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elevated temperatures can lead to a decrease in dead

fuel moisture and therefore an increase in the probabil-

ity of occurrence of a fire event. Factors that contribute

to a change in dead fuel moisture include the amount

and duration of a precipitation event, temperature,

relative humidity, and wind. Each of these factors, in

combination with the fuel size and shape, influences the

rate at which fuels can retain or lose moisture content.

A variety of studies have been conducted that address

how fire weather indices will change under current

(Amiro et al., 2004) and future climate change scenarios

(Flannigan et al., 1998, 2000; Stocks et al., 1998). Empirical

relationships between weather / climate and histori-

cal area burned have also been developed for the boreal

forest (Harrington et al., 1983; Flannigan & Harrington,

1988; Flannigan & Van Wagner, 1991; Skinner et al, 1 9 9 9 ,

2002; Duffy et al., 2005; Flannigan et al., 2005; McCoy &

Burn, 2005) and for regions in the western United States

(Swetnam & Betancourt, 1990; Westerling et al., 2006).

Empirical studies have also considered teleconnection

indices [e.g. the Pacific Decadal Oscillation (PDO), the

El Nino Southern Oscillation (ENSO), and the Arctic

Oscillation (AO)] that represent different modes of

variability in atmospheric circulation, and have been

able to explain variability in large fire occurrence in

boreal North America at interannual, decadal. and

century scales (Duffy et al., 2005; Macias Fauria &

Johnson, 2006). While these studies have been success-

ful in explaining historical variability in area burned, it

is desirable to develop temporally and spatially explicit

models of area burned for the North American boreal

forest with approaches that can be easily coupled to

global climate models (GCMs).

The temporal coverage of historical  fire datasets  for

the North American boreal forest now makes it possible

to model relationships between fire weather and area

burned across this region. Identification of these rela-

tionships can aid in the prediction of future spatial and

temporal changes in area burned. The focus of this

study is to improve our ability to predict the response

of historical wildfire regime to fuel moisture indices and

air temperature with the overall goal of predicting

future area burned across the North American boreal

region. Our first objective is to take an alternative

approach to modeling area burned by developing tem-

porally and spatially explicit empirical models using

a Multivariate Adaptive Regression Spline (MARS)

approach (Friedman, 1991). MARS does not require

assumptions to be made about the form of the rela-

tionship between the independent and dependent

variables. Consequently, it can identify patterns and

relationships that are difficult, if not impossible, for

other regression methods to reveal. Previous studies

have used MARS to model topographic effects on

well as functioning of boreal ecosystems. The frequency

and size of fires has a close association with climate

(Clark, 1990; Flannigan & Van Wagner, 1991; Johnson &

Wowchuk, 1993; Skinner et al., 1999,2002; Duffy et al.,

2005) and future changes in climate are likely to have

pronounced effects on fire regime (Wotton & Flannigan,

1993; Flannigan et al., 2000, 2005; Carcaillet et al., 2001).

Changes in the fire regime, defined as frequency,

intensity, seasonal timing, type, severity, and size of

fire (Weber & Flannigan, 1997), have implications for

the climate system through a variety of feedbacks

(Kasischke et al., 1995). Trace gas emissions due to fire

can increase the concentrations of greenhouse gases,

creating a positive feedback on climate warming (Gillett

et al., 2004). Alteration  in surface energy exchange as a

result of successional dynamics following the fire also

alters feedbacks to regional climate (Chapin et al., 2000;

Chambers & Chapin, 2003; Randerson et al., 2006).

Given the potential for future climate change in this

region, it is important to assess its effect on the future

fire regime as it has major implications for carbon

cycling (Zhuang et al., 2006; Balshi et al., 2007), energy

feedbacks to the climate system (Randerson et al., 2006),

and human well being (Chapin et al., 2008).

In this study, we specifically evaluate how future eli-

mate change may affect area burned in boreal North

America.

The fire season in the North American boreal forest

typically begins in April and continues through Sep-

tember (Skinner et al., 2002). Lightning is the primary

source of wildfire ignition in boreal North America and

usually results in fires that account for the majority of

the area burned in a given season (Nash & Johnson,

1996). Smaller fires occur most frequently in the boreal

region; however, the majority of the area burned in the

boreal forest is the result of large, infrequent fires

(Stocks et al., 2002) that occur during extended periods

of high pressure systems that result in fuel drying

(Johnson & Wowchuk, 1993; Macias Fauria & Johnson,

2006). Weather plays a major role in the ignition,

growth, and death of a wildfire at daily to monthly

time scales (Johnson, 1992; Campbell & Flannigan, 2000;

Flannigan et al., 2000), and influences fire activity

through impacts on fuel moisture, ignitions by light-

ning, and wildfire behavior. Of these factors, fuel

moisture content is one of the most important as it

integrates information about temperature and precipi-

tation through time, and hence is a useful indicator of

whether or not a fire will start and spread (Flannigan

& Harrington, 1988). Fuels for fires may consist of both

living vegetation 'live' fuels), detritus  on the soil sur-

face, and organic matter in the soil itself ('dead' fuels).

Live fuels generally contain significantly more moisture

than dead fuels. Prolonged periods of low rainfall and



Antarctic sea ice (De Veaux et al., 1993), to map forest

characteristics in the western United States (Moisen &

Frescino, 2002), and to predict distributions of anadro-

mous fish species in response to various environmental

variables (Leathwick et al., 2005). A second  objective

of our study is to use MARS models to generate

predictions of annual area burned across boreal North

America in response to some scenarios of future climate

change.

