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This study investigates trends in wildfire potential in the continental United States under a changing cli-
mate. Fire potential is measured by the Keetch–Byram Drought Index (KBDI), which is determined by
daily maximum temperature and precipitation. The impact of relative humidity and wind speed is
examined by comparing KBDI with the modified Fosberg Fire Weather Index (mFFWI). The present
(1971–2000) and future (2041–2070) daily regional climate conditions were obtained by dynamical
downscaling of the HadCM3 global projection using HRM3 regional climate model provided by the North
America Regional Climate Change Assessment Program (NARCCP). It is shown that fire potential is
expected to increase in the Southwest, Rocky Mountains, northern Great Plains, Southeast, and Pacific
coast, mainly caused by future warming trends. Most pronounced increases occur in summer and
autumn. Fire seasons will become longer in many regions. The future fire potential increase will be less
pronounced in the northern Rocky Mountains due to the changes in humidity and wind. Present fire
potential is found to have been increasing across continental U.S. in recent decades. The future KBDI
increase in the central Plains and the South projected using the HadCM3–HRM3 climate change scenario
is smaller than the increases using the climate change scenarios from most of other NARCCAP model
combinations. Larger inter-seasonal and inter-annual fire potential variability is expected in the future
in the Pacific and Atlantic coastal regions. The projected increases in wildfire potential for many regions
of the U.S. suggest that increased resources and management efforts for disaster prevention and recovery
would be needed in the future.

Published by Elsevier B.V.
1. Introduction

Periodic wildfires are characteristic of fire-adapted ecosystems
worldwide. Wildfires, meanwhile, can also be a major natural
disaster. Increased fuel loading resulting from fire exclusion and
other management activity, arson ignitions and expansion of hu-
man settlements into fire-prone vegetation driven by population
growth have resulted in more frequent and costlier wildfires.
About 370 M ha (1 M ha = 104 km2, 1 ha = 2.47 acres) of forest
and other ecosystems were burned globally each year on average
during 1997–2008 (Giglio et al., 2010). The 1997–1998 fires in
Indonesia burned 8 M ha (Cochrane, 2003). The latest catastrophic
wildfires in southeastern Australia (AP, 2009) burned about
0.22 M ha of forest, destroyed 750 homes on 1 day, and killed more
than 200 people. In the United States, almost 2 M ha of forest and
other ecosystems were burned annually from 1992 to 2001, which
cost billions of U.S. dollars (USFA, 2005). The burned areas in-
creased to about 3 M ha from 2002 to 2011 (NIFC, http://
www.nifc.gov/fireInfo/fireInfo_stats_totalFires.html).
B.V.

: +1 706 559 4317.

Future U.S. wildfire potential t
0.1016/j.foreco.2012.06.049
Wildfires can also lead to adverse environmental consequences.
Wildfires emitted about 2.0 Pg C annually during 1997–2009,
about one third of the total carbon emissions (van der Werf
et al., 2010). The carbon emissions from the 1997–1998 Indonesian
wildfires were the equivalent of the total global carbon uptake by
the terrestrial biosphere in a typical year (Page et al., 2002; Tacconi
et al., 2007). Smoke particles are one source of atmospheric aero-
sols, which affect atmospheric radiative transfer through scattering
and absorbing solar radiation and modifying cloud microphysics
(Charlson et al., 1992; Forster et al., 2007). These processes can fur-
ther modify clouds and precipitation and atmospheric circulations
(Ackerman et al., 2000; Liu, 2005a, 2005b). Boreal fires are an
important factor for greenhouse effect and radiative forcing. They
contribute more black carbon to the Arctic than anthropogenic
sources in summer (Stohl et al., 2006); the deposition of black car-
bon on snow and ice covers in high latitudes reduces albedo of
snow and increases the solar radiation absorbed by the ground,
which in turn speeds up snow melting (Hansen and Nazarenko,
2004). The roles of boreal fires in short- and long-terms climate
variability could be different. Randerson et al. (2006), for example,
indicated based on measurements and analysis of a boreal forest
fire that the integrating the effects of greenhouse gases, aerosols,
rends projected using a dynamically downscaled climate change scenario.
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black carbon deposition on snow and sea ice, and postfire changes
in surface albedo will increase radiative forcing during the first
year, but to decrease radiative forcing when averaged over an
80-year fire cycle, implying that future increases in boreal fire
may not accelerate climate warming. In addition, wildfires release
large amounts of particulate matter (PM) and other air pollutants,
which can degrade air quality (Riebau and Fox, 2001; Langmann
et al., 2009).

Fire potential as well as fire behavior of individual fires during
specific days or months is determined by fire weather, which is
characterized by atmospheric elements such as temperature,
humidity, wind and atmospheric processes such as precipitation,
fronts, jet streams, and troughs/ridges. Temperature, humidity,
wind speed, and precipitation can affect fuel moisture which is a
factor for fire ignition, while wind is important for both fire igni-
tion and spread. Fire activity during an entire fire season, inter-fire
season variability, inter-annual variability, and long-term trends,
meanwhile, are determined by fire climate, which is a synthesis
of daily fire weather (Pyne et al., 1996). Fire climate describes sta-
tistical features (e.g., means and variances) of fire weather features
over a long period.

