Alberta, this average wind speed is calculated using a sampling

frequency of 4 Hz. Maximum (peak) observed wind speeds
within the last hour were obtained from the nearest weather
station. Peak wind speeds continuing longer than 1 min can

significantly impact fire behaviour (Crosby andChandler 2004),
but they are not an input in the calculation of Fine Fuel Moisture
Code (FFMC) and ISI. FFMC is a numerical rating of the

moisture content of fine fuels and their ease of ignition and
flammability (Van Wagner 1987). If gusts are reported, fire
behaviour analysts typically increase the input wind speed to
calibrate their forecast to match what is observed.

If gusts were reported at a weather station, we converted the
10-min average wind speed to a probable maximum 1-min
average wind speed and recalculated the FFMC and ISI values

using the adjusted wind speed. The wind speeds were adjusted
using a piecewise linear function to approximate the converted
metric values of the tabular data published by Crosby and

Chandler (2004).

ForWS10o19; WS1 ¼ 1:505954�WS10ð Þ � 1:11

ForWS10 � 19; WS1 ¼ WS10 þ 8ð Þ � 1:11

where WS1, adjusted wind speed; and WS10, 10-min average

wind speed (km h�1).
Spread events were spatially and temporally group into 29

lightning-caused and 25 human-caused spread event groups

(Fig. 3 boxes c and d). A 100-km radius centred on the ignition
points of lightning-caused wildfires, and a 50-km radius centred
on the human-caused wildfire ignition points were used to

maximise the grouping of wildfires based on similar start dates
and location. The larger radius for lightning-caused wildfires
allowed for the inclusion of wildfires with the same start dates
and orientation with a cold front passage. The use of spread day

event groups facilitated the qualitative analysis of the synoptic
weather types associated with the wildfire spread events.

The 54 groups yielded a total of 212 spread events (boxes e
and f in Fig. 3). Many of the spread events within a group had

multiple wildfires occurring on the same day. For example,
spread event group 3 (see Table S1, Supplementary material)
included 5 wildfires with 15 spread events occurring on 5

separate calendar days. The 212 spread events occurred on 92
individual (unique) calendar day spread events (box g in Fig. 3).

We not only investigated the occurrence of synoptic weather

patterns similar to those during the 1968wildfire outbreak during
the identified spread event days but also during non-wildfire days.
If synopticweather patterns 4a and 4c (Table 2)with south–south-
east winds exceeding 18.5 km h�1 (10 knots or a full barb wind

speed symbol on weather maps) occurred, it was considered as a
potential critical spread day similar to the 1968 wildfire event.
The townofSlaveLakewas used as a central reference location to

cross-validate the wind flow assessed from the surface weather
maps using historical hourly weather data for the Slave Lake
airport obtained from the Government of Canada historical

weather archive (Government of Canada 2021).
Data analysis, including graphics and reported statistical tests,

was completed using the R software environment (R Core Team

2020), Python programming language (Python Software Foun-
dation (2021), and Cartopy Python Package (Met Office 2021).

Results

Wildfire cause, area burned and synoptic weather patterns

Table 2 summarises the synoptic-scale weather patterns and

associated pre-frontal, frontal passage and gust occurrences for

8838 May willdfires
1990–2019

80 willdfires >1000 ha
extinguished size

50 Lightning-
caused wildfires

(a)

(c )

(e)

(g)

(f )

(d )

(b)

29 Spread
event groups

(temporal/spatial)

123 Spread
events on 79
calendar days

89 Spread
events on 70
calendar days

25 Spread
event groups

(temporal/spatial)

30 Human-
caused wildfires

Combined 92
individual calendar
spread day events

Fig. 3. Calendar day spread event flowchart. The 80 large wildfires are

first categorised by cause (boxes a and b) and then grouped into spatial-

temporal spread event groups (boxes c and d). The total number of spread

events are shown in boxes (e) and (f). The combined number of individual

calendar days with one or more spread events is shown in box (g).
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the 149 spread day events (79 lightning and 70 human-caused)
during the 1990–2019 period. The two most frequent weather
patterns when wildfire spread days occurred are Pattern 1: sur-

face trough or lowwith an upper ridge or high (41%), and Pattern
4: surface ridge or high with an upper ridge or high (36%), as
shown in Table 2. In comparison, of the spread days associated
with a surface ridge or high with an upper ridge or high, 67%

were due to lightning-caused wildfires. This is due to the higher
occurrence of frontal activity, which causes warm air ahead of
the advancing cold front to rise and develop cumulus or

cumulonimbus clouds and thunderstorms. In comparison, of the
spread days associated with a surface ridge or high, with an
upper ridge or high, 67% were due to human-caused wildfires.

