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Abstract. Climate changes are expected to increase fire frequency, fire season length, and cumulative
area burned in the western United States. We focus on the potential impact of mid-21st-century climate
changes on annual burn probability, fire season length, and large fire characteristics including number
and size for a study area in the Northern Rocky Mountains. Although large fires are rare they account for
most of the area burned in western North America, burn under extreme weather conditions, and exhibit
behaviors that preclude methods of direct control. Allocation of resources, development of management
plans, and assessment of fire effects on ecosystems all require an understanding of when and where fires
are likely to burn, particularly under altered climate regimes that may increase large fire occurrence. We
used the large fire simulation model FSim to model ignition, growth, and containment of wildfires under
two climate scenarios: contemporary (based on instrumental weather) and mid-century (based on an en-
semble average of global climate models driven by the A1B SRES emissions scenario). Modeled changes in
fire patterns include increased annual burn probability, particularly in areas of the study region with rela-
tively short contemporary fire return intervals; increased individual fire size and annual area burned; and
fewer years without large fires. High fire danger days, represented by threshold values of Energy Release
Component (ERC), are projected to increase in number, especially in spring and fall, lengthening the cli-
matic fire season. For fire managers, ERC is an indicator of fire intensity potential and fire economics, with
higher ERC thresholds often associated with larger, more expensive fires. Longer periods of elevated ERC
may significantly increase the cost and complexity of fire management activities, requiring new strategies
to maintain desired ecological conditions and limit fire risk. Increased fire activity (within the historical
range of frequency and severity, and depending on the extent to which ecosystems are adapted) may
maintain or restore ecosystem functionality; however, in areas that are highly departed from historical fire
regimes or where there is disequilibrium between climate and vegetation, ecosystems may be rapidly and
persistently altered by wildfires, especially those that burn under extreme conditions.
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INTRODUCTION western United States, particularly in mountain-
ous ecosystems such as those found within the

Climate changes are projected to profoundly Northern Rocky Mountain region (“Northern
influence wildfire regimes in forests of the Rockies”; Fagre and Peterson 2000, McKenzie

ECOSPHERE < www.esajournals.org 1 November 2016 %* Volume 7(11) % Article 01543


http://dx.doi.org/10.1002/ecs2.1543
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/

et al. 2004, Higuera et al. 2015). Many forest types
in the Northern Rockies, where fire is ubiquitous
and was historically the most important and
extensive landscape disturbance (Hejl et al. 1995),
are fire adapted, meaning that fire is an integral
part of their maintenance and ecological func-
tioning (Agee 1993). As part of their ecological
history, wildfires strongly influence vegetation
structure, plant species composition, produc-
tivity, carbon (C) storage, water yield, nutrient
retention, and wildlife habitat of fire-prone forest
ecosystems (Agee 1993).

Despite major human influences on wildfires in
the western United States since Euro-American
settlement, climate is generally considered to be
the primary control on fire regimes, influenc-
ing vegetation production and condition as well
as the physical environment (Marlon et al. 2008,
Morgan et al. 2008, Higuera et al. 2015). Annual
area burned by western wildfires in the 20th cen-
tury was greater in years with low precipitation,
high drought severity, and high temperatures
(Littell et al. 2009). Fire history reconstructions
have linked regionally synchronous fire years
to warm springs and warm and dry summers
(Heyerdahl et al. 2008, Morgan et al. 2008, Littell
et al. 2009), suggesting that projected regional cli-
mate changes may result in increased fire activ-
ity. Climate changes are likely to increase fire
frequency, fire season length, and cumulative
area burned in the coming decades in the west-
ern United States, in response to warmer, drier
conditions (McKenzie et al. 2004, Flannigan
et al. 2006, Barbero et al. 2015). For example, pro-
longed dry weather conditions (about 40 d with-
out precipitation) can dry live and dead fuels
enough to carry large, intense fires once they are
ignited (Schoennagel et al. 2004, Riley et al. 2013).
Potential mid- to late 21st-century climate-driven
changes in regional fire regimes include longer
climatic fire seasons (time when fires are prone to
spread due to weather and fuels conditions) and
increases in fire frequency, annual area burned,
the number of days with high fire danger, and fire
severity as compared with current fire patterns
(Bachelet et al. 2003, Brown et al. 2004, Westerling
et al. 2006, Krawchuk et al. 2009, Dillon et al. 2011,
Rocca et al. 2014, Jolly et al. 2015). Lengthening of
the climatic fire season impacts fire patterns by
increasing the likelihood that ignitions—natural
or human-caused —will occur during conditions
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conducive to fire spread; more spreading ignitions
and longer periods of burning are likely to result
in larger fires and increased annual area burned
relative to contemporary recorded fire activity
(McKenzie et al. 2004, Miller et al. 2011). This shift
may be especially pronounced in middle- to high-
elevation forested systems where fuels are abun-
dant (Westerling et al. 2006, Littell et al. 2009).

