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Abstract: Spring fire activity has increased in parts of Canada, particularly in the west, prompting
fire managers to seek indicators of potential activity before the fire season starts. The overwintering
adjustment of the Canadian Fire Weather Index System’s Drought Code (DC) is a method to adjust
and carry-over the previous season’s drought conditions into the spring and potentially point to
what lies ahead. The occurrence of spring fires is most strongly influenced by moisture in fine fuels.
We used a zero-inflated Poisson regression model to examine the impact of the previous end of
season Drought Code (DCs) and overwinter precipitation (Pyy) while accounting for the day-to-day
variation in fine fuel moisture that drives ignition potential. Impacts of DC¢ and Py, on area burned
and fire suppression effectiveness were also explored using linear and logistic regression frameworks.
Eight fire management regions across the boreal forests were analyzed using data from 1979 to 2018.
For the majority of regions, drier fall conditions resulted in more human-caused spring fires, but not
in greater area burned or reduced suppression effectiveness. The influence of Py was much more
variable pointing to the conclusion that P,y alone is not a good indicator of spring drought conditions.

Keywords: area burned; boreal forest; drought; fire suppression; fire danger; fire management; fuel
moisture; number of fires; overwintering

1. Introduction

Human-induced climate change has increased the area burned, number, and severity of wildfires
across Canada [1-3]. These increases are predicted to continue and worsen over the 21st Century [4,5]
and to create an increasingly complex decision-making environment for fire management agencies.
Spring fires are of particular concern to fire management due to their potential for devastating
outcomes [6]. In 2016, the Horse River wildfire burned through Fort McMurray and part of northeastern
Alberta. It became the costliest natural disaster in Canadian history, consuming almost 600,000 hectares
of forest, destroying 2400 structures, and resulting in the evacuation of 88,000 people [7]. Two years
after the fire, total insured losses were assessed at approximately $3.8 billion [8]. In 2011, the Flat
Top Complex wildfire caused more than $700 million in losses in and around Slave Lake, Alberta.
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More than 10,000 people were evacuated, and hundreds of homes and businesses were destroyed [9].
These are only two examples in recent history of large spring fires that have sparked cause for concern.
The fire season is changing; it has been found to be starting earlier in the spring particularly in western
parts of the country [3,10]. Questions around both when fire management agencies should expect the
fire season to start and how drought from the previous season carries over through the winter and
affects the following spring fire season remain unanswered.

In Canada, drought, as it pertains to fire danger and fire behavior, is currently tracked by
operational fire managers using the Drought Code (DC), which represents the moisture of deep organic
fuels. The DC is one of three fuel moisture codes in the Fire Weather Index (FWI) System of the
Canadian Forest Fire Danger Rating System (CFFDRS) [11]. These systems are used daily by all
Canadian fire management agencies to guide their decision-making at various spatial and temporal
scales. The DC has a time lag of approximately 53 days, enabling it to carry-over drought effects from
one season into the next [12]. Within the FWI System, the DC is therefore responsible for representing
long-term drought in contrast with the Fine Fuel Moisture Code (FFMC), which has a time lag of 2/3
day and Duff Moisture Code (DMC) with a time lag of 15 days.

The DC overwinter adjustment is the method used to carry-over drought between fire seasons [13].
Assuming sufficient precipitation occurred over the winter (>200 mm) and drought conditions did
not exist the previous fall, the default spring DC starting value is 15. If insufficient precipitation
occurred (<200 mm) and drought conditions are detected, a procedure to overwinter the DC is applied.
This procedure is a rough approximation of the mechanisms that affect winter and spring moisture
transfer due to evaporation, sublimation, discharge, and percolation. The standard procedure takes
into account four inputs: (1) The DC value of the last day of FWI System calculation from the previous
fall (DCs); (2) the total overwinter precipitation (mm) between that date and the start of FWI System
calculations in the spring (Pow); (3) the carry-over fraction of last fall’s moisture deficit a (1.00, 0.75
or 0.50), based on the presence or absence of conditions that may deplete soil moisture i.e., chinook
conditions; and (4) the fraction of winter precipitation effective at recharging depleted moisture reserves
in spring b (0.50, 0.75, or 0.90) based on site drainage, snow conditions, presence/absence of chinooks,
and topography [13]. Fire managers estimate a and b using their local knowledge and assessment of
the fall, winter, and spring weather conditions. The carry-over fraction of last fall’s moisture deficit a is
only estimated if weather stations were turned off prior to freeze-up or snow accumulation, therefore
DCr was not measured. The procedure takes the following form

Qs = a:Qf + b(3.94-Pow) (1)

where Qs is the starting spring moisture equivalent of the DC value and Qf denotes the final fall
moisture equivalent, which is calculated using

Qy = 800 exp(~DC;/400) @)

If an agency incorrectly estimates the spring DC starting value it will correct itself after substantial
rain; otherwise it can be carried through for much of the fire season [12]. Alternatively, several
days of heavy rain or equivalent snowmelt can saturate organic layers and reduce the DC to zero.
Since this overwinter adjustment relies heavily on the estimated coefficients (2 and b), the method is
highly subjective and there is debate within the fire operations community concerning the need for
an overwintering procedure. In Canada, the western provinces regularly overwinter the DC, while
those in the east do occasionally or not at all. It is not known if this differentiation is based on objective
observational evidence or organizational memory.