The 149 spread day events fall on 92 individual calendar days
(i.e. with one or more wildfires).

Simplified surface and 500-hPa synoptic weather maps were

created for illustrative purposes using ERA5 model output.
Representative examples of synoptic weather patterns 4a and
4c (Table 2) are shown in Fig. 4. The merging of a cyclonic flow
with an anti-cyclonic flow results in a south–south-east wind

flow over central and eastern Alberta. These surface patterns are
supported by a 500-hPa ridge blocking moist Pacific air masses
from entering Alberta. Little to no lightning occurs with synop-

tic weather patterns 4a and 4c because of the characteristic stable
atmospheric conditions. Human-caused wildfires are dominant
during these weather patterns.

A continental polar air mass centred west and south-west of

Hudson Bay with south–south-east winds over central and
eastern Alberta occurred on 10% of all days in May for the
12 years during the 1990–2019 period when no large wildfires

started in May (Fig. 5). The occurrence of this synoptic weather
pattern increased to 19% during the other 18 years when large
wildfires did start in May. During the 92 individual calendar

spread days, a Hudson Bay continental polar air mass with a
surface low positioned in or near south-west Alberta occurred on
,26% of those days.

Representative examples of synoptic weather patterns 1a and
1c (Table 2) are shown in Fig. 6. These patterns are associated
with cold front passages. On 2 May 2016, an upper ridge was
centred overAlberta. At the surface, a north–south-oriented cold

(a)

(c )

(b)

(d )

Fig. 4. Surface and 500-hPa analysis on 15 May 2011 (a, surface map; c, 500-hPa map), and 26 May 2012 (b, surface map; d, 500-hPa map). Surface

maps are 1800Mountain Daylight Time (MDT) and 500-hPa maps are 0600MDT. The black star represents the town of Slave Lake (maps a and c), and

Wildfire HF070–2012 (maps b and d). Wildfire SWF-065–2011 burned through Slave Lake on 15 May. Surface and 500-hPa maps are based on ERA5

model output. Fronts are delineated on the surface maps.
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front positioned along the west coast of British Columbia began
tracking eastward on 3 May. The blocking upper ridge moved

east on 4 May, allowing the cold front entry into Alberta
(Fig. 6a). At 1800 MDT, the cold front was positioned just west
of the Fort McMurray Urban Service Area. Strong south-west

winds ahead of the cold front pushed the 2016 Horse River
Wildfire into Fort McMurray. A similar synoptic weather
pattern occurred on 17 May 2008 when a cold front passed over

wildfire PWF019–2008 (Fig. 6).
Pre-frontal and/or frontal passage activity occurred on 44

(48%) of 92 calendar spread days. In Alberta, these events are
often associated with the breakdown of a 500-hPa ridge and

increased threat of atmospheric conditions (strong winds and
atmospheric instability) conducive to extreme wildfire behav-
iour (Nimchuk 1983).

In Alberta, wildfire starts in May accounted for 55% of the
total extinguished area of all wildfires during thewildfire season
(1March–30October) for the 1990–2019 period (Fig. 7). For the

80 wildfires that exceeded 1000 ha in size, ,25% of their total
extinguished area occurred during the initial 4 days of wildfire
growth.

Humans and undetermined causes account for 91% of all
Maywildfire starts (n¼ 8838) that exceed 0.1 ha in extinguished
size. For wildfires greater than 1000 ha during the first decade
(1990–1999), lightning was the dominant cause (88%). In the

second decade (2000–2009), human activity was the dominant
cause (75%). An approximate 50–50% was observed in the last
decade, with 94% of the lightning-caused wildfires occurring in

the last 5 years (2015–2019) (Fig. 5). The higher occurrence of
large lightning-caused wildfires (Fig. 3) is because these wild-
fires are often remote and hence less accessible.

