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a  b  s  t  r  a  c  t

Patches  of live,  dead,  and  dying  trees  resulting  from  bark  beetle-caused  mortality  alter  spatial  and  tem-
poral  variability  in the  canopy  and  surface  fuel complex  through  changes  in  the  foliar  moisture  content
of  attacked  trees  and  through  the  redistribution  of  canopy  fuels.  The  resulting  heterogeneous  fuels
complexes  alter  within-canopy  wind  flow,  wind  fluctuations,  and  rate  of  fire spread.  However,  there
is  currently  little  information  about  the potential  influence  of  different  rates  and  patterns  of mortality
on  wind  flow and  fire  behavior  following  bark  beetle  outbreaks.  In  this  study,  we contrasted  within-
canopy  wind  flow  and  fire rate-of-spread  (ROS)  at two  different  ambient  wind  speeds  using  FIRETEC  for
two  differing  bark  beetle  attack  trajectories  for a  lodgepole  pine  (Pinus  contorta)  forest.  These two  attack
trajectories  represent  different  realizations  of  a bark  beetle  outbreak  and  result  in different  amounts
and  patterns  of mortality  through  time.  Our  simulations  suggested  that  the  mean  within-canopy  wind
velocities  increased  through  time  following  the  progression  of mortality.  In  addition,  we  found  that  for  a
given  level  of  mortality,  a bark  beetle  outbreak  that resulted  in  a higher  degree  of aggregation  of  canopy
fuels  had  greater  mean  within-canopy  wind  velocities  due  to  the channeling  of wind  flow.  These  find-
ings  suggest  that  bark  beetle  mortality  can influence  the  mean  within-canopy  wind  flow  in  two  ways:
first,  by  reducing  the  amount  of  vegetation  present  in the  canopy  acting  as  a  source  of  drag;  and  second,
by  altering  spatial  patterns  of  vegetation  that can  lead  to  channeling  of wind  flow.  Changes  in the fire
rate-of-spread  were  positively  related  to the  level  and  continuity  of bark  beetle  mortality.  Peak rates  of
spread  were  between  1.2 and  2.7  times  greater  than  the  pre-outbreak  scenario  and  coincided  with  a high
level  of  mortality  and  minimal  loss  of canopy  fuels.  Following  the  loss  of  canopy  fuels  the rate  of fire
spread  declined  to levels  below  the  initial  phases  of the  outbreak  in  low  wind  speed  cases  but  remained

above  pre-outbreak  levels  in  high  wind  speed  cases.  These  findings  suggest  that  the  rate  and  pattern  of
mortality  arising  from  a  bark  beetle  outbreak  exerts  significant  influence  on  the  magnitude  and  timing
of  alterations  to  the  within-canopy  wind  flow  and  rate  of fire  spread.  Our  findings  help  clarify  existing
knowledge  gaps  related  to  the  effect  of  bark  beetle  outbreaks  on  fire behavior  and  could  explain  potential
differences  in  the reported  effects  of bark  beetle  outbreaks  on  fire behavior  through  time.

© 2015  Elsevier  B.V.  All  rights  reserved.
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1. Introduction

Native bark beetles (Coleoptera: Curculionidae, Scolytinae) are

important disturbance agents of forests throughout North America.
The mortality of trees during a bark beetle outbreak results in spa-
tial alterations to forest structure, the fuels complex, and a variety
of ecological processes across a wide range of temporal and spatial
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cales (Raffa et al., 2008). The collective influence of individual tree
ortality affects the number as well as the size and age class dis-

ribution of living trees (Raffa et al., 2008). Changes in the structure
f forest canopies through time result in altered gradients of foliar
oisture contents and vertical and horizontal spatial arrangement

f biomass that in turn influence the micro-climatic conditions
ithin the stand. Altered stand structure, composition, and micro-

limate following bark beetle outbreaks can persist for tens of
ecades, thus, creating distinctive fuel and environmental condi-
ions for wildfires through time. The recent extent of large-scale
ark beetle-caused tree mortality across western North America
as resulted in increased concern about the potential effect of bark
eetle outbreaks on altered fuels complexes, the associated fire
nvironment especially wind speeds and the potential fire behavior
Jenkins et al., 2008, 2012).

Although  it has long been recognized that bark beetle-caused
ree mortality may  influence the fuels complex and subsequent fire
ehavior (Brown, 1975), only recently has the research commu-
ity focused on quantifying such effects (Page and Jenkins, 2007;
eRose and Long, 2009; Klutsch et al., 2011; Simard et al., 2011;
offman et al., 2012a,b, 2013; Schoennagel et al., 2012; Donato
t al., 2013; Linn et al., 2013). Individual attacked trees pass through
n observable sequence of temporal phases, beginning with the
reen phase (healthy, un-attacked, and living trees), and progress-
ng through red (dead, retaining foliage, and fine twigs), and gray
hases (dead, with foliage and twigs having fallen to the ground).
ther researchers (Jolly et al., 2012; Simard et al., 2011) have fur-

her separated the initial phases immediately after the initiation of
he outbreak based on changes in foliar moisture content and the
mount of canopy foliage that remains in the tree (e.g., very recently
ttacked trees that are beginning to lose canopy foliar moisture
re often called yellow trees). Although the use of these tempo-
al phases clearly shows how the fuels complex is altered at fine
patial scales associated with individual trees, alterations of the
uels complex at larger stand and landscape scales necessitates the
patial integration of such fine-scale changes across the stand. Com-
licating the ability to spatially integrate the effect of bark beetles
n individual trees to larger areas is the fact that bark beetles have
een shown to be selective in their attack strategy across stands and

andscapes resulting in a mosaic of tree mortality (Bone et al., 2013),
nd that the mortality of individual trees within an area can occur
ver many years resulting in various mixtures of trees in different
hases (Hicke et al., 2012). Stand and landscape-scale changes in
he fuels complex, fire weather, and the potential fire behavior will
herefore evolve following the initiation of an outbreak as a func-
ion of the rate and pattern of individual tree mortality. Yet very
ittle work has attempted to quantify the effects of different rates
nd patterns of mortality on changes in the fuels complex, wind
ow or fire behavior.

