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Acoustic impulse events have long been used as diagnostics for discrete phenomena in the natural
world, including the detection of meteor impacts and volcanic eruptions. Wildland fires display an
array of such acoustic impulse events in the form of crackling noises. Exploratory research into the
properties of these impulse events revealed information regarding the specific properties of plant
material. Unique acoustic frequency bands in the upper end of the sonic spectrum correlated to
changes in vegetation properties. The signature of acoustic impulse events as they relate to plant
species and plant water stress, were investigated in controlled laboratory combustion experiments.
Correlation in the frequency range of 6.0–15.0 kHz was found for both species and water stress,
indicating the possibility that a digital filter may be capable of identifying vegetation properties
during wildland fire events. VC 2017 Acoustical Society of America.
[http://dx.doi.org/10.1121/1.4974199]
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I. INTRODUCTION

Achieving a detailed understanding of open flame com-
bustion in wildfires is of fundamental importance to physics
and engineering, while at the same time, wildfires are under
intense public scrutiny given the direct impacts on human
health, safety, and property (Bowman et al., 2009). Equally,
early-warning indicators that aid in the near real-time assess-
ment of ecosystem vulnerability to fires, such as from
inferred vegetation properties, are critical to predict fire
impacts on ecosystem goods and services (Carpenter et al.,
2011; Smith et al., 2014).

Historically, open flame combustion has been evaluated
using thermocouples or sensors attuned to the visible and
thermal regions of the electromagnetic spectrum (Kremens
et al., 2010). Thermocouples and similar witness devices are
often restricted by response times (Bova and Dickinson,
2009; Wotton et al., 2012). The choice of visible and thermal
radiometers can result in quantification challenges when the
intervening space between the sensor and the wildfire is
obscured by factors such as smoke, brush, or topography.
Further, the high variability of combustion dynamics within

wildfires poses significant challenges in quantifying the fire
behavior metrics of these phenomena (Keeley, 2009). This is
due, in part, to the complexity of the burning vegetation,
including variability associated with mortality, moisture
level, quantity of vegetation, and plant species (Bigler et al.,
2005; Jolly, 2007; Keane, 2013; Matthews, 2014). To over-
come these challenges, there is interest in the use of wildfire
acoustics to aid in characterization of fire behavior (Bedard
and Nishiyama, 2002; Sahin and Ince, 2009; Stavrakakis
et al., 2014; Viegas et al., 2008).

A recent study found evidence of thermoacoustic and
aeroacoustic phenomena in the 0–2 kHz range (Stavrakakis
et al., 2014). Another study found shrub fires exhibit an
acoustic spectrum with decreasing amplitude as frequency
increased from 0 to 500 Hz followed by amplitude increasing
with frequency in the range 500 Hz–10 kHz (Viegas et al.,
2008). The increasing amplitude at higher frequencies was
attributed to “crackling noises” during combustion. A com-
pelling question that remains is whether the changing prop-
erties of the vegetation under combustion can be inferred
from real-time sampling of the wildland fire combustion
acoustics.

We hypothesize that the nature of “crackling noises,”
i.e., short impulsive acoustic events during combustion, are
affected by the species and presence of moisture in the vege-
tation being burned. For example, flash evaporation of liquid
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mechanically contained in the vegetation is a likely cause of
the short acoustic impulse events (AIEs). Then, it may be
expected that the nature of the AIEs is affected by mechani-
cal properties of the moisture containment and amount of
moisture present in the vegetation. Elsewhere, AIEs have
been successfully used as diagnostics for identifying unique
events (Brown et al., 2013; Hoffmann et al., 1999; Abel
et al., 2010; ReVelle, 1976; Volgyesi et al., 2007).

II. EXPERIMENTAL DESIGN

To investigate this hypothesis, we conducted laboratory
experiments by burning conifer needles and whole seedlings.
Two conifer seedling species were subjected to differing lev-
els of water stress for 2 weeks prior to the combustion experi-
ments. Acoustic measurements were recorded throughout the
entire combustion process. AIEs attributed to the combustion
of the conifer seedlings were isolated in 4 ms time segments.
These segments were carefully selected to ensure no artifacts,
i.e., acoustic reflections from the laboratory surroundings,
were present in the signal of the AIE. Phase-contamination
was also prevented by ensuring only one AIE was present in
each time segment. Difference in means analysis of the spec-
tra as well as an unbalanced analysis of variance (ANOVA)
of individual AIEs was then performed to determine whether
there was any correlation between the spectra of AIEs and the
species and water stress level of the conifer seedlings.