The relationship between wildfire and climate has received
increasing scrutiny in recent years due to occurrence of cata-
strophic mega-fires and potential effects of climate change on fire
regimes (Flannigan et al., 2009a, 2009b; Wotton et al., 2010). There
has been a trend for increased fire activity, especially catastrophic
mega-fires, in recent decades (Piñol et al., 1998; UNFAO, 2001;
Gillett et al., 2004; Reinhard et al., 2005; Westerling et al., 2006).
Among the converging factors seen as underlying this trend were
extreme weather events such as extended droughts (Goldhammer
and Price, 1998; Stocks et al., 2003), which are persistent weather
anomalies that can directly impact the fire activity of a fire season.
Of additional concerns is possible impact on fire of climate change.
Many climate models have projected significant climate change
this century due to the greenhouse effect (IPCC, 2007), including
an overall increase in temperature worldwide and a drying trend
in many subtropical and mid-latitude regions. Thus, it is likely
wildfires will increase in these regions. Understanding of future
wildfire trends under projected climate change is essential to
assessing wildfire’s potential impacts and damage to humans, eco-
systems and the environment in the future, and to further design-
ing and implementing necessary measures to mitigate these
impacts.

Several approaches to projecting fire trends are available. One is
to use fire weather indices to project fire potential and risk, which
is a measure of the possibility of fires of a certain severity occurring
in an area. Some of the most popular indices are the Keetch–Byram
Drought Index (KBDI) (Keetch and Byram, 1968), Fire Weather In-
dex (FWI) (Van Wagner, 1987), energy release component (ERC),
and the burning index (BI). Another approach is to build statistical
relations between historical fire properties (burned areas, occur-
rence, intensity, severity, and seasonality, etc.) and fire weather
indices or atmospheric elements (e.g., temperature, humidity, pre-
cipitation, and lightning), and project future fire properties based
on projected future climate. Fuel conditions and human activity
are also useful factors in addition to climate conditions. A third ap-
proach is vegetation modeling, often using dynamic global vegeta-
tion models (DGVMs) such as HYBRIDS (Friend et al., 1995), MC1
(Bachelet et al., 2001a, 2001b), LPJ (Sitch et al., 2003), CLM (Levis
et al., 2004), IBIS (Foley et al., 2005), and DLEM (Tian et al., 2010).

These approaches have been used to project future global fire
trends. Scholze et al. (2006) simulated changes in global ecosystem
processes due to climate change with the LPJ model based on mul-
tiple scenarios from 16 climate models. Krawchuk et al. (2009)
used statistical generalized additive models to characterize current
fire patterns and project the potential distribution of future fire
Please cite this article in press as: Liu, Y., et al. Future U.S. wildfire potential t
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based on fire, climate, net primary productivity, and ignition data.
Liu et al. (2010) projected global fire potential using the KBDI and
future climate projections from four climate models under various
emissions scenarios. Pechony and Shindell (2010) used empirical
relations among fire activity and parameters including vegetation
density, ambient meteorological conditions, availability of ignition
sources, and fire suppression rates to project fire trends based on
simulated climate variations and land-use changes. These studies
projected increased future fire occurrence and severity in western
North America, southern Europe, central Asia, and central South
America, central South Africa, and parts of Australia.

More detailed projections of future fire trends for North
America have been provided based on regional or local climate
change scenarios downscaled statistically or dynamically from glo-
bal climate model or general circulation model (GCM) projections.
For Canada, Flannigan et al. (2001) showed that future forest fire
danger measured by FWI is expected to increase in most of Canada
although there is significant regional variability including a de-
crease in much of eastern Canada. Amiro et al. (2001), Flannigan
et al. (2005), and Balshi et al. (2008) projected an overall increase
in burned area of the boreal regions. Wotton and Martell (2005)
projected an increase in lightning fire activity of 80% for Ontario,
Canada by the end of the 21st century. For the U.S., Brown et al.
(2004) showed that the number of days of high fire danger for
the western U.S. measured using ERC will increase in the northern
Rockies, Great Basin and the Southwest; Liu et al. (2005) estimated
an increase of 50% in burned area for the continental U.S. and over
100% for the western U.S. by 2050, while Spracklen et al. (2009)
estimated an increase of 54% for the western U.S. by that time.
Many studies (e.g., Bachelet et al., 2001a, 2001b; Lenihan et al.,
2003; Whitlock et al., 2003; Rogers et al., 2011) projected an in-
crease in burned area across the U.S. using the MC1 dynamic veg-
etation model.

In an earlier study of global fire potential trends measured using
the KBDI (Liu et al., 2010), the United States was identified as one
of the geographic regions where significant increase in fire poten-
tial is expected under a changing climate in the future. In this study
we provide further details of spatial patterns and temporal varia-
tions of future fire potential trends in the continental U.S. by using
a dynamically downscaled regional climate change scenario pre-
pared by the North America Regional Climate Change Assessment
Program (NARCCAP) (Mearns et al., 2009). The next section de-
scribes the methods and data used for calculating KBDI and an-
other fire index, the modified Fosberg Fire Weather Index. The
results and discussion are provided in Sections 3 and 4, respec-
tively. Conclusions are provided in the final section.
2. Data and methods

2.1. Regional climate scenario

The datasets of the present and future regional climate gener-
ated by NARCCAP (Mearns et al., 2009) were used. NARCCAP pro-
duces high-resolution climate change simulations to investigate
uncertainties in regional scale projections of future climate and
to generate climate change scenarios for use in climate change im-
pact research. Regional climate change scenarios are obtained by
running a set of regional climate models (RCMs) driven by a set
of global general circulation models (GCMs) over North America.
The GCMs used are the Community Climate System Model (CCSM),
the Coupled Global Climate Model, version 3 (CGCM3), the
Geophysical Fluid Dynamics Laboratory climate model (GFDL),
and the Hadley Centre Climate Model, version 3 (HadCM3). The
RCMs used are the Canadian Regional Climate Model (CRCM), the
Regional Spectral Model (RSM), the High resolution Regional Model
rends projected using a dynamically downscaled climate change scenario.
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(HRM), the Meso-scale Meteorological Model, version 5 (MM5I),
the Regional Climate Model, version 3 (RCM3), and the Weather
Research and Forecasting model (WRFG). There are total 10
GCM–RCM combinations.