Previous  simulation studies have suggested that changes in the
uels complex at the stand and landscape scales result in increased
rown fire behavior for time periods immediately following the
nitiation of the outbreak when killed trees are in the red phase
nd there is a decrease in the mean foliar moisture content of the
anopy (Page and Jenkins, 2007; Jenkins et al., 2008; Hicke et al.,
012; Hoffman et al., 2012a, 2013; Linn et al., 2013). Following
he red stage, there is a decrease in crown fire potential when
uccessfully killed trees have lost their foliage, and thus, reduced
he stand level canopy fuel loading and increased the stand level
anopy foliar moisture content (Page and Jenkins, 2007; Jenkins
t al., 2008; Klutsch et al., 2011; Hicke et al., 2012; Simard et al.,
011; Schoennagel et al., 2012). However, substantial gaps in our

nowledge remain with respect to the role that temporal and spa-
ial variation in mortality may  have on the fuels complex, fire
nvironment, and potential fire behavior. This knowledge gap is
ue, in part both, to a lack of empirical or experimental data in
est Meteorology 204 (2015) 79–93

bark  beetle-affected forests and to limitations of models being used
to explore these influences. Much of the past research directed at
this knowledge gap has been done with modeling systems based
on linkages between Rothermel’s (1972, 1991) surface and crown
fire spread models and Van Wagner’s (1977) crown fire initiation
and spread models. Modeling systems based on these linkages do
not account for the spatial heterogeneity of the fuels complex, the
influence of the fuels complex on the spatial and temporal vari-
ability in wind flow, or the effect of fire-induced turbulence; thus,
these models are limited in their ability to offer further insights
into the potential role of spatial heterogeneity arising from various
rates and magnitudes of bark beetle mortality on fire behavior.

Process  or physics-based fire behavior models such as the
Wildland–Urban-Interface Fire Dynamics Simulator (WFDS, Mell
et al., 2007, 2009) and HIGRAD/FIRETEC (Linn, 1997; Linn and
Cunningham (2005); Linn et al., 2005; Pimont et al., 2009), here-
after referred to as FIRETEC, have been recently developed with
the purpose of modeling many of the physical phenomena and
interactions that control the behavior of a wildfire. Models such
as WFDS and FIRETEC explicitly resolve a coupled set of partial
differential equations describing the major physical processes and
their interactions that influence fire behavior as well as the ver-
tical and horizontal heterogeneity of the fuels complex within a
three dimensional grid. Such modeling frameworks allow for the
constantly changing, interactive relationship between the fire, the
environment, and fuels to be simulated and can provide a frame-
work to begin to explore the effect of various spatiotemporal
fuels complexes following bark beetle mortality on potential fire
behavior. A detailed description of the theoretical and mathemat-
ical concepts in FIRETEC can be found in Linn (1997), Linn et al.
(2005), Linn and Cunningham (2005), and Pimont et al. (2009);
more detailed information on WFDS can be found in Mell et al.
(2007, 2009). To date, only a few studies have used physics-based
models to investigate the potential effects of heterogeneity in the
fuels complex arising from bark beetle mortality on fire behavior.
Hoffman et al. (2012a, 2013) used WFDS to investigate the effect of
the magnitude of bark beetle mortality, the spatial arrangement of
overstory trees, and the surface fireline intensity on fire behavior
during time periods when there are mixtures of individual trees in
the red and green phases. Their results suggested that the crown
fire intensity and amount of canopy fuel consumption increased as
a function of the level of mortality and that this effect was most
pronounced under moderate conditions. Linn et al. (2013) utilized
FIRETEC to investigate changes in wind flow and fire rate-of-spread
along a temporal sequence following bark beetle mortality in highly
heterogeneous pinyon–juniper (Pinus edulis–Juniperus spp.) wood-
land. Their results suggested that alterations in the heterogeneity
of canopy foliar moisture resulted in increased fire rates-of-spread
during the initial phases of an outbreak and the heterogeneous fuels
complex resulting from bark beetle mortality altered wind flow and
fire behavior for periods of time when there was a mixture of green
and gray trees. Past studies such as these highlight the potential role
of physics-based models to investigate the implications of hetero-
geneity on fire behavior following disturbances such as bark beetle
outbreaks.

In this paper, we  used field data to populate a simple proba-
bilistic model for tree-to-tree beetle spread and attack to develop
two attack trajectories. These two attack trajectories represented
two spatial and temporal patterns of bark beetle mortality with
different mixtures of individual trees in various phases. The first
scenario represented a rapid, broad-scale mortality event that
resulted in high rates of mortality over a short period of time and

a stand structure that is best characterized as random or dispersed
through space. In contrast, the second scenario had a lower over-
all rate of mortality over a longer temporal period that resulted
in clumpy patches of aggregated tree mortality, and thus, more
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eterogeneous forest structure at the landscape scale. We  then
eveloped an analogous forest in FIRETEC, a physics-based model
hat has been fully coupled to an atmospheric hydrodynamics

odel, HIGRAD. Using this coupled model we examined how dif-
erent levels, rates and patterns of bark beetle mortality influenced
re/vegetation/atmosphere interactions and potential fire behavior

n lodgepole pine (Pinus contorta)-dominated forests.

.  Methods

To investigate the potential effects that the rate and spatial
attern of mortality has on post-outbreak wind fields and fire
ehavior, we used field data collected by Reinhardt et al. (2006)
o develop an analogous pre-outbreak forest that spanned across a
00-m × 400-m × 480-m domain. The analogous pre-outbreak for-
st was developed based on individual tree level data collected in
000 and 2001 on a 10-m radius, circular plot (0.03 ha) located in
he Tenderfoot Creek Experimental Forest on the Lewis and Clark
ational Forest in Montana (Scott and Reinhardt, 2001; Reinhardt
t al., 2006). In addition to standard individual tree data (height,
iameter at breast height, crown width, and canopy base height),
anopy fuel biomass for several fuel categories were quantified via
estructive branch sampling and direct measurement. Regression
quations were developed from sub-samples to predict biomass
uantities for each individual tree in the stand (Keane et al., 2005;
einhardt et al., 2006). Using the individual tree data collected by
einhardt et al. (2006) we generated an analogous forest with the
ame properties as those measured by replicating the individual
ree data and randomly assigning x and y coordinates for each tree
rom a Poisson probability distribution within the minimum and

aximum domain boundaries to achieve similar tree densities as
easured in the field. The simulated analogous pre-outbreak for-

st consisted of 2132 trees per hectare with a stand level basal area
f 42.7 m2 ha−1, a positively skewed diameter distribution with a
uadratic mean diameter of 15.5 cm,  a mean tree height of 10.9 m,
nd a mean crown base height of 6.6 m.

Using  this analogous forest we then simulated two  different
ark beetle outbreaks using a probabilistic spatially explicit bark
eetle-mortality model. The first outbreak scenario represented a
tand-scale eruption of bark beetles resulting in rapid and broad-
cale mortality, and the second mortality scenario resulted in a less
apid rate of mortality with the formation of pockets of mortal-
ty that grew through time and eventually merged together. These
wo scenarios are referred to as the Rapid/Broad and Slow/Patchy
cenarios, respectively.