Approximately 58% and 42% of the spread events (n¼ 212)
are associated with lightning- and human-caused wildfires
respectively. The frequency of 1-, 2-, 3- and 4-day human- and

lightning-caused associated spread events is shown in Fig. 8.
Human-caused wildfires have a higher frequency of 4 spread
days compared with lightning-caused wildfires, which have a

higher frequency of 2–3 spread days. There is, however, no
significant difference in their distributions (K-S test not signifi-
cant at a ¼ 0.05).

Fire danger analysis

Table 3 summarises the median (ex), maximum (max) and

bootstrap 95% confidence interval (CI) for FFMC, ISI and
Buildup Index (BUI) by cause and period for the spread day
events. BUI is a numerical rating of the amount of fuel available
for consumption that provides an indication of the difficulty to

contain a wildfire. The distributions of FFMC, ISI and BUI for
all categories in Table 3 except Period 1 (1990–2004) and Period
2 (2005–2019) for human-caused wildfire spread day events

failed the Shapiro–Wilk normality test (a ¼ 0.05). Median
values were therefore calculated and a bootstrap with replace-
ment used to estimate their 95% CI. If the confidence intervals

for the compared medians did not overlap, we concluded there
was a significant statistical difference between the medians of
the two distributions (Table 3).

The median FFMC for all spread day events for the 1990–
2019 period is very high (91), as shown in Table 1. The
median ISI is also very high (16.8). The median BUI is in the
high category (48). Therefore, while the spread events are

characterised by very high and extreme FFMC and ISI values,
very high to extreme BUI is not a prerequisite for large spring
wildfires in Alberta. For example, in 2011, BUI values for the

daily spread events ranged from 8 to 134. Snow patches were
still evident the day before Wildfire SWF-065–2011 burned
through the town of Slave Lake. On 14 May, the nearby S2

automatic weather station reported a BUI of 20 (low
category).

FFMC has narrower categorical ranges (e.g. Very High 89–
91) compared with ISI and BUI, and is the only FWI not open-

ended. FFMC ranges from 0 to 99 and has a maximum probable
value of 96 (de Groot 1987). The maximum value observed for
all 212 spread day events was 96.4. FFMCvalues$94were only

observed in the second period (2005–2019).
As well, these extreme FFMC values only occurred when the

relative humidity (RH) was very low or extreme (n ¼ 24, x

RH¼ 21%). Significant increases in themeanmedian FFMC for
lightning-, human- and all-caused wildfires occurred from
Period 1 to Period 2. Median ISI increased from Period 1 to

Period 2 for lightning-caused wildfires. Human-caused wild-
fires had a higher median ISI (16.7) compared with lightning-
caused wildfires for the entire period (1990–2019).

Table 4 summarises the median (ex), maximum and bootstrap

median CIs for FFMC, ISI and BUI by cause and period for the
non-spread day events (n ¼ 108) during the first 4 days. The
median FFMC for all non-spread day events for the 1990–2019

period is high (87). The difference compared with the very high
FFMC (91) for the spread day events is statistically significant.
The median ISI for the non-spread day events is moderate (4.4)

compared with the very high median ISI for the spread day
events (13.7).

ThemedianBUI values for spread (47.5) and non-spread (45)
day events are not statistically different. However, the median
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period. The red and blue lines are locally weighted smoothing outputs.
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BUI value is statistically different between Periods 1 and 2 for

all causes and lightning-caused alone.

Discussion

Maywildfire starts resulted in structural losses fromwildfires in
2001 (60 structures including 10 homes), 2011 (456 homes and
23 non-residential building), 2016 (2400 homes and commercial

structures) and 2019 (16 homes). Spring is a potentially dan-
gerous wildfire season, in part because the live foliar moisture
content is at a minimum just before the emergence of new
coniferous tree needles when non-structural carbohydrates

stored in the roots are translocated to support needle growth
(Jolly et al. 2014). This seasonal change in foliar density and
hence relative foliar moisture content occurs before the surge in

photosynthetic spring recovery.
Referred to as the ‘spring dip’, this short phenomenon occurs

after snow melt, and before green-up. Hirsch (1996) showed

dates of the minimum foliar moisture content (,85%) across
Canada as calculated by the Canadian Forest Fire Danger Rating
System (CFFDRS). When Wildfire MWF-009–2016 ran into

Fort McMurray on 4 May, the forest was just starting to green

up. Wildfire management staff also observed the same phenol-
ogy when Wildfire SWF-065–2011 entered the town of Slave
Lake on 15 May 2011.