Data and methods

Overview

In this study, we evaluated the response of historical

wild fires to monthly air temperature and fuel moisture

for boreal North America north of 45oN with the goal of

developing empirical models that can easily be coupled

to GCMs. Thus, our approach was focused on making

maximum use of historical data on area burned in

Alaska and Canada to develop models with substantial

predictive power. We developed temporally and spa-

tially explicit empirical models at 2.5o  (latitude x

longitude) resolution driven by monthly air tempera-

ture, fuel moisture codes, and monthly severity rating

(MSR) using a MARS modeling approach to predict

annual area burned. Climate predictors were derived

from the NCEP Reanalysis  I project (Kalnay et al; 1996)

at 2.5 spatial resolution (see 'Daily weather data and

GCM scenarios'). These climate data were also used to

calculate spatially and temporally explicit fuel moisture

codes using the equations defined in the Canadian Fire

Weather Index (CFWI) System (see 'Canadian Fire

Weather Index'). We assumed all fires to be the result

of lightning ignition as several studies have identified

that most of the area burned in boreal North America is

associated with lightning-caused fires (Kasischke et a l . ,

2002,.2006; Stocks et al., 2002; Calef et al., 2008). The

MARS approach was used to identify relationships

between historical annual area burned (1960-2002)

and air temperature and fuel moisture at 2.5' spatial

resolution. We then evaluated model performance by

comparing predictions with observations over the per-

iod 1960-2002 across the study region. Model perfor-

mance was validated against independent data for

years 2003-2005 across Alaska and Canada. Following

model development, we used climate model output

from the second generation of the Canadian Center

for Climate Modeling and Analysis Coupled Global

Climate Model (CGCM2) to calculate fuel moisture

codes for the period 2006-2100 based on the IPCC Third

Assessment (IPCC, 2001). We then used the future air

temperature and fuel moisture codes to drive each

MARS model through year 2100.

The MARS models use a nonparametric modeling

approach that does not require assumptions about the

form of the relationship between the predictor and

dependent variables (Friedman, 1991). As a conse-

quence, MARS models have the ability to characterize

relationships between explanatory and response vari-

ables that are difficult, if not impossible, for other

regression methods (e.g. linear models) to reveal. In

the simplest form, MARS modeling partitions the para-

meter hyperspace of explanatory variables into disjoint

hyperregions. Within each of these hyperregions, a

linear relationship is used to characterize the impact

of explanatory variables on the response. The point

where the slope changes among hyperregions is called

a knot and the collection of knots identified by the

MARS algorithm is used to generate basis functions

(splines), representing either single variable transfor-

mations or multivariable interactions.

The MARS algorithm operates in two basic parts. The

first part can be thought of as a selection of a suitable

collection of explanatory variables, and the second part

is the elimination of the least useful explanatory vari-

ables among the previously selected set. The first part of

the MARS algorithm constructs models in a parsimo-

nious manner by minimizing mean square error (MSE)

across the model space while searching in a forward

stepwise manner for combinations of variables and knot

locations that improve the model fit. Specifically, the

basic algorithm cycles through each predictor variable,

X
i
, and every possible knot value, k of X

i,
and breaks

the data into two parts, one on either side of the knot k .

The algorithm keeps the knot and variable pair that

gives the best fit and then fits the response using linear

functions that are both nonzero on one side of the knot.

After a variable is selected, splits on subsequent vari-

ables can depend on the previous split by splitting on

one side of the previous knot (i.e. dependent on the

parent basis function).

The number of basis functions can be constrained by a

user-defined maximum. The set of explanatory variables

is then pruned back (i.e, variables are assessed for

potential removal from the model) based on a residual

sum of squares criteria using a reverse stepwise

procedure. The optimal model is then chosen based on

a generalized cross-validation (GCV) measure of the

MSE. The GCV procedure is used to determine which

variables to keep in a given model by introducing a

penalty on adding variables to the model. The procedure

determines which variables to keep in the model and

which to eliminate. Furthermore, the GCV is used to rank

variables in terms of their importance by computing the

GCV with and without each variable in the model.



Model development and extrapolation

In this study, we used MARS v2.0 ( Salford Systems,

2001, MARSTM v2.0, San Deigo, C A , USA) to develop

127 independent models at 2.5o spatial resolution (total

of 127 boreal cells across Alaska and Canada). The total

number of models developed depended on the spatial

and temporal coverage of historical fire records across

the North American boreal region. The parameteriza-

tion approach was designed to capture variation in the

influence of predictor variables across the spatial extent

of our domain (e.g. Alaska to Eastern Canada). The

response variable is annual area burned and the pre-

dictor variables are monthly (April-September) air

temperature and the monthly fuel moisture codes and

severity rating of the CFWI System (see 'Canadian Fire

Weather Index'), for a total of 30 possible predictor

variables for each grid cell [6 months x 5 predictors:

air temperature, fine fuel moisture code (FFMC),

drought code (DC), duff moisture code (DMC), monthly

severity rating (MSR)]. Models were only developed for

cells where the number of fire years (i.e. years where

area burned is nonzero) in a given 2.5o cell is  > 10.

We evaluated the response of annual area burned to

future climate change by calculating the CFWI fuel

moisture and severity rating components using the

CGCM2 GCM A2 and B2 SRES (Special Report on

Emission Scenarios) scenario datasets and then extra-

polated each MARS model from the year 2006 to the

year 2100 for each scenario.

Datasets for model development  and application

Historical fire records. As lightning is caused by weather-

related factors, and because our overall goal is to model

the influence of fire weather on annual area burned, we

do not include human-caused fires in this study.