Projections of future climate-driven changes
in fire activity and fire impacts in the Northern
Rockies have been developed using a variety of
models including coarse-scale dynamic global
vegetation models (DGVMs), fine-scale mech-
anistic landscape fire succession models, and
statistical climate-fire models (Keane et al. 2004,
20156, Loehman et al. 20114, 2016, Seidl et al.
2011, Abatzoglou and Brown 2012; Bachelet et al.,
in press). Simulations of climate, fire, and vegeta-
tion dynamics using the MC2 DGVM showed a
substantial increase in fire frequency and a loss
of subalpine plant communities (Sheehan et al.
2015). Additional studies found larger, more fre-
quent fires and changes in vegetation composi-
tion and structure with warming future climates
using the mechanistic, ecosystem-fire process
model FireBGCv2 to simulate landscape-scale cli-
mate, fire, and vegetation interactions (Loehman
et al. 2011a, Holsinger et al. 2014, Keane et al.
2015a). Westerling et al. (2011) developed sta-
tistical models predicting increased fire activ-
ity by mid-century in the Greater Yellowstone
Ecosystem by relating climate data to the occur-
rence and size of large fires (>200 ha).

Although large fires—generally, those that
escape initial attack—are rare, they account for
most of the area burned in western North America
(Finney et al. 2010, Werth et al. 2011). These fires
burn under the most extreme weather conditions
and exhibit behaviors that preclude methods of
direct control because of high rates of spread,
prolific crowning, strong convective involve-
ment, or erratic behavior (Werth et al. 2011). Fire
management in the Northern Rockies, where
fires are likely to become more frequent and
burn across larger areas with a changing climate
(Running 2006, Marlon et al. 2009), is thus likely
to become even more challenging. Allocation of
resources, development of land management
plans, and assessment of fire effects on resources
require an understanding of when and where
fires are likely to burn (exposure), particularly
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under altered climate regimes that may increase
large fire occurrence. For planning purposes, a
broad-scale assessment of wildfire risk offers a
means of understanding and comparing threats
to valued resources across management units, as
well as predicting and prioritizing investments
in activities that mitigate those risks (Finney et al.
2011). However, models that realistically simu-
late fire spread and fire behavior over very large
landscapes have rarely been implemented in the
context of potential future, altered climates.

Here, we take a unique approach to predicting
future fire exposure using the probabilistic large
fire simulation model FSim (Finney et al. 2011) to
compare estimated burn probabilities, fire char-
acteristics, and climatic fire season length under
contemporary and projected future climate, for
a study area in the Idaho Panhandle. In previous
work, FSim has been used to simulate continen-
tal burn probabilities as an input to national-level
fire suppression budgeting (Finney et al. 2011), as
the basis for risk assessment from wildland fire
(Calkin et al. 2011), and as a component of a proba-
bilistic model for estimating fire suppression costs
for U.S. Forest Service lands (Thompson et al.
2015). FSim simulates large fire ignitions based on
fuel moisture and weather and fire spreads in the
model according to properties of fuel moisture,
weather, topography, and vegetation; the model
is therefore sensitive to changes in climate and
can be used to assess climate change impacts on
large fire probability. This manuscript responds
to a need identified by Northern Rockies regional
land managers for more information on future
fire activity in the context of climate change. Our
methods can be applied to other ecosystems or
regions to project climate impacts on burn proba-
bility and fire characteristics.

METHODS

Study area

Our study area is a 5-million-hectare region of
northern Idaho that encompasses the Nez Perce-
Clearwater and Idaho Panhandle National
Forests (Fig. 1). We selected this region as our
focal area because it is a largely forested area
with a large proportion of U.S. Forest Service
lands that are currently undergoing forest plan
revisions. The boundaries of the study area are
identical to those of the Northern Idaho Fire
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Fig. 1. Northern Rocky Mountains study area,

encompassing the Nez Perce-Clearwater and Idaho
Panhandle National Forests. The study area boundary
matches the Northern Idaho Fire Planning Unit
(NR_ID_001) used by fire program analysis (FPA), a
fire budget determination tool. Daily weather recorded
at the Potlatch weather station was used as a baseline
(contemporary climate).

Planning Unit (NR_ID_001) used by fire program
analysis (FPA), allowing for comparisons
between our study and FPA products (Finney
et al. 2011). The study area is mainly forested
(76%), with smaller agricultural (9%), grassland
(8%), shrubland (5%), water (2%), developed
(1%), recently burned (<1%), and herbaceous
(<1%) components, as characterized by the
LANDFIRE assessment (LANDFIRE 2008a,
Rollins 2009; Figs. 2 and 3a). These vegetation
communities manifest a range of historical fire
regimes along frequency and severity gradients
of frequent (1-35 yr), moderately frequent
(35-200 yr), and infrequent (200+ yr) fire return
intervals and low, mixed, and replacement sever-
ities (LANDFIRE 2008b; Fig. 4). The majority
(64%) of the study area consists of areas of histor-
ically moderate-frequency, low- and mixed-
severity fires that replaced up to 75% of the
overstory vegetation (LANDFIRE 2008b).