Simulations were conducted for the present period of 1971–
2000 and the future period of 2041–2070 at a spatial resolution
of 50 km. The downscaling of future climate projections was made
only for the IPCC Special Report on Emission Scenarios (SRES) A2
emissions scenario (Nakicenovic et al., 2000). A2 together with
three other scenarios combines two sets of divergent tendencies:
one set varies between strong economic values and strong environ-
mental values, the other set between increasing globalization and
increasing regionalization. In comparison with the A1 scenario that
describes a future of very rapid economic growth, global popula-
tion that peaks in mid-century and declines thereafter, and the ra-
pid introduction of new and more efficient technologies, the A2
scenario describes a very heterogeneous world with slower growth
and greater regional disparity.

The spatial patterns and seasonal variations of KBDI were calcu-
lated and analyzed in this study using the daily regional climate
change scenario from the HadCM3–HRM3.
2.2. Keetch–Byram Drought Index (KBDI)

KBDI is in essence an indicator of soil moisture deficit and is
based on a number of physical assumptions (Chu et al., 2002). Soil
water transfer to the atmosphere through evapotranspiration is
determined by temperature and annual precipitation, which is
used as a surrogate for vegetation cover (areas with higher annual
rainfall are assumed to support more vegetation). See Supplemen-
tary material for the formulas to calculate KBDI. KBDI was devel-
oped and evaluated for the southeastern U.S. It has been used for
guidelines on expected fire conditions and potential suppression
problems for this region (Melton, 1989). The applicability and pos-
sible limitations to other geographic regions were discussed in, for
example, Snyder et al. (2006), Xanthopoulos et al. (2006),
Groisman et al. (2007), and Liu et al. (2010). In general, KBDI has
been found useful beyond the southeastern U.S.

Wildfire potential is divided into four levels based on KBDI val-
ues (http://www.wfas.net). (a) Low (KBDI = 0–200): Soil moisture
and large class fuel moistures are high and do not contribute much
to fire intensity. (b) Moderate (200–400): Lower litter and duff lay-
ers are drying and beginning to contribute to fire intensity. (c) High
(400–600): Lower litter and duff layers contribute to fire intensity
and will actively burn. (d) Extreme (600–800): Intense, deep burn-
ing fires with significant downwind spotting can be expected. The
four KBDI levels are typical of spring dormant season following
winter precipitation, late spring and early in the growing season,
late summer and early autumn, and often associated with more se-
vere drought and increased wildfire occurrence, respectively.
2.3. Fire potential projections and analyses

Daily KBDI was calculated for present and future periods, each
with a period of 30 years, using the daily NARCCAP datasets. The
calculation steps at each grid point are as follows: (1) Daily KBDI
was calculated for first 5 years starting from an initial value of zero.
(2) The average of the values on the last day of each year was ob-
tained. (3) Daily KBDI was recalculated but for the entire 30 years
using the average as an initial value.

Future fire potential trends were projected based on the calcu-
lated present and future KBDIs using the corresponding daily re-
gional temperature and precipitation conditions from NARCCAP.
To examine the relative importance of changes in the two meteo-
rological variables, two more KBDI projections were made, one
Please cite this article in press as: Liu, Y., et al. Future U.S. wildfire potential t
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only considering future change in maximum temperature and
the other only future change in precipitation.

One of the recognized limitations with KBDI is that it does not
include humidity and wind, which are also closely related to fire
occurrence and behavior (Flannigan and Harrington, 1988). To
examine the impact of these two meteorological elements, the
KBDIs were compared with the modified Fosberg Fire Weather In-
dex (see Supplementary material).

The future fire potential trends were projected only using the
regional climate change from HadCM3–HRM3. A very rough com-
parison of KBDI was made between this model combination with
other combinations based on the data provided in Mearns (2012)
(see Supplementary material).
3. Results

3.1. Present climate and future change

3.1.1. Temperature
The present maximum surface air temperature (Fig. S1) shows a

spatial pattern of decreasing from about 25 �C in the subtropics
(Florida, southern Texas, and southern California) to just below
zero in the middle latitudes in winter. Temperature is slightly
higher in the western than the eastern U.S. except in the Rocky
Mountains where temperature is below �5 �C due to high eleva-
tion. Temperature increases in spring but the spatial pattern re-
mains almost the same. Temperature further increases in
summer, most remarkably in the southwestern U.S. It decreases
from above 40 �C in this region to about 25 �C in northeastern
U.S. The magnitude and pattern in autumn are similar to those in
spring.

Future temperature is projected to increase almost everywhere
in all seasons (Fig. 1). During winter and spring, only the higher lat-
itudes show a large increase. This pattern totally changes in sum-
mer, when temperature in the central U.S. increases by more
than 4 �C. The pattern in summer remains the same in the autumn
but with reduced magnitude.

3.1.2. Precipitation
Present precipitation in winter (Fig. S2) occurs mainly in the

eastern U.S. and along the Pacific coast as well as at some patchy
locations in the Rocky Mountains. The magnitude of seasonal pre-
cipitation is more than 300 mm. The spatial pattern remains the
same in spring, but the major precipitation areas expand in the
eastern U.S. but retreat in the Pacific coast. In summer, the eastern
precipitation area further expands, while the western one disap-
pears. Seasonal precipitation amount is less than 30 mm in the Pa-
cific coast and Intermountain. Precipitation pattern in autumn is
characterized by the return of large amount of precipitation in
the northern Pacific coast and small amount of precipitation in
the Southeast.