Air masses originating in northern Canada are dry in the
spring because water bodies are frozen and there is little to no
plant photosynthesis, and hence minimal transpiration feeding

moisture into the atmosphere. Photosynthetic capacity is inhib-
ited when temperatures drop below –78C (Sevanto et al. 2006).
When fine fuels such as surface litter, leaves, mosses, needles
and twigs (,1 cm diameter) reach moisture content levels of

#12% (FFMC$ 89), the ISI becomes very responsive to small
changes in the wind speed (Lawson and Armitage 2008).

During our exploratory analysis of the weather data, we

noted the occurrence of days when our estimated ISI value
using ERA5 weather outputs was less than 9 but significant
wildfire growth was reported. Gusts occurred on these days.

Incorporating gusts to support wildfire preparedness and sup-
pression planning is particularly challenging. Wildfire model-
ling typically inputs the 10-min average wind speed of the last

(a)

(c )

(b)

(d )

Fig. 6. Surface and 500 hPa analysis on 4May 2016 (a, surfacemap; c, 500-hPamap), and 17May 2008 (b, surfacemap; d, 500-hPamap). Surfacemaps

are 1200 MDT (map a) and 1800 MDT (map b), and 500-hPa maps are 0600 MDT. The black star represents the Fort McMurray Urban Service Area

(maps a and c), and Wildfire PWF019–2008 (maps b and d). Surface and 500-hPa maps are based on ERA5 model output. Fronts are delineated on the

surface maps.
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10 min before the hour. If the gust wind speed is used, the

modelled wildfire growth will likely be overpredicted. Like-
wise, if the 10-min average wind speed is used and turbulence
and gusts occur, the modelled output will likely be under-

predicted (Scott 2012).

Since ISI responds non-linearly to wind speed, short periods
(e.g. 1-min average of samples taken every 0.25 s) of high wind
speed have more impact on wildfire behaviour than longer

averaged periods (e.g. standard 10-min average of 0.25 s
samples). Short periods of gusts can potentially generate fire-
brands and initiate crowning (Scott 2012).

We consider the approach described by Crosby and Chandler
(2004) and its use by wildfire behaviour analysts to predict
wildfire behaviour (Scott 2012) as reasonable in the absence of
empirical data on the behaviour of gusts, and in particular, the

frequency and timing of these gusts. InAlberta, the reported gust
is the peak gust during the hour. Periods of gusts associated with
a frontal passage are typically of short duration whereas periods

of gusts associated with a pressure gradient force can be
sustained during the day and night.

We observed an underestimation of mean wind speeds of

0.8 m s�1 (1 km h�1) in the ERA5 reanalysis. This may have
caused a negative bias in ISI values and explains why the ISI$ 9
threshold was not reached for some days. Jourdier (2020) and
Tetzner et al. (2019) also reported an underestimation of ERA5

wind speeds.
Overall, a relatively small percentage of days in the spring are

wildfire spread event days in Alberta. Of the 92 calendar days

when spread events from one or more wildfires occurred, approxi-
mately one-quarter experienced strong south–south-east winds
associated with continental polar air masses. However, cold fronts

are the predominant feature with approximately half of the calen-
dar spread days having pre-frontal or frontal passage activity.
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of May wildfires starts with a linear trend line for the 2004–2019 period (reporting procedure
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While the synoptic weather patterns associated with strong
south–south-east winds were less frequent than the cold front

synoptic weather pattern, they resulted in unique challenges,
including night-time burning and the inability to conduct aerial
suppression operations due to the very high to extreme winds.
During the 18–25May period in 1968, strong, dry south-easterly

winds persisted all day and night, which desiccated vegetation
and contributed to the extreme wildfire behaviour (McLean and

Coulcher 1968). Fire behaviour analysts need to understand and
account for the cumulative impact of sustained strong, drywinds
because live fuel moisture other than conifer foliar moisture is
not directly accounted for in the FWI. As well, the daily FWI

Table 3. Median (ex), maximum (max) and bootstrap confidence intervals (CI) for FFMC, ISI and BUI by cause and period for the spread day events

The median FFMC, ISI and BUI denoted by paired superscript indicate significant differences between the medians

