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Abstract

Fire is a common disturbance in the North American boreal forest that influences
ecosystem structure and function. The temporal and spatial dynamics of fire are likely
to be altered as climate continues to change. In this study, we ask the question: how
will area burned in boreal North America by wildfire respond to future changes in
climate? To evaluate this question, we developed temporally and spatially explicit
relationships between air temperature and fuel moisture codes derived from the
Canadian Fire W eather Index System to estimate annual area burned at 2.5 (latitu-
de x longitude) resolution wusing a Multivariate Adaptive Regression Spline (MARS)
approach across Alaska and Canada. Burned area was substantially more predictable in
the western portion of boreal North America than in eastern Canada. Burned area was
also not very predictable in areas of substantial topographic relief and in areas along the
transition between boreal forest and tundra. At the scale of Alaska and western Canada,
the empirical fire models explain on the order of 82% of the variation in annual area
burned for the period 1960-2002. July temperature was the most frequently occurring
predictor across all models, but the fuel moisture codes for the months June through
August (as a group) entered the models as the most important predictors of annual area
burned. To predict changes in the temporal and spatial dynamics of fire under
future climate, the empirical fire models used output from the Canadian Climate Center
CGCM2 global climate model to predict annual area burned through the year 2100 across
Alaska and western Canada. Relative to 1991-2000, the results suggest that average
area burned per decade will double by 2041-2050 and will increase on the order of
3.5-5.5 times by the last decade of the 21st century. To improve the ability to better
predict wildfire across Alaska and Canada, future research should focus on incor-
porating additional effects of long-term and successional vegetation changes on area
burned to account more fully for interactions among fire, climate, and vegetation

dynamics.
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MODELING FUTURE FIRE IN THE BOREAL FOREST 579

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

Changes in the fire regime,

et al., 2001).
defined as frequency,
intensity, seasonal

fire (Weber

timing, type, severity, and size of

& 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 er 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
(Zhuang

to the climate system (Randerson

(Chapin et al,

implications for carbon
et al., 2006; Balshi et al., 2007), energy
et al., 2006),
2008).

how future eli-

cycling
feedbacks
and human well  being
In this study, we specifically evaluate
mate change may affect area burned in boreal North
America.

The fire season in the North American boreal forest
typically
tember

begins
(Skinner

source of wildfire

in April and continues
et al., 2002). Lightning

ignition in boreal North America and

through  Sep-
is the primary
usually results in fires that account for the majority of
(Nash & Johnson,

fires occur most frequently

the area burned
1996). Smaller

in a given season

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,
20006). Weather plays a major role in the ignition,
growth, and death of a wildfire at daily to monthly

time scales (Johnson, 1992; Campbell

Flannigan et al., 2000), and

& Flannigan, 2000;

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
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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 wunder current
scenarios
et al., 1998, 2000; Stocks et al., 1998). Empirical

between

(Amiro et al., 2004) and future climate change
(Flannigan
histori-

relationships weather / climate  and

cal area burned have also been developed for the boreal
forest (Harrington et al., 1983; Flannigan
1988; Flannigan & Van Wagner,

2002; Duffy et al., 2005; Flannigan

Burn, 2005) and for regions

& Harrington,
1991; Skinner etal, 1999,
et al., 2005; McCoy &

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 fire occurrence  in

boreal North

variability  in large
America  at interannual, decadal. and
(Duffy et al, 2005, Macias Fauria &
2006). While these studies have been success-

ful in explaining

century  scales

Johnson,

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
(GCMs).

coverage of historical fire datasets for

global climate models
The temporal

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

Spline  (MARS)
MARS does not require

a  Multivariate Adaptive
1991).

to be made about

Regression

approach (Friedman,

assumptions 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

Journal compilation ¢ 2008 Blackwell Publishing Ltd, Global Change Bioloyy, 15, 578600



580 M. S. BALSHI cf al.
Antarctic sea ice (De Veaux ef 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
(Leathwick et al, 2005). A second objective

of our study is to use MARS models

variables
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 45°N 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 2.5° (latitude x
longitude) resolution driven by monthly air tempera-

ture, fuel moisture codes, and monthly severity rating

(MSR) wusing 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
GCM scenarios').

calculate spatially and temporally

(see 'Daily weather data and
These climate data were also used to
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 al,
2002,.2006; Stocks et al., 2002; Calef efal., 2008). The
MARS approach was wused to identify relationships
(1960-2002)

at 2.5' spatial

between historical annual area burned

and air temperature and fuel moisture

resolution. We then evaluated model performance by

comparing with observations over the per-
iod 1960-2002

mance was validated

predictions
across the study region. Model perfor-
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
(IPCC, 2001). We then used the future air

and fuel moisture codes to drive each

Assessment
temperature
MARS model through year 2100.

MARS

The MARS models wuse 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

(splines), representing  either single variable

is used to generate basis functions
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

nious manner by minimizing mean square error (MSE)

constructs models in a parsimo-

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, and every possible knot value, k of x;, and breaks
the data into two parts, one on either side of the knot «.
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
stepwise

sum of squares criteria using a reverse

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 isused to rank
variables in terms of their importance by computing the

GCV with and without each variable in the model.

i 2008 The Authors
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Model development and extrapolation

In this study, we used MARS V2.0 (Salford Systems,
2001, MARSTM v2.0, San Deigo, cA, USA) to develop
127 independent
of 127 boreal cells across Alaska and Canada). The total

models at 2.5° spatial resolution (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 (FFMCOC),

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 2.5° cell is > 10.

of annual area burned to
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.

We evaluated the response

future climate change by calculating

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 2.5° grid cell.

A database data and 1km
for Alaska

For Alaska, we used the Alaska fire-scar

of fire point location

resolution  fire-scar datasets was acquired
and Canada.
location database initially developed by Kasischke et al.
(2002) and

Management,

maintained by the Bureau of Land
Alaska Fire Service (2005). The database
contains point and boundary
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

location information for

¢ 2008 The Authors

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,
1950-2003  (polygon),
unpublished datal. Historical fire data for Saskatchewan

(Naelapea & Nickeson, 1998) and Alberta (Covernment

Canadian Large Fire Database,

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 ¢t al, 1996) at the NOAA/OAR/ESRL PSD,
Boulder, CO, USA (http://www.cdc.noaa.gov/) at

2.5° 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)

1960-2005. The daily
NCEP data were used to calculate
of the CFWI System

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

at 2.5° resolution for the period
the fuel moisture
components (refer to 'Canadian

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.be.ec.ge.ca/data/cgem?/cgem?2.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
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emissions storylines are discussed in detail in the IPCC
Special Report on Emissions Scenarios (Nakicenovic &
Swart, 2000). The emissions

tions of the future development

scenarios act as representa-
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
from 3.75° to 2.5° spatial resolu-
the CGCM2 cells that intersected

a given 2.5 grid cell. To account for differences between

data were downscaled
tion by area-weighting

the model development data and the GCM predictions
(air temperature, relative humidity, precipitation, and
we adjusted the CGCM2 data relative

difference from the 1961-1990 NCEP

wind  speed),
to the absolute

mean by
CC:C?MZ,\:Iiu&LL‘d\idii\-‘ = NCEP/!

f (CGCM24,iy — CGCM24), (1)

in which NCEPu is the mean  daily value (across all
years) for the period 1961-1990 derived from the NCEP
data, CGCM2y,, is the daily value
output by CGCM2, and cGcu is the mean daily value

model development

(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 Fire Weather Index. The CFWI was developed
for the prediction of forest fire behavior in response to
weather data (Van Wagner, 1987). The CFWI is

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 FWIrepresents the intensity of a spreading

composed

fire and is derived from the three moisture codes and

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

calculated

component of the CFWI system is
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
the amount of moisture

represent 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

The DMC represents

decomposing

flaming ignition
and fire spread. the moisture

content of loosely compacted, organic
matter of moderate depth and relates to the probability
The DC

represents a deep layer of compact organic matter and

of lightning ignition and fuel consumption.