Future winter precipitation (Fig. 2) is projected to increase. The
largest increase occurs in the eastern U.S. with a magnitude of over
60 mm. In contrast, precipitation will decrease in the northern
Pacific coast and southern Plains. Future precipitation decrease is
more noticeable in spring, especially in the Southwest. The
decreasing areas further expand to almost entire western U.S. in
summer with a magnitude of about 50 mm, and to the Southeast
in the autumn.

3.1.3. Relative humidity
Air relative humidity (RH) is directly proportional to air specific

moisture, which often correlates well to precipitation, and inver-
sely proportional to air temperature. The impact of temperature
is clearly seen in winter RH, which shows a generally opposite
rends projected using a dynamically downscaled climate change scenario.
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Fig. 1. Spatial patterns of future change in maximum air temperature in the continental U.S. (in �C) between 2041–2070 and 1971–2000. The four panels are for winter,
spring, summer, and autumn. (The data used for this figure were obtained from the NARCCAP.)

Fig. 2. Same as Fig. 1 except for precipitation (in mm).
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spatial pattern to that of temperature. RH increases in winter from
less than 40% in the southwestern U.S. to more than 90% in the
northern Midwest and Northeast as well as in the Rocky Mountains
(Fig. S3). Spring RH has a similar spatial pattern but smaller mag-
nitude due to increased temperature from winter to spring. Sum-
mer RH increases from 20% to 30% in the Pacific coast and
Intermountain (except for a narrow coastal band) to the 40s% in
the Rocky Mountains, 50s% in the Great Plains, and 60s% in the
Please cite this article in press as: Liu, Y., et al. Future U.S. wildfire potential t
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Midwest and most of the eastern U.S. RH in autumn again shows
an increasing trend relative to summer.

Future winter RH will decrease everywhere except some spots
in the northwestern U.S. (Fig. 3). RH will decrease by 6% or more
in parts of the Southwest and the Intermountain, and about 4% in
the Great Plains and Appalachia. In spring, a large reduction is also
seen in the Midwest. Summer RH decreases by 10% in the southern
Rockies and western Midwest, but increases in California, southern
rends projected using a dynamically downscaled climate change scenario.
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Fig. 3. Same as Fig. 1 except for surface air relative humidity (%).
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Texas, and parts of Florida. The area with increased RH extends to
the region west of the Rocky Mountains in the autumn.

3.1.4. Wind speed
Present wind speed has a similar spatial pattern throughout

seasons, that is, relatively windy conditions in the Great Plains
and Midwest and calm conditions in other regions (Fig. S4). The
magnitude is the largest and smallest in spring and summer,
respectively.

Future change in wind speed is also similar among various sea-
sons except autumn (Fig. 4). Wind speed mostly decreases in the
Fig. 4. Same as Fig. 1 except for
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northern U.S. but increases in the southern U.S. in winter, spring,
and summer. Wind speed in autumn decreases in the western
U.S. and the southeastern coastal area, but increases in the Great
Plains and Midwest.

3.2. KBDI

3.2.1. Spatial patterns
Fig. 5 shows spatial patterns of present KBDI values for individ-

ual seasons. In winter, a belt of large values over 600 (high fire po-
tential) is found in the inland areas of the Pacific coast. There are
surface wind speed (m/s).

rends projected using a dynamically downscaled climate change scenario.
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Fig. 5. Spatial patterns of present KBDI for the period of 1971–2000 in the continental U.S. The four panels are for winter, spring, summer, and autumn.
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also large values in the Intermountain. KBDI values decrease rap-
idly towards the east and become less than 200 (low fire potential)
in the Great Plains. This spatial pattern remains during other sea-
sons but with some changes. The magnitude of KBDI in the western
U.S. is slightly smaller in spring than winter. This trend however
reverses in summer. Large KBDI values of over 300 (moderate fire
potential) appear in the southern U.S. In autumn, KBDI values be-
come larger in both the western and southern U.S., with the values
of over 400 in the southern U.S. (high fire potential).

In the future (Fig. 6), KBDI values are expected to increase in the
Southwest, Rockies, and the northern Great Plains by 100 with
many areas over 200 in all four seasons. KBDI will increase in a
large portion of the eastern U.S. by over 100 in summer and au-
tumn with the largest increase of over 200 in the Appalachians
in autumn. In contrast, KBDI will decrease west of the Rockies ex-
cept a narrow Pacific coastal area, mainly in winter and spring.

3.2.2. Regional average
Regional averages of KBDI as well as meteorological elements

were obtained to more quantitatively analyze and compare regio-
nal features, especially magnitude. The continental U.S. is divided
into eight regions (Fig. S5) of Pacific South (PS) and Pacific North
(PN) along the Pacific coast, Southwest (SW) and Northwest
(NW) in the Rocky Mountains and the Intermountain, South Cen-
tral (SC) and North Central (NC) in the central U.S., and Southeast
(SE) and Northeast (NE) along the Atlantic coast. Averages were
also obtained over the entire continental U.S. (US).

The results of regional KBDI are shown in Fig. 7. Present KBDI
values in all regions except Southwest and Northwest first de-
crease from winter to spring, and then increase in summer and au-
tumn. The values in Southwest and Northwest are larger in spring
than in summer. The values are generally larger in the western
than eastern U.S. regions. Fire potential, for example, are high in
winter and summer, moderate in spring, and extreme in autumn
in Pacific South, but only low in winter and spring and moderate
in summer and autumn in Southeast.

