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A B S T R A C T

We document the characteristics of infrasound from a compact (<3-m burn diameter) wood pile fire using arrays
located at 50 and 600 m. Infrasound from our controlled burn is present throughout the entire near-infrasound
range (1–20 Hz), but its peak infrasound energy trends from 1.3 to 1 Hz over an hour correlating with a transition
from relatively tall and narrow flame to a broader pile of coals with shorter flame. Observed infrasound fre-
quencies correlate with flame flickering – quantified through spectral analysis of video – suggesting that flame
and gas pulsing is the mechanism for the <2 Hz infrasound. Although the amplitude of the pile fire infrasound is
low (<0.1 Pa at 50 m) it is a stationary source and detectable using array processing at 600 m. Given this
demonstrated capability for remote surveillance of a small fire we contend that remote infrasound monitoring
has potential application for larger wildfires.

1. Introduction

Infrasound is a widely used monitoring tool for hazardous processes
occurring at Earth’s surface and in the atmosphere, including volcanoes
[1], anthropogenic explosions [2], mudflows [3], bolides [4], white-
water [5], tornadoes [6], earthquakes [7], and eruptions [8]. Hazard
monitoring applications for infrasound largely fall into two categories.
First, infrasound serves to detect hazardous activity and describe it
quantitatively (for example, estimating the volume of gas erupted from a
volcano or the yield of an explosion) and qualitatively (for example,
identifying the style of eruptive activity as explosive, jetting, or repeated
bursts) (e.g., [1]). Second, infrasound provides information on processes
with uncertain locations (e.g., distinguishing between volcanic vents, or
tracking fast-moving mudflows) by comparing infrasound travel times
to multiple sensors belonging to a network and/or in an array, which can
be used to determine the direction to the source (e.g., [9,10]).

Despite its demonstrated potential for research and real-time moni-
toring of other hazards, and the recognition that climate change will
increase the frequency, severity, and size of wildfires [11], infrasound
monitoring of wildland fire remains little-explored. Large fires from
wood structures and storage facilities have been observed to produce
infrasound that has been detected at least as far as 12 km away [12]. And
more recently, infrasound has been reported for wildland fires,
including prescribed fires in both forests and rangeland (e.g., [13,14]).
Infrasound array analysis has succeeded in tracking wildland fire spread

in a relatively low-intensity range fire [14] despite the presence of
aircraft noise and little shielding from wind noise; its success in these
difficult conditions indicates that the method could perform well near
hazardous wildfires where more intense infrasound generation is
expected.

The proposed mechanism for infrasound generation from diffuse
flame sources is an instability whereby the fire periodically creates un-
stable buoyant plumes, referred to as “puffing” [15]. In fires burning
over pools of liquid fuel (pool fires), a proportionality has been found
between the square root of flame diameter and puffing frequency [16];
however, this relationship remains untested in wood fires (either in
structures or wildlands). By contrast, audible and ultrasound emissions
from fire are produced by different processes including turbulence along
the fire-air boundary [17] and rupturing of plant tissues in fuel [18]. In
this paper, we examine fire infrasound source processes from a small pile
fire, showing correspondence between infrasound frequencies and pe-
riodic thermal signals in video observation. Further, we demonstrate
that even small meter-scale fires can produce infrasound between 1 and
20 Hz that can be detected at a range of more than half a kilometer.

2. Experiment and data

The focus of this study was to record sounds associated with a
compact-source controlled outdoor fire (referred to here as a pile fire)
that was ignited near Stanley Idaho (USA) on January 14th, 2024. The
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experiment consisted of a 2-m-high, ~3-m-diameter pyramidal pile of
dry lodgepole pine (Pinus contorta) and Douglas-fir (Pseudotsuga
menziesii), whose timber (ranging from 10 to 23 cm diameter) was dry
and had been collected prior to seasonal snowfall. Our fire was ignited at
4:50 PM local time (23:50 UTC), grew rapidly in size until 4:53 (23:53
UTC), and had reduced to hot coals, with no significant flame, by 9:45
PM (04:45 UTC). During the first few hours of the experiment logs were
sporadically added to the pile fire. Conditions during the experiment
were cold (~− 10 ◦C) and windless, providing for a low-noise infrasound
recording environment. Conditions in the month prior to the experiment
had been continuously below freezing and mostly dry. A ~1 m thick
powdery snowpack was present in the area of the fire on the day of the
experiment.