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 2.5°
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
datasets  (1960-

at different spa-

the temporal period of the development
2005) and discuss model performance
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 2.5° resolution, our models captured the variation in

annual area burned across Alaska and Canada with

(0 2008 The Authors
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Fig. 1 R values for each 2.5" model developed for Alaska and
Canada to predict area burned based on observed area burned
from 1960 to 2002.

Table 1 (a) Model variables and the number of times they
occurred across all 2.5 models (N =127) for Alaska and
Canada and (b) the number of times a variable entered the
model as the most important predictor

Model
variable April May June july August September

(a) Variable count

Air temperature 22 10 18 33 22 8
MSR ' 20 2 21 17 12 8
DC 6 10 6 23 16 6
DMC 3 6 18 1 1 3
FEMC 5 1 7 3 6 6

(b) Variable importance

Atir temperature 6 2 8 16 11 2
MSR 8 2 5 8 7 3
DC 3 5 1 & 10 0
DMC 1 1 8 3 0 1
FFMC 1 1 3 0 2 1
Sum of 13 9 17 19 19 5

CFWI codes

MSR, monthly severity rating; DC, drought code; DMC, duff
moisture code; FFMC, fine fuel moisture code; and CFWI,
Canadian Fire Weather Index.

varying levels of success (Fig. 1). On average, the
models explained 53% of the variation in annual area
burned  at 2.5°

A), monthly air temperature was found to

resolution. Across all models (see
Appendix
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
(Table 1b). However, if the CFWI

codes are grouped together, they enter the models most

greatest importance

2008 The Authors

Table 2 Observed and predicted annual arca burned for
Alaska and Canada® for years 2003-2005

Observed area Predicted area

Region Year burned (km*) burned (km™)
Canada 2003 23764 11969

2004 33615 32222

2005 13183 14376
Alaska 2003 2350 3511

2004 26326 6377

2005 - 18602 4594

Observations for Alaska were derived from an updated ver-
sion of the Alaska fire-scar database. Estimates for Canada are
satellite-derived and were produced by Fraser ef al. (2000).
Predicted area burned was obtained by driving the MARS
(Multivariate Adaptive Regression Splines) fire models with
CFWI (Canadian Fire Weather Index) codes based on NCEP
climate data for the years 2003-2005.

*The reporting of predicted arca burned for Canada is for
western Canada only, while the reporting of observed area
burned is for all of Canada for which most of the area burned
in 2003, 2004, and 2005 occurred in western Canada.

frequently for months June through August as the most
important predictors of area burned, followed by July
(Table 1b).

the predictive ability of the models

temperature

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

(based on

be compared with the estimates produced
(Table 2). For Canada,

burned are within approximately

in our study
the estimates of annual area
1400 km? of the ob-
served area burned in 2004 and 2005, but area burned is
underestimated by approximately 11000 km? in 2003.

For Alaska, the models overestimate annual area
1200 km? in 2003, but sub-
stantially underestimate  area burned in the years 2004
and 2005 (Table 2). However,

2004 in Alaska as having approximately

burned by approximately

the models do identify
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 2.5° 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

Journal compilation «. 2008 Blackwell Publishing Ltd, Global Change Bioloyy, 15, 578-600



584 M. S. BALSHI efal

A A ®
; e
L ]
» r
) o
roe L
i bt L]
W'
ol Bt ; o
n WD 400 AT 1

Fig. 2 Observations vs. MARS (Multivariate Adaptive Regres-
siom Splines) model predictions (km?) from 1960 to 2002 aggre-
gated Lo regional scales for Alaska (17 models aggregated) (a),
western Canada (91 models aggregated) (b), and eastern Canada
(19 models aggregated) (o).

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

regions: Alaska (defined as west of 145°W), western
Canada (defined as east of 142.5°W and west of 92.5°W,
extending southeast from the Yukon Territory to eastern
Manitoba), and eastern Canada (defined as east of
90°W)  extending
Newfoundland).

Canada (N

from western Ontario to western
For Alaska (N .4 = 17; Fig. 2a) and
=91; Fig. 2b), the MARS

approach explains on the order of 80% of the variation

western models
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  (Ny0qes = 195 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<0.0001)
of the variation in annual area burned in response to
FFMC, DMC, DC,

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

April-September air temperature,

variation in observed annual area burned, from- small
fire years to large fire years (Fig. 3b), as well as the trend
area burned from 1960 to 2002. How-
ever, the trend in predicted annual area burned
(226 km?yr! R? =0.09; P<0.05)
of that of the trend in observed area  burned
(459 km?yr';  R? =0.19; P<0.05). The models tend to
overestimate annual area burned on average by ap-
50% during the early- to mid-1960s and

area burned during large fire years from

of increasing

is approximately half

proximately

underestimate
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 km? burned) occurred after the late 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).

2008 The Authors
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Fig. 3 (a) Observed vs. predicted annual area burned for
Alaska and western Canada for years 1960-2002. (b) Compa-
rison of observed and predicted area burned for years
1960-2005.

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,
doubles by the
for both the A2 and B2

scenarios. Under the A2 scenario, area burned con-

average area burned approximately

middle of the 2Ist century

tinues to increase on the order of 1.2 x per decade from
2050 to 2100 (Fig. S5a). Relative to 1991-2000, area

" 2008 The Authors
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Fig. 4 Predicted annual area burned (thousands of km”yr ')
driven by using the NCEP model development datasets
("‘Observed’; 1990-2005) and the CGCM2 A2 and B2 Scenarios
(2006-2100) for Alaska and western Canada (a), Alaska (b), and
western Canada (¢). Dark circles represent the estimates driven
by the A2 scenario while the open circles represent the estimate
driven by the B2 scenario. Note that the scale for Alaska (b) is a
factor of 10 lower than the parts (a) and (¢).

burned increases by 5.5 x under the A2 scenario by
the last decade of the 2Ist 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
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Fig. 5 DPredicted mean annual area burncd (km? yr ') per dec-
ade for Alaska and western Canada (a), Alaska (b), and western
Canada (¢) driven by the NCEP model development datasets
(1990-2005) and the CGCM2 A2 and B2 climate scenarios (2006~
2100). The observed bascline decade fram 1991 to 2000 was used
for comparison with subsequent decades.

(Fig. 5a). Relative to the baseline period, average area
burned increases on the order of 3.5 x under the B2

scenario.

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. 5¢) 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. 5¢), 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 1is 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
of the MARS modeling

approach, the effectiveness of this approach at different

discuss the overall performance

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-

(7 2008 The Authors

Journal compilation « 2008 Blackwell Publishing Ltd, Global Clange Biology, 15, 578-600



MODELING FUTURE FIRE IN THE BOREAL FOREST 587

sets of high dimensionality. Improvements in identify- weather indices have been used to establish relation-

ing complex relationships can be made through the use ships with area burmed by wildfire across Canada in

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

of more complicated modeling approaches, such as

neural networks, but It is often difficult to interpret explained up to 38% of the variability in provincial area
the meaning of the outputs. The MARS approach is a burned while Flannigan ef al. (2005) explained between
means of overcoming these hurdles when modeling 36% and 64% of the variation in area burned byecozone
complex systems by forming a series of regressions on (biogeographic  region). Both these studies used for-
different intervals (hyperregions) of the independent ward-stepwise  linear regression approaches.