There are limited studies in Canada investigating the impacts of drought on fire activity explicitly.
A study in British Columbia showed area burned to be primarily related to summer drought conditions
in most of the province, with the exception of one grass-dominated landscape where area burned
was more strongly related to winter drought [14]. Extensive studies of drought and fire have been
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conducted in the western US, primarily concentrated on area burned [15-19]. Most studies have
shown strong correlations between drought and area burned, but results differ depending on regional
climatology, topography, and fuel type (i.e., forest versus non-forest), and few focus on the spring fire
season exclusively. Differences in study results have also been attributed to the drought index used,
including the Palmer Drought Severity Index (PDSI) [20], Keetch-Byram Drought Index (KBDI) [21],
Standardized Precipitation Index (SPI) [22], and the Energy Release Component [23]; each of these
indices has different sensitivities to mechanisms that affect wildfire [24]. Urbieta et al. [25] found a
significant relationship between moisture deficits in the fall through spring and increased summer
fire occurrence in Southern France and Southern California. Other studies have found relationships
between the timing of snow melt and fire activity [15,26] where increased fire activity has been
associated with earlier snowmelt. Others found a negative correlation between snow water equivalents
and area burned [19,27].

Despite having an overwintering procedure for Canada, there has been little work that has
explicitly explored the linkage between previous season drought and spring fire in the country despite
clear questions posed more than forty years ago [28]. The influence of current season drought conditions
on spring fires is better understood. Spring fires are predominately human caused [29], and from
an environmental perspective, their ignition is controlled by the moisture of fine forest floor fuels,
which in the FWI System are tracked by the FFMC [12]. Although it is assumed that longer-term
drought can affect spring fires, the interaction of moisture between the deep organic and surface fine
fuels is not as well understood by the fire community [30]. Therefore, a method is needed to separate
the different potential drivers of spring fire activity.

The day-to-day variability in the number of human-caused spring fires occurring is largely
influenced by the FFMC, which is modelled regionally. Work by Cunningham and Martell [31] showed
this could be modelled as a Poisson process with the expected number of fires per day dependent on
the FFMC. Adding the DC and Py to this model framework would allow us to capture their impact
on the strong day-to-day variability in the occurrence of human-caused spring fires.

Suppression effectiveness and area burned are also thought be correlated to spring drought
conditions [32], but again, such relationships have not been shown explicitly. High spring DC values
may indicate situations where lower layers of deep duff are drier than those above potentially leading
to mop-up problems, namely the suppression difficulties associated with persistent smoldering and
greater availability of dense and/or larger woody fuels [32].

The objective of this study is to assess the extent to which moisture conditions at the end of the
previous fire season and/or overwinter precipitation affect fire activity in forested regions in the spring.
We examine several aspects of fire activity, including the number of fires, area burned, and a measure
of suppression effectiveness, focusing on human-caused fires as they are the dominant type of spring
fire ignitions in our set of study areas in Alberta and Ontario, Canada.

2. Materials and Methods

2.1. Weather and Fire Data

Eight fire management regions were selected for the analysis based on the availability of long-term
consistent weather and human-caused fire datasets, four in the eastern province of Ontario and four in
the western province of Alberta (Figure 1). The spatial distribution of these regions across the ecozones
of Canada included four within the Boreal Plains, two in the Boreal Shield West, and two in the Boreal
Shield East. The fire management regions ranged in size from 20,892 km? (Rocky Mountain House)
to 39,157 km? (Lac La Biche) in Alberta and 13,879 km? (Kirkland Lake) to 22,801 km? (Sudbury)
in Ontario.
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Figure 1. (A) Forest ecozone map for Canada showing the eight operational fire regions selected for
the study. Four are located in the province of Alberta and four in Ontario. Close up of Alberta (B) and
Ontario (C) regions showing all spring fires and location of weather stations used in the analysis.

Weather data from the fire management agencies in Ontario and Alberta were used to create a
single continuous daily weather stream within each fire management region. These stations were
used to calculate daily values for the FWI System codes and indices for each region. The FWI System
indices are calculated from 12:00 local standard time observations of temperature, relative humidity,
wind speed, and 24-hour accumulated precipitation [12].

The primary stations for each weather stream were selected based on multiple criteria:
(1) Availability of long-term daily records (2) co-location with nearby Environment and Climate Change
Canada (ECCC) weather stations for the same period of record, and (3) high incidence of human-caused
spring fires in the surrounding area (Table S1 and Figure 1B,C). Weather stations for fire operations
typically start in early May and end in late September, sometimes extending into October. Although
fire weather stations are shorter in annual duration, compared to ECCC stations, they are specifically
designed to collect all data required by the FWI System based on local noon observations. Since fire
weather station data may not cover the full fire season, data from ECCC were needed to cover missing
periods in both the spring and fall, as well as missing data throughout the fire season. Historic ECCC
data were obtained online (http://climate.weather.gc.ca/historical_data/search_historic_data_e.html)
using the weathercan [33] package in R [34]. Nearby fire weather stations were used to fill in any
missing values (Table S1).