Future KBDI values will increase in almost all seasons and
regions. KBDI increases mostly by 100 or more in summer and
Please cite this article in press as: Liu, Y., et al. Future U.S. wildfire potential t
Forest Ecol. Manage. (2012), http://dx.doi.org/10.1016/j.foreco.2012.06.049
autumn but by a much smaller amount in winter and spring. The
temporal variations can be seen more clearly in the annual cycle
of monthly KBDI (Fig. S6). Regional temperature increases by more
than 2 �C in almost all seasons and regions (Fig. S7). The largest in-
crease of almost 4 �C occurs in the summer; this warming would
favor increases of KBDI. Regional seasonal precipitation (Fig. S8)
mostly increases across all seasons, with the largest increase of
more than 40 mm in winter and/or spring in Southeast and North-
east. This would favor decreases in KBDI. The projected overall in-
creases in KBDI suggest that the future temperature change plays a
more important role than precipitation change in fire potential
trends.

Future KBDI is reduced by about 50 in winter and spring in Pa-
cific South and Pacific North. This seemly disagrees with the corre-
sponding temperature and precipitation changes. Temperature
increases by about 2 �C, favoring an increase of KBDI. Precipitation
changes differently, depending on season and region. Precipitation
in Pacific South and Pacific North either changes little or increases
in winter and spring, which is at least not in favor of a decrease in
KBDI.

This apparent disagreement could be explained from the fea-
ture of the largest amount of rainfall in winter rather than a warm
season in Pacific South and Pacific North. It can be derived from
Eqs. (S1) and (S2) that daily KBDI incremental rate is negative
(i.e., dQ < 0) when temperature T < 6.9 �C, or when T > 6.9 �C but
daily rainfall (dP) is large enough to overcome the contribution
from temperature. Winter rainfall is extremely large (about
500 mm) in Pacific South and Pacific North. Meanwhile, winter
temperature is relatively low, about 10 and 5 �C in Pacific South
and Pacific North, respectively. Thus, it is expected that daily KBDI
incremental rate calculated using Eqs. (S1) and (S2) would be neg-
ative on a number of days in winter. However, final KBDI values,
which are shown in Fig. 7, are those with an adjustment of
dQ = 0 to those days when T 6 10 �C; they therefore are higher than
those calculated using Eqs. (S1) and (S2).

In the future, temperature will increase and thus the days on
which an adjustment is needed should be reduced by a certain
number. On the reduced number of days, instead of dQ = 0 at
rends projected using a dynamically downscaled climate change scenario.
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Fig. 6. Same as Fig. 5 except for changes in KBDI between 2041–2070 and 1971–2000.

Fig. 7. Regional averages of seasonal KBDI. The top and bottom panels are for the present period of 1971–2000 and future change between 2041–2070 and 1971–2000. The
regions indicated below each panel are Pacific South (PS), Pacific North (PN), Southwest (SW), Northwest (NW), South Central (SC), North Central (NC), Southeast (SE),
Northeast (NE), as well as continental U.S. (US) (see Fig. S5 for geographic areas of these regions).
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present, dQ would not be zero in future and it is more likely that
dQ < 0 because of a large amount of winter rainfall. Thus, future
winter KBDI values could be negative even with increased
Please cite this article in press as: Liu, Y., et al. Future U.S. wildfire potential t
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temperature and decreased precipitation. This also could happen
in spring partially because spring KBDI values depend on anteced-
ent winter values.
rends projected using a dynamically downscaled climate change scenario.
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Table 1
KBDI values in Pacific South (PS) and Pacific North (PN). Calculated with and without
an adjustment of dQ = 0 when T 6 10 �C.

Region Season With adjustment w/o adjustment

Present Change Present Change

PS Winter 406 �53 235 10
Spring 345 �42 183 22

PN Winter 298 �61 71 7
Spring 261 �63 45 10
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We conducted a calculation of KBDI but without an adjustment
when T 6 10 �C. The obtained KBDI values are no longer negative in
winter and spring in Pacific South and Pacific North (Table 1). This
therefore provides a proof for the above explanation.

Studies (e.g., Gillett et al., 2004; Flannigan et al., 2005; Balshi et
al., 2008; Liu et al., 2010; Parisien et al., 2011) have indicated that
future warming is a more important contributor to projected
increasing fire potential than the change in precipitation. Fig. 8
compares KBDI results calculated with changes in both tempera-
ture and precipitation, temperature only, and precipitation only
(without an adjustment when T 6 10 �C). For the regions and sea-
sons with noticeable KBDI increases (50 or more), the magnitude
of KBDI change due to the change in temperature is much larger
than that due to the change in precipitation. The latter is close to
30% of the former only at South Central during winter and fall
and in Southeast during fall.
Fig. 8. Regional averages of KBDI in winter, spring, summer and autumn (from top to bot
changes in both temperature and precipitation, temperature only, and precipitation only
areas of these regions).
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3.2.3. Variability and trends
Standard deviation (SD) was calculated for two types of KBDI

time series in each region. One is a single series consisting of sea-
sonal KBDI values changing first from winter to autumn and then
from year 1 to year 30 of the present or future period. The resultant
standard deviation measures inter-seasonal variability of seasonal
KBDI. The result is shown in Fig. 9. The present standard deviation
has large values over 120 in Pacific South and South Central, and a
small value of less than 60 in Northeast. Other regions have the
values in between. The U.S. has a value of about 75. The future
standard deviation changes are different between the coastal and
non-coastal regions. Standard deviation in the four coastal regions
will increase by 25–50, but only by less than 10 or even decrease in
the non-coastal regions.

The second type of KBDI time series has four sub-series, each of
which consists of KBDI values for a single season (winter, spring,
summer, or autumn) from year 1 to year 30 of the present or future
period. The resultant standard deviation measures inter-annual
variability of seasonal KBDI. The result is shown in Fig. 10. The
standard deviation values in the non-coastal regions are generally
larger at present, ranging between 90 and 110. However, they will
mostly decrease in the future. In contrast, those in the coastal re-
gion are smaller at present, but likely will increase in future. The
US has values between 40 and 60 at present; they will reduce in
future by up to 20.