variable space without having to meet the assumptions Accounting  for the spatial influences on wildfire
of data normality. An additional concern when model- regime is important when developing models that are
ing observational data is the problem of extreme colli- driven by fuel moisture and temperature. For example,
nearity of predictor variables (Friedman, 1991). The the fire regime across Alaska and western Canada has
effects of having variables that are highly correlated more continental influences than in eastern Canada,
are reduced in the MARS approach by introducing a where fire regime 1is influenced by Atlantic moisture
penalty on added variables through the GCV criterion sources and large water bodies (e.g. Great Lakes,
used in the forward selection procedure, as well as by Hudson and James Bays). As a result, short-lived
increasing the number of interaction terms in the model. drought periods will have a greater influence on fire
Furthermore, models developed using the MARS ap- regime in regions characterized by drier climates while
proach are generally easier to interpret in comparison regions characterized by a wetter climate require longer
with other modeling and mathematical techniques (e.g. drought periods to realize similar effects (Skinner et al.,
neural networks, principal components analysis). Other 1999). The fire return interval, defined as the time it
empirical approaches have achieved similar or greater takes to burn an area equal in size to an existing burn
levels of predictability of area burned in boreal North area, can also influence model development and overall
America through the use of teleconnection indices that performance. In eastern Canada, the fire return interval
represent temporal and spatial modes of variability in tends to be longer (Campbell & Flannigan, 2000) and it
atmospheric circulation  (notably  Duffy er al, 2005; may therefore take a longer record of fire in eastern
Macias Fauria & Johnson, 2006). While these ap- Canada to better quantify the relationship between fire
proaches have been very useful in understanding how and climate in the context of other factors that may
atmospheric  circulation patterns affect fire regime, we influence the fire regime, (e.g. more extensive low
believe that the MARS approach generally takes those flammability broad leaf forests). However, it is notable
effects into account and is more amenable for coupling that the AO is able to explain 68% of area burned by
with GCMs that vary substantially in their ability to large fires in eastern Canada after 1976 (Macias Fauria
represent  different temporal modes of variability in & Johnson, 2006).

atmospheric  circulation. The level of predictability was generally higher in the

western portion of our study area, with some areas of

i . . . o low predictability near the MacKenzie mountain range
Spatial and  temporal dynamics  of historical wildfire R .
and along the eastern border of the Rocky Mountains.

regime Low predictability  also occurred in areas along the
It is clear that a linkage exists between fire and climate; boreal forest-tundra  border in western North America.
however, the strength of empirical relationships  be- Although we did not incorporate topographic  influ-
tween historical area burned and the independent vari- ences on fire regime in this study, it has been shown
ables we considered in this study (specifically the to be an important factor in previous studies at regional
components of the CFWI and air temperature) can vary scales (Dissing & Verbyla. 2003). In the eastern portion
from one geographic region to another. Understanding of the study region, the level of predictability was
the spatial and temporal dynamics of historical area considerably lower, as also observed in previous studies
burned is essential before predicting area burned for (Harrington et al., 1983; Flannigan & Van Wagner, 1991)
future scenarios of climate change. Our results are a first and may be attributed to factors such as maritime
attempt  at understanding wildfire regime through the influences and more extensive use of fire suppression.

use of the MARS modeling approach. We found con- Accounting for the seasonality of wildfire regime is
siderable spatial variation in the level of predictability an important component of attempts to model the
(i.e. some models explain more variability in annual variation in annual area burned. Generally, the mid-
area burned than others) at 2.5° but were able to explain summer (June and July) months will correspond to
on the order of 82% of the variation in annual area periods of high fire activity in the North American
burned at the scale of Alaska and western Canada. Fire boreal region as they are, on average, the warmest

¢ 2008 The Authors
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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 CO; 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
2005; Duffy et al., 2005).

79%  of the variation

(see Flannigan et al., 2001,
Duffy et al. (2005) explained
for Alaska

and atmo-

in annual area burned

using monthly air temperature,  precipitation,

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 explained >80% of the
in area burned by large fire events after

half of boreal North America, but

successfully
variability
1976 in the western
only explained about 7% of the area burned before 1976.
In contrast to the results of Macias Fauria & Johnson
(2006), our models
annual area burned both before and after the PDO shift
in the mid-1970s. For Alaska and western

of 42%

explain  considerable variation  in
that occurred
Canada, our models explain  on the order
(P<0.001) and 86% (P<0.00001) of the variation in
1960-1976 and

respectively.  Other studies have found that

annual area burned for the periods
1977-2005,
the fuel moisture codes of the CFWI (FFMC, DMC, DC),
predictors  of area
(Flannigan et al.,, 2005).
The FFMC, DMC, and DC (in increasing order of

were the most frequently occurring

burned for Canadian ecozones

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 la). With respect to predictor
ever, the CFWI codes,

more frequently across the study area (Table Ib).

importance, how-

as a group, entered the models

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
et al, 2006) and potential on regional socio-
(Chapin et al., 2(03). Various for-

cing scenarios that drive GCMs make it possible to

to the climate system (Randerson
impacts
economic  conditions
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 thelst century). How-
ever, the CGCM ranks among the top GCMs currently
used by the IPCCwith respect to the level of predict-
(Table 3).

Future area burned across Alaska and western Cana-

ability in northern high latitudes

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
Canada, annual area burned under the A2
2050, but diverge

in the last 50 years of the 2Ist century with the climate

western
and B2 scenarios are similar through
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
et al. (2005)
suggest that under a 3 x COy scenario, area burned will
increase by 74-118% by the end of the 2Ist century. An
& Van Wagner (1991) ex-

SSR and annual provin-
They found that under a 2 x CO2
by 46% and suggested

presented  in previous studies.  Flannigan

earlier study by Flannigan
plored relationships  between
cial area burned.
scenario climate, SSR increased
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 COz climate
SSR will increase

scenario, by approximately 30% in

parts of Alaska, which translates into an increase in area
burned between 25% and 50% by the middle of the 21st
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
in the FWI. McCoy & Burn

doubling

et at. (2001) due to increases
(2005) suggest an approximate of area burned
for central Yukon Territory by 2069. Tymstra et al. (2007)

estimate an increase in area burned between 12.9% and

« 2008 The Authors
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Table 3 The IPCC climate model ranks based on root mean square errors (RMS) averaged over latitudinal ranges 60-90 N and
20-90"N for surface air temperature (T), precipitation (PREC), and sea level pressure (SLP)

60-90"N 20-90"N
Rank Model T PREC SLP T PREC SLP Total
1 MPI ECHAMS (Germany} 1 1 3 1 1 1 8
2 GFDL CM2.1 (USA) 3 4 1 5 2 2 17
3 MIROC3.2. MEDRES (Japan) 4 3 6 3 5 8 29
4 CCCMA CGCM3.1 (Canada) 11 2 8 10 1 2 37
5 UKMO HADCM3 (UK) 8 6 2 6 7 9 38
6 MRI CGM2.3.2A (Japan) 13 11 5 7 6 46
7 NCAR CCSM3.0 (USA) 2 15 8 2 13 7 47
8 GFDL CM2.0 (USA) 9 8 10 14 4 6 51
9 INMCM3.0 (Russia) 6 7 13 10 g 12 57
10 CNRM CM3 (France) 5 12 12 5 11 13 58
11 NCAR PCM1 (USA) 13 5 5 14 12 10 59
12 CSIRO MK3.0 (Australia) 14 11 12 9 5 60
13 IPSL CM4 (France) 7 11 9 12 15 11 65
14 GISS MODEL ER (USA) 10 14 14 10 14 15 74
15 1AP FGOALST.0.G (China) 15 13 15 15 10 14 82

In all cases, the RMS errors were summed over the seasonal cycle (12 calendar months) to obtain the ranks. The last column in the
table is the sum of the ranks in the preceding columns. CGCM is italicized.

29.4% for Alberta under 2 x and 3 X COz climate under the B2 climate scenario. These predicted changes
scenarios. Bergeron et al. (2006) suggest an increase in in fire cycles of Alaska and western Canada would
fire frequency in black spruce forests across western result in fire cycles that are currently experienced
Canada  while a lower fire frequency in hardwood in eastern Siberia (McGuire et al., 2002, 2007; Balshi
forests under a 2 X and 3 x CO» climate. We estimate et al., 2007).

that the western Canada subregion (which also encom-

passes central Canada) will be responsible for the L .
Lo N . Limitations and uncertainties
majority of future area burned across North America.

By the mid-21st century, we estimate that average area Several factors introduce uncertainty in our ability to
burned per decade will double under the CGCM2 A2 predict area burned, including the assumptions under-
and B2 scenarios and increase by a factor of 3.6-5.6 lying the use of the CFWI to estimate fuel moisture and
times by 2091-2100 (Fig. 5c¢). Historically, this region has severity components for different forest types, the qual-
been responsible for the majority of area burned across ity and resolution of future climate datasets, and vari-
boreal North America. ables not considered in the present analysis.