FSim model

The FSim model simulates ignition and growth
of large fires in response to topography, fuel, and
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Fig. 2. Vegetation communities (summarized by
ecotype), as mapped by LANDFIRE (2008b, version
1.3.0).

weather conditions. A key feature of the FSim
model is its ability to predict the probability of
fire at any given point on the landscape, accom-
plished via four modules: weather generation,
fire ignitions, fire growth, and fire suppression.
Predicting large fire burn probability using exist-
ing fire occurrence data is challenging because
large fires are rare; in addition, weather records
that describe fire weather conditions typically
extend over only a few decades, and records of
fires are reliable only for the period beginning in
1992 (Short 2014). Therefore, burn probability
cannot be calculated based on fire records alone,
as these records are too sparse and short in dura-
tion to capture the range of expected combina-
tions of fire weather and ignition patterns; thus, a
modeling approach is necessary. The FSim model
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relies on artificially generated sequences of thou-
sands of years of daily weather in order to pro-
duce stable and repeatable estimates of burn
probability (Finney et al. 2011). Each year of daily
weather is a statistically plausible weather
sequence for a simulation period (often 1992-
2012 in order to match the period for which reli-
able fire records are available). Annual burn
probability for each pixel is calculated as the
number of times a pixel burns, divided by the
total number of simulation years.

In FSim, daily large fire ignition probability
is based on the statistical relationship between
the daily Energy Release Component (ERC) for
fuel model G of the National Fire Danger Rating
System, a proxy for fuel dryness or heat per unit
area available to the flaming front (Cohen and
Deeming 1985), and large fire ignitions drawn
from the historical record, modeled via logistic
regression (Andrews et al. 2003, Finney et al.
2011). The ERC-G fuel model is used because
it includes fuels from larger-diameter fuel size
classes and therefore captures the seasonal trend
in fuel conditions (Finney et al. 2011). In general,
the probability of ignition increases with ERC.
Ignition locations are determined using a den-
sity grid that allocates ignitions proportionally
across a simulation landscape, based on where
they have occurred in the contemporary record
(Short 2014).

Daily weather records of temperature, humid-
ity, solar radiation, and precipitation are used to
calculate fuel moistures for four dead fuel timelag
classes (1, 10, 100, and 1000 h) and live woody
and live herbaceous components as required by
fire behavior calculations (Fosberg and Deeming
1971, Deeming et al. 1984, Andrews 1986), which
are used to calculate the daily ERC-G. We uti-
lized FireFamily Plus software (Bradshaw and
McCormick 2000) for these calculations. Using
these inputs, FSim simulates thousands of years
of statistically plausible ERC streams based on
the average daily ERC and the daily standard
deviation and temporal autocorrelation (Grenfell
et al. 2010). Daily values for wind speed and
direction are randomly drawn from the histori-
cal monthly distributions at the chosen weather
station.

FSim uses the daily ERC, wind speed, and
direction in combination with landscape topo-
graphy and fuel characteristics to calculate fire

November 2016 %¢ Volume 7(11) % Article e01543



RILEY AND LOEHMAN

a 24
o _|
o
c
S
‘é -«
o (=]
i
o~
[=]
o —— f— || |
=] T T T T T T T T
L 2 B B I 2 E 3
a o 2 g S ® = =
g 8 5 o £ » o =
= 3 T = in =
3 g > o @ £
2 > ] o 5]
S o b= s} < o °
=z T g $
«m =4
o [
b
o | & Contemporary
=
p= Future
[=]
g
o
z
5 3
8 27
g- (=]
c 8
5 &
a o
&
@ =
= 8-
(=]
[a'}
[=]
8-
o
(=]
8 | I
d w o o
(]
i T 1T E : £ 3
@ . o = W w c
g 8 o 2 g £
o] > @ = =
] = [a) 2 0 8
@ =

Fig. 3.

(a) Proportional representation of vegetation communities within the study area; (b) Mean burn

probabilities by vegetation community for contemporary (dark gray) and projected future 2030-2059 (light gray)

periods.

spread, modeled via a minimum travel time
algorithm that identifies paths with most rapid
fire spread based on a set of gridded topographic
and vegetation parameters (Finney 2002). Fires in
FSim can be extinguished by sustained wet and
cool weather, and we also enabled the optional
fire suppression algorithm that calculates a
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daily containment probability based on vegeta-
tion type, time since ignition, and fire behavior
(Finney et al. 2009). FSim outputs raster grids of
annual burn probabilities and text files logging
fire sizes and dates of ignition. We calculated
projected changes in annual burn probability
from the burn probability grids and projected
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Fig. 4. Fire regime groups within the study area, as mapped by LANDFIRE (2008b, version 1.3.0).

changes in fire size, the number of fire-free years,
annual area burned, and fire seasonality from the
fire size lists.