Fig. 11 shows time series of summer KBDI anomalies over the
present and future 30-year periods. The values are expressed as
tom). T&P change, P change, and T change represent KBDI change in response to the
, respectively. The labels below each panel are regions (see Fig. S5 for the geographic

rends projected using a dynamically downscaled climate change scenario.
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Fig. 9. Inter-seasonal KBDI variability. The bars are standard deviation of seasonal KBDI time series, which consists of KBDI values changing from winter to fall and from year
1 to 30. Top panel is KBDI values at present period of 1971–2000 and bottom one is the change between 2041–2070 and 1971–2000. The labels below each panel are regions
(see Fig. S5 for the geographic areas of these regions).

Fig. 10. Same as Fig. 9 except for inter-annual variability. The bars for are standard deviation values of four sub-series each consisting of one-season (winter, spring, summer,
or autumn) KBDI values changing from year 1 to year 30 of the present or future period. The labels below each panel are regions (see Fig. S5 for the geographic areas of these
regions).
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Fig. 11. Variations of summer KBDI. The red and green lines represent the present period of 1971–2000 and future period of 2041–2070. The nine panels are for averages at
each region and the continental U.S. (see Fig. S5 for the geographic areas of these regions).
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departures of individual summers from the average of all sum-
mers divided by standard deviation. KBDI values vary remarkably
from 1 year to another, as indicated by multiple peaks (valleys)
that occur mostly every 1–3 years for both present and future
periods.

The trend of seasonal KBDI values in a region is measured by the
slope of a linear line fitting the normalized KBDI time series. Note
that the term trend here refers to a tendency over the present or
future period of 30 years rather than a change from present to fu-
ture period. A positive (negative) sign of slope indicates an increas-
ing (decreasing) trend. The calculated slopes are listed in Table 2.
Present slopes have a positive sign in all seasons and regions ex-
cept three seasons in Pacific North and two seasons in Southeast,
indicating overall increasing trends of KBDI over the period of
1971–2000. The magnitude is greater than 4.0 for all seasons in
Southwest and summer and autumn in South Central. The US aver-
ages are greater than 2.0 in summer and autumn. The future slopes
also show increasing trends, but much less noticeable than the
present period. There are no seasons in any individual regions with
a magnitude greater than 4.0 and no seasons in the U.S. averages
with a magnitude greater than 2.0.
Please cite this article in press as: Liu, Y., et al. Future U.S. wildfire potential t
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3.2.4. Local KBDI features
Fire potential changes at a local scale were analyzed using the

southern U.S. (including South Central and Southeast) as an exam-
ple. Strong impacts of climate and climate change have been recog-
nized for this region (e.g., Heilman et al., 1998). The southern U.S. is
divided into six eco-regions (Fig. S9): Atlantic Coastal Plain (AC),
Piedmont (PI), Appalachian–Cumberland (AP), Mississippi Alluvial
Valley (MI), Gulf Coastal Plain (GC), and Mid-South (MS). Present
KBDI values are usually small in winter and spring and large in
summer and autumn in all eco-regions (Fig. 12). Present summer
and autumn KBDI values are around 200 (upper KBDI range for
low fire potential or lower range for moderate fire potential) in
the three eastern eco-regions, and future values change to about
350–400 (upper KBDI range for moderate fire potential or lower
range for high fire potential). Meanwhile, present summer and au-
tumn KBDI values are around 400 (upper KBDI range for moderate
fire potential or lower range for high fire potential) in the three
western eco-regions, and future values change to about 500 (mid-
dle KBDI range for high fire potential). For the entire South, sum-
mer and autumn fire potential changes from moderate at present
to high fire potential in future.
rends projected using a dynamically downscaled climate change scenario.
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Table 2
Slopes of fitting linear lines of KBDI variation curves over 30-year periods.

Region Present Future

Winter Spring Summer Autumn Winter Spring Summer Autumn

PS 0.45 2.25 2.41 0.96 82.09 �1.60 �0.16 0.04
PN �0.85 �0.30 0.63 �0.13 �1.10 �1.88 1.04 1.48
SW 4.36 4.68 4.67 4.16 �1.74 �1.51 �0.85 �0.28
NW 2.23 2.75 2.06 2.48 2.07 1.51 2.47 3.07
SC 2.58 0.73 4.99 4.66 �3.87 �1.38 0.99 �0.25
NC 2.58 1.90 1.18 2.79 �0.06 �0.59 2.00 3.42
SE �0.40 �0.16 2.96 3.55 �1.96 0.72 1.55 1.94
NE 0.80 0.21 1.67 2.65 �1.42 0.08 2.45 1.07
US 1.95 1.64 2.82 3.11 �1.37 �0.71 1.22 1.30
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The length of a fire season, measured by the number of the
months with high or extreme fire potential level, will increase by
1–3 months (Fig. 13).

3.3. Sensitivity analyses

3.3.1. mFFWI
Fig. 14 shows spatial pattern of present seasonal mFFWI. Pres-

ent mFFWI values are large in the Pacific coast, Intermountain,
and southern Great Plains, while small in the Rocky Mountains.
The magnitude increases from winter to summer, and then de-
creases. This spatial pattern is generally similar to that of KBDI.
However, the magnitude of the large mFFWI values in the western
U.S. decreases rapidly toward the north. This is caused by the high-
er relative humidity and smaller wind speed in the northwestern
as compared to the southwestern U.S.
Fig. 12. KBDI in the southern U.S. eco-regions. The top and bottom panels are for the p
below each panel are Atlantic Coast (AP), Piedmont (PI), Appalachian (AP), Mississippi
georgraphic areas of these regions).
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Future mFFWI values will increase in most regions except the
Pacific coast and Intermountain (Fig. 15). The largest increases
are found in Southwest and Northwest in winter and spring, and
expand to South Central as well as Southeast in summer and au-
tumn. This pattern is similar to that of KBDI change. But again,
the future mFFWI change is more remarkable in the southern por-
tions except for autumn. In addition, no pronounced increase in
mFFWI value is in the eastern U.S.