A. Seedlings and combustion setup

The conifer seedlings consisted of 32 container-grown
(2.5 cm diameter and 16 cm deep, 66 mL), seven-month old
seedlings of both Douglas-fir (Pseudotsuga menziesii [Mirb.]
Franco) and Engelmann spruce (Picea engelmannii Parry ex
Engelm.). These seedlings were equally split and subjected
to one of two moisture stress levels: well-watered (control),
receiving water at 90% container capacity; or drought-
stressed, receiving water at 65% container capacity for 2
weeks.

A 1.10 m long! 1.30 m wide fuel bed of western white
pine (Pinus monticola Douglas ex D. Don) needles with a
fuel loading of 300 g m"2 was constructed (Fig. 1). Needles
were collected from a single-species western white pine
stand, manually sorted to remove impurities, and dried in an

oven at 90 #C for 24 h to bring them to 0% fuel moisture con-
tent. A fuel bed was made up of western white pine needles
and either eight Douglas-fir or Engelmann spruce seedlings
placed 18 cm apart linearly and parallel to the ignition which
was 74 cm from the seedlings. Each burn contained only one
conifer seedling species and one moisture stress level. The
seedling culture and growing conditions were carefully moni-
tored (Apostol et al., 2015). Two burns were conducted for
each of the two moisture stress levels for each species.

The branch water potential was measured on all seed-
lings 1 day before the experiment using a model 600
Pressure Chamber (PMS Instruments Company, Albany,
OR, USA). Shoot moisture content was calculated as the dif-
ference between tissue fresh mass (FM) and dry mass (DM)
after oven-drying at 70 #C for 72 h.

The experiments took place at the Idaho Fire Initiative
for Research and Education combustion laboratory located
at the University of Idaho. This laboratory is a steel-sided
building with approximate lateral inside dimensions of
7.3 m! 5.5 m, a peaked ceiling with heights varying from
3.3 m at the sides to 4.0 m in the center, and a cement floor.
Laboratory equipment was located along the walls. The near-
est structure was a polyhedron shaped vent hood located
$1 m above the experiment. To minimize the effects of con-
ductive heat transfer, the burns took place on a fire-brick
lined table (1.30 m long! 1.43 m wide! 0.92 m tall). A con-
tinuous flame front progressed through the pine needles,
encountered and combusted the conifer seedlings, and termi-
nated at the far end of the fuel bed. The flame front was
nominally parallel to the linear array of seedlings, and per-
pendicular to the axis of the microphone. The microphone
signals show, in order of occurrence, an ignition, combustion
of pine needles, ignition and combustion of conifer seedlings
with pine needles, and combustion of pine needles until ter-
mination (Figs. 2A–2D).

B. Acoustic measurement setup

During the combustion process, a 1/2 in. diameter
pressure-response (Wong and Embleton, 1994) measurement
microphone (Bruel & Kjaer, type 4134), positioned near the
edge of the fuel bed, was used to record the acoustic signal.
The microphone was placed $1 m from the center, 6.5 cm
from the ignition point, and at an elevation of $23 cm above

FIG. 1. (Color online) Fuels and fuel
bed setup before, during, and post fire.
(A) Flame front (indicated by dotted
black line) moves in the direction of the
black arrow towards conifer seedlings
(denoted by green dashed arrows). (B)
Side view of the experimental setup
shows the configuration of the free field
microphone and camera (far left), the
location and extent of the linear ignition
(yellow dashed line) along the left edge
of a pine needle fuel bed with conifer
seedlings in position in the last quarter
(right side) of the fuel bed. (C) Conifer
seedlings, post combustion, show char-
ring and damage to green needles. Bricks
in background included for image clarity.
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the plane of the fuel materials on the table. The microphone
was a pressure-response type, nominal sensitivity of 9 mV
Pa"1 as determined by a piston-phone, and bandwidth
20 Hz–25 kHz. The microphone signal was alias-filtered,
amplified, and digitized at a rate of 50 kHz with 12 bit reso-
lution. After digitization, a high-pass digital filter, with a
corner frequency of 10 Hz was applied to the microphone
signal to remove slowly varying electronic noise.