Historical wildland fire records were also obtained from both Alberta and Ontario’s provincial fire
management agencies. These records included all human-caused spring fires 0.1 ha and greater, thus
removing smaller fires that have been a known issue in Alberta [35]. Fires that occurred within the same
fire management region as the primary weather station were selected (Figure 1B,C). A 40-year period
was selected (1979-2018) for the analysis to reduce non-stationarity in the records due to population
fluctuations and potential fuel type changes. Over 80% of all fires were within 100 km of the primary
weather station for all but one study region, Lac La Biche, where this coverage did not occur until
150 km. Lac La Biche is the largest region included in the analysis and is also relatively flat compared
to the other regions.

2.2. Fire Season Definition

The starting and ending dates of the fire season in each fire management region we studied are
not stationary; they vary due to local weather conditions. The end of the fall fire season was defined
as the third consecutive day of maximum temperature less than 5 °C [36]. We note that snow on the
ground is also a signal of the end of the fall fire season [13]; however, consistent information about the
presence/absence of snow was not available in the records. The DC for this day was calculated and
used to represent the drought conditions at the end of the previous fall fire season (DCs). The beginning
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of the spring fire season in each region was defined as either the day of the first fire occurrence, the first
day after three consecutive days of 12 °C maximum daily temperature [36], or local weather station
start up by the fire management agency, whichever occurred first. P,y was calculated as the total
precipitation from the day after the fall fire season ended to the day prior to the fire season starting
the following spring. Since fire weather stations are not operated during the winter, these totals were
collected from nearby ECCC stations. The end of the spring fire season was set as May 31st for all
regions in a conservative effort to capture the spring season prior to green-up.

2.3. Number of Fires

As previously mentioned, the successful ignition of human-caused fires is controlled by the
litter moisture, which can vary substantially from day-to-day depending on the weather. Changes in
litter moisture are tracked by the FFMC across Canada [12]. Early research using a Poisson process
established a relationship between the FFMC and the number of human-caused fires that have become
the basis of fire occurrence prediction models [31]. The intent here was not to build a daily fire
occurrence prediction model per se, but rather to investigate the impact of DC¢ and P,y after controlling
for the day-to-day differences in litter moisture that drives human-caused fire occurrence. Therefore,
the FFMC values capture the current spring moisture anomalies, while the DC¢ and P, capture
previous season drought.

For our analysis, daily sequences of FFMC values and daily counts of fire occurrences were
calculated for each spring fire season within each region over the study period. Count data can often
exhibit over-dispersion, which is commonly caused by an excess number of zeros [37]. Tests for
over-dispersion were conducted using the AER package [38] in R [34]. Over-dispersion was observed
in the fitted Poisson Generalized Linear Models (GLM) in all regions. Such over-dispersion could be
attributed to both the non-linear form of the FFMC human-caused fire occurrence relationship and a
zero-heaviness in the datasets.

In terms of non-linear relationships between counts of fires and FFMC, we note that a Poisson
GLM takes the form of a log-linear model for counts, which corresponds to an exponential
relationship between increasing fire occurrence and decreasing fuel moisture in fine fuels. However,
previous research [39,40] has found that fire occurrence and FEMC can have a non-linear relationship
with moisture content that is more complex than a simple log-linear form used by others [41]. To allow
for a non-linear form, both quadratic and polynomial terms (for FFMC) were tested within all models.

In terms of zero-heaviness, we note that fires may not occur for more than one reason. First,
wet fuels do not typically support the ignition of fires regardless of the number of potential ignition
brands. Consequently, there may be no fires because litter moisture is above the threshold of ignition
(as represented by a low FFMC). Secondly, even when fuel moisture is low and is conducive to ignition
(as represented by a high FFMC), a fire ignition will not necessarily occur because ignitions also depend
on human land-use patterns in a given area. To compensate for these two potential sources of zeros, a
Zero-Inflated Poisson (ZIP) was employed to model the counts as opposed to using a strictly Poisson
regression modelling framework. In a ZIP, the zero-inflated component of the model accounts for
excess zeros and counts are assumed to follow a Poisson process.

An example of the ZIP model form with second order polynomial terms is:

- 3
(1—n)“yyﬁ“ , y=1,23,... ©)

P(Y = ):{n+(1—n)e‘“ , y=0

where Y represents the number of fires on a given day in the spring; 7t represents the probability of a
given observation being in the zero-heavy component, which is modelled using the following logistic
regression framework

n = exp(yo + y1FFMC + y,FFMC?)/ (1 + exp(yo + y1FFMC + y,FFMC?) 4)
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and p represents the mean estimated from a log-linear Poisson regression model, which is modelled as
1 = exp(Po + PLFFMC + p.FFMC? + B3DCy + BaPou). (5)

The regression coefficients in (4) and (5) are represented by yo,v1....y3 and Bo,B1....53,
respectively. Notice in (3), zeros can arise from the zero-heavy component as well as the Poisson
component. Model estimation requires the use of a mixture model framework, maximizing a likelihood
function and estimating all parameters jointly [42].