To assess the reasonableness of our fire model pre- The present study assumes that the CFWI, which is
dictions across Alaska and western Canada and how based on relationships developed with jack pine and
they change through time, we calculated the fire return Douglas fir (VanWagner, 1970), can be applied to other
interval (FRI) based on the methods defined by Balshi forest types that may have different fuel moisture
et al. (2007) for the last 30 years of the historical fire characteristics. However, seasonal trends in duff moist-
record (Fig. 6a) and the last 30 years of the A2 (Fig. 6b) ure dynamics in black spruce feather moss stands
and B2 (Fig. 6¢) climate change scenarios. Predicted area were predicted well by the CFWI fuel moisture codes
burned under the A2 scenario suggests that average (Wilmore, 2001), suggesting that the CFWI may be
FRIs decrease (i.e. fire activity increases) on the order of robust for conifer forests across boreal North America.
50% in Alaska and 40% in western Canada relative to Despite the many shortcomings of CCMs, they are
the historical FRIs in these subregions (Fig. 6b). Relative the only available tools for estimating future changes in
to the historical FRIs, predicted area burned under the climate. The coarse spatial resolution of GCM output
B2 scenario suggest that FRIs decrease on the order of often requires downscaling to an appropriate resolution
45% in Alaska and 35% in western Canada (Fig. 6c). for conducting analyses relevant to the objectives of
Thus, by the end of the 21st century, our predictions a study. The availability of daily GCM output also
suggest that fire activity nearly doubles for the Alaska- restricted our options to the use of only one GCM.
western Canada region, with slightly lower fire activity Many GCMs provide outputs only for certain time

- 2008 The Authors
Journal compilation .- 2008 Blackwell Publishing Ltd, Global Change Biology, 15, 578-600)



590 M. S. BALSHI ¢f al.
(@) - [Historical FRI
1970-2000
T5°N -
H 7
60°N K B
Average FRI (years):
Alaska = 195 e ; 1 : 3
45°N -| Western Canada = 180 AR ok i S R R : |
I I I 1 ] 1] I I I
—-165°W —150°W -135°W -120°W -105°W -90°W ~75°W —60°W —45°W
(b) [ A2 Scenario FRI
2070-2100
75°N
60°N : Eﬂ
Average FRI (years):
Alaska = 92
45N western Canada = 111
T T T T T T T T T
—165°W —-150°W -135°W —120°W —-105°W -90°W -75°W -60°W —45°W
(¢} | B2 scenario FRI
2070-2100
75°N i
-1* e Ll By
60°N 4 y ' A
Average FRI (years):
Alaska = 108
45"N'7 westen Canada = 116
T T T | — 1 T T T T
—-165°W -150°W —-135°W —120°W —-105°W —00°W -75°W -~ —B0°W —45°W

Fire return intervals (FRI)

1-16 [[__]s0-100 [EH 300-400

Fig. 6 Fire return intervals for Alaska and western Canada based on historical fires for years 1970-2000 (a), predicted fires under the A2
scenario for years 2070-2100 (b), and predicted fires under the B2 scenario for years 2070-2100 (c).

slices (e.g. 2080-2100), which preclude their use in our direct coupling of fire predictions to biogeochemical
study, which sought to understand changes from the models for understanding the role of fire on carbon
historical fire record through the entire 21st century. dynamics for future scenarios of climate change. For
Availability of restricted time slices also precludes the these reasons, we were limited to the CGCM2 coupled
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GCM. Other issues related to GCM

data stem from the calculation of additional variables

ocean—atmosphere

(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, 2000).
There is some debate on the effects of fire suppression
over large areas and longer timescales (Miyanishi &
Johnson, 2001; Ward ef 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 CO, 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.

2008 The Authors

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
et al, 2007).

In addition, fire-induced changes in the proportion of

patterns  in the boreal forest (Krawchuk
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
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model (DVM)

on develop-

best addressed by dynamic vegetation
have focused
for incorporating fire into DVMs at global
(Thonicke er al, 2001; Venevsky et al., 2002) and land-
scape (Keane er al, 1996; He & Mladenoff, 1999;
Rupp ef al., 2001, 2002). The integration of understand-

DVM develop-

the role of fire in the

development. Several studies

ing methods

scales

ing gained from our study into future

ment is important  for predicting

coupled  vegetation-climate system. Together; a more

accurate  representation of interactions  among fire, cli-
our ability
of the

in response

mate, and vegetation dynamics can improve

to predict how carbon and energy exchange

North  America boreal region may change

to future climate change.
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Appendix A

Table A1 Multivariate Adaptive Regression Spline (MARS)
models and associated basis functions listed by spatial
location. Location corresponds to the lower left hand corner of
each 2.5 grid cell

Location Model

¥ =max(0, 2.692 + 1314.078 = BF3)

BF1 = max(0, DCJULY -37.187)

BF3 = max(0, 0.300000E-03—-MSRJUNE) x BF1
Y = max(0, 34.447 + 9449.171 = BF1)

BF1 = max(0, MSRJULY + 0.564563E-10)
Y = max(0, 7.635 + 116393.727 x BF8)
BF8 = max(0, MSRJUNE-0.300000E-03)
Y = max(0, —15.499 + 1.217 = BFY
+42.377 x BF18)

BF2 = max((, DCJULY—148.781)

BF18 = max(0, TEMPJULY—11.993)

Y = max(0, —54.370 + 282.784 x BF1)
BF1 = max(0, DMCJUNE-0.230)

65W, 52.5N

67.5W, 52.5N
72.5W, 50N

72.5W, 52.5N

75W, 47.5N

75W, 50N Y = max(0, 8.710 + 20312.041 x BF1
+ 1891.058 x BF4)
BF1 = max(0, MSRAUG-0.600000E-03)
BF4 = max(0, 0.287 -DMCMAY)

75W, 52.5N Y = max(0, 45.326 + 5.356 x BF1)

BF1 = max(0, DCAUG-194.548)

Y = max((), 19.448 + 7.991 x BF21
BF21 = max(0, FFMCJUNE-38.283)
Y = max(0, 64.709 + 22.090 x BF1)
BF1 = max(0, DCAUG-259.319)

77.5W, 47.5N

77.5W, 52.5N

80W, 47.5N Y = max(0, 25.683 + 12.619 x BF7)
BF7 = max(0, FFMCAUG-60.823)
80W, 50N Y = max(0, 14.305 + 75.321 x BF2

+ 8.835 < BF3)

BF2 = max(0, 6.061-TEMPMAY)

BF3 = max(0, DCMAY—61.274)

Y = max(0, —8.242 + 15.303 x BF1)

BF1 = max(0, DCAUG—274.942)

Y = max(0, =3.860 + 16.655 = BF1

—1385.199 x BF8 + 765.408 = BF10)

BF1 = max(0, MSRJUNE-0.006)

BF8 = max(0, MSRMAY —0.043)

BF10 = max(0, MSRMAY —0.064)

Y = max(0, —28.142 + 8.910 x BF]
+ 9,189 x BF3 + 695.768 x BF5)

BF1 = max(0, DMCJUNE-0.367)

BF3 = max(0, 7.964 - TEMPMAY)

BF5 = max(0, (L.038—MSRJUNE)

Y = max(0, —57.475 + 43.509 x BF2
+ 61.148 » BF5 + 33202.270 % BF8
+41.718 » BF12 + 16.708 = BF19)

BF2 = max(0, TEMPAPRI-2.890)

BF5 = max(0, TEMPJUNE-13.697)

BFS = max(f, 0.002—-MSRJUNE)

BF12 = max(0, 2.230-DMCAPRIL)

BF19 = max(0, TEMPAUG-14.916)

- Continued

80W, 52.5N

82.5W, 45N

82.5W, 47.5N

82.5W, 50N
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Table A1. (Contd.)

Table A1, (Contd.)