Although human-caused fires account for the majority

of fires in the North America boreal region, they

account for a small portion of the total area burned

(Kasischke et al., 2006). For this study, we considered

only lightning-caused fires from each dataset for years

1960-2002. The fire data were aggregated by year within

each 2.5o grid cell.

A database of fire point location data and 1 km

resolution fire-scar datasets was acquired for Alaska

and Canada. For Alaska, we used the Alaska fire-scar

location database initially developed by Kasischke et al.

(2002) and maintained by the Bureau of Land

Management, Alaska Fire Service (2005). The database

contains point and boundary location information for

fires in Alaska from 1950 to 2002. Fires > 1000 acres

(~404 ha)  are included from 1950 to 1987, inclusive, and

fires > 100 acres (~40.4  ha) are included from 1988 to

2002, inclusive. As stated earlier, we used only the data

from 1960 to 2002 to develop the empirical models for

Alaska.

For Canada, we used a combination of point location

data from the Canadian Large Fire Database (LFDB) and

provincial polygon data. The LFDB is a compilation of

provincial and territorial wildfire data that represents all

fires that are >200 ha  that occurred from 1959 to 1999. For

the point location datasets for Alaska and Canada. we

used the longitudinal and latitudinal point locations to

calculate a radius for each location based on the area of

the historical fire area. Circular fire bound-

aries were then created for each point by buffering each

point by a distance equal to the calculated radius. The

provincial polygon data represents fires in all provinces

from 1980 to 2002 [Stocks et al., 2002; M. D. Flannigan,

Canadian Large Fire Database, 1950-2003 (polygon),

unpublished datal. Historical fire data for Saskatchewan

(Naelapea & Nickeson, 1998) and Alberta (Covernment

of Alberta, 2005) were also obtained as polygon coverages

for the periods 1945-1979 and 1931-1979, respectively. We

restricted model development to using historical fire data

from 1960 to 2002 and prioritized the use of burned area

from polygon data over point location.

Daily weather data and GCM scenarios. Daily maximum

air temperature, wind speed, and relative humidity

were obtained from the NCEP Reanalysis 1 dataset

(Kalnay ct al., 1996) at the NOAA/OAR/ESRL PSD,

Boulder, CO, USA (http://www.cdc.noaa.gov/)  at

2.5o resolution  for the years 1960-2005.  For daily

precipitation, we used the statistically reconstructed

NCEP precipitation obtained online from the Arctic

RIMs data server (http://rims.unh.edu/data/data.cgi)

at 2.5o resolution for the period 1960-2005. The daily

NCEP data were used to calculate the fuel moisture

components of the CFWI System (refer to 'Canadian

Fire Weather Index'). The fuel moisture codes and air

temperature were then aggregated to monthly

resolution to develop empirical relationships with

historical area burned using the MARS modeling

approach (refer to 'Datasets for model development

and application').

To predict annual area burned for future scenarios

of climate change, we derived daily data from 1901 to

2100 at approximately 3.75' x 3.75 resolution for air

temperature, precipitation, specific humidity, and wind

speed from the second generation of CGCM2 (http:/ /

www.cccma.bc.ec.gc.ca/data/cgcm2/cgcm2.shtml). A de-

tailed description of the CGCM2 can be found in Flato &

Boer (2000). CGCM2 has been used to produce ensemble

climate change projections using the IPCC Third Assess-

ment A2 and B2 scenario storylines. The A2 and B2

http://www.cccma.bc.ec.gc.ca/data/


surface wind speed. The daily severity rating (DSR) is

derived from the FWI and is designed to capture the

nonlinear aspect of fire spread (area burned) (Van

Wagner, 1987). By averaging the DSR over a period,

one can obtain the MSR or seasonal severity rating

(SSR), which are used as indices of fire weather from

month to month (MSR) and from season to season

(SSR). Each component of the CFWI system is

calculated from a combination of daily weather data

that include air temperature, precipitation, relative

humidity, and wind speed. It should be noted that

many of the components of the CFWI System are

highly nonlinear.

For the purpose of this study, we use the fuel

moisture codes and severity rating. The unitless codes

represent the amount of moisture present in organic

matter, with higher values indicative of less moisture

content in fuels. The FFMC represents the moisture

content of surface litter and other fine fuels in a forest

stand and is an indicator of sustained flaming ignition

and fire spread. The DMC represents the moisture

content of loosely compacted, decomposing organic

matter of moderate depth and relates to the probability

of lightning ignition and fuel consumption. The DC

represents a deep layer of compact organic matter and

relates to the consumption of heavier fuels and the

effort required to extinguish a fire.

We used the CFWI algorithm   (provided by Mike

Wotton, personal communication)  to calculate 2.5o

estimates of the fuel moisture and DSR codes for each

day for the months April to September (years 1960-

2(05) across Alaska and Canada. For the period 1960-

2005, we used the daily air temperature, precipitation,

relative humidity, and wind speed values from the

NCEP Reanalysis I dataset to calculate the fuel

moisture codes and DSR that were then aggregated to

monthly resolution for model input. For evaluating fire

regime for future scenarios of climate change, a second

set of spatially explicit CFWI fuel moisture and severity

codes was calculated for years 2006-2100 based on the

CGCM2 A2 and B2 scenarios.

Results

We first present our model estimates that correspond to

the temporal period of the development datasets (1960-

2005) and discuss model performance at different spa-

tial scales. We then present estimates of annual area

burned for future scenarios of climate change.