Model inputs

Weather and climate.—We obtained weather
records for the Potlatch weather station (Fig. 1)
from the FAMWERB fire and weather data ware-
house (https://fam.nwcg.gov/fam-web/). The Pot-
latch station is used by FPA and was chosen
because of its length of record, minimal missing
or incorrect data, and assessment by local fire
managers that the station captures extreme
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weather events associated with large fires. We
selected weather observations from the period
1992-2010 to represent contemporary conditions,
which were then used by FSim to create 20,000
annual iterations (“years”) of simulated weather
as described above. These iterations each are
statistically plausible sequences for the con-
temporary period and do not represent projected
changes in weather for the next 20,000 yr.

We used projected monthly mean precipita-
tion, relative humidity, and average temperature
for the period 2030-2059 to create “future” daily
weather streams for the FSim model, as described
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Fig.5. Predicted average monthly changes in climate at the Potlatch weather station for the years 2030-2059
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below. Climate data were an ensemble average
of ten best-performing global climate models
(GCMs) for the Pacific Northwest/Columbia
Basin region (41.5 to 49.5 N, -124.0 to -111.0 W),
driven by the A1B SRES emissions scenario
(Nakicenovic et al. 2000), and spatially down-
scaled to 6 km (Littell et al. 2011a). We selected
the 2030-2059 (mid-century) timeframe because
it provides an assessment window that is suffi-
ciently forward-looking to capture potentially
novel fire patterns but is proximate enough to be
useful for management planning. Generally, the
ensemble model describes decreased summer
season (June to September) precipitation, lower
relative humidity (July through October), and
increased average monthly temperature in all
months (Fig. 5).

Climate projections were used to modify the
observed daily weather to represent future cli-
mate. For example, if mean July temperature was
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projected to increase by 1.3°C, we increased all
daily observed temperatures for all months of
July in our 1992-2010 weather stream by that
amount. This method retains the temporal auto-
correlation between daily weather values, which
is an important input to the weather generation
algorithm. To preserve daily correlations between
temperature, relative humidity, and precipitation
in the observed weather, monthly offsets of pre-
cipitation amount and duration were calculated
proportionally to the observed precipitation, a
method that assumes that precipitation inten-
sities stay the same in the future. For instance,
assume that 18 cm of total monthly precipita-
tion for July 2005 was produced by two storms:
a 15 July, two-hour event that delivered 6 cm of
precipitation at 3 cm/h and a 22 July, 3-h event
that delivered 12 cm of precipitation at 4 cm/h.
We allocated one-third of the 9-cm increase in
projected precipitation for July 2030-2059 to the
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first storm and two-thirds to the second storm,
using the same intensities as in the observed
events. Projected daily weather was then used to
calculate “future” daily ERC values and to gen-
erate statistically plausible weather sequences
using the same methods as for the contemporary
period. Reliable estimates of future wind speed
were not available, so the observed wind values
were used.

Fuels and topography.—We obtained required
landscape inputs of 30-m raster grids of slope,
aspect, elevation, fuel model (Scott and Burgan
2005), canopy bulk density, canopy base height,
and canopy height from the Landscape Fire and
Resource Management Planning Tools, or
LANDFIRE program (LANDFIRE 2013). Data
layers were upscaled from 30-m to 270-m pixel
size for modeling efficiency. We used the same
landscape inputs for both the contemporary and
future modeling periods.

Model calibration.—FSim was calibrated until
the mean burn probability was near that observed
in the historical record. Calibration consisted
primarily of adjusting the large fire size threshold,
which determines which fires from the historical
record are considered to be “large” and are thus
included in the logistic regression between
ERC-G and large fire ignition probability. This
parameter  varies regionally based on
characteristics of the fire regime including fire
size distribution (Finney et al. 2011). Our
calibration produced a large fire size threshold of
61 ha. The observed burn probability for the
period 1992-2010 was calculated based on the
observed fires that ignited in the study area, as
recorded in the FPA Fire Occurrence Database
(Short 2014). The mean modeled burn probability
was calculated by averaging the burn probability
of each pixel in the study area. Fire size
distributions in the model output resembled
those from the historical record, following a
power law distribution (Finney et al. 2011). This
indicates that important drivers of fire size
(including spatial patterns in topography and
fuels, and temporal burning windows provided
by hot, dry, windy weather) are well represented
in the model. The average annual burn probability
in the calibrated FSim run closely matched the
observed contemporary (1992-2010) burn
probability in the study area: 0.0031 (modeled)
versus 0.0033 (observed). The large fire size
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threshold and other settings from the calibrated,
contemporary climate simulation were used in
the future climate simulation.