In  reality, successful propagation of beetle attacks through a
orest is extremely complex, with numerous biotic and abiotic fac-
ors, which are themselves dynamic in space and time, interacting
o influence the propagation of beetles across a landscape. Mod-
ls characterizing different beetle attack mechanisms have been
eveloped with varying degrees of detail (e.g., Geiszler et al., 1980;
afranyik et al., 1989); more detailed models often require inputs
uch as individual tree vigor, beetle population demographics, and

oncentrations of pheromone clouds (Logan et al., 1998). As these
uantities can be difficult to measure, practicality often necessi-
ates simpler models that are more easily applied with readily
vailable data. As our primary interest in this study was in the

able 1
arameters used in two simple stochastic simulations of tree-to-tree beetle spread.

Tree diameter parameters 

Scenario a b c 

Rapid/Broad 0.95 15.5 0.5 

Slow/Patchy 0.95 14.4 0.3 
est Meteorology 204 (2015) 79–93 81

effects  of tree mortality resulting from a bark beetle outbreak on the
fuels complex, wind flow, and fire behavior, rather than the attacks
themselves, we developed a simple model that can easily be applied
to a forest stand using two  factors: (1) because successful attacks
depend on pheromone plume concentrations, which decrease with
distance from the host tree, the likelihood of beetle attack on any
new tree increases with proximity to the host tree (Johnson and
Coster, 1978; Geiszler and Gara, 1978; Mitchell and Preisler, 1991);
and (2) beetles preferentially attack larger diameter trees as the
thicker phloem provides greater nutritional content (Negrón and
Popp, 2004; Graf et al., 2012). Both factors are modeled as proba-
bility functions; one defining the probability of a given tree being
successfully attacked based on the diameter at breast height (P-
diam) and the second defining the probability of attack based on
the distance from a beetle host tree (P-dist). Both probability distri-
bution functions are variants of a logistic form with Pdiam and Pdist
of the forms shown in Eq. (1) and (2).

Pdiam = a(1 + b × e(−c×D)) (1)

Pdist = 1  − (1 − f )
1 + g × e(−h×R)

(2)

where  D is the diameter at breast height (cm) of a tree and R is the
distance from the tree of interest to a specific tree that has been
infected one year earlier.

In  Eq. (1) and (2), the parameters a and f set asymptotic limits
for the probability functions as tree diameter, and distance from
the host tree increases. Parameters b, g, c, and h set the scaling and
curvature of the exponential dependence on diameter and distance.
Studies examining past outbreaks demonstrate that attack trajec-
tories, in terms of mortality rates and impacts to tree populations,
can vary significantly between sites, and in response to different
biotic (e.g., beetle population dynamics) or abiotic (e.g., climate and
biophysical setting) factors (Cole and Amman, 1980; Logan et al.,
1998). We did not have access to a complete beetle attack spatial
time series dataset for robust model parameterization, so instead
we chose values that result in two different trajectories that are
qualitatively similar to observed beetle attacks over time (Cole and
Amman, 1980) and which have parameters reasonably consistent
with previous studies (Geiszler and Gara, 1978, Cole and Amman,
1980) (Table 1).

The  final probability for successful attack, Pmortality, is defined as
the product of Pdiam and Pdist (Eq. (3)).

Pmortaliy = Pdiam × Pdist (3)

Consistent  with typical dynamics for the mountain pine beetle, a
single generation of attacks occurs each year, and only recently
killed trees (within one year) may  serve as host trees for subsequent
beetle attacks. Thus, the probability of one tree being attacked from
a particular host is calculated once representing the integral prob-
ability over this one year after the host tree was killed.

Potential fire behavior was simulated for the no-mortality sce-
nario (year 0), years 1–6 for the Rapid/Broad scenario and years
2, 5, 7, 9, and 15 for the Slow/Patchy scenario using FIRETEC. The

simulation domain was a 400-m × 400-m × 480-m, divided into a
3D array of cells that are 2 m on the horizontal sides and vertically
stretched so that they are approximately 1.5 m in height near the
ground. All simulations were performed with a Rayleigh damping

Distance from host parameters

f g h Initial hosts (%)

0.0 6.5 0.95 10%
0.0 6.5 0.95 0.3%
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ayer along the top boundary. For each year following the initia-
ion of the outbreak we simulated two different aloft wind speeds,
2 m s−1 and 24 m s−1 at a height of 450 m above the ground with
eutral atmospheric conditions (referred to as low and high wind
peed cases, respectively). Thus, the dominate driver of local very-
ear-canopy turbulence is dominated by the heterogeneous nature
f the canopy. The initial inflow and boundary conditions, including
he mean velocity and turbulent fluctuations for each simulation,
ere pre-computed following Pimont et al. (2011) and Cassagne

t al. (2011). This method develops turbulent wind fields for use
s initial inflow and boundary conditions by simulating wind flow,
ithout a fire, through the analogous forest with cyclic boundary

onditions for all lateral, upstream and downstream boundaries.
he dynamic wind sets developed for each mortality stage were
hen used as the inlet conditions for simulating potential fire behav-
or. As shown by Linn et al. (2013), variations in canopy structure
reated at various times following a bark beetle outbreak can gen-
rate different wind velocity and turbulence profiles within and
ust above the canopy, even though all scenarios within respec-
ive low and high wind cases have similar wind speeds far above
he canopy. Although other factors such as reduced water mass,
hanges in albedo, and evaporation associated with tree mortality
ay impact local wind flow we did not consider these factors in

ur modeling approach.
The  distribution of fine fuels within an individual tree crown was

imulated using a series of parabolic profiles based on the tree’s
ttributes following Linn et al. (2005). Because larger diameter
oody crown fuel components (>2 mm)  are considered to con-

ribute little to the spread or intensity of crown fires (Rothermel
983) our simulated crowns only consisted of fine fuels <2 mm such
s needles and small twigs. The pre-outbreak surface fuels were
imulated as a layer of fine fuels with a loading of 0.78 kg m−2 as
easured by Reinhardt et al. (2006) and a surface area to volume

atio of 6470 m2 m−3 (Brown, 1970), in a manner consistent with
inn et al. (2005). We  simulated the fuels changes arising in a suc-

essfully beetle-killed tree with the following progression through
ime: (1) in the year that mortality occurs, trees were considered
o be in the yellow phase and were simulated with all of the pre-
utbreak canopy biomass and a foliar moisture content of 50%; (2)

ig. 1. Temporal progression of tree classes following the initiation of a bark beetle outbre
imulated represent a progression from live un-attacked trees (green trees), recently att
oliar  moisture contents and no loss of canopy foliage (red trees), attacked trees with low
nd attacked trees that have lost all of their canopy foliage (gray trees). (For interpretatio
ersion of this article.)
est Meteorology 204 (2015) 79–93