Model estimates for Alaska and Canada, 1960-2005

At 2.5o resolution, our models captured the variation in

annual area burned across Alaska and Canada with

emissions storylines are discussed in detail in the IPCC

Special Report on Emissions Scenarios (Nakicenovic &

Swart, 2000). The emissions scenarios act as representa-

tions of the future development of radiatively active

emissions and are based on assumptions about socio-

economic, demographic, and technological changes.

These scenarios arc then converted into greenhouse

gas concentration equivalents that are used as driving

variables for GCM projections. The A2 scenario repre-

sents a world where energy usage is high, economic and

technological development is slow, and population

growth reaches 15 billion by the year 2100.  The B2

scenario represents a world where energy usage is

lower, economies evolve more rapidly, environmental

protection is greater, and population growth is slower

(10.4 billion by the year 2100). The B2 scenario therefore

produces lower emissions and less future warming.

Both scenarios have a baseline period of 1961-1990

that corresponds to the IS92a scenario which is used

to initialize the A2 and B2 scenarios for CGCM2. These

data were downscaled from 3.75o to 2.5o spatial resolu-

tion by area-weighting the CGCM2 cells that intersected

a given 2.5 grid cell. To account for differences between

the model development data and the GCM predictions

(air temperature, relative humidity, precipitation, and

wind speed), we adjusted the CGCM2 data relative

to the absolute difference from the 1961-1990 NCEP

mean by

in which NCEPu is the mean daily value (across all

years) for the period 1961-1990 derived from the NCEP

model development data, CGCM2daily is the daily value

output by CGCM2, and C G C u is the mean daily value

(across all years) for the period 1961-1990 derived from

the CCCM2 daily data. Taking the absolute difference

between different climate datasets can result in unrealistic

values, particularly for precipitation (e.g. negative

values for precipitation). Only five precipitation data

points [calculated by Eqn (1)] across the study area

resulted in negative values, and we set these points

to zero.

Canadian F ir e   Weather Index. The CFWI was developed

for the prediction of forest fire behavior in response to

weather data (Van Wagner, 19 87 ) .   The CFWI is

composed of three fuel moisture codes: DC, DMC,

and the FFMC, and three behavioral indices which are

the buildup index (BUI), initial spread index (ISI), and

fire weather index (FWI). Of the three behavioral

indices, the FWI represents  the intensity of a spreading

fire and is derived from the three moisture codes and



frequently for months June through August as the most

important predictors of area burned, followed by July

temperature (Table 1b).

To maximize the predictive ability of the models

developed in this study, we made extensive use of the

fire-scar data for Alaska and Canada from 1960 to 2002.

Independent data for Alaska (Bureau of Land Manage-

ment, Alaska Fire Service, 2005) and Canada (based on

Fraser et al., 2000) now exist for years 2003-2005 that can

be compared with the estimates produced in our study

(Table 2). For Canada, the estimates of annual area

burned are within approximately 1400 km2  of the ob-

served area burned in 2004 and 2005, but area burned is

underestimated by approximately  11 000 km2 in 2003.

For Alaska, the models overestimate annual area

burned by approximately 1200 km2  in 2003, but sub-

stantially underestimate area burned in the years 2004

and 2005 (Table 2). However, the models do identify

2004 in Alaska as having approximately 40%, more area

burned than 2005, which is consistent with the observa-

tions of relative areas actually burned in those years.

Differences in the level of predictability at 2.5o are

related to the region in which a given model was

developed (Figs 1 and 2). The models appear to con-

sistently capture the variability in annual area burned in

the western portion of the study area, extending from

the interior region of Alaska through portions of wes-

tern and central Canada. The models have weak pre-

dictive capability (i.e. lower explanatory power) in

areas along the boreal forest-tundra border in western

varying levels of success (Fig. 1). On average, the

models explained 53% of the variation in annual area

burned at 2.5o resolution. Across all models (see

Appendix A), monthly air temperature was found to

be the most frequently occurring variable followed by

MSR (Table 1a). Across all variables,  the months June

through August were the most frequently occurring

months across all models (Table 1). The starting (April

and May) and ending (September) months for all vari-

ables generally had the fewest occurrences across all

models. On an individual basis, July air temperature

entered the models most frequently as the variable of

greatest importance (Table 1b). However, if the CFWI

codes are grouped together, they enter the models most



regions: Alaska (defined as west of 145oW), western

Canada (defined as east of 142.5o
W and west of 92.5oW ,

extending southeast from the Yukon Territory to eastern

Manitoba), and eastern Canada (defined as east of

90oW) extending from western Ontario to western

Newfoundland). For Alaska (Nmodels = 17; Fig. 2a) and

western Canada (Nmodels = 91; Fig. 2b),  the MARS

approach explains on the order of 80% of the variation

in annual area burned, with greater predictability in

western Canada. In general, the models in Alaska

(Fig. 2a) and western Canada (Fig. 2b) tend to under-

estimate area burned in large fire years, with the bias

being more substantial in Alaska, and tend to over-

estimate area burned in small fire years. In contrast to

Alaska and western Canada, the models for eastern

Canada (Nmodels = 19; Fig. 2c) explain  only about 40%

of the variation in annual area burned, and most of this

variation explained is driven by an outlying data point

from an anomalously large fire year. Removing this data

point caused the models to collectively explain only 9%

of the variation in annual area burned for eastern

Canada.

