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Warming temperatures caused by anthropogenic forcing are expected to result in increased drying of forest fire fuels across
Canada. However, previous research in the eastern boreal forest region suggested that increased precipitation and relative
humidity may offset warmer temperatures, leading to increased fuel moisture and decreasing fire ignition potential. To test this
hypothesis, two scenarios modeled by the Coupled Global Climate Model (CGCM4) were used to measure the difference in ignition potential. Monthly values of the Fine Fuel Moisture Code (FFMC) component of Natural Resource Canada’s Fire Weather
Index system were compared between two climate scenarios, one representing a baseline scenario from 1981 to 2005 and
one from 2071 to 2100 simulating a future with 4.5 Wm-2 of radiative forcing (RCP 4.5). All locations in the study area showed
increasing average FFMC values—and therefore a higher frequency of fires—in the RCP 4.5 scenario, with the months of June
and July showing the most statistically significant changes. All the fire months, extending from May to September, had statistically significant increases in temperature as well, ranging from 3° to 4°C. However there was little to no significant evidence of
changes in precipitation or relative humidity. It was concluded that the increase in temperature was the driving variable causing
FFMC values to rise.
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Introduction

that the warming process will significantly alter these regimes
throughout the ecosystems of Canada (Wotton et al. 2010).
Under these conditions, Canada’s immense boreal forest region is of particular concern as its tree species and ecosystems
are adapted to and dependent on periodic forest fires, whose
frequency may be altered due to a rapidly changing climate.
The mean annual temperature in the boreal region is projected to increase by 3.3° to 5.4°C compared with historic norms
(1961–1990) by 2071–2100, with the largest increase in the Boreal Shield West ecozone (Gauthier et al. 2014). The length of
the growing season is also expected to increase by nine to ten

Increasing temperatures resulting from climate change have become unequivocal across the globe, especially in higher latitudes
where this effect is known to be more pronounced (IPCC 2014).
In Canada, where annual temperatures across the country have
increased 1.3°C since 1948 (Lemmen et al. 2008), understanding how forest disturbance dynamics respond to climate change
is an important concern. Climate change is already understood
to be a growing influence on fire regimes and it is expected
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days from 2011 to 2040 and 21 to 46 days from 2071 to 2100,
with the greatest of these increases in the Boreal Cordillera and
Boreal Shield East (Gauthier et al. 2014).
Increased temperatures and longer drought periods have already been observed to result in increased forest fire frequency
(MNR 2013). However, a study completed by Bergeron and
Flannigan (1995) carried out on islands in Lac Duparquet in the
southern boreal forest of Quebec found that forest fire frequency
in this area decreased in a 2 x CO2 scenario. They hypothesized
that increased precipitation would offset the increasing temperatures and lead to fewer wildfires in specific regions (Bergeron
and Flannigan 1995; Flannigan et al. 2005). Precipitation regimes in the Boreal Shield East, which extends from Lake Winnipeg to Newfoundland, are also subject to lake and ocean influences and from storm movement from the eastern USA. This
results in significantly more precipitation than the Boreal Shield
West region, which extends from Manitoba to the Yukon (Price
et al. 2013). The specific regional influences have resulted in
the observed increase of fire frequency in the Boreal Shield
West but a decrease in the Boreal Shield East (Price et al. 2013).
Notwithstanding the different findings in the east and west, to
understand the effect of climate change on fire frequency and
future area-burned in the overall boreal forest region many studies in Canada use components of the Fire Weather Index (FWI)
system in combination with global climate models (cf. Bergeron
and Flannigan 1995; Wotton et al. 2003; Flannigan et al. 2005;