ZIP modelling was done using the pscl package [43] in R. Model selection was based on Akaike’s
Information Criterion (AIC) and assessment of model fit graphically to ensure the known physical
processes the model is meant to represent are being upheld (i.e., no fires expected at very low FFMC
values). DCs and Py, from the previous fall and winter, were added to the models along with FFMC
to determine if there was evidence any impact of overwintering of drought conditions and/or winter
precipitation on spring fire occurrences while accounting for the FFMC-driven spring fire relationship.

2.4. Suppression Effectiveness

Although the number of human-caused spring fires was the primary focus of the study,
we wanted to also look at two other specific aspects of the fire regime of importance operationally,
namely suppression effectiveness and total area burned. Fire managers have thought these to be
associated to previous season drought conditions. However, they do not appear to have been clearly
linked. The intent here again was not to build a complex model of area burned or suppression
effectiveness as done by other researchers (e.g., [44,45]). Instead, our objective was to determine if
there was quantitative evidence of DC¢ and P, significantly impacting the potential for fires to escape
initial attack and the total area burned in the spring.

We studied suppression effectiveness by modelling the probability of a fire escaping initial attack
suppression efforts. Fires that escaped initial attack were defined as fires that exceeded 4 ha in final
size. This cut off was used as a conservative effort to capture the provincial variability in suppression
objectives between Ontario and Alberta [46]. A binary outcome to represent initial attack success was
derived for each fire using these criteria. Logistic regression (see e.g., [47]) using this outcome as the
response was used to determine the influence of the Initial Spread Index (ISI) along with DC¢ and
Pow on the probability of escape. The ISl is an indication of potential rate of spread largely driven by
wind that has been related to the potential for fires to escape [44] in addition to other complicating
factors [45].

2.5. Area Burned

We use multiple linear regression modelling to explore the relationship between DC¢ and Py and
the logarithm of total spring area burned. This log transformation was required to normalize the raw
annual aggregate spring area burned values.

3. Results

Overall, the management regions in Alberta are drier in the fall and winter with higher DC¢ values
and less Py annually compared to Ontario (Table 1). Alberta also experiences more human-caused
spring fires, over a longer spring fire season, compared to the Ontario fire regions. Within Ontario
there is a clear climatological difference between the east and west with Sudbury and Kirkland Lake
(northeast) receiving more precipitation overwinter and lower DC; values compared to Dryden and
Kenora (northwest) (Table 1). Although, these climatological differences did not result in similar
distinctions in number of fires or area burned between northeastern and northwestern Ontario.

The fitted ZIP model results demonstrate that the DC¢ has an impact on the occurrence of
human-caused spring fires in all regions: There is high agreement across the regionally estimated
count model coefficients in terms of their estimated effects; and, the corresponding p-values suggest
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very high confidence in the results for Alberta (p-values < 0.01) and medium-to-high confidence in
the results for Ontario (0.00 < p-values < 0.10) (Table 2). This relationship was positive for all but one
region, indicating evidence that drier fall conditions are associated with more spring fires. There was
one exception to this, Sudbury, which resulted in a negative relationship (Table 2 and Figure 2).

Table 1. Comparison of the fire management regions used in the analysis, including area of each
region, average annual previous fall DC (DCg), overwinter precipitation (Pow), number of spring
human-caused fires (NOF), annual proportion of spring fires escaping initial attack (Escape), annual
spring area burned (SAB), and spring fire season length (Length). Standard deviations are indicated in
brackets. Regions shaded in grey are within the province of Alberta; the remainder are in Ontario.

Average
Region Area (km?) DC¢ Pow (mm) NOF Escape (%) Area (ha) Length (Days)
Grande Prairie 35.860 355.5 125.6 38 13 808 59
(GP) ! (115.8) (49.0) (27) (11) (2621) (18)
Lac La Biche 39157 386.2 96.2 120 25 47,269 64
(LLB) ! (127.7) (30.2) (73) (14) (13,845) (14)
Edson 28,609 282.0 108.8 63 44 1975 69
(EDS) ! (93.8) (47.2) (38) (39) (8919) (19)
Rocky
Mountain 20,892 197.2 94.8 42 13 706 63
House ! 83.3) (36.8) (31) (11) (2067) 17)
(RMH)
Kenora 19725 155.0 172.3 24 9 792 49
(KEN) ! (113.9) (58.8) (10) @) (3634) (15)
Dryden 22696 172.8 159.8 11 8 33 50
(DRY) ’ (98.7) (59.6) 6) (11) (78) (14)
Kirkland Lake 13.879 92.5 314.0 10 1 184 39
(KLK) ! (64.2) (86.4) ()] 6) (586) (12)
Sudbury 22 801 94.8 347.4 25 14 138 52
(SUD) ’ (68.5) (81.0) (15) ® (334) (13)

When predicted model counts were compared between low and high DC; values, the overall
percent change in human-caused spring fires resulted in increases between 20% and 259% for Lac
La Biche and Rocky Mountain House in Alberta, and 27% to 65% for Kenora and Kirkland Lake in
Ontario (Figure 2A) on average over the spring season. The range of DC; used for Alberta was 100 to
500 and Ontario 25 to 350. Differences in the predicted model outputs, between low and high DCs¢
ranges on a daily basis, are shown for Grande Prairie and Kirkland Lake (Figure 3). These clearly show
an increase in the expected number of spring fires on a given day, especially at higher FFMC values
when the DC is high.