Location

Model

Location

Model

85W, 47.5N

87.5W, 47.5N

87.5W, 50N

87.5W, 52.5N

90w, 50N

92.5W, 47.5N

92.5W, 50N

92.5W, 52.5N

9sW, 47.5N

95W, 50N

95W, 52.5N

95W, 55N

Y = max(0, =1.187 + 364.088 x BF1
+17.542 x BF3)

BF1 = max(0, MSRMAY —(1.491275E-09)
BF3 = max(0, 1.307—-TEMPAPRI)

Y = max(0, —11.579 -+ 44.028 < BF3
+ 42.080 = BF4 + 221.875 x BF15)
BF3 = max(0, 2.057—-TEMPAPRI)
BF4 = max(0, TEMPSEPT-14.377)
BF15 = max(0, MSRMAY —0.047)

Y = max(0, —4.899 + 158.199

% BF2 + 19.599 x BF3)

BF2 = max(0,—1.6600—TEMPAPRI)
BF3 = max(0, FFMCAUG-61.074)
Y = max(0, 2.283 + 282.371 = BF1)
BF1 = max(0, MSRAUG + 0.305807E-08)
Y = max((, -7.181 + 2.238 x BFl

+ 79,287 x BF4 + 70.789 x BF6)

BF1 = max(0, DCJULY—196.600}
BF4 = max(0,-1.013—~TEMPAPR])
BF6 = max(0, 16.152—-TEMPJULY)
Y = max(0, —9.871 + 83.208 x BF2
+ 337.940 x BF3)

BF2 = max(0, 2.187-TEMPAPRI)
BF3 = max(0, MSRMAY —0.078)

Y = max(0, —128.762 + 3978.068

x BF1 + 1.776 x BF15)

BF1 = max(0, MSRJUNE
—(.566064E-09)

BF15 = max(0, DCAUG-144.552)
Y = max(0, —34.891 + 3.153 = BF1

+ 160.570 < BF4)

BF1 = max(0, DCMAY -15.093)
BF4 = max(0, TEMPJUNE-14.720)
Y = max(0, —42.907 + 297.328 x BF1
+313.240 x BF2 + 1.474 » BF3

+ 57.445 x BF5)

BF1 = max(0), MSRMAY—0.135)
BF2 = max(0, 0.135-MSRMAY)
BF3 = max(0, DCJUNE—-177.180)
BF5 = max(0, MSRJULY —0.001)

Y = max(0, -205.171 + 845.936 x BF1
-+ 4.494 « BF3 + 7.441 » BF4)

BF1 = max(0, TEMPJULY ~19.884)
BF3 = max(0, DCJUNE—115.090)
BF4 = max(0, 115.090—DCJUNE)

Y = max(0), —22.889 + 284.661 x BF1
+305.591 x BF3 + 100.778 x BF5)
BF1 = max(0, TEMPJUNE—-15.700)
BF3 = max(0, TEMPJULY —18.594)
BF5 = max(0, TEMPMAY~8.871)

Y = max(), —24.846 + 486.335 » BF1
+ 45601.629 » BF4)
BF1 = max(0, TEMPJULY -17.294)
BF4 = max(0, 0.004—MSRAPRIL)

97.5W, 475N

97.5W, 50N

97.5W, 52.5N
97.5W, 55N

100W, 50N

100W, 52.5N

100W, 55N

100W, 57.5N

102.5W, 50N

102.5W, 52.5N

102.5W, 55N

Y =max(l, 12.417 + 2.108 » BF1)

BF1 = max(0, DCMAY-—112.958)

Y = max(0, —94.648 + 1892.714 = BF]
+502.313 % BF2 + 352,734

» BF4 + 119.890 = BF5)

BF1 = max{(0, MSRAPRIL-0.699998F-()13)
BF2 = max(0), TEMPJULY -21.110)
BF4 = max(0, MSRMAY —(.363630E-08)
BF5 = max(0, TEMPJUNE-17.460)
Y = max(0, 36.779 + 8000.542 x BF1)
BF1 = max((}, TEMPJULY -19.613)
Y = max(0), 57.223 + 1414.958 x BF1)
BF1 = max(0), TEMPJULY ~17.852)
Y = max(l), =31.976 4+ 62.135 x BF1
1 68.646 < BF2 < BF3)

BF1 = max(0, DMCJUNE-9.710)
BF2 = max(0), TEMPJULY-19.839)
BF3 = max(0, 9.710- DMCJUNE)

Y = max(0), —31.312 + 537 808 = BF1
+ 3.517 x BF2)

BF1 = max(0, MSRJULY —0.655)
BF2 = max(0, DCJULY—-318.332)

Y = max(0, —1291.159 + 4.343 = BF2
+ 887.734 » BF3 + 209.611 = BF4

+ 5.834 % BF5 + 864.193 » BF6 +
971.245 = BF7)

BF2 = max(0, 339.671-DCAUG)
BF3 = max(0, TEMPJULY-18.061)
BF4 = max(0, 18.061-TEMPJULY}
BF5 = max(0, DCJULY--121.881)
BF6 = max((), MSRSEPT —(.002)
BF7 = max(0), MSRJUNE
—{).700000E-03)

Y = max(l), —83.796 + 5805.285

» BF1 + 5023921 » BE3)

BF1 = max(0, MSRJULY —0.076)
BE3 = max(0, MSRSEPT —(1.0146)

Y = max((, —203.056 + 43.121

x BF1 + 20.587 = BF2 + 1.984 » BF3)
BF1 = max(), DMCJUNE-10.503)
BF2 = max(0, 10.503--DMCJUNE)
BF3 = max((), DCMAY--35.210)

Y = max(0, -24.705 + 434.277

= BF1 + 476.899 =« BF3)

BF1 = max(0, MSRJULY ~0.670)

BE3 = max(0, MSRMAY - 0.020)

Y = max((), ~2220.454 + 1250.298

x BFT + 270.639 x BF2 + 89.393

x BF3 + 18.598 » BF4 + 47.616 x BF7 +
63295.504 x BF9)

BF1 = max(0, TEMPJULY - 17.797)
BF2 = max(0, 17.797 -TEMPJULY}
BF3 = max(0, DMCJUNE -0.74())
BF4 = max(0, FFMCSEPT-38.600)

Continued

¢ 2008 Fhe Authors
Journal compilation «* 2008 Blackwell Publishing Ltd, Global Change Biology, 15, 578-600

Contimed



596 M.S. BALSHI ¢tal.

Table AT, (Contd.)

Table A1l. (Contd.)

Location

102.5W, 57.5N

105W, 52.5N

105W, 55N

105W, 57.5N

105W, 60N

107.5W, 52.5N

107.5W, 55N

107.5W, 57.5N

T07.5W, 60N

110W, 52.5N

Model

Maodel

BF7 = max(0, FFMCATPRI-37.883)
BF9 = max(0, 0.015-MSRAPRIL)

Y = max(0, =126.101 + 2747.822

x BF1 + 233.166 x BF3 + 28.128 < BF5)
BF1 = max(0), MSRSEPT—-(0.035)
BF3 = max(0, TEMPJULY-15.297)
BF5 = max(0, TEMPAPRI + 8.493)
¥ = max({(), —304.954 + 130.275

» BF1 + 60.349 = BF3 + 43.616

% BF4 + 50.088 » BF5 + 57.388 x BF12)
BF1 = max(0, MSRAUG—-1.149)
BF3 = max(0), TEMPJUNE-11.670)
BF4 = max(0, TEMPAPRI-0.967)
BF5 = max(0, 0.967-TEMPAPRI)
BF12 = max(0, 18.539—TEMPAUG)
Y = max(0, 171.338 + 150.583 x BF2)
BF2 = max(0, 22.083—-DCAPRIL)

Y = max(0, —548.324 + 14951.786

» BF3 + 226.436 < BF4

+ 157.459 x BFR)

BE3 = max(0, MSRAPRIL

+ (1.128952E-019)

BE4 = max(0, TEMPJULY-12.223)
BF5 = max(), FFMCAUG—-62.787)
Y = max(0, —254.888 + 2913.429

% BF2 + 213.817 x BF3

+ 2596.765 x BF18)

BF2 = max(0, 0.090—MSRAUG)
BF3 = max((, TEMPJULY-14.355)
BF18 = max((), MSRAUG-0.010)

Y = max(0, -81.741 + 12,452 » BF3
+7.123 % BF4 + (1.894 x BF5

+ 16.283 x BF7)
BE3 = max(0, FFMCSEPT-72.22(0)
BF4 = max(0, 72.220-FFMCSEPT)
BF5 = max(0, DCJULY—279.303)
BF7 = max(0), FFMCMAY —68.681)
Y = max(0, =13.193 + 34.389 x BF3
+2.155 = BF8)
BF3 = max(0, DMCJUNE-0.820)
BF§ = max{0, DCSEPT—365.537)