Data analysis

Burn probability.—We report the average burn
probabilities by ecotype (summarized from
LANDFIRE existing vegetation type or EVT) and
fire regime group (FRG). We calculated (1) abso-
lute differences in burn probability between
contemporary and future climates by subtracting
contemporary burn probabilities from future
burn probabilities and (2) percentage difference
(bpogig) in burn probability between contempor-
ary (bpeon) and future (bpgyure) periods:

(bpfuture - bpcon)

bpo,gise = bp

Fire characteristics. —We calculated the mean
and median size of all large fires (=61 ha) for
contemporary and future time periods. We
consider both statistics to be informative; the
median is considered the proper descriptive
statistic of a power law distribution, and the
mean is related to the annual burn probability
(which is necessarily a mean of annual burned
area). Fire-free years were those that elapsed
without a large fire (61 ha), based on the ignition
day and year of each simulated fire. We calculated
the total area burned for each simulation year
and computed the mean annual area burned
during the 20,000 model iterations for both
contemporary and future time periods.

Climatic fire season length.—We compared the
trend in average daily ERC for contemporary
and future time periods. In addition, we
compared daily ERC values recorded at the
Potlatch weather station with the calculated
future ERCs to detect differences in the number
of days at moderate (>80th percentile), high
(290th percentile), and extreme (297th percentile)
ERCs. The 80th percentile is often considered as a
threshold value by land managers, with values
above the 80th percentile indicating onset of the
climatic fire season; thus, FSim simulates large
fire growth only when ERCs are above the 80th
percentile. Previous work (Riley et al. 2013)
indicates that area burned in the western United
States increases exponentially when ERCs are
above the 80th percentile (Fig. 6).
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Burn probability

Modeled annual burn probabilities for the con-
temporary period varied across the study area by
geography, vegetation type, and FRG from a low
of zero (for nonburnable areas) to a high of
0.0385, equivalent to about a 4% annual occur-
rence probability of a large fire (Fig. 7a). Burn
probabilities were highest in the southern part of
the study area, where grasses and shrubs are the
dominant vegetation and FRG indicates short
fire return intervals (Figs. 4 and 7a, Table 1;
LANDFIRE 2008b). Burn probabilities were low-
est for agricultural and developed areas, fol-
lowed by tree-dominated portions of the
landscape, also congruent with expected fire

117°300"W
b

115°0'0"W

Annual burn probability
(future, circa 2030-2059)

47°30'0"N
1
47°30'0"N

117°30'0"W 115°00"W

Fig.7. Annual burn probabilities for the study area, (a) circa 1992-2010 and (b) circa 2030-2059.
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Table 1. Mean burn probability for the entire study area and by vegetation community for the contemporary
(1992-2010) and future (2030-2059) periods, with absolute differences and percentage change in mean burn
probability.

Contemporary
Community (1992-2010) Future (2030-2059) Difference Percentage change

Study area 0.0031 0.0046 0.0015 48

Grassland 0.0085 0.0128 0.0043 51

Shrub 0.0072 0.0107 0.0035 49

Recently burned 0.0054 0.0077 0.0024 44

Herbaceous 0.0034 0.0050 0.0016 47

Tree-dominated 0.0028 0.0042 0.0014 48

Developed 0.0007 0.0010 0.0003 52

Agricultural 0.0001 0.0002 0.0001 53

frequency based on FRG. This result is consistent
with the geographic pattern of recent large fires,
most of which have occurred in the southern part
of the study area. Modeled future burn severity
patterns were similar to the contemporary period
(Fig. 7b); however, mean annual burn probability
for the study area increased from 0.0031 to 0.0046,
or 48%. Annual burn probability increased across
all vegetation classes by 44% to 54% (Table 1,
Fig. 3b). Burn probabilities varied by fire regime
for both contemporary and future scenarios, with
the highest probabilities generally occurring in
areas with more frequent fire return intervals
(Table 2, Figs. 4 and 7). The modeled percentage
change in burn probability was similar across
FRGs, from 48% to 53% increase.

Based on the percentage difference between
contemporary and future periods, the largest
increases in burn probability for all nonde-
veloped lands were modeled for grasslands
(51%) and shrublands (49%), followed by tree-
dominated (48%) and herbaceous (47%) vege-
tated areas (Table 1). In the southern part of the
study area increases in burn probability of 0.001
to 0.036 were predicted, with annual burn prob-
ability values falling frequently between 0.02
and 0.03, equivalent to an annual occurrence
probability of 2% to 3% (Fig. 8). In the northern
half of the study region, where contemporary
annual burn probabilities were much lower,
burn probability slightly increased or decreased
(on the order of 0.00005 to 0.003, or of 1 to 60
fires occurring during the 20,000-year simula-
tion period).

While larger absolute changes in burn proba-
bility are projected for the southern half of the
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study area, larger percentage changes in annual
burn probability are projected for the northern
half of the study area, where burn probabilities
were relatively low. Large percentage changes
correspond to only a small increase in the simu-
lated number of fires; for example, an increase of
0.00005 to 0.00015 amounts to a 300% increase in
burn probability, but only 1 to 3 additional fires
within the 20,000-iteration simulation period. In
general, small increases in burn probability can
result from stochasticity of ignition location (thus
an area that burned once in one simulation may
burn twice or no times in the next run, even if
no program settings are changed), but in some
portions of the northern study area the percent-
age increase in burn probability is large enough
that we infer a climate response; for example, an
increase from 0.00015 to 0.0008 is equivalent to
an additional 3 to 16 fires. While the predicted
changes in the northern part of the study area
tended to be smaller in magnitude than in the
southern half of the study area, it is important
to recognize that small changes in burn proba-
bility can amount to increases of 50% to 500% in
this area, which could drive ecological changes
resulting from increases in burned area and
decreases in fire return intervals, or strain exist-
ing management and fire suppression resources
in the near future.