Spread day events n FFMC ISI BUI

ex Max ex Max ex Max

0.95 CI 0.95 CI 0.95 CI

All (1990–2019) 212 91 96.4 13.7 68.4 47.5 132

90.0–91.0 12.5–15.2 43.5–51.5

All lightning-caused wildfires (1990–2019) 127 91 95 12.2d 30.3 49 132

90.0–91.0 11.0–13.5 42.0–53.0

All human-caused (1990–2019) 85 92 96.4 16.7d 68.4 46 102

90.7–92 14.6–22.0 38.0–46.0

Period 1 (1990–2004) All 104 90a 93 13.2 68.4 41f 92

88.1–90.0 11.2–15.1 35.0–45.0

Period 2 (2005–2019) All 108 92.3a 96.4 14.1 53.7 53f 132

91.9–93.0 12.5–15.8 48.0–58.5

Period 1 (1990–2004) lightning-caused 85 90b 93 12.7e 30.3 38g 83

89.0–90.0 10.8–14.3 33.0–42.0

Period 2 (2005–2019) lightning-caused 42 92b 95 17.8e 29 84g 132

90.7–92.0 14.3–25.95 67.0–92.0

Period 1 (1990–2004) human-caused 19 90c 93 16.6 68.4 53 92

87.0–90.0 9.6–25.7 35.0–58.0

Period 2 (2005–2019) human-caused 66 92c 96.4 17.8 53.7 46 102

90.7–92.0 14.4–25.6 29.0–49.0

Table 4. Median (ex), maximum (max) and bootstrap and confidence intervals (CI) for FFMC, ISI and BUI by cause and period for the non-spread

day events

The median BUI denoted by paired superscript indicates significant differences between the medians

Non-spread day events n FFMC ISI BUI

ex Max ex Max ex Max

0.95 CI 0.95 CI 0.95 CI

All (1990–2019) 108 87 93 4.4 26.1 45 134

82.6–87.0 3.7–5.0 41.0–50.5

All lightning-caused wildfires (1990–2019) 77 86 93 4.4 18.2 43 134

82.0–87.0 3.2–5.0 35.0–46.0

All human-caused (1990 –2019) 31 87 93 4.8 26.1 50 89

77.0–87.5 2.4–5.8 41.0–59.0

Period 1 (1990–2004) All 60 85 93 4.4 18.2 38.5a 89

79.5–87.0 3.0–5.0 34.0–43.0

Period 2 (2005–2019) All 48 87 93 4.6 26.1 57a 134

81.0–88.0 2.7–5.5 47.5–68.0

Period 1 (1990–2004) lightning-caused 47 83 93 4.4 18.2 35b 74

78.0–87.0 3.1–5.1 30.9–38.0

Period 2 (2005–2019) lightning-caused 30 87 93 4.3 8.6 68.5b 134

81.0–89.0 2.1–5.5 52.0–80.0

Period 1 (1990–2004) human-caused 13 87 90 4.4 8.2 66 89

77.0–87.5 1.7–5.1 39.0–69.0

Period 2 (2005–2019) human-caused 18 87.5 93 5.0 26.1 47.5 82

78.0–89.0 1.8–6.5 37.0–56.0
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outputs use a standard daylength and diurnal curves for temper-
ature, relative humidity and wind speed. These curves assume
there is a night-time recovery period.

Strong, desiccating winds can also dry fuels before a wildfire
starts. In 2011, 3 days of dry south-east winds occurred on 7–9
May, and again, but more strongly on 11–13 May, before the

wildfire outbreak on 14 May when Wildfire SWF-65–2011 ran
into the town of Slave Lake. In 2015, strong, dry south-east
winds occurred 11–19 May 2015 before the wildfire outbreak

started on 22 May.
In the CFFDRS, the Drought Code (DC) provides an indica-

tion of the moisture content of deep organic layers, and the
difficulty of extinguishing a wildfire. DC is an input to BUI. Our

analysis suggests drought is not a prerequisite for extreme
wildfire behaviour during the spring season in Alberta. Very
high (61–89) or extreme BUI ($90) occurred on 30% (64) of the

212 spread day events. Our results indicate that spring wildfires
in Alberta are primarily ISI driven.

Although outside the scope of our study, a more thorough

investigation of our dataset is required to assess whether
atmospheric stability and occurrence of low-level jets were
contributing factors to extreme wildfire behaviour. The position

of the polar jet stream relative to the location of wildfires is also
an area of further study since the jet stream influences synoptic
weather patterns.