Y = max(0, —411.566 + 14737.769

x BF1 + 54324 848 = BF2 +93.209
% BF3 + 25.552 x BF5)
BF1 = max((, MSRAPRIL-0.010)
BF2 = max((}, 0.010—-MSRAPRIL)
BE3 = max(0, FFMCSEPT—-62.563)
BF5 = max(0), FFMCJUNE-35.497)
Y = max(0, =9.153 + 617.092 % BF1

+ 737.360 « BF3)
BF1 = max(0), TEMPJULY —15.668)
BF3 = max(0, MSRJULY —0.806750E-10)
Y = max(), 27.357 + 5.554 x BF1)
BF1 = max(0, DCJULY —347.845)

Location

110W, 55N

110W, 57.5N

110W, 60N

112.5W, 52.5N

112.5W, 55N

112.5W, 57.5N

112.5W, 60N

112.5W, 62.5N

115W, 47.5N

115W, 52.5N

115W, 55N

Y = max(0, —549.253 + 133.138

x BF2 + 40.932 x BF3 + 5.406

x BF6 + 12.582 « BF13 + 29293.217 x BF15)
BF2 = max(0, 53.742—-FFMCAUG)
BF3 = max(0), DMCJUNE—-0.687)
BF6 = max(0, DCSEPT—409.260)
BF13 = max(0, 199.273-DCJUNE)
BF15 = max(0, 0.021 -MSRAPRIL)
Y = max(0, -578.903 + 78963.859

» BF2 + 37332.512 < BF14)

BF2 = max(0, 0.017-~MSRAPRIL)
BF14 = max(0, MSRAPRIL-0.004)
Y = max(0, —372.184 + 8674.142

x BF1 + 409.678 x BF12)

BF1 = max(0, MSRSEPT-0.072)
BF12 = max(0, TEMPJULY—14.871)
Y = max(0, —23.827 + 33.411

x BF1 + 7.589 x BF2 + 0.436

x BF4 + 236.183 x BF5)

BF1 = max(0, TEMPAPRI-3.903)
BF2 = max((), 3.903-TEMPAPRI])
BF4 = max((, 332.977 -DCSEPT)
BF5 = max(0, MSRAPRIL—0.999997E-03}
Y = max(0, —26.734 + 39.066 x BF1)
BF1 = max{0, DMCJUNE—0.580)

Y = max(0, 215.883 + 742.065

»x BF1 + 225.569 x BF3—66.951

% BF5 + 47.767 x BF7)

BF1 = max(0, TEMPAUG-16.852)
BF3 = max, (0, FFMCAPRI-67.870)
BF5 = max(0, FFMCAPRI--53.967)
BF7 = max(0DMCSEPT - 4.283)

Y = max(0, 78.188 + 1231.887 » BF1)
BF1 = max(0, TEMPJULY-17.132)
Y = max{(0, —7.636 + 212.035

x BF1 + 236.977 x BF10)

BF1 = max(0, MSRJULY —0.680)
BF10 = max(0, MSRSEPT—0.030)

Y = max(0, ~0.585 + 0.045

x BF1 +1.112 x BF3 + 0.502 » BF5
BF1 = max(0), DCAUG-426.555)
BF3 = max(0, TEMPJULY —17.048)
BF5 = max(0, FFMCAUG-83.439)
Y = max(0, 185.396--1151.687

% BF3—-403.731 x BF4 + 22694 .453
« BF6 + 1203.894 » BF7

+ 6311.835 = BF14)

BF3 = max(0, DMCJUNE-2.383)
BF4 = max(0, 2.383—DMCJUNE)
BF6 = max(0, 0.019—-MSRJUNE)
BF7 = max{(0, DMCJUNE-2.773)
BF14 = max(0, 0.027 -MSRAUG)

Y = max(0, 43.668 + 4.303 x BF16)
BF16 = max(0), DCAUG-376.123)

Continued

Continued
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Table Al. (Contd.) Table Al. (Contd.)

Location Model Location Model

115W, 57.5N Y = max(0, —54.613 + 574.023 120W, 55N Y = max(0, 0.012 + 275.859 x BF1}
x BF3 + 6213.206 x BF19) BF1 = max(0, TEMPAPR]-1.447)
BF3 = max(0, TEMPAUG-17.161) 120W, 57.5N Y = max(0, —19.033 + 84.265

BF19 = max(0, MSRAPRIL—0.011)
115W, 60N Y = max(0, 16.029 + 324.355

= BF1 + 6618.464 x BF3

BF1 = max(0, TEMPAUG--16.987)

BF3 = max(0, MSRAPRIL--0.020} 120W, 60N
115W, 62.5N Y = max(0, —9.330 + 551.633

x BF1 + 24.723 x BF18)

BF1 = max(0, TEMPJULY—-16.965)

BF18 = max{0, DCMAY—80.429) 120W, 62.5N
117.5W, 50N Y = max(0, —31.660 + 27.374

x BF2—-227.389 x BF3 4 14488.044

x BFb6 + 238.291 x BF15)

BF2 = max(0, 7.077—-TEMPSEPT)

BF3 = max(0, MSRJULY -0.241)

BF6 = max(0, 0.003—-MSRJUNE)

BF15 = max(0, MSRJULY—-0.074)
117.5W, 525N Y = max(0, —16.168 + 27.913

- » BF1 + 95.058 » BF5)

BF1 = max(0, DMCSEPT-4.973)

BEF5 = max(0, TEMPMAY --3.977)
117.5W, 55N Y = max(0, —=7.520 + 56.752 x BF1

+43.487 x BF4 + 420.004 x BF5) 120W, 65N
BF1 = max(0, TEMPJUNE-11.727)
BF4 = max(0, 0.077-TEMPAPRI) 122.5W, 52.5N

BF5 = max(0, MSRJUNE-0.120)
117.5W, 575N Y = max(0, 82.382 + 11.487 x BF1)
BF1 = max(0, DCJULY—386.023)
117.5W, 60N Y =max(0, —169.191 + 116052.242
» BF2 + 156.086 x BF4) 122.5W, 55N
BF2 = max(0, 0.006—-MSRAPRIL)
BF4 = max(0, TEMPMAY —6.632)
117.5W, 625N Y = max(0, —14.839 + 497.510 < BF1
+ 117.188 x BF4 + 139.758 x BF5)

BF1 = max(0, TEMPJULY-17.203) 122.5W, 60N
BF4 = max(0, — 6.177—-TEMPAPRI)
BF5 = max(0, TEMPSEPT—-8.373) 122.5W, 625N

117.5W, 65N Y = max(0, —29.564 + 285.071 x BF1
+0.444 x BF3 + 9.651 x BF5)
BF1 = max(0, MSRSEPT—0.087)
BF3 = max(0, DCJULY —266.239)
BF5 = max(0, 4.826—- DMCAUG)
120W, 50N Y = max(0, 0.034 + 31.576 x BF1
+26.000 = BF3) 122.5W, 65N
BF1 = max(0, TEMPAUG-14.381)
BF3 = max(0, MSRJULY—0.120340E-07)
120W, 525N Y = max(0, —1.440 + 5.112 x BF3
+43.522 x BF5 + 4.834 x BF7 + 0.093 x BF17)

BF3 = max(0, TEMPJUNE-7.193) 125W, 52.5N
BF5 = max(0, MSRJULY-0.012)
BF7 = max(0, TEMPAUG-11.652) 125W, 55N

BF17 = max(0, 142.810—-DCJULY)

» BF1 +12.206 x BF4 + 49972 x BF10)
BF1 = max(0, TEMPAUG-15.807)
BF4 = max((}, 55.367 —-FFMCAPR])
BF10 = max(0, TEMPMAY -7 997)
¥ = max(0, —112.038 + 30759.729

x BF7 + 4318.878 x BF9)

BF7 = max{((, MSRAPRIL-0.008)
BF9 = max(0, MSRJUNE-(.302)