Podur and Wotton 2010; Van Bellen et al. 2010; Wang et al.
2015). The FWI is a combination of indices that provide numerical fuel moisture estimates based on meteorological conditions.
The focus of this study is how climate change will affect
future forest fire frequency in the Boreal Shield East region.
Future weather conditions produced by climate models may be
input into the FWI as a method of predicting how forest fire
disturbance regimes may be impacted by a changing climate.
The FWI is comprised of six components; three fuel moisture
codes and three fire behaviour indices, which together provide a
numerical rating of the potential frontal fire intensity (De Groot,
1998). However, fire intensity is not tightly linked to fire frequencies as frequency is primarily determined by climate conditions (Van Bellen et al. 2010). To assess potential changes in fire
frequencies we will utilize a key component of the FWI system:
the Fine Fuel Moisture Code (FFMC).
The approach of this study is to expand and follow up on
Bergeron and Flannigan (1995) in order to test their projection
of reduced FFMC in the region of Lac Duparquet. Based on
their study, a reduced FFMC implies a greater moisture content
and reduced fire frequency. This is a prudent approach since
we have found a general lack of climate change related studies
that focus on the effect of changing forest fire frequency across
the Boreal Shield East region since Bergeron and Flannigan’s
1995 study. Their study is also one of the few studies that utilizes Canada’s tailor-made FWI system in conjunction with climate model outputs to project future fire, which is why this approach should be further validated using current climate model
projections. The present study is therefore a means of testing
their conclusions and the consequences for the broader Boreal
Shield East region using Canada’s FWI system. The refinement
of climate models since this original study has provided more
detail and confidence with respect to regional changes in temperature and precipitation. We have updated the inputs by making use of a more modern climate model with a finer grid, which
will be more representative of regional variability. We have also
broadened the area of study, expanding westwards into Ontario
and further east into Quebec, noting that it is inappropriate to
generalize fire regime characteristics from small regions to the
entire boreal zone (Bergeron et al. 2004).
Although Bergeron and Flannigan conducted their study in
1995, no direct follow ups have been undertaken. However, a
few recent investigations have been made into this issue, including Bergeron et al. (2004), who examined fire frequencies using
2 and 3x CO2 climate change scenarios. They found that real
and simulated future fire frequencies are lower than the historical fire frequency for the majority of the 18 locations studied
throughout ecozones of the Canadian boreal forest including the
Lac Duparquet area. They also identified northern Ontario as
having a slightly higher future fire frequency. In another study,
Wang et al. (2015) used three climate models to project changes
in FWI across Canada, and found increases almost everywhere.
Our study will contribute to these analyses by further investigating the question of whether regional climate change impacts

Figure 1
Diagram illustrating the components of the FWI System. The six
standard components provide numeric ratings of relative potential
for wildland fire. Adapted from Natural Resources Canada (2016)).
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such as increasing temperature and precipitation are likely to
increase or decrease future forest fire frequency in the Boreal
Forest East.

Any rainfall above the threshold of 0.5 mm that has fallen
in the previous 24 hours is added to the moisture of the layer,
which in turn depends on the original moisture content of the
layer itself. Thus, the layer’s moisture exchange with the atmosphere is calculated for the day (Wotton 2009).
Sunlight continues to be a critical process missing from Van
Wagner’s diurnal FFMC calculation method (Anderson 2009).
In order to reduce bias from the sun’s radiation, calculations are
turned off at night by setting the FFMC to zero between sunset
and sunrise. The final numerical value produced by the FFMC
calculation ranges from 0 to 99 with a high potential for fires to
ignite in the boreal forest above 85 (De Groot 1998).

Climatology
Understanding the regional effects of climate change is critical
in predicting how fire frequency will be altered, as fire occurrence and spread is strongly influenced by fuel moisture, which
is in turn strongly influenced by weather (Podur and Wotton
2010). Currently the Boreal Shield West region receives about
600 mm of precipitation annually compared to its eastern counterpart, which receives approximately 1000 mm annually. Price
et al. (2013) projected increases in precipitation by 2100 of 11%
and 13% in the Boreal Shield West and Boreal Shield East respectively (Price et al. 2013). Changes in precipitation at the regional scale have also been projected. For example, the annual
precipitation for Thunder Bay, Ontario between 1971 and 2000
was 711.3 mm, but based on high emission scenarios they can
expect a 3.9% annual increase in precipitation by 2020, 6.5%
by 2050, and 11% by 2080 (ICLEI 2013). It is not just the frequency of precipitation events that is projected to change, but
extreme and heavy precipitation events are also expected to become more intense and more frequent. Historically, the majority
of flooding in Ontario municipalities has been associated with
spring snowmelt runoff. However, only 34% of floods between
1990 and 2003 occurred in the spring, with the remainder occurring in other seasons due to heavy rainfall, rain-on-snow conditions, and ice jamming (Chiotti and Lavender 2008). Whether
the increase in precipitation and the subsequent moisture content
of litter and other cured fine fuels such as needles, mosses, and
twigs will be enough to offset the increased drying due to temperature increases is uncertain (Bergeron and Flannigan 1995;
Podur and Wotton 2010).