The measurement environment was not anechoic, thus it
is assumed that the acoustic measurements contained reflec-
tive artifacts from surrounding walls, roof, floor, and
obstacles. Aside from the table supporting the experiment,
the nearest reflective surface (laboratory vent hood) was
$1 m away (echo-return time >5.8 ms). During all experi-
ments, combustion was initiated near the microphone at the
edge of the fuel bed (Fig. 1).

III. EXPERIMENTAL RESULTS

A. Statistical analysis of seedling moisture stress

An ANOVA was performed with a Tukey’s test to com-
pare moisture means for significant differences (p-value
<0.05). Both branch water potential (Ww) and shoot moisture
content in Douglas-fir and Engelmann spruce significantly
decreased with drought induced moisture stress. Mean
Ww values in the well-watered and drought-stressed Douglas-
fir and Engelmann spruce seedlings were "1.3, "3.5, "1.7,
and "4.1 MPa, respectively. Shoot moisture content values
in the well-watered and drought-stressed Douglas-fir and
Engelmann spruce seedlings were 0.7, 0.5, 0.5, and 0.4 g,
respectively.

B. AIE magnitude

In the plots of microphone voltage [Figs. 2(A)–2(E)], a
time-segment (annotated as “seedling combustion”) was
selected corresponding to the combustion of seedlings. The
microphone voltage magnitude during seedling combustion
varied between seedling moisture levels and, to a lesser
degree, between species. For example, the microphone volt-
age magnitude was larger for the drought-stressed seedlings
of both species [Figs. 2(A) and 2(C)] when compared to those
that were well-watered [Figs. 2(B) and 2(D)]. Likewise, the
microphone voltage magnitude was larger during Engelmann
spruce seedling burns [Figs. 2(A) and 2(B)] as compared to
the Douglas-fir seedling burns [Figs. 2(C) and 2(D)].

C. Average normalized spectrum of AIEs

In addition to the amplitude of individual AIEs, we
investigated whether an amplitude-independent signature
could be associated with seedling conditions. Individual AIEs
associated with the burning seedlings were isolated by select-
ing 4 ms time segments, during seedling combustion, which
contained a single large-magnitude AIE [Fig. 2 (E)]. This pro-
cedure likely isolates AIEs caused by seedlings because (1)
the AIEs caused by seedlings were higher in magnitude than
those caused by the pine needle fuel bed and (2), a 4 ms dura-
tion excludes the possibility of propagation of AIE reflections
from the surrounding environment (objects >1 m away equa-
tes to an echo-return time >5.8 ms).

In total, 361 AIEs associated with seedling combustion
were isolated. The normalized spectrum of each AIE was
obtained by dividing the power at each frequency by the

FIG. 2. (Color online) Microphone voltage during combustion of conifer seedlings. Left column [(A) and (C)]: water-stressed, right column [(B) and (D)]:
well-watered. First row [(A) and (B)]: Engelmann spruce, second row [(B) and (E)]: Douglas-fir, third row (E): selected AIE during seedling burn.
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FIG. 3. (Color online) Water-stress difference quantification using normalized power of AIEs during combustion of conifer seedlings. Left column (A)–(E):
Douglas-fir, right column (B)–(F): Engelmann spruce. First row [(A) and (B)]: mean (solid line) normalized spectrum of water-stressed seedling AIEs during
combustion with 95% confidence interval (dashed line), second row [(C) and (D)]: mean (solid line) normalized spectrum of well-watered seedling AIEs dur-
ing combustion with 95% confidence interval (dashed line), third row: difference in means of the average normalized spectrum of AIEs for Douglas-fir
changes in water-stress level (E) and Engelman spruce changes in water-stress level (F). Shaded (blue) areas indicate the wavelength ranges for which a
change in water stress produced significantly different acoustic signatures.

FIG. 4. (Color online) Species difference quantification using normalized power of AIEs during combustion of conifer seedlings. Left column [(A)–(E)]:
water-stressed, right column [(B)–(F)]: well-watered. First row [(A) and (B)]: mean (solid line) normalized spectrum of Douglas-fir AIEs during combustion
with 95% confidence interval (dashed line), second row [(C) and (D)]: mean (solid line) normalized spectrum of Engelmann spruce AIEs during combustion
with 95% confidence interval (dashed line), third row: difference in means of the average normalized spectrum of AIEs for water-stressed changes in species
(E) and well-watered changes in species (F). Shaded (green) areas indicate the wavelength ranges for which a change in species produced significantly differ-
ent acoustic signatures.
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overall power in the microphone voltage signal during the
duration of seedling combustion. A free-field correction fac-
tor, provided by the manufacturer, for a plane wave incident
at 0o to the microphone axis was applied to the spectrum to
correct for microphone diffraction (Matsui, 1971). An aver-
age normalized spectrum was then computed from the 361
isolated AIEs for each of the four combinations of species
and water stress [Figs. 3 and 4(A)–4(D)].