260 260

210 210

Percent Change in NOF
s o B &
5 8 5 8
s o B B
5 8 3 8

s

3
/9
3

GP EDS RMH LB KEN DRY KK SUD GP EDS RMH LB KEN DRY KLK SUD
Region Region

Figure 2. Percent change in total number of spring human-caused Number of Fires (NOF) based on
model predicted changes from a low to high DC; (A) and Pew (B). The range of DCs used for Alberta
was 100 to 500 and Ontario 25 to 350. For Py the range for Alberta was 25 mm to 200 mm and Ontario
150 mm to 450 mm.

The results for Py, are not as consistent. Py, showed high confidence in most regions of Alberta,
except Grand Prairie, and only in Kirkland Lake for Ontario (Table 2), but low agreement between
all regions. Strong evidence (p-values < 0.05) of a positive relationship between Py, and number of
spring human-caused fires was found for Kirkland Lake, Edson, and Rocky Mountain House, which
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is opposite to expected. The expected relationship, less Py resulting in more spring fires, was only
observed for Lac La Biche (Table 2). When comparing the difference between predicted number of
spring fires between a low and high P, the model predicted 19% fewer human-caused spring fires
with lower Py in Lac La Biche (Figure 2B). Similar comparisons for Kirkland Lake, Edson, and Rocky
Mountain house resulted in increases of 146%, 41%, and 44% respectively, based on the range of high
to low Py observed in those regions (Figure 2B).

Table 2. Model coefficients (Coef) along corresponding with standard errors (s.e.) and p-values (p)
for the Zero-Inflated (ZI) Poisson models for all regions. Final models included either quadratic
or polynomial terms for the Fine Fuel Moisture Code (FFMC), depending on Akaike’s Information
Criterion (AIC) scores and model fit. Results for coefficients with very high to moderate confidence (p

< 0.1) are bolded.
Region Variables Count Coef s.e. P ZI Coef s.e. P
Intercept —2.40700 0.4044 0.000 0.936 0.077 0.000
Poly (FEMC, 3)1 0.03267 0.0043 0.000 -17.233 6.564 0.009
Gp Poly (FFMC, 3)2 —-7.533 5.731 0.189
Poly (FFMC, 3)3 -17.411 4.619 0.000
DC¢ 0.00126 0.0003  0.000
Pow -0.00007 0.0006 0915
Intercept —1.78722 0.2846  0.000 0.810 0.058 0.000
Poly (FFMC, 3)1 0.02783 0.0030 0.000 —20.025 4.692 0.000
EDS Poly (FFMC, 3)2 —22.760 3.386 0.000
Poly (FEMC, 3)3 —18.103 3.344 0.000
DC¢ 0.00090 0.0002  0.000
Pow 0.00200 0.0005 0.000
Intercept -1.73976 0.2711  0.000 0.960 0.065 0.000
Poly (FFMC, 3)1 0.02067 0.0029 0.000 —24.342 4.320 0.000
Poly (FEMC, 3)2 —18.558 3.854 0.000
RMH  poly (FEMC, 3)3 —9.558 3343  0.005
DC¢ 0.00319 0.0003  0.000
Pow 0.00213 0.0007  0.003
Intercept —2.56769 0.2258  0.000 -0.035 0.074 0.637
Poly (FEMC, 3)1 0.04534 0.0024 0.000 1.002 7.685 0.896
Poly (FFMC, 3)2 —34.040 5.019 0.000
LLB Poly (FEMC, 3)3 -27.362  3.949  0.000
DC¢ 0.00040 0.0001 0.001
Pow —0.00099 0.0005 0.059
Intercept —4.17200 0.0010 0.000 -0.017 0.359 0.963
Poly (FEMC, 3)1 0.04781 0.0111  0.000 —2.364 24,072  0.922
KEN Poly (FEMC, 3)2 —18.460 8.892 0.038
Poly (FEMC, 3)3 -26.822 11317 0.018
DC¢ 0.00085 0.0003  0.009
Pow 0.00000 0.0008  0.999
Intercept —6.42641 0.0948  0.000 1.969 1201 0.101
Poly (FEMC, 2)1 0.06904 0.0010 0.000 —258.325 130.187 0.047
DRY Poly (FFMC, 2)2 202.358 98.550  0.040
Poly (FEMC, 2)3 -124.790 47.899  0.009
DC¢ 0.00094 0.0005 0.058
Pow 0.00007 0.0009 0.937
Intercept —5.92882 0.8925 0.000 -0.132 0.6800  0.846
Poly (FFMC, 2)1 0.05213 0.0096 0.000 39.130 49396  0.428
KLK Poly (FEMC, 2)2 —45.571 22.724  0.045
DC¢ 0.00180 0.0010 0.061
Pow 0.00315 0.0008 0.000
Intercept —4.74759 0.6273  0.000  —0.281 0363  0.438
Poly (FFMC, 2)1 0.05706 0.0068  0.000 21.796 31.095 0.483
SUD Poly (FEMC, 2)2 —47.314 15.277  0.002
DC¢ —0.00121 0.0005 0.039

Pow 0.00022 0.0004 0.629
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Figure 3. Examples of the resultant zero-inflated Poisson models for daily number of human-caused
spring fires and FFMC (Fine Fuel Moisture Content) under low and high DCs values for (A) Grande
Prairie and (B) Kirkland Lake. Values for low and high DCt are the same as those shown in Figure 2.