Research Methods
The grid points defining the study area are located in the Boreal
Shield East region, over an area spanning from eastern Manitoba
across the Clay Belt of northern Ontario just below the Hudson
Plains and continuing through southern Quebec to encompass
an area from N 48 50.400, W 92 48.600 to N 51 37.800, W 61
52.800 (Figure 2). This includes the region studied by Bergeron
and Flannigan (1995). This ecoregion is characterized by evenage communities of fire adapted-species such as black spruce
(Picea mariana), jack pine (Pinus banksiana), and lodgepole
pine (Pinus contorta), but is dominantly populated by balsam
fir (Abies balsamea), a fire intolerant tree species indicative of
infrequent fire regimes in the Boreal Shield East (Gauthier et al.
2014).
To specifically target fire frequency in relation to climate
change, the FFMC component of the FWI was used along with
simulated weather variables provided by the Canadian General
Circulation Model Fourth Generation (CGCM4) to project fire
ignition potential (von Salzen et al. 2013). Results were compared between a simulated baseline and a future scenario in
which carbon concentration had increased. To remove any bias
between the model and local conditions, CGCM4 output was
used for both the baseline and future period. The baseline time
period included the months of May to September over a period
of 25 years, from 1981 to 2005. Daily weather variables were retrieved from CGCM4 for every grid point within the study area
at a spatial resolution of 1.41° longitude x 0.94° latitude. The
daily variables included 24-hour precipitation (mm), wind speed
(km/h), relative humidity (%), and temperature (°C). These were
used to calculate the standard daily FFMC from the months of
May to September over the baseline time period for each grid
point within the study area. The formulas for the standard daily
FFMC can be may be obtained from the Canadian Forest Service Publications (Anderson 2009). The daily FFMC codes were
averaged over every month.
The future climate scenario was taken from the CGCM4
climate model driven by radiative forcing from Representative Concentration Pathway 4.5 (RCP 4.5). RCP 4.5 is one of
several scenarios of greenhouse gas concentrations developed
for use with climate models (Thomson et al. 2011). In RCP 4.5,
greenhouse gas concentrations are stabilized by the year 2100 at

The Fine Fuel Moisture Code
The Fine Fuel Moisture Code (FFMC) represents the moisture
content of the top 1 to 2 cm deep litter layer. This layer is indicative of the ignition probability since fires usually start and spread
in fine fuels (De Groot 1998). The standard daily FFMC calculation uses temperature, relative humidity, wind speed, and 24hr precipitation values measured at noon Local Standard Time
(LST). These values are used to predict peak burning conditions
that will occur around 1600 hr. LST, under the assumption that
the measured weather parameters follow a normal diurnal pattern (Van Wagner and Forest 1987). At the start of its calculation
each day, the previous day’s FFMC is converted back to moisture content, mc, (Wotton 2009) via the equation,
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Figure 2
Study area showing locations of the 25 grid points. A base map of the August 2001 mean FFMC values is provided
as an example here to illustrate the variability in FFMC values across the country.