in the 2nd year after mortality trees were considered to be in the
red phase and were simulated with all of their pre-outbreak canopy
biomass and a foliar moisture content of 15%, comparable to recent
empirical measurements (Jolly et al., 2012); (3) in the 3rd year fol-
lowing mortality trees were considered to be in the brown phase
and were simulated with half of their pre-outbreak canopy biomass
still in the canopy and a crown foliar moisture content of 15%; and
(4) in the 4th year following mortality trees were considered to be
in the gray phase and were simulated as having no canopy biomass.
In a given year, all non beetle-killed trees were considered as alive
and were simulated with their pre-outbreak canopy biomass and a
foliar moisture content of 100%, consistent with live fuel moistures
in drought conditions. As crown biomass was  removed from beetle-
killed trees it was transferred to the surface fuel layer underneath
the crown. To isolate the potential effects of beetle-kill induced
fuel changes, the only changes in the surface fuels following mor-
tality were due to biomass lost from overstory trees as a result of
their mortality. Thus, we did not account for changes in surface
fuels due to litter fall from living trees, decomposition or vegeta-
tive responses to altered environmental conditions created by bark
beetle mortality, such as colonization and growth by new trees.
The moisture content of the surface fuels layer was assumed to
be 5% in all simulations. To initiate a fire event in each scenario
we simulated ignition by initiating, a 200-m long fire 100 m from
the upwind boundary. These conditions were used to represent a
free burning fire under drought conditions in a neutral atmosphere
during the fire season.

For  each simulation, the turbulence statistics for the non-fire
induced winds were generated by spatially and temporally averag-
ing over a 10-m wide strip across the width of the domain (200 cells
wide) for 400 s near the inlet of the domain. This is similar to
averaging over a single line 2 km long for 400 s. Normalizing the
correlations between the velocity fluctuations by the mean veloc-
ity squared, provides a quantity that helps compare the kinetic
energy associated with fluctuations in various directions and the

mean kinetic energy, which is all in the streamwise direction since
the mean crosswind and vertical wind speeds are zero. The prop-
agation distance of the fire following ignition was  determined by
identifying the farthest downwind location where the resolved fuel

ak for the Slow/Patchy and Rapid/Broad mortality scenarios. Individual tree classes
acked (first year) trees with fading crowns (yellow trees), attacked trees with low

 foliar moisture contents and the loss of 50% of the canopy foliage (brown trees),
n of the references to color in this figure legend, the reader is referred to the web
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emperature exceeded 500 K at a frequency of 1 Hz. The mean rate
f spread (ROS) was estimated as the slope of a least squares fit to
he propagation distance vs. time curve as the fire traveled from 50
o 250 m downwind of the ignition line.

.  Results and Discussion

.1.  Simulated changes in the fuels complex

The tree-to-tree beetle attack model that was used resulted in
onsiderable temporal and spatial variations in the simulated stand
tructure and mortality-stage composition following the initiation
f the outbreak. These variations reflected differences between the
ates of overstory tree mortality simulated in the Slow/Patchy and
apid/Broad scenarios (Fig. 1).

The Slow/Patchy mortality scenario represented a bark bee-
le outbreak that was more gradual and severe in nature, killing
pproximately 80% of all pre-outbreak stems over a 15-year period.
he propagation of mortality in this scenario across the landscape
ppeared as a series of large fronts spreading radially from the
nfested trees, resulting in the formation of a matrix of clumps of
n-attacked live trees and gaps of recently killed trees that have lost
heir needles. In contrast the Rapid/Broad mortality scenario rep-
esented a bark beetle outbreak that was much more abrupt and

ltimately less severe with approximately 63% of all pre-outbreak
tems being killed over a 6-year time period (Fig. 1). The differ-
nce in mortality level for the Rapid/Broad scenario was  due to
he probabilistic nature of the mortality model, where not all trees

Fig. 2. Changes in surface fuel loading, canopy fuel loading and mean canopy foliar m
est Meteorology 204 (2015) 79–93 83

near  a host became infested and small trees preferentially survived.
The resulting forest structure showed that about one third of the
lodgepole pines became surrounded by red, brown or gray trees or
subalpine fir (Abies lasiocarpa) and were shielded from future infes-
tations. In addition to the differences in overall mortality levels, the
Rapid/Broad outbreak resulted in the loss of a greater proportion
of large trees than the Slow/Patchy outbreak. The results of this
trend were that the Rapid/Broad outbreak left a stand structure
that included a greater number of small lodgepole pines; whereas
the Slow/Patchy outbreak eventually resulted in a stand with much
fewer but larger lodgepole pines surviving.

Given the different rates of mortality between the two  scenar-
ios it is not surprising that the temporal dynamics of the fuels
complex were also different between the two scenarios. Both sce-
narios showed a trend of increasing surface fuel load and decreasing
canopy fuel load through time as hypothesized by Jenkins et al.
(2008) and Hicke et al. (2012). However, due to differences in the
size of trees killed during between the two  scenarios, the same
level of mortality (measured in terms of number of trees killed)
did not necessarily result in the same level of surface fuel load-
ing, canopy fuel loading or mean canopy foliar moisture content
(Fig. 2). For example, the mean canopy and surface fuel loading in
the Rapid/Broad outbreak in year 6 and the Slow/Patchy outbreak
in year were nearly equivalent, however, the Slow/Patchy outbreak

scenario had almost 20% more mortality (Fig. 2). The Rapid/Broad
scenario had a lower mean canopy foliar moisture content through
the first five years compared to the Slow/Patchy scenario, due to the
greater proportion of attacked trees with dead needles remaining.

oisture content through time for the Rapid/Broad and Slow/Patchy scenarios.
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re  presented in the left column and have different scales along the x axis compare

ollowing year 5 the Slow/Patchy outbreak had lower mean canopy
oliar moisture content values due to the ongoing mortality and the
ontinued presence of trees in the yellow, red and brown phases
nd the loss of dead foliage from the canopy in the Rapid/Broad
cenario. These findings highlight the potential implications that
he rate of mortality can have on the fuels complex through time
nd suggest that broad-scaled classification of bark beetle mortal-
ty based only on the time since the initiation of the outbreak or
ased on a combination of time since outbreak and the severity of
he outbreak may  not fully capture differences in fuel loading that
an arise from various rates of mortality or differences in the size
f attacked trees.

.2.  Effect of beetle attack progressions on simulated changes in
mbient  winds

The  loss of needles over time due to mortality affected the
agnitude of the mean wind speed as well as the shape of the
ind velocity profile through the canopy (Fig. 3). The mean wind

elocity increased as the bark-beetle outbreak progressed through
ime and canopy fuels were removed and deposited on the forest
oor (Fig. 3). The Rapid/Broad scenario, which is characterized by

 pulse of mortality followed by a sudden decrease in canopy fuels,
ad increased streamwise wind velocities within and below the
anopy through the first six years of simulated mortality whereas

he Slow/Patchy scenario had continued evolution of the within-
anopy streamwise wind velocities through year 15. The shape
nd magnitude of the wind profiles showed minimal change until
ear 4 in the Rapid/Broad scenario and year 7 in the Slow/Patchy
hy scenarios for both the low and high wind speed cases. Low wind speed scenarios
e high wind speed scenarios (right hand column).

scenario  with subsequent years showing a more dramatic increase
in wind velocities and a wind profile shape that is best characterized
as a logarithmic profile (Fig. 3).