Because of the low level of predictability for eastern

Canada, we excluded this region from further analyses

and applications of predicting area burned under future

scenarios of climate change. To analyze the level of

predictability at the scale of Alaska and western Canada

combined, we aggregated the predicted annual area

burned for the period 1960-2002 and compared it with

observations contained in all model cells over that

period. At this scale (Alaska and western Canada

combined), the MARS models explain 82% (P<0.000l)

of the variation in annual area burned in response to

April-September air temperature, FFMC, DMC, DC,

and MSR (Fig. 3a). The models capture the interannual

variation in observed annual area burned, from- small

fire years to large fire years (Fig. 3b), as well as the trend

of increasing area burned from 1960 to 2002. How-

ever, the trend in predicted annual area burned

(226 km2yr-1 R2 = 0.09; P<0.05) is approximately  half

of that of the trend in observed area burned

(459 km2yr-l; R2 = 0.19; P<0.05). The models tend to

overestimate annual area burned on average by ap-

proximately 50% during the early- to mid-1960s and

underestimate area burned during large fire years from

the late 1970s through 2002. Observed area burned

tends to be small before the late 1970s, and the five

large fire years in the record (years with more than

20 000 km2 burned) occurred after the la te 1970s. There-

fore, the biases in estimating area burned before and

after the late 1970s appears to be associated with the

tendency of the models to overestimate area burned in

small fire years and underestimate area burned in large

fire years (Fig. 2a and b).

boreal North America, as well as throughout eastern

boreal North America extending from southeast of the

Canadian Shield through Ontario and Quebec. Areas with

substantial topographic relief, such as the MacKenzie

mountains and eastern edges of the Rocky Mountains

also have lower levels of pred ictability. To give a better

picture of the level of predictability aggregated to the

regional scale, we divided the study area into three



burned increases by 5.5 x under the A2 scenario by

the last decade of the 21st century. A period exists

under the B2 scenario where average area burned

plateaus from the 2040s until the 2060s followed by an

increase in the 2070s that remains approximately the

same through the remaining decades of the 21st century

Future area burned, 2006-2100

At the scale of Alaska and western Canada, future area

burned shows substantial interannual variability from

year to year when forced by the A2 and B2 climate

scenarios (Fig. 4a). Predicted area burned between the

A2 and B2 scenarios is similar through 2050, but di-

verges for the last 50 years of the 21st century, with the

A2 scenario resulting in greater area burned (Fig. 4a).

We averaged area burned by decade from 1991 to 2100

to highlight the differences between each scenario. The

period 1991-2000 is defined as the baseline comparison

period. This corresponds to a period with high fire

activity across Alaska and western Canada and is used

to compare with future decades that are also assumed

to experience high levels of fire activity in response to

climate change. Across Alaska and western Canada,

average area burned approximately doubles by the

middle of the 21st century for both the A2 and B2

scenarios. Under the A2 scenario, area burned con-

tinues to increase on the order of 1.2 x per decade from

2050 to 2100 (Fig. 5a). Relative to 1991-2000, area



To understand the differences in future area burned

when moving from Alaska to western Canada, we

divided the study area into regions as defined earlier

(excluding eastern Canada). Across Alaska (Fig. 4b) and

western Canada (Fig. 4c) annual area burned shows

considerable variation from year to year under the A2

and B2 scenarios. Relative to the baseline period, aver-

age area burned per decade approximately doubles by

the 2040s for both Alaska (Fig. 5b) and western Canada

(Fig. 5c) under both scenarios. For both subregions, the

A2 scenario generally results in an increase in average

area burned per decade from the baseline period

through the 2090s. Comparing the baseline period with

the last decade of the 21st century, the A2 scenario

results in an increase in average area burned per decade

by 4 x and 5.7 x for Alaska (Fig. 5b) and western Canada

(Fig. 5c), respectively. For the B2 scenario, however, area

burned appears to plateau from 2050 to 2090 in Alaska

(Fig. 5b) and from 2040 to 2070 in western Canada

(Fig. 5c). For Alaska, this is followed by an increase

in average area burned per decade for the period 2091-

2100, while for western Canada an increase in average

area burned per decade is observed in 2071-2080 and

then remains similar through the end of the 21st cen-

tury. Relative to the baseline period, average area

burned per decade for the 2090s increases on the order

of 3.2-3.5 times for both subregions.

Discussion

The results presented here represent a first attempt at

using a nonparametric regression spline approach for

understanding the response of historical wildfire re-

gime to fuel moisture indices and weather with the

overall goal of predicting future area burned. Below we

discuss the overall performance of the MARS modeling

approach, the effectiveness of this approach at different

spatial and temporal scales, and identify uncertainties

and limitations of this approach.

Model fitting and overall performance

While several methods have been successful at regional

levels, they are often based on classical linear regression

approaches when, in fact, the underlying relationships

between climate and fire are inherently nonlinear

(Stocks, 1993). The use of classical regression techniques

such as simple or multiple linear regression for describ-

ing complex relationships is limited as the models may

be too simplistic to accurately represent the study sys-

tem. Additionally, these methods tend to be cumber-

some in terms of meeting assumptions of data normality,

often require variable transformations, and are not

efficient for investigating relationships hidden in data-



sets of high dimensionality. Improvements in identify-

ing complex relationships can be made through the use

of more complicated modeling approaches, such as

neural networks, but It is often difficult to interpret

the meaning of the outputs. The MARS approach is a

means of overcoming these hurdles when modeling

complex systems by forming a series of regressions on

different intervals (hyperregions) of the independent

variable space without having to meet the assumptions

of data normality. An additional concern when model-

ing observational data is the problem of extreme colli-

nearity of predictor variables (Friedman, 1991). The

effects of having variables that are highly correlated

are reduced in the MARS approach by introducing a

penalty on added variables through the GCV criterion

used in the forward selection procedure, as well as by

, increasing the number of interaction terms in the model.