Results

approximately 650 ppm CO2 equivalent, producing a radiative
forcing of 4.5 W/m2. This is considered a medium-low forcing
scenario. The mean monthly FFMC values of the RCP 4.5 climate scenario and the baseline scenario were both averaged annually to produce 25-year FFMC averages for each month over
each grid point. Next, annual averages of the five months at each
grid location for the baseline and the RCP 4.5 scenario were
compared. As a comparison between model and reality, actual
FFMC values averaged from each month over the same time
frame and location as the baseline scenario, were obtained from
the Canadian Forest Service (CFS 2015), and compared with the
baseline scenario produced by the climate model. 		
To test for statistical significance, we applied a two-tailed
t-test for difference in means to the baseline and RCP 4.5 scenarios. Any p-value below 0.05 was deemed to indicate a significant difference in FFMC values. Similar t-tests were also
applied to the meteorological variables of the two climate scenarios in order to check the statistical significance of differences
in atmospheric conditions that might explain the FFMC results.
We applied the same test to the baseline climate scenario and the
observational data for the baseline period obtained from MNR
to investigate differences between FFMC values produced from
climate model simulation and those based on observed weather
conditions.
Prairie Perspectives: Geographical Essays 2016, 18: 42–49

We found that the 25-year average FFMC for each month increased in the RCP 4.5 scenario, and this was true across the
study area for each of the 25 grid points. t-tests were done to
test for statistically significant differences between the FFMC
means of both scenarios. Statistical significance here should be
interpreted as evidence of climate change as opposed to climate
variability, since it indicates a difference in mean values beyond
what could be expected from variability alone. Between the 25year average FFMC values of the baseline and RCP 4.5 scenarios, eight of the 25 cells showed significant difference in May, 16
points in June, 23 in July, eight in August, and four in September. Table 1 shows the average change in FFMC values for the
months of June and July, the months that most commonly had pvalues less than 0.05. None of the June numbers in the baseline
column cross the threshold of 85, which would indicate a high
potential for fire to ignite. However, we see an increase in mean
FFMC in the future scenarios, and as the mean value rises closer
to the threshold it will be crossed more frequently in individual
months. For July, the mean FFMC surpasses the threshold eight
times, including two cells in the baseline scenario and six more
cells in the future scenario. The locations of these increases are
illustrated in Figure 2 (June) and Figure 3 (July).
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Table 1
Comparison between the 25-year average FFMC values of the baseline and RCP 4.5 scenarios for the months of June and July.
Bolded differences represent statistical significance (p-value < 0.05). Bolded-italicized FFMC values represent values exceeding the fire ignition threshold (85).

Looking at changes in the driving variables (Table 2) and
how they may have caused the increase in FFMC values in
the future climate scenario, we noticed a significant change in
monthly mean temperature. Comparing the baseline scenario
to the RCP 4.5 scenario over the entire study region, the largest temperature increase occurred outside the fire season in the
month of March. However, the next largest increases were in
June (+4.2°C) and July (+3.9°C); the months with the most
consistently significant increases in FFMC values. July had the
highest monthly temperatures in both climate periods, followed
by August and then June. The average relative humidity for the
months of June and July also showed statistically significant (p
< 0.05) differences between the scenarios, as in June the average relative humidity decreased from 64% to 60% and in July
it decreased from 65% to 59%. There was no significant change
in average monthly precipitation or wind speed over the 25-year
period for either month.
These changes in atmospheric conditions were representative of the changing conditions for the months of May, August,
and September as well, where no changes in average precipitation or wind speed were observed (Table 2). Furthermore, the
months of May, August, and September showed no statistically significant change in relative humidity. When compared to
Prairie Perspectives: Geographical Essays 2016, 18: 42–49

June and July, the lack of significant changes in precipitation
combined with decreasing relative humidity and increasing temperatures explains why these months had the most significant
changes in FFMC values.
Finally, in comparison with the observation-based values
from the MNR, the baseline FFMC values are somewhat higher
with a p < 0.05 for 16 points (Table 1). A look at the model and
observation-based temperatures indicates the same, suggesting
that temperatures in the CGCM4 baseline are warmer than observations.

Discussion and Conclusions
The most important finding in our research was that average
monthly FFMC values for each grid point increased in the RCP
4.5 scenario, with the majority of statistically significant increases occurring within the months of June and July. We conclude
that the changes in FFMC values between the baseline and future
climate scenarios were due to increasing temperatures combined
with two other factors: no significant change in precipitation and
either no significant change or a decrease in relative humidity.
These shifts in meteorological conditions caused an increase in
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Table 2
Difference in climatological variables, averaged over all points for
the 25-year baseline and RCP 4.5 scenarios. Embolded differences
represent statistical significance (p < 0.05).