The streamwise wind profiles normalized by the average
streamwise wind at the top of the canopy suggested that as the
mortality progressed, below-canopy wind speeds increased com-
pared with the winds at the top of the canopy, resulting in an
increased normalized velocity gradient near the ground and a
decreased normalized velocity gradient at the top of the canopy
(Fig. 4). The increased wind velocity within and below the canopy
and the changes in the canopy profile shape are consistent with pre-
vious observations and simulation results that have investigated
the effect of reduced canopy drag in neutral or near neutral flow
(Raupach et al., 1986; Gardiner, 1994; Finnigan, 2000; Dupont and
Brunet, 2008). The differing canopy profile features observed as
the bark beetle outbreak progressed eventually resulted in a shift
in the canopy profile to one expected for a scenario with surface
fuels present but no canopy. In general our findings suggest that
regardless of the nature of the bark beetle attack, the loss of canopy
biomass corresponds to increased wind velocity and a shift in the
shape of the wind profile toward what is expected for a scenario
with little to no canopy fuel present.

One significant difference between the evolution of the
Slow/Patchy wind profile and the Rapid/Broad wind profile was
the presence of a bulge in the velocity profile below 0.4H above

the ground in the Slow/Patchy scenario (Fig. 4). This bulge was
more pronounced in our Slow/Patchy mortality scenario because
it is exacerbated by considerable aggregation of the remaining live
trees with large gaps between the clumps of trees. The clumps of
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Fig. 4. Normalized vertical profiles of the streamwise wind velocity for the Rapid/Broad and Slow/Patchy scenarios for both the low and high wind speed cases.

Table 2
Mean  streamwise wind velocities at the top of the canopy and mid-canopy height for the Rapid/Broad attack year 6 and the Slow/Patchy attack year 15 scenarios. The low
wind  speed and high wind speed cases had 12 and 24 m s−1 open wind speeds, respectively.

Top of the canopy
wind  speed (m s−1)

Mid-canopy  wind
speed  (m s−1)

Top  of the canopy
wind  speed (m s−1)

Mid-canopy  wind
speed  (m s−1)

Low wind speed case High wind speed case
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Rapid/Broad scenario year 6 6.1 4.4
Slow/Patchy  scenario year 15 6.5 4.9

ive trees acted as scoops, allowing sweeps of fast-moving air to
wirl down into the gaps, intersect the clumps of live trees forc-
ng the wind over, under, or through the next clump of trees. Some
f this high-momentum air found its way through the trunk space
here the bulk density asserting drag on the wind flow is much

ess than in the canopy resulting in the formation of the bulge in
he velocity profile. This suggests that the pattern of mortality and
he resulting forest structure are important factors controlling the
ithin-canopy wind flow.

To  evaluate the potential differences in mean wind velocity due
o the spatial pattern of fuels created by the two  mortality sce-
arios, we compared year 6 in the Rapid/Broad scenario to year
5 in the Slow/Patchy scenario. These two scenarios had simi-

ar canopy and surface fuel loadings but different horizontal and
ertical spatial arrangements of canopy fuels, and thus, allowed
s to investigate the potential impact of fuel heterogeneity on

ind flow. More specifically the Slow/Patchy scenario resulted in a
atrix of large canopy gaps whereas in the Rapid/Broad scenarios

here were more remaining live trees and they were more evenly
paced. The Slow/Patchy scenario had greater wind velocities at
11.8 8.3
12.0 9.1

both the top of the canopy and at the mid-canopy height compared
to the Rapid/Broad scenario (Table 2). Given that the mean canopy
and surface fuel loadings are the same in these two  scenarios we
attributed the differences in wind speed to the clumpy nature of
fuels in the Slow/Patchy scenario which allowed for greater chan-
neling of the wind within the canopy. This feature is less apparent
in the low wind case because the entrainment of high momentum
air into gaps and the subsequent redirection by the clump of trees is
reduced. These findings are similar to the findings of Pimont et al.
(2011) for more and less aggregated canopy densities. Based on
these findings we  hypothesize that for a given level of mortality, a
bark beetle outbreak that results in a higher degree of aggregation
of canopy fuels will result in greater within-canopy wind veloci-
ties, particularly under high wind velocity cases. However, future
experimental studies are needed to confirm this hypothesis.

In  addition to changes in the mean streamwise wind veloc-

ities there were also significant changes in the fluctuations in
the U, V, and W velocities. Fig. 5 illustrates that in all of the
mortality scenarios the ratio of streamwise-velocity correlation
(twice the streamwise turbulent kinetic energy ( ¯U ′U ′)) to the mean
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Fig. 5. Normalized vertical profile of the streamwise velocity correlation for the

inetic energy at the top of the canopy was greatest initially at
he top of the canopy where there was a strong mean shear. As

ortality progressed and the canopy fuel loading decreased (after
ear 3), there was a corresponding decrease in the shear effect and
he mean velocity and mean kinetic energy increased in the upper
art of the canopy. This resulted in a reduction of the ¯U ′U ′/U2

0
ear the top of the canopy as the forest structure evolved. In the
iddle portion of the canopy this ratio increased after years 3

nd 7 in the Rapid/Broad and Slow/Patchy scenarios, respectively,
s winds started to intermittently penetrate the canopy and then
ntersect canopy fuels. In the Slow/Patchy scenario, the increased
treamwise turbulence in the canopy relative to the mean kinetic
nergy at the top of the canopy was related to the growth of sub-
tantial gaps in the canopy where high velocity winds enter the
anopy and are then diverted or redirected by the presence of tree
lumps. As the tree clumps disappear near year 15 the normal-
zed streamwise turbulence decreased in the mid  canopy. In the
apid/Broad scenario there was no formation of gaps and therefore
he mid  canopy maximum streamwise turbulence was much less
ronounced in the slow wind case and nonexistent in the high wind
ase. The lack of the formation of gaps and clumps of trees com-
ined with the reduction in canopy fuels resulted in the normalized
treamwise turbulence growing monotonically to a maximum
evel in year 6 in the Rapid/Broad scenario. The Slow/Patchy sce-
ario developed a bulge around z = 0.2 H related to the mean
treamwise velocity bulge that occurred due to flow through the

runk space when there were well defined gaps in the canopy. This
ulge is again not present in the Rapid/Broad scenarios.