We recorded the pile fire with two 3-element infrasonic microphone
arrays, a video camera recording at 25 frames per second (fps), and a
timelapse camera with variable frame rate averaging 1 fps. The
continuous microphone acquisition at 400 Hz was chosen to sample both
infrasound (less than 20 Hz) as well as potential audible-band fire
sounds up to a Nyquist frequency of 200 Hz. The two microphone arrays
consisted of identical infraBSU version 2 infrasound sensors with flat
response above ~0.1 Hz. Infrasound arrays are a common tool for
detecting signal and identifying backazimuth to sources. They consist of
multiple microphones positioned at ground level and separated from a
station center (Fig. 1a). In the case of this experiment we spread 15-m
cables like spokes from the station center and surveyed the relative
positions of all sensors using a GPS Geode GNSS receiver at FB (accurate
to within 1 m) and a compass and measuring tape at FA (Fig. 1b). The
array centers for FA and FB were 50 m East and 600 m North of the fire
respectively. Data were recorded continuously with a DiGOS DataCube
24-bit, 3-channel datalogger with GPS time synchronization. The
infraBSU sensors were operationally similar to those described in [19]
and [20].

Because most of the coherent signal recorded by the microphone
arrays was below 20 Hz we refer to the collected data as infrasound.
Fig. 2 shows 3.5 h of data recorded with both arrays filtered to select
bands. At FA the infrasound is first evident starting at 16:50, when the
pile is initially ignited, and increased in amplitude until 16:53 as the
intensity of the pile fire and its flame height grew larger. No bonfire
infrasound is visually evident on the FB waveforms (at 600 m), but array
FA (at 50 m) displays identifiable tremor that is relatively stationary in
the 1–5 Hz, 5–10 Hz, 10–20 Hz, and 20 Hz-40 Hz bands beginning with
the pile fire’s inception (at 4:50 PM local time) and lasting until at least
6:00 PM. The high-amplitude tremor in the 0.1 to 1 Hz band is equally
evident on both arrays, but this signal is remote microbarom infrasound
(e.g., [21]) originating from relatively high elevation angles and from a
generally southwest backazimuth. Additional higher-frequency short-
duration signal transients, evident on both arrays occurring at 5:19,
5:35, 5:53 PM, 7:11 PM, and 7:34 PM, are attributed to air traffic. Other
very short-duration pulses are evident only at array FA (e.g., at 6:27 to
6:30 PM) and correspond to a nearby parked car’s door opening and
closing. Finally, a drone was flown over the fire intermittently during
the experiment and although it produced audio noise it could not be
observed in the infrasonic bands.

Infrasound signal is correlated with video from both the (~1 fps)
timelapse and continuous video (25 fps) using two Atli Eon cameras
situated ~20 m from the pile fire. Field of view of the cameras indicated
in Fig. 1b is 72◦. These cameras, including an audio channel from the
continuous video, were used to qualitatively estimate the size of the pile
fire over time using color thresholding. Of note, camera automatic
exposure adjustment occurred as day transitioned to night (i.e., sunset at
5:25 PM and civil twilight at 5:57 PM) and this inhibited quantitative
analysis of flame brightness.