Fire characteristics

Projected future climate increased the median
size of individual large fires by about 7% (28 ha)
over modeled contemporary median fire size.
Mean fire size was predicted to increase by about
11%, with disproportionate growth in the largest
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Fig.8. Predicted changes in burn probabilities for the study area, (a) absolute change in burn probability and

(b) percentage change in burn probability.

fires. The number of years without a large fire
(“fire-free years”) decreased with projected
future climate, from about 25% to 17%. This
modeled increase in large fire activity likely
occurred because there are more days in the
2030-2059 weather sequence with ERCs above
the 80th percentile, amounting to more frequent
occurrence and longer duration of weather con-
ditions conducive to large fire growth.

Increased mid-century burn probability res-
ulted from increased fire size and number of fires
as compared with the contemporary period. In
the study area as a whole, the total area burned
by all fires occurring in a single year was mod-
eled to increase with future climate by roughly
46% or about 6800 ha/yr on average, as compared
with contemporary mean annual area burned
of about 14,750 ha. The number of large fires
increased because weather conditions condu-
cive to large fire ignition and growth were more
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common and lasted longer in the mid-century
weather stream. In addition, because daily igni-
tion probability in FSim is a function of ERC and
there are more days at elevated ERC represented
in the future weather stream, the number of igni-
tions increased.

No marked change in the seasonality of fires was
observed. Increased numbers of fires (summed
daily over 20,000-iteration simulation period) occ-
urred between June and October in mid-century,
with the greatest increases between July and
September (Fig. 9). Little or no change in the num-
ber of fires was observed between November and
May.

Climatic fire season length

The number of days above the 80th percentile
ERC is projected to increase by approximately
12 d/yr in mid-century, with a projected increase
of 8 d/yr above the 90th percentile ERC and
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Table 2. Mean burn probability for study area by fire regime group (FRG).

Percentage of ~ Contemporary Future Raw Percentage
FRG study area (1992-2010) (2030-2059)  difference  difference
1. <35-year fire return interval, low and 5 0.00615 0.00924 0.00309 50
mixed severity
2. <35-year fire return interval, replacement 3 0.00614 0.00931 0.00317 52
severity
3. 35- to 200-year fire return interval, low 64 0.00269 0.004 0.00131 49
and mixed severity
4. 35- to 200-year fire return interval, 15 0.00353 0.00525 0.00172 49
replacement severity
5.>200-year fire return interval, any 9 0.00255 0.00377 0.00122 48
severity
Indeterminate 1 0.00687 0.0105 0.00363 53

Note: We do not report burn probabilities for the approximately 3% of the study area that is water or barren, because those

areas are classified as nonburnable in the FSim model.

5d/yr above the 97th percentile (Table 3). Because
fire seasons are variable in length and severity,
the number of days above these thresholds will
also vary from year to year; these figures repre-
sent the mean.

Due to seasonal differences in projected cli-
mate, ERCs increased during some parts of the
year and decreased during others (Fig. 10). Future
ERCs decreased or showed no change over con-
temporary trends between November and June
and increased between July and October. During
the climatic fire season (when ERCs were above
the 80th percentile), ERCs increased by about 7%.
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Fig. 9. Total daily number of ignitions (summed
over the simulation period of 20,000 yr) for
contemporary (black) and projected future 2030-2059
(orange) simulations.
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Higher ERCs during the shoulder seasons (driven
by projected elevated temperatures, decreased
RH, and lower precipitation) increased the
length of the climatic fire season. Because burned
area increases sharply around the 80th percentile
ERC in the western United States (Fig. 6; Riley
et al. 2013), a projected increase in the number of
days spent above the 80th percentile is a likely
indicator of future increases in area burned.

DiscussioN

The composition and structure of forests in the
Northern Rockies is largely determined by cli-
mate, elevation, topographic position, and his-
tory of fire (Schoennagel et al. 2004). However,
fire history can no longer be the sole predictor of
future fire patterns or fire behavior: A combina-
tion of management factors (e.g., timber harvest,
fire exclusion and associated increased surface
fuel loads, tree densities, and ladder fuels) and
climate drivers (earlier snowmelt, higher sum-
mer temperatures, and longer climatic fire sea-
son) has recently produced increased wildfire
activity compared to the mid-20th century, par-
ticularly in the Northern Rockies (Westerling
et al. 2006, Littell et al. 2009, Naficy et al. 2010,
Loehman et al. 2014). As demonstrated in this
study, climate-driven changes in temperature
and precipitation regimes are likely to increase
wildfire activity in the future, via the effects on
fuel moistures and increased length of the cli-
matic fire season.