Y = max((}, —664.354 + 1145.508

x BF1 + 2708.424 x BF3 + 3602.749
x BF4 + 16,967 < BF5 + 13.570 - BF7 +
330.752 x BF9 + 2687.791

x BF12—-503.358 x BF16)

BF1 = max(0, TEMPJULY -16.929)
BF3 = max(0, MSRJUNE-0.103)
BF4 = max(0, 0.103-MSRJUNE)
BF5 = max{0, DCJULY--384.523)
BF7 = max{(0, DCSEPT-577.560)
BF9 = max(0, TEMPSEPT-8.457)
BF12 = max(0, 0.186—-MSRSEPT)
BF16 = max(0, TEMPJUNE—13.497)
Y = max(0, 11.578 + 48.703 » BF5)
BF5 = max(0, TEMPJULY -14.523)
Y = max(0, -7.078 + 527.881

=< BF1 + 33.652 x BF2)

BF1 = max(0, MSRAUG

+ (0.154813E-08)

BF2 = max(0, TEMPJUNE-7.677)

Y = max(0, 26.693 + 0.756

x BF4 + 24.028 x BF5)

BF1 = max{(0, TEMPJULY-11.397)
BF4 = max((, 189.410—-DCJULY) = BF1
BF5 = max(0, TEMPAUG--13.126} = BF1
Y =max(0, 10.112 + 708.577 x BF1)
BF1 = max(0), TEMPSEPT-9.080)

Y = max(0, —53.670 + 2342579

x BF1 + 3.807 x BF4—735.708

x BF6 + 5013.730 x BF8)

BF1 = max(0, TEMPJULY--15.493)
BF4 = max(0, DCAUG—437.239)
BF6 = max(0, TEMPJULY - 14.777)
BF8 = max(0, MSRJUNE—0.036)

Y = max(0, —33.329 + 377.958

»x BF10 + 0.782 x BF13—-0.500 x BF14)
BF10 = max(0, 0.099-MSRJULY}
BF13 = max(0, DCAUG-308.061)
BF14 = max(0, DCSEPT -336.347)

Y = max(0, 4.296 + 549.942 x BF1)
BF1 = max(0), MSRAUG-0.008)

Y = max(0, —2.790 + 2092 266

x BF1 +9.695 x BF2 + 54.186 » BF7)

Continued
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Table A1. (Contd.)

Table A1. (Contd.)

Location

125W, 60N

125W, 62.5N

125W, 65N

127.5W, 55N

127.5W, 57.5N

127.5W, 60N

127.5W, 62.5N

Model

x BF13 + 9.575 x BF14)

Location Model
BF1 = max(0, MSRJULY -0.111872E-09) 127.5W, 65N Y = max(0, 61.503 + 275.888 x BF1)
BF2 = max(0), TEMPAUG-10.861) BF1 = max(0, DCAPRIL-22.230)
BF7 = max(0, 0.400-DMCSEPT} 130W, 57.5N Y =max(0, —145.141 + 14.729 x BF1
¥ = max(0, —30.978 + 0.779 + 5.735 % BF2 + 6.038 x BF4
» BF1 + 221.309 x BF4 + 41194.836 x BF6) + 3.381 x BF6 + 6291.277 x BF8}
BF1 = max(0, DCAUG-255.929) BF1 = max(0, FFMCJUNE-45.143)
BF4 = max(0, 0.563—-DMCJUNE) BF2 = max(0, 45.143 - FFMCJUNE)
BF6 = max(0, 0.001-MSRMAY) BF4 = max(0, FFMCSEPT-26.843)
Y = max(0, —452.895 + 2.344 BF6 = max(0, DCJULY -251.174)
= BF1 + 6.828 x BF3 + 3708.129 BF8 = max(0, MSRAPRIL—0.011)

130W, 60N Y =max(0, -120.089 + 77.844 = BF1
BF1 = max(0, DCAUG-407.019) +121.595 x BF2 + 7067.656 x BF3
BF3 = max(0, FFMCMAY —30.352} + 36.058 x BF§ + 3.117 x BF10)
BF13 = max(0, 0.057—-MSRSEPT) BF1 = max(0, TEMPJULY-8.184}
BF14 = max(0, FEMCSEPT -26.063) BF2 = max(0, 8.184-TEMPJULY}
Y = max(0, —1264.668 + 709.783 BF3 = max(0, MSRAPRIL-0.011)
» BF1 + 30160.254 > BF4 + 30.960 BF8 = max(0, — 6.207-TEMPAPRI)
» BE5 + 560.206 = BFS8 + 128.881 % BF10 = max(0, 52.610-FFMCAUG)
BF9 + 50.675 »x BF12—14.431 x BF15) 130W, 65N Y = max(0, —779.663 + 11414.481

BF1 = max(0, TEMPJUNE-10.180)

BF4 = max(0, 0.015~MSRJUNE)

BF5 = max(0, DCAUG-440.003)

BFS = max((}, TEMPSEPT-5.493)
BF9 = max(0, 5.493-TEMPSEPT)
BF12 = max(0), DCAPRIL-5.820)
BF15 = max(0, DCAUG-404.358)

Y = max(0, -11.055 + 29.840

x BF1 + 1.943 x BF4)
BF1 = max(0, DMCJULY-5.245)
BF4 = max(0, 357.981-DCAUG)
Y = max(0, —2.304 + 349392.094 x BF2

+ 144999.281 x BF4 + 7349344.500 x BEF5)
BF1 = max(0, MSRAUG—-0.250340E-10)
BF2 = max(0, MSRJULY

+().306515E-10) % BF1
BF3 = max(0, MSRAPRIL + 0.345107E-09)
BF4 = max(0, MGRMAY —(0.600000E-03) = BF3
BF5 = max(0, 0.600000E-03—-MSRMAY) x
BF3
Y = max(0, —42.072 + 11501.986

» BF1 + 4.536 x BF3 + 89.207 x BF5)
BF1 = max(0, MSRAPRIL-0.009)
BF3 = max(0, DCSEPT -360.953)
BF5 = max(0, DMCJUNE-(.723)
Y = max(0, 20.158 + 1,583 x BF3)
BF1 = max(0, DCJULY—257.645)
BF3 = max(0, TEMPJULY-6.306) x BF1
Y = max{0), —344.948 + 214.326 = BF1

+ 266.348 x BF7 + 10.813 x BF8 +
215.752 = BF18)
BF1 = max(0, TEMPMAY -1.990)
BF7 = max(0, 10.761-TEMPJULY)
BF8 = max(0, DCJULY —294.245)
BF18 = max(0, TEMPJULY-9.800)

132.5W, 57.5N

132.5W, 60N

132.5W, 62.5N

132.5W, 65N

135W, 57.5N

135W, 60N

135W, 62.5N

x BF1 + 532.687 x BF3 + 28.231

x BF5 + 136.821 »x BF8 + 104.526 = BF10)
BF1 = max(0, MSRJUNE-0.017)
BF3 = max(0, DCAPRIL-22.143)
BF5 = max(0, FFMCJULY —46.532)
BF8 = max(0, £.364—-DMCJULY)
BF10 = max(0, TEMPMAY + 0.129)
Y = max(0, 1.600 + 9.041 x BF1

+ 29.740) % BF3--3.067 = BF5

BF1 = max(0, FFMCMAY —47.768)
BF3 = max(0, TEMPJUNE-7.767)
BF5 = max(0, FFMCMAY —40.516)
Y = max(0, —39.327 + 5.941

x BF1 + 52.576 x BF5)

BF1 = max(0, DCAUG—433.606)
BF5 = max(0), TEMPAPRI + 5.057)
Y = max(0, —84.355 + 48.232

» BF2 + 45.496 » BF8)

BF2 = max(0, 8.055-TEMPAUG)
BF8 = max(0, TEMPAUG-6.342)
Y = max(0, —~87.901 + 53.018

» BF5 + 175.081 x BF8)

BF5 = max(0, DMCJULY—0.316}
BF8 = max(0, TEMPAPRI + 7.100)
Y = max(0, 10.901 + 221.731

»x BF1-1449.745 < BF5)

BF1 = max(0, DMCMAY —-0.784)
BF5 = max((, DMCMAY —-0.661)

Y = max(0, =5.522—-4919.515

x BF2 + 69.287 »x BF4 + 3841.793 x BF6)
BF2 = max(0, DMCAPRIL—6.013)
BF4 = max(0, DCAPRIL-24.463)
BF6 = max(0, DMCAPRIL~-6.000)
Y = max(0, 62.129 + 170.100 x BF1)
BF1 = max(0, TEMPAUG-8.000)

Continued
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Table A1l. (Contd.}

Table Al. (Contd.)