The ratio of the cross-stream velocity correlation to the mean
elocity at the top of the canopy, or normalized cross-stream
/Broad and Slow/Patchy scenarios for both the low and high wind speed cases.

turbulence ( ¯V ′V ′/U2
0 ), also generally decreased at the top of the

canopy over time for both wind speed cases simulated (Fig. 6)
for reasons similar to those described above for the normalized
streamwise turbulence. At mid-canopy heights the normalized
cross-stream velocity started to noticeably increase around years 4
and 7 for the Rapid/Broad and Slow/Patchy scenarios, respectively,
and then decreased as the outbreak progressed and there was  less
fuel in the canopy. The peak normalized mid-canopy cross-stream
velocity occurred due to the increased mean velocity shear asso-
ciated with the loss of canopy biomass in successfully attacked
trees and a scattering of living trees intersecting the flow. However,
as additional mortality occurred, such as in the Slow/Patchy sce-
nario, the normalized cross-stream turbulence at the mid  canopy
decreased ultimately approaching the pre-outbreak level in year
15. Difference in the normalized cross-stream turbulence between
the two  mortality scenarios is thought to be an effect of differences
between aggregated trees forming clumps that cause minimal
abrupt cross stream redirection of the flow in the Slow/Patchy sce-
nario verses evenly dispersed individual trees in the Rapid/Broad
scenario that cause more local disruption in the flow. Once again,
the biggest difference in the normalized cross stream velocity of the
two mortality scenarios was the pronounced bulge below 0.4 H in
the profiles of the Slow/Patchy scenarios (especially the slow wind
speed case) related to the formation of tree clumps separated by
large gaps in the canopy.

The  normalized vertical/streamwise cross correlation, also
′ ′ 2
referred to as normalized vertical momentum flux (U W /U0 ),

showed similar trends to the normalized streamwise and cross-
stream correlations in the later years of the Slow/Patchy scenarios
and throughout the progression of the Rapid/Broad scenario (Fig. 7).
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after the initiation of the outbreak and a period of time where the
Fig. 6. Vertical normalized cross-stream correlation profile for the Rapid

or both bark beetle mortality scenarios, the normalized vertical
omentum flux at the top of the canopy decreased throughout

he progression of the outbreak compared to pre-outbreak. This
ecrease occurred due to both the reduced magnitude of the shear
t the top of the canopy and an increase in the mean momen-
um within the canopy due to less drag present to dissipate the

omentum, resulting in a reduction in the net flux of horizon-
al momentum down into the canopy to maintain the steady-state
alance. One significant difference between this turbulence corre-

ation and the streamwise or cross-stream correlations discussed
bove is in the Slow/Patchy scenario in year 7 where there was an
verall increase in normalized magnitude of the vertical momen-
um flux compared to year 0, even near the top of the canopy. This
s due to the opportunity for momentum to be entrained down into
he canopy from the free stream above the canopy because of the
resence of large canopy gaps, and the dissipation of momentum
ue to clumps of trees that limit free flow through the canopy.

Our  results show that both the magnitude and pattern of bark
eetle mortality influenced within canopy wind flow by reducing
anopy density, and thus, the amount of vegetation imposing drag
n the mean flow and by creating a mosaic of patches of vegeta-
ion and canopy gaps which resulted in localized wind channeling.
o highlight the differences in the magnitude and timing of alter-
tions to the within canopy wind flow between our two bark beetle
ortality scenarios the mean and turbulent z = 0.5 H parameters

re summarized through time in Fig. 8. Some of the key aspects of

hese differences include: (1) increased normalized turbulence lev-
ls from the initiation of the outbreak through years 9 and 6 during
he Slow/Patchy and Rapid/Broad mortality scenarios, respectively,
 and Slow/Patchy scenarios for both the low and high wind speed cases.

due  to the loss of canopy biomass, and increased velocities within
the canopy, and (2) reduced normalized turbulence following years
9 and 5 under the low wind speed cases during the Slow/Patchy and
Rapid/Broad scenarios due to the persistence of the scattered liv-
ing trees. This reduction was not present in the high wind speed
case of Rapid/Broad scenarios where the winds had less time to
react in the spaces between the trees. These findings highlight the
potential implications that different levels of bark beetle mortality,
rates of mortality, and the spatial patterns of mortality can have
on the within canopy wind flow. Additional research that further
explores the relationship between changes in the canopy biomass
and spatial patterns with respect to changes in within canopy wind
flow, as well as other biophysical processes are needed to fully
understand the potential implications of disturbances such as bark
beetles.

3.3. Effect of beetle attack progressions on simulated changes in
fire  behavior

There was  a wide range of variation in the fire rate-of-spread
(ROS) through time for both the Rapid/Broad attack and the
Slow/Patchy attack scenarios for both wind speeds in the simu-
lations (Fig. 9). In general both the Rapid/Broad and Slow/Patchy
scenarios showed a similar trend across the temporal space sim-
ulated. Both scenarios showed an initial increase in the ROS  soon
ROS decreases compared to the initial stages of the outbreak. In
some cases there was a subsequent increase in the ROS at the later
stages of the outbreak (Fig. 9). The trends in ROS we  found follow
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ig. 7. Vertical profiles of the normalized vertical/streamwise cross correlation for 

ypothesized trends of crown fire potential through time for bark
eetle affected forests (Jenkins et al., 2008; Hicke et al., 2012). How-
ver, our simulations suggest that there are differences in both the
iming of peak ROS and the magnitude of those peaks across both
he different bark beetle mortality scenarios and wind speed cases.

During the initial stages of the bark beetle outbreak (years 1–4),
OS depended on both the rate of mortality and the wind speed. In
ears 1 and 2, before there has been any change in canopy bulk den-
ity, and thus, no changes in canopy wind fields, the ROS decreased
n the Slow/Patchy outbreak scenario but changed little in the
apid/Broad scenario as compared to the pre-outbreak level. The
ecreased ROS for the Slow/Patchy scenario was in part caused by a
eduction in foliar moisture content in widely dispersed locations,
eading to the occasional torching of trees in both space and time.
he torching of widely spaced dead trees along the fireline pro-
uced an increase in buoyancy-induced indrafts that altered heat
ransfer mechanisms, preventing the ignition of non-infested trees
ownwind, especially in the low wind cases, resulting in a reduc-
ion in the ROS. However, in the high wind speed case, the wind
peed was sufficient to overcome the buoyancy-induced indraft
reated by the torching of isolated bark beetle infected trees and the
OS increased due to decreased canopy foliar moisture contents.

n the Rapid/Broad scenario, ROS increased in year 3 under both
ind speeds due to increasing level of mortality. The Rapid/Broad

cenario also had a greater ROS compared to the Slow/Patchy sce-
ario because of reduced mean canopy foliar moisture contents that

esulted from the greater levels of mortality. The peak in ROS in year

 for the Rapid/Broad scenario was due to continuity of dry fuels,
nd corresponded to a 1.8–2.7 fold increase in ROS compared to the
pid/Broad and Slow/Patchy scenarios for both the low and high wind speed cases.