3.3.2. GCM–RCM combinations
Fig. 16 shows KBDIs calculated using the seasonal averages of

temperature and precipitation over Central Plains or Deep South
and present or future simulation period (see Supplementary mate-
rial). A comparison of KBDI calculation for HadCM3–HRM3 using
the average and daily (shown in parentheses) temperature and
precipitation indicates that the present KBDIs in Central Plains
resent period of 1971–2000 and future period of 2041–2070. The regions indiated
(MI), Gulf Coast (GC), Mid-South (MS), and entire souther U.S. (US) (see Fig. S9 for

rends projected using a dynamically downscaled climate change scenario.
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Fig. 13. Fire season lengths. The rows are the southern U.S. eco-regions and columns are months of a year. The numbers in the right-hand table are future change in the
number of months for a fire season (high or extreme fire potential) between 2041–2070 and 1971–2000.

Fig. 14. Spatial patterns of present modified Fosberg Fire Weather Index for the period of 1971–2000 in the continental U.S. The four panels are for winter, spring, summer,
and autumn.
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are 248 (250) in winter and 283 (246) in summer, and the future
KBDI changes are 85 (65) in winter and 102 (109) in summer.
The corresponding values in Deep South are 183 (180) in winter
and 277 (281) in summer for the present KBDIs, and 33 (92) in
winter and 138 (121) in summer for future changes. Thus, KBDI
values are comparable between the two climate datasets except fu-
ture winter change in Deep South.

Future KBDI changes for all model combinations are about the
same between winter and summer in Central Plains. In comparison
with HadCM3–HRM3 whose changes are about 100, the changes
are about the same CCSM–MM5I and GFDL–RSM, 50% larger with
CCSM–WRFG and GFDL–WRFG, and 100% larger with CGCM3–
CRCM and CGCM3–RCM3. The extreme changes come up with
Please cite this article in press as: Liu, Y., et al. Future U.S. wildfire potential t
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GFDL–HRM3 (increasing by 300–350) and CGCM3–WRFG
(decreasing by 60–80). It seems that the smaller KBDI increase
for HadCM3–HRM3, larger increase for GFDL–HRM3 and decrease
for CGCM3–WRFG are mainly due to no rainfall decrease, large
increasing temperature and decreasing rainfall, and increasing
rainfall, respectively (Figs. S10 and S11).

In Deep South, the magnitude of KBDI increases is the same be-
tween winter and summer for four model combinations, but about
doubled in summer for six combinations including HadCM3–
HRM3. The changes for other combinations, ranging between
about 100 and 300, are much larger than those for HadCM3–
HRM3, which has a small increasing in contrast to decreasing rain-
fall for other model combinations.
rends projected using a dynamically downscaled climate change scenario.
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Fig. 15. Same as Fig. 14 except for the change between 2041–2070 and 1971–2000.
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4. Discussion

4.1. KBDI calculated using global and regional climate model
predictions

KBDI has been analyzed in this study for the continental U.S.,
which is a continuation of a global KBDI study (Liu et al., 2010). Fu-
ture climate projections used in both studies were projected by
HadCM3; the format of the projections used this study is the
dynamical downscaling of the projections using the HRM3 regional
climate model (Mearns et al., 2009). Besides the more detailed dis-
tributions due to higher spatial resolution with the downscaling, a
major difference obtained in this study is the locations of major fu-
ture fire potential increases. In the earlier study future KBDI in-
creased mainly in the Midwest and central U.S., but in this study
the Southwest and Rocky Mountains show more pronounced in-
creases. The westward shift of the locations is due to the differ-
ences in the projected climate change between the global and
regional climate models (Figs. S12 and S13). Both models project
overall warming, but the region with largest magnitude moves
from the central U.S. in HadCM3 to the Southwest and Rocky
Mountains in HRM3. There are even more pronounced differences
in the precipitation projections. Precipitation decreases mainly in
the Northwest and central U.S. in the HadCM3 projection; the
Southwest turns drier while the central U.S. as well as most parts
of the eastern U.S. become wetter in the HRM3 downscaling. The
differences in both temperature and precipitation contribute to
the differences in KBDI spatial patterns between the two studies.

4.2. Future fire potential increases

The IPCC raised the possibility that changes in extreme weather
and climate events due to greenhouse effects would increase the
risk of wildfire (IPCC, 2007). This study indicates that fire potential
is expected to increase in most of the continental U.S., which there-
fore provides an evidence for the IPCC’s speculation. This study pro-
jects the large overall fire potential increases across all seasons in
the western U.S., especially in the Southwest and Rocky Mountains.
This agrees with many previous predictions for this region (e.g.,
Please cite this article in press as: Liu, Y., et al. Future U.S. wildfire potential t
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Bachelet et al., 2001a, 2001b; Lenihan et al., 2003; Brown et al.,
2004; Liu et al., 2005; Westerling et al., 2006; Spracklen et al.,
2009; Rogers et al., 2011). Spracklen et al. (2009) projected an in-
crease in burned area from late spring to early autumn by more than
100% in the Rocky Mountains and about 50% in the Pacific coast by
the mid-21st century. Our study also predicts the largest fire poten-
tial increase in the Rocky Mountains and moderate increases in a
narrow area along the Pacific coast. A difference between the two
studies is in the Intermountain where a decrease is projected in this
study but little change in Spracklen et al. (2009). While most previ-
ous studies have focused on the western U.S., this study investigates
the continental U.S. with a detailed description for the southern U.S.
and finds that fire potential will increase by one level in summer
and autumn in most southern eco-regions.