The DCs had a strong positive impact on the probability of a spring fire escaping initial attack
for Rocky Mountain House only (Table 3). Strong evidence (p-value < 0.05) of a positive relationship
between Py, and the probability of a spring fire escaping was shown for Edson. Very little confidence
was found in the remaining relationships for either variable. Strong evidence that ISI was found in
most regions where a consistent positive relationship with the probability of escape was observed

(Table 3).

Table 3. Logistic regression coefficients along with corresponding standard errors (s.e.) and p-values (p),

for the probability of a spring fire escaping initial attack and growing to over 4 ha. Explanatory variables
tested include the DC value at the end of the previous season fall (DC¢), overwinter precipitation (Pow),
and Initial Spread Index (ISI). Results for coefficients with very high to moderate evidence (0 < p <

0.10) appear in bold.
Region Intercept s.e. p DC¢ s.e. 4 Pow s.e. 4 ISI s.e. P
GP -0.515 0431 0232 -0.0003 0.0009 0735 -0.002 0.002 0.275 0.020 0.026 0.435
EDS -2.223 0357 0.000 0.0009 0.0009 0.312 0.003 0.001 0.001 0.047 0.014 0.001
RMH —2.639 0417 0.000 0.0059  0.0013 0.000 -0.001 0.003 0.748 0.034 0.014 0.167
LLB -0.279  0.027 0.338 -0.00001 0.0005 0980 -0.002 0.002 0.385 0.030 0.008 0.000
KEN -2.020 0478 0.000  0.00056  0.0010 0.637 -0.003 0.002 0.193 0.095 0.022 0.000
DRY -2326  0.541 0.000 0.0019 0.0016 0.225 -0.001 0.003 0.808 0.023 0.031 0.459
SUD 1.385 0451 0.002 -0.0013 0.0016 0.402 -0.001 0.001 0.691 0.072 0.018 0.000
KLK -1.266  0.665 0.057  0.0004 0.0022 0.853 -0.001 0.002 0.781 0.083 0.028 0.003

Area burned in the spring was moderately influenced by the DC in three regions; Rocky Mountain
House, Kenora, and Dryden (Table 4). Although the resulting models did not have much explanatory
power, with R? values of less than 30 percent and displayed only moderate evidence (p-values < 0.1), it
is important to note that the intent was not to create the best model of area burned in the spring. The
intent was to determine if previous fall drought conditions affected area burned in the spring. Py, did
have a moderate effect on area burned in Sudbury but the overall model had no confidence (Table 4).
No other regions displayed evidence in a relationship to Poy .
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Table 4. Linear regression model coefficients along with corresponding standard errors (s.e.) and
p-values (p) for the logarithm of area burned in the spring. Explanatory variables tested include the
DC value at the end of the previous season fall (DCs) and overwinter precipitation (Pow). Coefficients
and final models with very high to moderate confidence (p < 0.1) appear in bold.

Region Intercept s.e. p DC; s.e. p Pow s.e. p R? s.e. p

GP 1.757 0,538 0.002 0.0013 0.003 0.615 0.0007  0.001 0.552 0.02 0.805 0.742
EDS 2.066 0498 0.000 0.0017 0.001 0190 -0.0013 0.001 0325 0.07 0759 0273
RMH 1.333 0.412 0.003 0.0049 0.001 0.001 -0.0037 0.003 0.248 0.26 0.729 0.004
LLB 2.404 0.847 0.007 0.0010 0.001 0461 0.0038  0.006 0.532 0.02 1122 0.649
KEN 1.495 0.418 0.001 0.0025 0.001 0.023 -0.0010 0.002 0.635 0.15 0.734 0.054
DRY 0.609 0.332  0.074 0.0023 0.001 0.017 0.0003 0.001 0.844 0.15 0.561 0.055
KLK 1.500 0.5268 0.007 0.0006 0.0021 0.777 -0.0004 0.0016 0.776 0.00 0.840 0.929
SUD 2.473 0.4179 0.000 -0.0004 0.0014 0.761 -0.0021 0.0012 0.084 0.08 0.583 0.193

4. Discussion

The current operational practice of using an overwinter adjustment of the DC is based on an
assumption that if drought conditions existed during the previous fall they should be carried over to
the following spring leading to drier deeper organic layers that translate to some enhanced level of
wildfire activity. For springtime fire occurrence, this assumption is supported by our results in all but
one region, Sudbury. Elevated DCs values resulted in significant increases in the number of spring
human-caused fires. This result seemed particularly strong in Alberta, although it is important to
note that the higher confidence in this province may be an artifact of the data; the Alberta regions
have a greater number of spring fires so a larger number of counts within the 40 year study period,
which may have led to the lower p values. No studies of fire occurrence have accounted for the primary
relationship to litter moisture (i.e., FFMC) that is of importance to explaining day-to-day variability
within the spring season, while also exploring the impact of the previous season’s potential drivers on
top (DCs and Pey ). This unique method of compensating for these day-to-day variations has shown us
that previous season drought conditions do impact the number of human-caused spring fires.