Conclusion

The small percentage of wildfire spread days in the spring is

associated with critical synoptic weather patterns. The pre-
dominant surface weather feature contributing to extreme
wildfire behaviour on these spread days is the cold front passage

(48%). Strong south–south-east winds resulting from a surface
high or ridge positionedwest of HudsonBay occurred on 26%of
the wildfire spread days.

Human-caused wildfires in the spring cause the greatest

structural losses. Wildfire management agencies have a suite of
prevention tools to help reduce the risk of these wildfires. Fire
bans and restrictions, forest area closures and off-highway vehi-

cle restrictions can be effective, but they need to be strategically
applied and removed quickly. In Canada, a program called
FireSmart promotes a shared responsibility to build wildfire-

resilient communities. The seven disciplines of this program
(education, vegetation management, emergency planning, legis-
lation, development, interagency cooperation and cross-training)

contribute to both mitigation and prevention of wildfire. Unfor-
tunately, FireSmart practices across Canada are underutilised to
help mitigate structure losses from spring wildfires.

Canada’s Changing Climate Report (Government of Canada

2019) states warming in Canada will on average continue at
more than twice the average global warming rate. Managing
spring wildfires to protect multiple and competing values at risk

is becoming more challenging because of climate change
impacts including extended wildfire seasons (Jolly et al. 2015;
Jain et al. 2017), increased extreme fireweather (Flannigan et al.

2016;Wang et al. 2016), increased area burned (Flannigan et al.
2005; Hanes et al. 2019), increased wildfire occurrence (Wotton
et al. 2010) and reduced suppression capability (Podur and
Wotton 2010; Wotton et al. 2017).

Spring wildfires with very high BUI values require more
suppression effort to contain them because larger-diameter dead
and downed fuels and deeper organic fuels are available for

combustion.High averageBUIvalueswere observed in 2019, and
very high BUI values in 2015 and 2018 duringMay. Very high to
extreme BUI, however, is not a prerequisite for extreme wildfire

behaviour. The common drivers for extremewildfire behaviour in
the spring are very high to extremeFFMCand ISI. Because spring
wildfires in Alberta are wind-driven, extreme wildfire behaviour

can occur quickly and become very challenging to manage.
We observed a significant increase in ISI from Period 1 to

Period 2 for lightning wildfires, due in part to higher FFMC
values in Period 2. BUI also increased from Period 1 to Period 2

for lightning wildfires, suggesting a drier boreal forest in the
future will result in more lightning starts. The increasing trend in
large lightning-caused wildfires in Alberta’s boreal forest during

the 2015–2019 period may be linked to climate change. Our
results provide a foundation for future work to help understand
climate change impacts on wildfire activity. This includes

changes in spring oceanic–atmospheric patterns (El Niño South-
ern Oscillation and Pacific Decadal Oscillation) that impact
temperature, lightning occurrence and lightning wildfire arrivals.

Research is also required on wind extremes and the variabil-
ity in wind speeds associated with gusts. New approaches to
adjust wind speeds when gusts are forecast are needed to support
wildfire operations. Prediction ofwind eventswas identified as a

key research area (Flat Top ComplexWildfire Review Commit-
tee 2012).

Understanding the relationship between weather patterns at

the surface and aloft, and the observed wildfire behaviour is
critical for preparedness and the ability to make 5-day and
longer forecasts of thewildfire environment.Wildfire behaviour

analysts need a better understanding of the synoptic weather
patterns responsible for extreme wildfire behaviour. This, how-
ever, requires stronger linkages and integration between fire
weather forecasters and fire behaviour analysts.

Our results suggest wildfires will continue to escape sup-
pression efforts to contain them as they become larger and more
intense owing to climate variability and change. Albertans

therefore need to prepare and learn to live and work in a
landscape with more wildfire.

Data availability

Alberta historical wildfire report data are available publicly at

https://wildfire.alberta.ca/resources/default.aspx. Weather and
Canadian FWI System indices from the Alberta Forestry Divi-
sion weather station network are available via request to the

WMB in Edmonton, Alberta at WF.AWCC-Weather@gov.ab.
ca. The ERA5 high-resolution reanalysis of the Canadian FWI
System indices are available at https://doi.org/10.5281/
zenodo.3626193 (McElhinny et al. 2020). Archived North

America surface and 500-hPa synoptic weather maps are
available from the NOAA.
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