4.3. Fire seasons

It has been found in previous studies that future fire seasons
will become longer in many regions (e.g. Flannigan et al., 2009a,
2009b). This study investigates fire seasons by examining the
change in future number of the months with KBDI reaching a cer-
tain level. There is a potential issue with this approach. As seen in
Fig. 7 or Fig. S6, the KBDI peaks occur in autumn, but actual fire
seasons occur in spring or summer in most regions (though parts
of the southeastern U.S. experience both a spring and autumn fire
season). Thus, the time spans are often different between a fire sea-
son defined here and an actual fire season. The issue of later time
for KBDI peak occurrence was recognized in the original KBDI work
(Keetch and Byram, 1968). One of the reasons is that KBDI changes
exponentially in response to temperature but linearly to precipita-
tion. In summer and autumn, KBDI keeps increasing with accumu-
lated positive contribution of high temperature, which outweighs
the adverse contribution from large precipitation.

4.4. Variability

This study has indicated pronounced increases in seasonal var-
iability and slight increases in inter-annual variability in future fire
potential in the coastal regions. Seasonal variability is a factor
rends projected using a dynamically downscaled climate change scenario.
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Fig. 16. Average future winter (blue) and summer (red) KBDI changes in Central Plains (a) and Deep South (b) regions. The labels below each panel are regional climate
models (upper line) and the driving global climate models (bottom line) (see context for full names of the models).
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determining predictability of fire season and is often related to
atmospheric anomalies such as droughts. The increased variability
means increased difficulty in seasonal prediction. Inter-
annual variability of U.S. fire potential is often related to Pacific
Ocean surface temperature anomalies and their remote connec-
tions with atmospheric conditions in the U.S. The increased
inter-annual variability means increased uncertainty in annual fire
planning. The impacts of the variability on seasonal prediction and
annual planning, however, are minimal in the mountain and
central regions. The uncertainty in annual fire planning is even
expected to be reduced in some regions because of the reduced
inter-annual variability. This study shows generally increasing
trends of KBDI over the present period, indicating that the impacts
of global warming on fire might already have been happening, as
suggested for the western U.S. (Westerling et al., 2006).

4.5. Uncertainties

The difference with mFFWI indicates that, without considering
the roles of relative humidity and wind speed, fire potential mea-
sured using KBDI would be over-estimated for present and future
periods in the northern U.S., mainly the northern Rocky Mountains.
In addition, as pointed in Liu et al. (2010), the exact functional form
of the relationship between precipitation and vegetation used in
the KBDI may not be valid for annual rainfall amounts that differ
significantly from those of the southeastern U.S. where the index
was developed, although KBDI is still a viable means of assessing
Please cite this article in press as: Liu, Y., et al. Future U.S. wildfire potential t
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the potential impacts of a changing climate on fire potential by
focusing on the relative changes in KBDI produced by changes in
temperature and precipitation. Of more concern is that vegetation
itself will change as a result of climate change (Hansen et al., 2001)
and it is not clear how well future precipitation can be used as a
surrogate for future fuel conditions.

The NARCCAP climate change downscaling used only for the
IPCC SRES A2 emission scenario. It was indicated in the global KBDI
analysis (Liu et al., 2010) that A1 and B2 are extremely large and
small emission cases, respectively, while A2 and B1 are moderate
ones. Thus, it is expected that future wildfire potential using future
climate change projections for the A1 and B2 emission scenarios
would increase more and less noticeable, respectively, than the re-
sults obtained from this study.

5. Conclusions

Future potential wildfire trends in the continental U.S. have
been projected using fire weather indices, mainly KBDI, calculated
based on the dynamically downscaled climate projections. It can be
concluded that fire potential is expected to increase overall in the
continental U.S. The specific findings from this study include:

a. Fire potential indicated by KBDI is expected to increase in
the Southwest, Rocky Mountains, northern Great Plains,
Southeast, and Pacific coast. Future change in temperature
is a major contributor.
rends projected using a dynamically downscaled climate change scenario.
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b. Most pronounced increase occurs during summer and
autumn. Fire season could become a few months longer in
the South.

c. The magnitude of future fire potential increase will be
reduced in the northwestern U.S. due to the impacts of
future changes in humidity and wind.

d. The future KBDI increases in the central Plains and the South
projected using the HadCM3–HRM3 climate change scenario
are smaller than those projected using the climate change
scenarios from most of other NARCCAP model combinations.
The projected future climate is wetter in HadCM3–HRM3
than other model combinations.

e. Fire potential has been increasing across the continental U.S.
in recent decades. Larger inter-seasonal and inter-annual
variability in fire potential is expected in the future in the
Pacific and Atlantic coasts.

The increased future fire potential and longer fire seasons mean
increased possibility for more intense wildfire activity and there-
fore increases in human fatalities and property loss. This in turn
means increased demand for resources for disaster prevention
and recovery. More intense fire activity also means more emissions
of carbon and particles and therefore more severe consequences
related to the adverse environmental effects of wildfires.

Further research is needed to improve projections of future
trends and impacts of wildfires in the continental U.S. First, there
is a need to conduct sensitivity studies to quantify the uncertain-
ties related to selections of particular fire weather indices, global
and regional climate model projections, and CO2 emission scenario,
as described in Section 4. Second, there is a need to project actual
fire properties such as occurrence, severity, burned area, and sea-
sonality. One challenge is that actual fire behavior is determined
not only by weather and climate, but also human activity and fuel
conditions. Fuel conditions would change as well under a changing
climate. Another needed area of research is the environmental
impacts of potentially increased fire activities, including the air
quality impacts and the atmospheric feedback of greater emissions
of particulate as well as gaseous carbon.
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