Furthermore, models developed using the MARS ap-

proach are generally easier to interpret in comparison

with other modeling and mathematical techniques (e.g.

neural networks, principal components analysis). Other

empirical approaches have achieved similar or greater

levels of predictability of area burned in boreal North

America through the use of teleconnection indices that

represent temporal and spatial modes of variability in

atmospheric circulation (notably Duffy et al., 2005;

Macias Fauria & Johnson, 2006). While these ap-

proaches have been very useful in understanding how

atmospheric circulation patterns affect fire regime, we

believe that the MARS approach generally takes those

effects into account and is more amenable for coupling

with GCMs that vary substantially in their ability to

represent different temporal modes of variability in

atmospheric circulation.

Spatial  and temporal dynamics of historical wildfire

regime

It is clear that a linkage exists between fire and climate;

however, the strength of empirical relationships be-

tween historical area burned and the independent vari-

ables we considered in this study (specifically the

components of the CFWI and air temperature) can vary

from one geographic region to another. Understanding

the spatial and temporal dynamics of historical area

burned is essential before predicting area burned for

future scenarios of climate change. Our results are a first

attempt at understanding wildfire regime through the

use of the MARS modeling approach. We found con-

siderable spatial variation in the level of predictability

(i.e. some models explain more variability in annual

area burned than others) at 2.5o but were able to explain

on the order of 82% of the variation in annual area

burned at the scale of Alaska and western Canada. Fire

weather indices have been used to establish relation-

ships with area burned by wildfire across Canada in

previous studies. For example, Harrington et al. (1983)

explained up to 38% of the variability in provincial area

burned while Flannigan et al. (2005) explained between

36%  and 64% of the variation in area burned byecozone

(biogeographic region). Both these studies used for-

ward-stepwise linear regression approaches.

Accounting for the spatial influences on wildfire

regime is important when developing models that are

driven by fuel moisture and temperature. For example,

the fire regime across Alaska and western Canada has

more continental influences than in eastern Canada,

where fire regime is influenced by Atlantic moisture

sources and large water bodies (e.g. Great Lakes,

Hudson and James Bays). As a result, short-lived

drought periods will have a greater influence on fire

regime in regions characterized by drier climates while

regions characterized by a wetter climate require longer

drought periods to realize similar effects (Skinner et al.,

1999). The fire return interval, defined as the time it

takes to burn an area equal in size to an existing burn

area, can also influence model development and overall

performance. In eastern Canada, the fire return interval

tends to be longer (Campbell & Flannigan, 2000) and it

may therefore take a longer record of fire in eastern

Canada to better quantify the relationship between fire

and climate in the context of other factors that may

influence the fire regime, (e.g. more extensive low

flammability broad leaf forests). However, it is notable

that the AO is able to explain 68% of area burned  by

large fires in eastern Canada after 1976 (Macias Fauria

& Johnson, 2006).

The level of predictability was generally higher in the

western portion of our study area, with some areas of

low predictability near the MacKenzie mountain range

and along the eastern border of the Rocky Mountains.

Low predictability also occurred in areas along the

boreal forest-tundra border in western North America.

Although we did not incorporate topographic influ-

ences on fire regime in this study, it has been shown

to be an important factor in previous studies at regional

scales (Dissing & Verbyla. 2003). In the eastern portion

of the study region, the level of predictability was

considerably lower, as also observed in previous studies

(Harrington et al., 1983; Flannigan & Van Wagner,  1991)

and may be attributed to factors such as maritime

influences and more extensive use of fire suppression.

Accounting for the seasonality of wildfire regime is

an important component of attempts to model the

variation in annual area burned. Generally, the mid-

summer (June and July) months will correspond to

periods of high fire activity in the North American

boreal region as they are, on average, the warmest



months and support favorable conditions for fire igni-

tion and spread. Our models demonstrate the ability to

capture this period, as the most frequent months that

entered a given model across our study area were either

June or July. Stocks et al. (1998) used the Canadian   GCM

under a 2 x CO2 scenario and found that areas experi-

encing extreme fire weather danger across Canada and

Russia occurred primarily in June and July. It has been

observed, however, that in extreme fire years, favorable

conditions for fire ignition and spread can occur well

beyond this period (for example, 2004 fire season in

Alaska). Air temperature has been demonstrated in

previous empirical studies to be an important predictor

of area burned by wildfire (see Flannigan et al., 2001,

2005; Duffy et al., 2005). Duffy et al. (2005) explained

79% of the variation in annual area burned for Alaska

using monthly air temperature, precipitation, and atmo-

spheric teleconnection indices. Our results support the

role of air temperature as a predictor of area burned as it

entered the models as one of the most important pre-

dictors (Table 1b). Macias Fauria &  Johnson  (2006) also

used a spatially explicit modeling approach that em-

ployed teleconnection indices to predict area burned

across Alaska and Canada and found that the PDO/

ENSO patterns successfully explained >80% of the

variability in area burned by large fire events after

1976 in the western half of boreal North America, but

only explained about 7% of the area burned before 1976.

In contrast to the results of Macias Fauria & Johnson

(2006), our models explain considerable variation in

annual area burned both before and after the PDO shift

that occurred in the mid-1970s. For Alaska and western

Canada, our models explain on the order of 42%

(P<0.00l)  and  86% (P<0.00001) of the variation in

annual area burned for the periods 1960-1976 and

1977-2005, respectively. Other studies have found that

the fuel moisture codes of the CFWI (FFMC, DMC, DC),

were the most frequently occurring predictors of area

burned for Canadian ecozones (Flannigan et al., 2005).