Fig. 3 relates the video-derived flame height to infrasound spectro-
grams and signal detection. Flame height chronology is calculated from
a cropped 200 × 500 pixel window (annotation shown in Fig. 1c and d)
and averaged over 30 s time intervals. Flame height information is

Fig. 1. Infrasound array deployment. (a) Photo showing deployment of infra-
sonic microphones at station FB (600 m from fire). (b) Map shows 3-element
arrays for station FA, FB, and camera site with field of view indicated by
dashed yellow lines. Photos from (c) 5 PM and (d) 6 PM have vertical and
horizontal scales appropriate for fire. Profiles at right show the number of red
pixels as a function of height; they are used as a flame height proxy shown in
the time series in Fig. 3a.
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extracted at each time step using only the red color band where each
video frame is converted to a binary image with a value of 1 assigned to
color values above 225 counts (out of 256 color levels). The number of
bright pixels is then summed as a column vector and plotted as a function
of time in Fig. 3a. The same processing applied to a horizontal sum-
mation gives a qualitative sense for the pile fire’s width (Fig. 3b).

3. Methods

3.1. Array processing

Although pile fire infrasound is not visually evident in the infrasonic
waveforms recorded at 600 m (e.g., Fig. 2b), it is identifiable at this
distant array through cross-correlation analysis in the 5–15 Hz filter

band (e.g., Fig. 3d). Comparison of infrasound from two sensors within
an array is used to identify frequency bands of coherence. In Fig. 3
successive 30-second windows are analyzed and their normalized cross-
correlation function r(δτ, t) is calculated as a function of lag time (δτ)
and chronological time (t). For array FA the correlation analysis is
shown for a 0.3 to 20 Hz pass band because the pile fire signal is
broadband. More than an hour of fire signal is evident at FA with a lag
time of δτ21 = − 0.06 s for channels 2 and 1. At array FB, coherence for
the fire source is identifiable between 5 and 15 Hz with a fire-sourced lag
time δτ21 = +0.07 s. At station FB (600 m) it appears as though infra-
sonic frequencies below 5 Hz are obscured by other sources of infra-
sound or noise. Persistent non-fire noise sources, including microbaroms
and possible cultural infrasound from a metropolitan area ~150 km to
the WSW, are evident both prior to fire onset and after the pile fire has

Fig. 2. 3.5 h waveforms and corresponding time-synchronized video image stills. (a and b) Infrasound from stations FA and FB have been filtered into indicated
bands using two-pole bandpass filters. c) Still images are extracted from video at 10-min intervals.
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Fig. 3. Fire size chronology compared with infrasound spectral characteristics and signal correlation. (a) Time series flame height and width proxies are extracted
from video at 30 s intervals. (b) Infrasound array power is calculated for array FA using the 1–100 Hz band and both the 1–100 Hz band and the 5–15 Hz band for
array FB. Top panels of (c) and (d) show spectrograms for FA and FB for data filtered in the 0.3–100 Hz and 5–15 Hz bands respectively. Black dashed line in the
spectrogram in (c) shows a spectral trend for which details are provided in Fig. 5. Bottom panels of (c) and (d) show running cross correlation analysis between
channels 1 and 2 and respective frequency bands 0.3–20 Hz and 5–15 Hz for FA and FB. Expected time lags for fire-sourced infrasound are indicated with black
dashed horizontal lines. Aircraft detections are indicated with vertical red arrows.
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burned down.
Array processing using three channels of data and select filter bands

is used to identify signal backazimuths. Signal correlation analyses in
Fig. 4 are calculated as a grid search for all possible back azimuths (θ)
and elevation angles (ϕ). For a single pair of infrasound channels (a
compared with b) the normalized cross correlation function r(θ,ϕ, t) is
calculated using channel positional information (for b and a) and an

assumed sound speed of c = 325 m/s. The product of three independent
correlation functions are then used to identify incident source(s), e.g. for
a three-element array:

S(θ,ϕ, t) = r21(θ,ϕ, t) • r32(θ,ϕ, t) • r13(θ,ϕ, t)

where r21, r32, and r13 are all greater than zero. High values of S,
analogous to semblance [22], indicate consistent, correlated signal from