It is suggested that if greenhouse gas levels continue to increase we can expect increasingly severe fire weather conditions
across most of the Boreal Shield East region. This effect could
be even more pronounced in the Boreal Shield West region,
which is more prone to dry conditions and could lead to more intense fires causing larger areas burned in the future (Wang et al.
2015). Whereas temperature may be considered the best predictor of area burned (Wang et al. 2015), at the regional level the topography of the land can heavily influence other meteorological
variables such as precipitation and humidity, both major influences on the drying effects of increasing temperatures. Hence,
fire weather severity may be variable at the regional level, but
the general long-term trend is likely to increase. This will lead to
challenges that may overwhelm our fire management capacity.
Avoiding greenhouse gas emissions would be the most effective approach to mitigating the problem of climate change
influencing forest fire frequency (Rhodes and Jaccard 2013; Pacala and Socolow 2004). However, in a future scenario where
fossil fuel combustion is still a common source of energy, we
must rely on Canada’s forest stewards to employ risk management in planning processes, implement a selection of diversified mitigation strategies, and adopt an adaptive management
framework.
Forest fire management in the face of climate change is a
complex issue with many variables involved. In managing risk,
high levels of uncertainty exist despite using sophisticated climate and fire regime models. The complexity owes to the interchange of different factors. For example, although weather is
the main driver of the total area burned by fire each year, fuel
type changes and demographic changes also have a significant
influence on the final amount. These fuel type changes may be
due to forest succession, logging, direct climate change and insect influences, which will all impact future fire behaviour and
fire occurrence. Ongoing demographic changes could also influence human-caused fire occurrence and fire suppression objectives in populated areas. More studies should expand their
focus beyond the impacts of climate change on forest floor fuel
moisture to include the impacts climate change may have on tree
line shifts, as different trees species produce varying fuel loads
as well as the existing trees becoming more or less susceptible
to burning. There should also be more focus on the effects of
climate change at the regional scale to account for the large areal
variability of weather variables and surface conditions. As the
continued advancement of climate models will allow meteorological predictions to be produced at a finer scale, we can gain
a better understanding of how fire regimes react to a changing
climate.

FFMC values in the future scenario, indicating a potential increase in forest fire frequency throughout the study area. These
results do not corroborate the results of Bergeron and Flannigan
(1995), which predicted a decrease in FFMC at Lac Duparquet
(Figure 3).
The results of this study therefore dispute Bergeron and
Flannigan’s initial 1995 hypothesis that increases in precipitation and relative humidity would outweigh increasing temperatures in a doubling CO2 climate scenario. The CGCM4 RCP 4.5
scenario produced warmer temperatures without a compensating increase in precipitation throughout the Boreal Shield East
region. The result was an increase in FFMC values over the 25year period for each grid point in that scenario, which is representative of an atmosphere with a greenhouse gas concentration
rising to 650ppm CO2 equivalent in 2100. Bergeron et al. (2004)
used output from CGCM1 to model fire frequency at locations
across Canada, including several in our study region. They predicted increases in current fire frequency at most locations with
an exception at Abitibi East Quebec, owing to a slight increase
in precipitation eastward across the province (Bergeron et al.
2004). However, our study of nearby points—with no modelled
increase in precipitation—had an increase in FFMC. A more recent study by Wang et al. (2015) used climate output from three
general circulation models including CGCM3 to model the Fire
Weather Index. They projected increases in nearly all fire zones
across Canada, including the Boreal Shield East—a change consistent with this study.
Prairie Perspectives: Geographical Essays 2016, 18: 42–49
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Figure 3
A visual representation of the differences in FFMC values at each
grid point between the baseline
and RCP 4.5 climate scenarios for
the 25-year averages of the June
months. All grid points exhibit an
increase in average FFMC values.
The star indicates the location of
Bergeron and Flannigan’s 1995
study area.

Figure 4
A visual representation of the differences in FFMC values at each
grid point, between the baseline
and RCP 4.5 climate scenarios for
the 25-year averages of the July
months. All grid points exhibit an
increase in average FFMC values.
The star indicates the location of
Bergeron and Flannigan’s 1995
study area.
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