The FFMC, DMC, and DC (in increasing order of

importance) were also found to be important in the

prediction of area burned in our study; however, air

temperature and MSR were the most frequently occur-

ring predictors in the models across Alaska and Canada

(Table l a). With respect to predictor importance, how-

ever, the CFWI codes, as a group, entered the models

more frequently across the study area (Table 1b).

Future wildfire regimes

The projected changes in climate across the boreal

region are expected to have far-reaching effects on fire

regime. Shifts in fire size, frequency, and severity would

have major implications for the carbon cycle (Zhuang

et al., 2006; Balshi et al., 2007) across  this region, as well

as energy feedbacks to the climate system (Randerson

et al., 2006) and potential impacts on regional socio-

economic conditions (Chapin et al., 2(03). Various for-

cing scenarios that drive GCMs make it possible to

understand how fire regime might change by the end

of the 21st century. In this study, we were limited to

using the daily output variables from one GCM as other

datasets that were publicly available were not tempo-

rally continuous (i.e. they were only represented as time

slices for different periods of the1st century).  How-

ever, the CGCM ranks among the top GCMs currently

used by the IPCCwith respect  to the level of predict-

ability in northern high latitudes (Table 3).

Future area burned across Alaska and western Cana-

da predicted for the period 2006-2050 indicates margin-

al differences between the A2 and B2 forcing scenarios

(Fig. 4a). Although an increase in average area burned is

predicted for the entire study region over this period,

the increase in the frequency of the largest fire events is

not evident until the late 2040s. Across Alaska and

western Canada, annual area burned under the A2

and B2 scenarios are similar through 2050, but diverge

in the last 50 years of the 2l st century with the climate

under the A2 scenario resulting in greater area burned

in both regions.

The projected increase in annual area burned across

Alaska and western Canada is similar to those estimates

presented in previous studies. Flannigan et al . (2005)

suggest that under a 3 x CO2 scenario, area burned will

increase by 74-118% by the end of the 21st century. An

earlier study by Flannigan & Van Wagner (1991) ex-

plored relationships between SSR and annual provin-

cial area burned. They found that under a 2 x CO2

scenario climate, SSR increased by 46% and suggested

that an increase in area burned could be expected under

similar conditions, but assumed that the relationship

between area burned and SSR is linear.

Flannigan et al . (2000) investigated the influence of

future climate on SSR for forests across the United

States. They suggest that under a 2 x CO2 climate

scenario, SSR will increase by approximately  30% in

parts of Alaska, which translates into an increase in area

burned between 25% and 50%  by the middle  of the 21 st

century. Relative to the period 1991-2000, we predict an

approximate doubling of average area burned per dec-

ade for Alaska by the 2040s under both the A2 and B2

climate scenarios. Large future increases in area burned

for western and central Canada under future climate

change scenarios have been suggested by Flannigan

et at. (2001) due to increases in the FWI. McCoy & Burn

(2005) suggest an approximate doubling of area burned

for central Yukon Territory by 2069. Tymstra et al. (2007)

estimate an increase in area burned between 12.9% and



29.4% for Alberta under 2 x and 3 x CO2 climate

scenarios. Bergeron et al. (2006) suggest an increase in

fire frequency in black spruce forests across western

Canada while a lower fire frequency in hardwood

forests under a 2 x and 3 x CO2 climate. We estimate

that the western Canada subregion (which also encom-

passes central Canada) will be responsible for the

majority of future area burned across North America.

By the mid-21st century, we estimate that average area

burned per decade will double under the CGCM2 A2

and B2 scenarios and increase by a factor of 3.6-5.6

times by 2091-2100 (Fig. 5c). Historically, this region has

been responsible for the majority of area burned across

boreal North America.

To assess the reasonableness of our fire model pre-

dictions across Alaska and western Canada and how

they change through time, we calculated the fire return

interval (FRI) based on the methods defined by Balshi

et al. (2007) for the last 30 years of the historical  fire

record (Fig. 6a) and the last 30 years of the A2 (Fig. 6b)

and B2 (Fig. 6c) climate change scenarios. Predicted area

burned under the A2 scenario suggests that average

FRIs decrease (i.e. fire activity increases) on the order of

50%  in Alaska and 40%   in western  Canada relative to

the historical FRIs in these subregions (Fig. 6b). Relative

to the historical FRIs, predicted area burned under the

B2 scenario suggest that FRIs decrease on the order of

45% in Alaska and 35% in western Canada (Fig. 6c).

Thus, by the end of the 21st century, our predictions

suggest that fire activity nearly doubles for the Alaska-

western Canada region, with slightly lower fire activity

under the B2 climate scenario. These predicted changes

in fire cycles of Alaska and western Canada would

result in fire cycles that are currently experienced

in eastern Siberia (McGuire et al., 2002, 2007; Balshi

et al., 2007).

Limitations and uncertainties

Several factors introduce uncertainty in our ability to

predict area burned, including the assumptions under-

lying the use of the CFWI to estimate fuel moisture and

severity components for different forest types, the qual-

ity and resolution of future climate datasets, and vari-

ables not considered in the present analysis.

The present study assumes that the CFWI, which is

based on relationships developed with jack pine and

Douglas fir (VanWagner, 1970), can be applied to other

forest types that may have different fuel moisture

characteristics. However, seasonal trends in duff moist-

ure dynamics in black spruce feather moss stands

were predicted well by the CFWI fuel moisture codes

(Wilmore, 2001), suggesting that the CFWI may be

robust for conifer forests across boreal North America.

Despite the many shortcomings of CCMs, they are

the only available tools for estimating future changes in

climate. The coarse spatial resolution of GCM output

often requires downscaling to an appropriate resolution

for conducting analyses relevant to the objectives of

a study. The availability of daily GCM output also

restricted our options to the use of only one GCM.