The climate projections used in this analy-
sis describe warmer and drier summers for the
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Table 3. Annual percentage and mean number of days with moderate or high fire danger for contemporary

and future periods.

>80th percentile ERC 290th percentile ERC >97th percentile ERC
Period (moderate) (high) (extreme)
Contemporary (1992-2010) 11% (40 d/yr) 6% (23 d/yr) 2% (7 d/yr)
Future (2030-2059) 14% (53 d/yr) 9% (31 d/yr) 3% (12 d/yr)
Mean difference 3% (12 d/yr) 2% (8 d/yr) 1% (5 d/yr)

Note: ERC, energy release component.

mid-century period 2030-2059, resulting in a
modeled increase in the number of large fires, the
area of individual fires, and changes in landscape
burn probability. The mechanism for increased
fire activity was the combination of decreased
precipitation, decreased or static relative humid-
ity, and increased average temperature during
the climatic fire season (approximately June—
September), which drove low fuel moistures and
provided conditions conducive for successful
ignitions and rapid fire spread. Increases in fire
activity were particularly pronounced in areas
dominated by grass and shrubland vegetation,
such as in the southern part of the study area
where grasses, sagebrush, and open ponderosa
pine dominate, as compared with areas dom-
inated by closed-canopy mesic mixed-conifer
forests.

FSim models the location of fires as a stochastic
process. Ignition locations vary among simula-
tions, so that an area that burns once in one sim-
ulation may not burn again in another model run

even if all other settings are the same. Regions
within the simulation area that show small
increases or decreases in burn probability with
future climate may be reflecting this stochasticity,
rather than the effects of climate-driven changes
in fuels or daily weather. In contrast, larger mag-
nitude changes in burn probability likely occur
as the result of projected changes in climate.
Modeled changes in fire characteristics—
increased fire size, annual area burned, the
number of large fires, and decreased fire inter-
vals—may pose some of the greatest ecologi-
cal and management challenges of the future.
Dry forests, shrublands, and grasslands in the
study region exist in a state of “fire deficit”
(Marlon et al. 2012). The exclusion of fire from
the region’s fire-prone, forested biomes has
increased surface and canopy fuel loads and
canopy cover in forested systems, shifted the
composition of mature forests toward late seral,
shade-tolerant, nonfire-adapted species, and hin-
dered the regeneration of fire-adapted species
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Fig.10. Mean daily energy release component (ERC) based on contemporary weather at the Potlatch weather

station (black) and predicted future ERCs (orange).
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such as ponderosa pine, which requires exposed
mineral soil for regeneration (Agee 1998, Taylor
and Skinner 2003, Peterson et al. 2005). In shru-
bland and grassland areas, historically frequent
surface fires prevented encroachment by trees
and maintained heterogeneous plant communi-
ties (Heyerdahl et al. 2006). Thus, fire-prone, fire-
adapted ecosystems from which fires have been
excluded for 100-plus years may be considered
highly stressed systems that are potentially at
risk for the replacement of fire-adapted species,
decreased heterogeneity and altered landscape
composition, high-severity fire as the result of
increased fuel loads, and increased tree mor-
tality from drought, insects, and other stressors
(Loehman et al. 20115, 2014, Keane et al. 2015q).
Reintroduction of fire to these systems may
reduce future crown fire potential and tree mor-
tality by reducing surface fuel loads and increas-
ing vertical and horizontal canopy separation
(Stephens et al. 2009), thereby restoring historical
climate—fire—vegetation relationships. However,
areas that are highly departed from historical fire
regimes, fuels, and canopy structure or where
climate changes and/or human activities have
introduced disequilibrium conditions (i.e., where
changes in vegetation composition and fuel
load lag behind directional changes in climate;
Sprugel 1991, Parks et al. 2016) may be rapidly
and persistently altered by wildfires, especially
those that burn under extreme conditions (e.g.,
hot and dry weather, high winds).

At the wildland-urban interface (WUI), higher
population density and altered fuels and for-
est structure have already created forest condi-
tions that are likely to experience an increase in
area burned and potentially more high-severity
fire than in the historical record (Dillon et al.
2011). Future expansion of the WUI and its res-
ident population, further changes in fuels and
forests, and increased frequency and duration
of weather conducive to large fires will likely
further increase large fire risk in WUI areas by
mid-century (Williams 2015). Existing fire sup-
pression resources are likely to be strained, espe-
cially in years with regionally synchronous fires,
and unless operational capacity is increased the
current system will not likely be able to handle
increased numbers of fires (Wotton and Stocks
2006, Calkin et al. 2015). Should a disproportion-
ate number of fires escape initial attack under the
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extreme weather conditions modeled here, area
burned may increase more dramatically and at a
faster rate than suggested by fire danger ratings
(Flannigan et al. 2009).