Initial inspection of the AIE spectra [Figs. 3 and 4(E)
and 4(F), shaded areas], shows some dependence of the spec-
tra on species. When Engelmann spruce was combusting, a
single peak ($12 kHz) occurred in the average normalized
spectrum [Figs. 3(B) and 3(D)]. When the Douglas-fir seed-
lings were combusting [Figs. 3(A) and 3(C)] the average
normalized spectrum changed to a two-peak structure, with
separate peaks at $11 and 15 kHz for the water-stressed
seedlings and $8 and 13 kHz for well-watered seedlings. A
95% confidence interval, for the difference in means in the
averaged normalized spectrum of each frequency, revealed
that the difference for water stress was non-zero, and thus
statistically significant (p-value< 0.05) for both species
[Figs. 3(E) and 3(F), shaded regions]. A two-factor unbal-
anced ANOVA of the same average normalized spectrum at
each frequency supported and further refined these results
indicating AIEs were significantly sensitive (p-value < 0.05)
to changes in water stress in five separate frequency bands
between $0.4 and 13 kHz [Fig. 5(B), shaded regions].

Differences in the average normalized spectrum between
species were also detected. When each species was water-
stressed, a difference in means test revealed a statistically sig-
nificant (p-value < 0.05) difference in the average normalized
spectrum in eight separate regions spanning the entire sam-
pling frequency range [Fig. 4(E), shaded green]. Likewise,
when both species were well-watered [Fig. 4(F), shaded
green], a statistically significant (p-value < 0.05) difference
in average spectra was observed in the frequency range
$0.40–14.5 kHz. A two-factor unbalanced ANOVA of the
same data gave similar but more refined results indicating
AIEs were significantly sensitive (p-value < 0.05) to changes
in species in nine frequency bands between 0.40 and 23.5 kHz
[Fig. 5(A)]. The two largest frequency bands sensitive to spe-
cies differences, from $6–9 kHz and $10–13 kHz [Fig.
5(A)], are likely due to a low point at $12 kHz in the average
normalized spectra for well-watered Douglas-fir [Fig. 4(B)]

and a corresponding peak in the average normalized spectra
[Fig. 4(D)] for well-watered Engelmann spruce.

The authors have less confidence in correlations at low
frequencies, due to omnidirectional scattering of sound from
surrounding structures, whereas scattering at high frequen-
cies is more directed in nature. Interactions between water-
stress and species were found in seven frequency bands
between $1.5 and 13.5 kHz [Fig. 5(C)]. Three regions of
interaction 6.30 kHz, 7.54–9.20 kHz, and 10.0–11.1 kHz cor-
respond with sensitivity to both species and water-stress.

IV. CONCLUSIONS

A surprising degree of correlation in AIEs was observed
to be associated with species and water-stress level in the
frequency range $6.0–15 kHz. AIE analysis for species also
revealed strong correlation between $20.0 and 23.5 kHz.
Several specific regions within these frequency regions were
found to be unique to either water-stress level (5.15 and
6.00–6.30 kHz) or species (6.35–7.54, 13.5–15.0, 19.8,
20.6–21.5, and 23.0–23.6 kHz). The identification of acous-
tic wavelength bands sensitive to changes in plant species
and plant water-stress levels opens the door for development
of inexpensive digital acoustic filters allowing for characteri-
zation of real-time properties of vegetation involved in wild-
land fires. For example, it may be possible to detect the type
and moisture-stress level of vegetation burning at any given
time during a wildland fire, a feat not currently possible
without prior knowledge of the local environment. A more
comprehensive set of studies encompassing a wider breadth
of plants is needed to fully understand the unique acoustic
signatures of individual species. This study illustrates the
merits of acoustic sampling of wildland fire events and pro-
vides a solid foundation for development of wildland fire
acoustics research.
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