Many GCMs provide outputs only for certain time



direct coupling of fire predictions to biogeochemical

models for understanding the role of fire on carbon

dynamics for future scenarios of climate change. For

these reasons, we were limited to the CGCM2 coupled

slices (e.g. 2080-2100), which preclude their use in our

study, which sought to understand changes from the

historical fire record through the entire 21st century.

Availability of restricted time slices also precludes the



ocean-atmosphere GCM. Other issues related to GCM

data stem from the calculation of additional variables

(e.g. deriving relative humidity from specific humidity)

that, in principle, can be obtained but may yield un-

realistic values.

Other variables that we did not consider might also

influence future fire regime. While we were able to

explain about 82% of the variation in annual area

burned with models driven by fuel moisture, air tem-

perature, and MSR, other variables such as lightning

strikes, fire suppression, and the successional dynamics

following fire may help to more accurately predict area

burned on an annual basis. Incorporating spatially and

temporally explicit lightning ignition information into

future analyses could be useful with respect to under-

standing the initial location and subsequent spread of

fire, especially at fine spatial scales. However, the

Alaska Fire Service and Canadian lightning strike de-

tection network data have only recently become avail-

able (since 1986 for Alaska; 1988 for Canada) and do not

have temporal coverage spanning the entire length of

the historical fire record. Furthermore, because current

GCMs do not incorporate an explicit component that

models cloud to ground lightning strike activity, it is not

currently possible to obtain this information and in-

clude it as an additional predictor variable in modeling

studies. Other studies have focused on using satellite

data to reconstruct ignition location and fire develop-

ment, and information from these studies may be useful

for developing models to predict future fire threats

(Loboda & Csiszar, 2007).

Fire activity in Canada has been increasing since the

1970s (Podur et al., 2002; Gillett et al., 2004). All things

remaining equal, we would expect that area burned

would be decreasing due to increased spatial coverage

of fire suppression and increased efficiency in fire

suppression activities including the use of water bom-

bers (Van Wagner, 1988; Bergeron et al., 2004, 2006).

There is some debate on the effects of fire suppression

over large areas and longer timescales (Miyanishi &

Johnson, 2001; Ward et al., 2001) but we would expect a

decrease in area burned over the short term due to fire

management (Cumming, 2005). While fire management

agencies operate with a narrow margin between success

and failure, a disproportionate number of fires may

escape initial attack under a warmer climate, resulting

in an increase in area burned much greater than the

corresponding increase in fire weather severity (Stocks,

1993). In northern California, Fried et al. (2004) used

an initial attack model under a 2 x CO2 climate sce-

nario and found that increased fire severity produced

faster spreading and more intense fires which lead to

increases in escape fires by 50-125% over current

levels.

Modeling the linkage between climate and fire

through empirical relationships limits the potential

to incorporate intervening processes. For example,

we do not incorporate an available fuels component,

which is commonly used in more process-based ap-

proaches (see Arora & Boer, 2005). It has been shown

that forest composition can influence fire initiation

patterns in the boreal forest (Krawchuk et al., 2007).

In addition, fire-induced changes in the proportion of

deciduous stands to conifer stands could alter cli-

mate-fire interactions in response to changes in future

climate. Increases in the frequency and extent of fire

could cause a shift from a conifer-dominated land-

scape to a deciduous-dominated landscape (Rupp

et al., 2001), or might  cause regional shifts  in the

distribution of vegetation types. Coupling our area

burned estimates to models that simulate successional

trajectories and biome shifts in response to fire and

climate (e.g. ALFRESCO; see Rupp et al., 2002) could

provide information with respect to the amount and

flammability of fuels across the landscape for future

scenarios of climate change.

Finally, future studies should examine the role of

future climatic change on the number and sizes of

human-caused fires across the boreal region. Wotton

et al. (2003) suggested that up to a 50% increase in the

total number of human-caused fires could be expected

in Ontario, Canada, by the end of the 21st century.

Incorporating human-caused fires into future wildfire

area estimates will give a more complete picture with

respect to the influence of future fire on the carbon

dynamics of this region.

Conclusions

The projected changes in climate across high-latitude

regions could significantly alter the current wildfire

regimes across the North American boreal forest. Our

conclusions support previous studies that have shown

that changes in climate could cause increased burning

(Flannigan et al., 2000)  and extended  fire seasons

(Wotton & Flannigan, 1993) in portions of the western

boreal forest. These changes in the fire regime have

major implications for the carbon dynamics (Zhuang

et al., 2006; Balshi et al., 2007) of this region,  as well

as potential energy feedbacks to the climate system

(Randerson et al., 2006) through the influence of altered

successional pathways.

The empirical models that we developed in this study

have the capability to predict historical area burned for

western boreal North America. However, incorporating

the effects of changes in vegetation composition and

structure on future fire regimes at large spatial scales

(e.g. biome shifts) remains a significant challenge that is



best addressed by dynamic vegetation model (DVM)

development. Several studies have focused on develop-

ing methods for incorporating fire into DVMs at global

(Thonicke et al., 2001; Venevsky  et al., 2002) and land-

scape scales (Keane et al., 1996; He & Mladenoff,  1999;

Rupp et al., 2001, 2002). The integration of understand-

ing gained from our study into future DVM develop-

ment is important for predicting the role of fire in the

coupled vegetation-climate system. Together; a more

accurate representation of interactions among fire, cli-

mate, and vegetation dynamics can improve our ability

to predict how carbon and energy exchange of the

North America boreal region may change in response

to future climate change.
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