pre-outbreak simulation for the low and high wind cases, respec-
tively. In contrast to the Rapid/Broad scenario, the peak ROS for the
Slow/Patchy scenario occurred in year 4 and was 1.2 and 2.0 times
greater than the pre-outbreak level for the low and high wind cases.
During these initial stages of the outbreak, the major difference
between the two  bark beetle mortality scenarios was a reduced
mean foliar moisture content and greater connectivity between
dead trees in the Rapid/Broad scenario. These findings suggest that
the ROS is positively related to the level and continuity of bark bee-
tle mortality and are consistent with results from Hoffman et al.
(2012a). In addition, our findings suggest that models which use
a spatially averaged value to broadly represent all the individual
trees which make up the canopy fuels complex will produce differ-
ent fire dynamics as compared to models that explicitly account for
variations in the forest canopy. Future research efforts are needed
to further understand the implications of these differences.

After year 3, the trends in ROS for the Rapid/Broad scenario
diverged from the Slow/Patchy scenario due to the different evo-
lutions of the canopy bulk density and canopy foliar moisture
contents. For years 4 and 5, the amount and continuity of canopy
fuels decreased considerably in the Rapid/Broad scenario resulting
in a decreased ROS compared to the pre-outbreak level, despite
increased wind penetration into the canopy. A decrease in ROS
following the loss of canopy fuels associated with an increasing pro-
portion of the trees being in the gray phase has been suggested by
several past research studies (Jenkins et al., 2008; Hicke et al., 2012;

Simard et al., 2011). Following the peak ROS in year 4, the ROS in
the Slow/Patchy scenario also decreased as a result of lower canopy
continuity associated with the loss of canopy biomass. Although the
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Fig. 8. Temporal trends of the: normalized streamwise wind speed at 0.5 H for the Slow/Patchy (A) and Rapid/Broad (B) outbreak scenarios, normalized streamwise velocity
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orrelation at 0.5 H for the Slow/Patchy (C) and Rapid/Broad (D) outbreak scenar
apid/Broad (F) outbreak scenarios and the normalized vertical/streamwise cross c

ow  and high winds.

eak increase in ROS for the Slow/Patchy scenario occurred one
ear after the peak ROS for the Rapid/Broad scenario, both arose
efore a significant loss of canopy fuel occurred in the stand, and
oth declined with loss of canopy continuity.
Following additional loss of canopy biomass in year
 for the Rapid/Broad scenario for the high wind speed
ase, the fire ROS increased by 5% compared to the pre-
ormalized cross stream velocity correlation at 0.5 H for the Slow/Patchy (E) and
tion at 0.5 H for the Slow/Patchy (G) and Rapid/Broad (H) outbreak scenarios under

outbreak scenario (Fig. 9). However, in the low wind
speed scenario the fire rate of spread was 60% lower than
the pre-outbreak scenario. The additional loss of canopy
biomass in years 7–12 for the Slow/Patchy scenario resulted

in similar patterns of ROS as the Rapid/Broad scenario. For the
low wind speed case the ROS decreased between 21 and 44%
during this time compared to the pre-outbreak scenario. While
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ig. 9. Simulated rates of fire spread and normalized rates of fire spread through t
ow  and high wind speed cases. The curves for the Rapid/Broad attack were extend

or the high wind speed scenario the ROS was between 3 and 10%
reater than the pre-outbreak scenario. These findings highlight
he potential impact of wind velocity on the effect bark beetle

ortality has on ROS.
Following  year 12, both the low and high wind speed cases

howed an increase in the ROS as compared to years 7-12. In
he high wind speed case, this resulted in a 60% increase of ROS
ompared to the pre-outbreak level, whereas the low wind speed
ase had a ROS that was 11% lower compared to the pre-outbreak
evel. The recovery in ROS for the Slow/Patchy scenarios is likely
ccurring due to increased penetration of winds into the canopy
nd greater near surface wind velocities. This is similar to the
ncreased ROS in year 6 for the Rapid/Broad scenario. However,
he increase in year 12 of the Slow/Patchy scenario was much
reater than that of year 6 for the Rapid/Broad scenario due to the
tronger winds near the surface and the aggregated canopy fuels.
owever, increased ROS during the later years of these simula-

ions for the Slow/Patchy scenario may  not be realistic since we

id not consider the degradation of surface fuels or the response
f vegetation through time. Additional research that investigates
he sensitivity of temporal trends in fire behavior following bark
eetle outbreaks is needed to better understand the variability
llowing a bark beetle outbreak for the Rapid/Broad and Slow/Patchy scenarios for
ond year 6 for illustrative purposes.

in  fuels complex responses and the associated impacts on fire
behavior.

Our data suggest that the maximum ROS occurs when there is
high canopy bulk density and low mean canopy foliar moisture
content (Fig. 10). This combination of parameters is most likely to
occur during the initial stages of an outbreak (years 1–3) that closely
resembles the Rapid/Broad scenario or in years 1–5 for a situation
that resembles the Slow/Patchy scenario. In addition, our simu-
lations as well as other research (Hoffman et al., 2012a) suggest
that fire behavior during the early phases of an outbreak is posi-
tively related to the level of mortality. As an outbreak progresses,
the canopy bulk density decreases, the canopy foliar moisture con-
tent increases due to a loss of dead fuels, and there is increased
wind penetration into the canopy. These changes resulted in higher
near-surface wind velocities as well as increases in the energy
requirements for crown ignition and spread leading to reduced ROS
as compared to the initial phases of the outbreak. This pattern is
in agreement with several past studies that have investigated the

temporal trends in crown fire potential following bark beetle out-
breaks (Jenkins et al., 2008; Hicke et al., 2012). However, in spite
of a decrease in ROS during the later portion of the outbreak com-
pared to the initial phases, our simulations suggested that the ROS
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Fig. 10. Rate of fire spread as a function of canopy bulk density and mean

an remain above the pre-outbreak level, particularly under high
ind velocities. The potential for increased fire behavior potential

uring the latter stages of an outbreak, when most trees are in the
ray phase, has been suggested by Jenkins et al. (2012) and Linn
t al. (2013).