The negative relationship between DCf and number of spring fires found in Sudbury were further
investigated and determined not to be an anomaly, based on replication of this result in an adjacent
region, North Bay. Although initially it seems counterintuitive this result is supported by other studies
that have shown variability in the relationship between drought and fire activity, where in some
forest types increased moisture in the fall can lead to increased accumulation of fuels, resulting in
more fuel available to burn the following spring [48]. Antecedent wet conditions have also been
shown to regulate fuel amounts and structure in Mediterranean Europe [49]. Therefore, differences
in fuel may be the reason for the positive relationship between DC¢ and number of spring fires in
the Sudbury region. These regions are dominated by different forest types, which could influence
fuel-moisture relationships. All regions in this study are within Boreal ecozones [50], but Sudbury
and North Bay are dominated by the more temperate Great Lakes St. Lawrence forest types [51]
compared to the others being predominately Boreal forest types. Differences in climatology have
also been shown to cause variability in drought-fire relationships across large spatial areas [24].
Sudbury is the wettest of all regions and the distribution of precipitation throughout the year is
also different. Peak precipitation occurs later in the year, in late summer/fall, compared to the other
regions where the wet period is late spring(June)/summer (based on ECCC climate normal 1981-2010
(https://climate.weather.gc.ca/climate_normals/). Further investigation is required to determine which
of these potential drivers plays a bigger role as well as how widespread this result may exist across
the Canadian landscape. For the other seven out of eight regions, and potentially most of the boreal
regions in Canada, drought carry-over has a positive relationship to the number of human-caused
spring fires.

The results for suppression effectiveness and area burned were not as definitive as the fire
occurrence analysis. Increased fall drought resulted in a greater probability of fires escaping initial
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attack the following spring in only one region in Alberta. Suppression effectiveness, as we have
characterized by escaped fire probability, is driven by a complex variety of factors that vary regionally
that include but are not limited to forest characteristics, operational suppression resource demands
and current season weather conditions [44,45,52]. Therefore, it is not surprising, based on our fairly
simple weather-based analysis, that only one significant relationship was found. In particular, in
Ontario, the number of spring human-caused fires occurring are typically low, therefore the already
small spring dataset is limited to even fewer fires that grow to >4 ha.

Increased area burned in the spring associated with drier previous fall conditions was observed
in just one region in Alberta, and both regions in western Ontario. Regression models explained 15%
to 26% of the variability in the log of area burned indicating DC¢ was not a primary driver, although
was not expected to be. Most studies of drought-fire relationships that have focused on area burned
found widespread variability between regions [17,19,26]. Area burned is primarily driven by current
season weather conditions [53], especially those following ignition [27], but has been shown in some
regions to be influenced by previous season drought [25] or decreased overwinter precipitation [26].

The positive correlations found here between Py and spring fires are counterintuitive to the
underlying concepts around the overwintering adjustment [13]. In the DC overwinter adjustment
procedure, reduced P, was hypothesized to reduce moisture recharge and therefore, quite logically,
lead to drier spring conditions and greater fire activity. Based on all of our study regions being located
at relatively high latitudes it is assumed the majority of precipitation falling during this ‘overwinter’
period (~November to March) is in the form of snow and results in a persistent snowpack. Although
the Py does not represent the total moisture that infiltrates the organic layer in the spring, it should be
representative of potential moisture available. The assumption that reduced precipitation during the
winter months enhanced the potential for spring fire occurrence was only supported in one region in
Alberta, Lac La Biche; however, there was high agreement for the opposite effect in three regions across
Alberta and Ontario. Thus, there seems to be no consistent evidence for the impact of overwinter
precipitation, at least in terms of its impact on spring fire occurrence. Lower Py, also did not result
in decreased suppression effectiveness, measured by increased probability of a fire escaping initial
attack, or increased spring area burned. Studies in the US Pacific Northwest have found a relationship
between earlier spring melt and fire activity that have been associated with warmer spring and winter
temperatures [15,19]. Analyses that included Canada showed that decreased winter precipitation
correlated with increased area burned in some regions of the boreal, but increased winter temperatures
causing decreased snow duration had a more moderate and widespread decreasing influence on annual
area burned [26]. Although it is important to point out that these studies were focused primarily on
area burned and were not specific to spring human-caused fires only. Only weak negative correlations
were found to area burned here. A hydrologic study of the Horse River Fire, just North of Lac La
Biche, revealed that years of low snow pack did not necessarily mean greater area burned in the
spring, but years of high snow matched years of low area burned [54]. We did find a moderately
strong negative relationship between Py, and number of spring human-caused fires in the Lac La
Biche region.