We modeled a mid-21st-century increase in
climatic fire season length (12 d/yr, ERCs above
the 80th percentile), days with high fire poten-
tial (8 d/yr, ERCs above the 90th percentile), and
extreme fire potential (5 d/yr, ERCs above the 97th
percentile). Future ERCs were elevated earlier in
spring and later in fall, lengthening the climatic
fire season and increasing the potential for fire
spread and larger annual area burned. For fire
managers, ERC is an indicator of fire intensity
potential and is used in fire planning and econom-
ics. Higher ERCs are often associated with larger,
more expensive fires (Gebert et al. 2007). Increased
fire activity and more extreme fire behavior asso-
ciated with periods of elevated ERC may signifi-
cantly increase the cost and complexity of future
fire management activities, requiring new strate-
gies to maintain desired ecological conditions and
limit fire risk (Brown et al. 2004, Ager et al. 2010).

Model assumptions and limitations

Projections of future climate are uncertain
because trajectories of climate change and the
severity of its impacts depend strongly on socie-
tal policies and actions (Mach et al. 2016). Further,
global climate models and their downscaled
products may not accurately represent climate
and weather at the regional and local scales that
influence fire occurrence and behavior. For exam-
ple, although associations between fire and qua-
siperiodic patterns such as ENSO and PDO have
been identified, there is incomplete understand-
ing of how these will respond to climate warming
(McKenzie et al. 2004, Chen et al. 2016). In addi-
tion, precipitation trends are highly variable and
projections of future precipitation reflect both
high uncertainty and high variation (Murphy
et al. 2004). However, ensemble mean estimates
of future climate are often considered more
robust than single model estimates, especially
where the membership of the ensemble has been
limited to models that perform best for a particu-
lar region (Littell et al. 2011b). Wind greatly affects
fire spread, and future work could be enhanced
by using downscaled projections of wind speed
and direction under future projected climate if
those become available. Lightning, an important
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ignition source for wildland fires, may increase in
the future, thus increasing the potential for fire
activity; for example, recent projections suggest
that lightning strikes in the continental United
States may increase by about 50% over the 20th
century as the result of global warming-induced
increase in updraft speeds and atmospheric water
content (Romps et al. 2014). However, others
have concluded that confidence in projections of
increased thunderstorms and severe local
weather events is low (Seneviratne et al. 2012).

The FSim results presented here are subject to
these and a number of other assumptions and
limitations. Our results presume that the relation-
ship between ERC and ignition probability will
be the same in the future, although this relation-
ship varies across different climate and vegetation
regimes and must be parameterized for local con-
ditions. We assumed that the effectiveness of fire
suppression forces will be similar in the future,
but a number of factors could affect suppression
effectiveness including changes in availability of
suppression resources, new suppression technol-
ogies, or different suppression policies. Extreme
weather conditions not observed in the historical
record and climate- and human-induced changes
to vegetation and fuels can influence suppres-
sion effectiveness, fire patterns, and fire behavior.
Because we used the same landscape file (topogra-
phy, fuels, and vegetation structural information)
for contemporary and mid-century simulations,
our results do not reflect potential reciprocal inter-
actions among climate, vegetation, and wildfire,
although we acknowledge the importance of
these complex and potentially nonlinear relation-
ships and feedbacks (Falk et al. 2007, Kitzberger
et al. 2012, Svenning and Sandel 2013, Loehman
et al. 2016). However, given the strong observed
relationships between wildfire and climate in the
Northern Rockies, and the tight coupling of fire
danger (ERC) and area burned, our projections
of increased fire activity under warmer, drier
fire season conditions projected for mid-century
are reasonable, at least until sufficient fire activ-
ity limits fuel amount and vertical and horizon-
tal continuity. These results highlight potential
shifts in timing, extent, and spatial arrangement
of increased fire activity that may impact or over-
whelm fire management capacity to manage
future landscapes using the same strategies and
tactics currently in place.

ECOSPHERE « www.esajournals.org

RILEY AND LOEHMAN

CONCLUSIONS

Simulations of wildfire ignition and growth
under projected mid-21st-century climate indi-
cated an increase in annual burn probability of
about 48% for the Northern Rockies study area.
Increased burn probability was driven by several
factors: (1) an increased number of ignitions due
to an annually longer period of hot, dry weather,
(2) lower fuel moistures and resulting rapid fire
growth, and (3) an increased number of days
with moderate to extreme fire weather. Here, we
develop a method that facilitates simulation of
large fire spread under future climates using the
FSim model (chosen for its strengths in realisti-
cally simulating fire ignition, spread, and con-
tainment). This method can be easily replicated
in other study areas or using alternative climate
change scenarios. Modeled increases in burn
probability, the number of large fires, and cli-
matic fire season length have implications for
land management planning and national fire
suppression budgets and indicate possible shifts
in vegetation assemblages. This study furthers
current knowledge about future changes in the
occurrence of large wildfires, but more work is
needed in order to incorporate the impact on fire
occurrence of potential changes in vegetation
assemblies, ecological impacts of increased fire
activity or more severe fires, and potential
changes in ignition patterns, wind speeds, and
other climate uncertainties.
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