Despite an increasing amount of research into the effects of bark
eetle outbreaks on fuels and fire behavior over the last decade,
here remains a lack of experimental field data that can be used
o assess predictions and hypotheses derived from various model-
ng approaches. Recently Perrakis et al. (2014) published data on
4 crown fires that occurred in lodgepole pine-dominated forests
uring the initial phases of an outbreak (between 1 and 5 years

ollowing mortality). Although the particulars of the mortality pro-
ression, wind profiles, and fuels complex are not well documented

r potentially even known for these experiments, these data pro-
ide much needed real world measurements in bark beetle infested
reas (Hicke et al., 2012; Hoffman et al., 2012a, 2013; Page et al.,
014) and provide a starting point for at least qualitatively assessing

ig. 11. Comparison of mean rate-of-spread predictions (±1 standard deviation) for our 

xperimental data from 14 fires in mountain pine beetle-infested forests (Perrakis et al., 2
py fuel moisture, based on all 28 scenarios at low and high wind speeds.

if  model predictions are at least realistic. The observed mean rate
of spread from the 14 experiments from Perrakis et al. (2014) was
0.41 m s−1 with a standard deviation of 0.24, with wind velocities
ranging from 1 to 7 m s−1 at 10 m above the ground in clearings. In
addition, Perrakis et al. (2014) compared their experimental data to
the expected fire behavior for pre-outbreak lodgepole pine forests
and determined that during this period there would be an approx-
imate 2.6 fold increase in the ROS as compared to pre-outbreak
conditions. For the same time period in our simulations, our mean
predicted rates of spread were 0.45, 0.66 for the Rapid/Broad and
0.46 and 0.71 m s−1 for the Slow/Patchy low and high wind speed
cases, respectively (Fig. 11), with wind speeds ranging from 3 to
4 m s−1 for the low wind speed cases and 7–9 m s−1 in the high
wind cases at heights 10 m above the canopy. The standard devi-

ations of our simulations were 0.23, 0.44, for the Rapid/Broad and
0.10 and 0.26 for the Slow/Patchy low and high wind speed cases,
respectively (Fig. 11). Given that our high wind speed cases had
greater wind velocities than those reported for the experiments

Rapid/Broad and Slow/Patchy low and high wind speed scenarios from FIRETEC to
014).
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t is rational that the simulated rates of spread for our high wind
peed scenarios would be greater than those reported by Perrakis
t al. (2014). In addition our simulations show an increase in rate of
pread of between 1.2 and 2.7 compared to the pre-outbreak simu-
ations depending upon the bark beetle mortality scenario and the

ind speed. Despite the relatively small sample size of the wild-
re observations available (n = 14) and the lack of details regarding
any important variables thought to influence fire behavior, this

omparison provides a qualitative check that our simulations, are
t least reasonably consistent (i.e., within a similar order of magni-
ude) with our expectations of the real world system. It is important
o acknowledge, however, that although comparisons such as the
nes made above are useful for general insight, they do not con-
titute a validation of the model, primarily because the details
ssociated with the experimental data place limits on model testa-
ility. The level of fidelity of the validation of any fire model will
epend upon the fidelity of the characterization of the dynamic and
eterogeneous environment that controls the fire. Future experi-
ents that provide more detailed information regarding the fuels

omplex, wind fields and fire behavior in bark beetle affected stands
re needed for model evaluation in both early and latter periods of
ime following an outbreak. It is our hope that the results of this
nvestigation will inspire, prompt, and guide future observations
hat would be focused on discerning the realities of the interactions
etween wind and fire in these evolving heterogeneous mortality
vents.

. Conclusions

A  total of 28 simulations were conducted using FIRETEC, a cou-
led fire/atmosphere model, in order to explore the ways in which

 bark beetle outbreak may  influence the within-canopy winds and
he rate of fire spread in lodgepole pine-dominated forests. These
imulations represented two broad evolutions of a bark beetle out-
reak that resulted in different spatio-temporal fuels complexes
onsisting of various mixtures of yellow, red, brown, gray and green
rees. To quantify the effect of these fuel complexes on fire behavior
e used two different ambient wind speeds. In addition we  pro-

ided a qualitative comparison of our simulated ROS with recent
xperiments conducted during the initial time phases following an
utbreak.

The simulated changes in canopy structure through time
esulted in alterations to the average wind profile as well as the
ind fluctuations within the canopy. In general, wind speeds were

ower in the initial phases of an outbreak before significant canopy
iomass was removed. As the beetle outbreak progressed there was
n increasing loss of biomass in the canopy imposing drag on the
ind flow which lead to increased mid-canopy and near-surface
ind velocities in both bark beetle outbreak scenarios. However,

or a given amount of canopy biomass, we found that outbreaks
hat resulted in a patchy or aggregated distribution of living and
ead trees had greater near-surface wind velocities than more
venly spaced patterns of fuels due to differences in wind entrain-
ent and channeling. Scenarios where large gaps in the canopy
ere separated by groups of trees resulted in increases in the wind

peed fluctuations and increased stem-space velocities compared
o more evenly-distributed but similar fuel loads. These findings
ighlight two potential mechanisms by which bark beetle mortal-

ty can influence within canopy wind flow: first by reducing the
mount of vegetation present in the canopy that acts as a source
f wind drag, and second by altering spatial patterns of vegetation
n a manner that leads to wind channeling, which also additionally
ffects the overall wind drag. This suggests that a function com-
uting in-canopy wind velocities based simply on the amount of
iomass present, but no spatial distribution information, may  not
est Meteorology 204 (2015) 79–93

account for differences in near-surface wind flow associated with
various mortality patterns. This could lead to an under prediction
bias of fire rates of spread, particularly in fuels that are character-
ized as aggregated.

Both  the rate of bark beetle mortality and the ambient wind
speed played a significant role in determining the ROS following
the initiation of a bark beetle outbreak by altering the heat require-
ments for ignition and convective heat transfer processes. The
initial phases following an outbreak consist of minimal reductions
in canopy biomass and a general decrease in the heat requirements
for crown ignition which resulted in increased rates of spread dur-
ing this period of time, with the greatest increases occurring for
the Rapid/Broad scenario. Interestingly, in both scenarios the peak
rate of spread occurred before significant canopy biomass loss. As
additional canopy biomass was removed, there were changes in
the convective heating of unburned vegetation and the fire rate-of-
spread decreased from the peak ROS which occurred in the initial
phases of the outbreak. However, under high wind speeds, this
reduction resulted in elevated spread rates as compared to pre-
outbreak levels. These findings suggest that the changes in canopy
bulk density and mean canopy foliar moisture content associated
with various rates of mortality, along with the ambient wind veloc-
ity, exert considerable influence on the relative change in ROS
through time. Given the potential variation in wind flow and pre-
dicted rate of fire spread due to changes in the severity and timing of
mortality, we suggest that future studies investigating the impact
of bark beetle mortality should report the severity or amount of
mortality along with the rate of mortality through time (Wulder
et al., 2009). In the absence of such data a more thorough descrip-
tion of the mixture of individual tree phases within the study area
could also be useful. The inclusion of this data into future stud-
ies could help clarify existing knowledge gaps related to the effect
of bark beetle outbreaks and explain potential differences in the
reported effects of bark beetle outbreaks on fire behavior through
time (Hicke et al., 2012).
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