These results in relation to other findings point to the fact that P,y alone may not be the best
indicator of the influence of snow contribution to organic layer recharge potentially affecting spring
fire activity. Clearly, the transfer of moisture from snow melt to deep organic layers would be
influenced by elements like timing of melt, potential run-off over frozen soil, and/or day-to-day
sublimation. Therefore, it is logical that P, itself might not exhibit a strong influence on springtime
fire activity. The overwinter adjustment is not solely based on P, it does include an adjustable
constant (Equation (1)) meant to account for these mechanisms affecting winter and spring melt
and moisture transfer. Although those are not tested explicitly here, the additive model form used
in the models is the same as Equation (1), without the constants. As indicated above, changes in
overwinter temperatures have been shown to have an effect on fire activity [19,26] and are not included
in the current overwinter adjustment. Future work, requiring additional data, should examine the
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key variables that influence moisture transfer from snow into deep organic layers, not just potential
moisture availability. These should include variables that are easily measured by fire managers
reducing the need to estimate constants based on one of three potential scenarios.

The findings herein have other important implications to fire managers. If DCs is high, managers
could anticipate a more active than normal fire season the following spring, in most regions. Also, the
overwinter precipitation threshold (200 mm) may not be the appropriate flag to indicate the need for
the overwintering adjustment to be calculated. DC¢ may be more useful. A shortcoming of current
operational policies that may impede more accurate estimation of DC; is that, for most years, weather
stations are turned off too early in the fall. Although this was not explored explicitly, it was observed
during data processing through the need to consistently include ECCC station data to supplement
daily fire weather station records. The current overwintering methods allow for the estimation of a
constant a (Equation (1)) to calculate DCs [13], but actual observations running to ground freeze or
lasting snow cover may lead to more accurate estimates of this value and are possible with automated
weather stations. In addition, fire weather stations often start recording after fires are observed in the
spring. These discrepancies in station start and end dates also affect the Py calculation. Fire weather
stations should run for the entire time that organic fuels are actively exchanging moisture with their
environment, not just when fires are occurring in order to capture these processes. This influence of
previous fall’s drought combined with studies showing the fire season length to be changing [2,3,10]
and anticipated to change further [55] should be sufficient to convince agencies to consider new policies
around when to start and stop weather stations. Year-round stations, or incorporation of satellite
observations, may be alternatives to current practices to better determine overwinter conditions.

Limitations of this analysis include the use of a single weather station to represent fire weather
across a larger region. Previous studies have shown this approach can be used to generally capture the
variability in day-to-day human-caused fire occurrence in a designated area (e.g., fire district) [41,56-58].
Since the goal of this study was not to develop spatially explicit, fine-scale models, for daily fire
occurrence, but rather to investigate whether or not previous season’s drought conditions and/or
overwinter precipitation may impact the number of fires experienced at a given region, we chose to use
a single continuous daily weather stream within each fire management region. Others have interpolated
to the center of the region [59] or used gridded data [18,60] as an alternative. These options were
considered but the decision was made that the effective averaging of values used by the interpolation
and gridded methods may outweigh the benefit. To ensure our choice of representative weather station
in this method did not influence the results, tests were run for regions with the greatest topographic
variability (Edson and Rocky Mountain House) using a different weather station to generate the
primary weather stream. The results were consistent regardless of station choice, thus supporting our
choice of methodology and validating our findings.

Lastly, we acknowledge that duff layer moisture and fine fuel moisture are not independent of
each other. For example, fine fuel moisture has been shown to be impacted by the moisture content
in the upper layer of duff fuels [61]. We did not investigate the impact of daily DC in our analyses,
since our focus was to determine whether or not there was an overwintering effect and explore its
impact on key characteristics of wildland fire regimes and fire management. Future work could
involve investigating the impact of DC on fire occurrence, including exploring how DCs may impact
the adjustments of daily FFMC values according to forest type, stand density, seasonality, and duff
moisture content as proposed in Wotton and Beverly [61].

5. Conclusions

Although an overwintering procedure has existed alongside the FWI System for decades [13]
there has been little research to confirm when it is necessary and under what conditions it should be
applied. When the CFFDRS was developed the guiding principles included easy to measure variables
combined with an understanding that fire managers had a strong knowledge of their region and
the influence of weather conditions in that environment. Although these principles still hold true,
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the responsibility of fire managers is continuously growing and our ability to assess and measure
weather related variables is continuously increasing, allowing for a more rigorous methodology to
be developed and applied operationally. Fire management agencies want indicators prior to the fire
season commencing to help them determine in advance what may occur that spring [62]. Our results
indicate that drought carry-over does occur and primarily impacts the number of spring human-caused
fires. Therefore, the overwinter adjustment has merit, but the total overwinter precipitation may
not be the key variable to flag drought conditions in the spring. Results are not as definitive for our
simplistic analysis of escape probability and area burned, but as a whole this research is sufficient to
warrant greater investigation into the overwintering methods used in the FWI System. These findings
in addition to results from other studies [54,63] point to the need to re-evaluate the overwintering
procedures to ensure they are representative of drought conditions across Canada.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-6255/3/2/24/s1,
Table S1: Fire weather and Environment and Climate Change Canada (ECCC) stations used to create the weather
streams for each fire management region.
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