Location Model Location Model
135W, 65N Y = max(0, 65.846 + 100.220 = BF1) = BF10 + 423,590 = BF13)
BF1 = max(0, FFMCAPRI-64.100) BE6 = max(0, DMCJULY-—-1.181)
137.5W, 60N Y = max(0, 7.761 + 136.466 x BF1) BES = max{l), DMCJULY—1.4974)
BF1 = max(0, DCAPRIL-24.883) BF10 = max(0, DMCJULY -0.658)
137.5W, 625N Y = max(0, —52.037 + 146.903 BF13 = max(0, 1.463—-DMCJUNE)
» BF1 + 307.122 x BF3 + 11.594 « BF17) 152.5W, 625N Y = max(0, 17.677—-307.055 x BF2
BF1 = max(0, TEMPJUNE—-6.140) + 262.489 x BF4)
BF3 = max(0, TEMPAPRI + 5.253) BF1 = max(0, DMCJUNE-0.187)
BF17 = max(0, FFMCJUNE—-37.153) BEF2 = max(0, DMCMAY -3.084) = BF1
137.5W, 65N Y = max(0, —39.259 + 29.910 BF4 = max(0, DMCMAY -2.432) x BF1
x BF1 +2963.431 =« BF3 + 125766.211 x BF4) 152.5W, 65N Y = max(0, —623.691 + 175.802 = BF1
BF1 = max(0, TEMPAUG-8.500) + 498.019 x BF2 + 448.783 » BF5
BF3 = max(0, MSRJUNE-0.700000E-03) + 4.265 x BF8—198.457 x BF11)
BF4 = max(0, 0.700000E-03-MSRJUNE) BF1 = max(0, TEMPAUG-9.239)
140W, 60N Y = max(0, —2.381 + 16150.373 BEF2 = max(0, 9.239-TEMPAUC)
x BF1 + 37.651 = BF2) BF5 = max(0, TEMPAPRI + 4.583)
BF1 = max(0, MSRJUNE -+ 0.313671E-10) BF8 = max(0, DCJULY-214.584)
BF2 = max(0, TEMPSEPT—5.390} BF11 = max(0), TEMPAPRI + 6.827)
140W, 62.5N Y = max(0, 27.592 + 7.659 155W, 62.5N Y = max(0, —560.543 + 30.780 » BF2
= BF1 +116.217 x BF3) +322.213 x BF3 + 144.6Y3 x BF6
BF1 = max(0, DCJULY —281.939) + 20005.117 » BF8—{1.689 « BFI11)
BF3 = max(0, TEMPJUNE—-6.120) BF1 = max(0, DCMAY - 59.242)
140W, 65N Y = max(0, 11.289 + 1.091 x BF8) BF2 = max{l), 59.242-DCMAY)
BF2 = max(0, 62.700-DCMAY) BE3 = max((, MSRJULY
BF8 = max(0, TEMPAPRI + 10.547) x BF2 + 0.106806E-08) = BF1
142.5W, 65N Y = max(0, —163.527 + 13.843 BF6 = max(0, TEMPAUG-6.658)
% BF1 + 220.481 x BF3 + 62.554 »x BF4) BF8 = max{0), 0.002-MSRAUG) = BF1
BF1 = max(0, DCJULY-337.674) BF11 = max(0, DCJULY ~324.065) « BF|
BF3 = max((), 'TEMI’]UNE—9‘783) 155W, 65N ¥ = max(), 40.693 + 11.303 x BF1)
BF4 = max(0, 9.783-TEMPJUNE) BF1 = max(0, DCJULY —354.110)
145W, 62.5N Y = max(0, 13.861 + 7.114 x BF1 157.5W, 60N Y =max(0, —518.197 + 357.580 = BF3
+ 25035.348 x BF3-21217.652 = BF5) + 18523.148 < BF6 + 226.227 =« BF7
BF1 = max(0, DCJUNE—167.287) + 78.687 x BFY)
BEF3 = max(0, MSRJUNE—0.004) BF3 = max((, TEMPJUNE -9 .460)
BE5 = max(0, MSRJUNE-0.001) BF6 = max(0, 0.026—MSRAUG)
145W, 65N Y = max(0, —1231.302 + 314.707 BF7 = max{(), TEMPAUG-9.855)

147.5W, 62.5N

147.5W, 65N

150W, 62.5

150W, 65N

x BF2 + 81.678 x BF4 + 8.472
» BF5 + 64.587 = BF7 + 95.313 x BF8 +
74.166 = BF11)

. BF2 = max(0, 8.135-TEMPAUG)

BF4 = max(0, 66.700—-DCMAY}

BF5 = max(0, DCJULY-270.303)

BF7 = max(0, 36.630—FFMCJUNE)
BF8 = max(0, DMCMAY —(.084)
BF11 = max(0, TEMPAPRI + 10.753)
Y = max({}, 48.363 + 4891.161 x BF2)
BF2 = max(0, MSRAPRIL--0.021)

Y = max(0, 36.584 + 52.402 x BF2)}
BF2 = max(0, 35.230- FFMCJUNE)

Y = max(0, 12.067 + 34.659 x BF4)
BF3 = max(0, 9.465—TEMPJULY)
BF4 = max(0, DMCJUNE—0.130} x BF3
Y = max(0, —169.078--3259.911 x BF6
+1192.324 x BFS + 2073.436

157.5W, 62.5N

157.5W, 65N

160W, 60N

BF9 = max(0, TEMPMAY -2.681)

Y = max(0, —979.175 + 15.565 « BF3
+ 15085.198 = BF4 + 5.638 x BF5

+ 28.716 x BF7)

BF3 = max(0, 74.471-DCMAY)

BF4 = max(0, MSRAPRIL
—-0.346190E-09)

BF5 = max(0, DCJULY-220.374)
BF7 = max(0, 48.387 - FFMCJULY)
Y = max(0, —13.953 4 188.621 = BF1
+ 20.525 x BF3 + 7.542 = BF13)

BFl = max(0, TEMPAUG-11.568)
BF3 = max(0, FFMCJULY -60.616)
BF13 = max(0, DCJUNE-198.307)
¥ = max(l}, 13.621 +179.362 « BFI
+ 138.743 = BF3 -+ 63.530 x BF5
—28.852 x BF18)

BF1 = max(0, TEMPJUNE-9.757)

Continned
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Table A1, (Contd.)

Location

Model

160W, 62.5N

160W, 65N

162.5W, 62.5N

BF3 = max(0, TEMPMAY-4.619)
BF5 = max(0, DMCJULY -5.503)
BF18 = max(0, DMCJULY ~1.600)
¥ = max{0), —-41.138 + 252.296 = BF1
+ 12,634 = BF3 + 1219.904 x BF10)
BF1 = max(0, TEMPJUNE—11.620)
BF3 = max(0, DCJULY-350.397)
BF10 = max(0, MSRAUG-0.039)
Y o= max(0), 52.236 -+ 620.239 x BF1
+ 56.485 = BF12-28.481 x BF14

+ 355.372 » BF16-126.289 x BF18)
BF1 = max(0, MSRJULY —-(.299)
BF12 = max(0, DMCJULY —14.877)
BF14 = max(0, DMCJULY—-8.271)
BF16 = max(0), TEMPAUG-11.6493)
BF18 = max(0, TEMPAUG-10.303)

¥ = max((), 4.911-0.112 x BF9 + 8.838 » BF11)

BF1 = max(0, DCAUG-160.252)

BF9 = max(0, 3.719—- DMCJULY) % BF1
BF11 = max(0, 0.033—-MS5RJULY) x BF1

i 2008 The Authors
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