Fig. 4. Backazimuth (θ) and elevation angle (ϕ) of incident infrasound for both arrays and for indicated frequency bands. Symbol size in elevation angle plots are
scaled to the band-filtered infrasound cross spectrum power. Horizontal white lines indicate the backazimuth direction to fire from arrays FA (− 90◦) and FB (-180◦)
respectively. (a) Broad band filtered data for FA show both fire infrasound (after 50 min) and prevalent microbarom/cultural infrasound before and after primary pile
burn activity. (b) Fire infrasound is particularly well identified at FA in the near-infrasound band 2–20 Hz. (c) The broadly filtered data for array FB do not reveal the
fire source due to diminished signal with respect to noise, however the 5–15 Hz filter band in (d) is able to detect the fire at FB. (e) A high frequency band above 15
Hz is effective for detecting non-fire moving sources with high elevation angles associated with passing aircraft (red arrows).
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which back azimuth and elevation angles can be identified. The width of
the semblance function S(t) provides a sense of azimuthal uncertainty.
Notably backazimuth precision is greater for high frequency signals (e.
g., Fig. 4e) where infrasound wavelength is short relative to array di-
mensions. Fig. 4 shows that dominant sources of infrasound are evident
from the direction of the pile fire for filter bands between 2 and 20 Hz (at
array FA) and between 5 and 15 Hz (at array FB).

3.2. Video processing

Flame height and flame width evolution are extracted from video
(Fig. 3a and 5a) along with spectral information about flame brightness
oscillations, or flickering (Fig. 5b). This spectral information comes from
pixel brightness variations for the region occupied by the bonfire and
follows a technique outlined in [23] where each pixel of the video im-
agery is treated as its own time series. Pixel brightness values are con-
verted to grayscale and filtered above 1 Hz (with a two pole filter). Those
brightness time series with relatively high standard deviations (>1

Fig. 5. Comparison of video-derived height and spectra with infrasound-derived power and spectra. (a) Detail of flame height time series and FA power from Fig. 3a
and b. (b) Fire spectral information is extracted from video image processsing as described in text. (c) Spectrogram detail is from a zoomed-in portion of Fig. 3c. Letter
annotations call attention to certain spectral features, which are common to both video-derived and infrasound-derived spectrograms.
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count) are then converted to power spectra and averaged with spectra
from other pixels in the video. Because the video sample rate is 25 fps,
spectral information extends only up to a 12.5 Hz Nyquist frequency. As
with other data analysis, the video spectrogram is calculated using 30 s
windows such that it is directly comparable to infrasound data (e.g.
Fig. 5c).

4. Results and discussion

The spectral content of the fire infrasound detected for more than
one hour at both arrays is better quantified by the signals recorded at FA
where fire infrasound pressure is greater and signal to noise is higher (e.
g., Fig. 2). At FA a clear division between microbarom infrasound and
fire-sourced infrasound is apparent, separated by a spectral trough at
about 1 Hz (Figs. 3c and 5c). Above this trough the infrasound power
spectra has peaks at about 1.3 Hz at ~5 PM changing toward 1.0 Hz at
~6 PM.

Fluctuations in the recorded video of the pile fire correspond pri-
marily to flame flicker. The spectral manifestation of the video bright-
ness changes is characterized by distinct, short-lived spectral peaks also
ranging from 1.3 Hz to 1.0 Hz. This observation points empirically to a
common source process for the infrasound that is apparent in video. In
particular, some of the same spectral peaks appear coincident for both
the infrasound and video-derived spectra occurring at points C, D, E, G,
I, M, and N in Fig. 5b and c. We propose that flame flicker is associated
with episodic gas pulsing updrafts, which can erupt periodically from
the pile fire [24]. This rising gas accelerates the atmosphere, generating
infrasound from an effective lumped compact source with frequency
content matching the gas pulsing.

Characteristic frequencies in fire infrasound spectra have been pre-
viously attributed to puffing during removal of heated boundary layers
[15]. The hypothesis is that inflow of air occurs along the base of a pile
fire and periodically rises with a frequency (f) that relates to square root
of the burn diameter (D). An empirical relationship of f = 1.5D− 0.5 was
proposed by [12] and matches very well with our frequency observa-
tions; infrasonic frequencies transitioning from 1.3 to 1.0 Hz would
imply a pile burn diameter changing from 1.3 m to 2.3 m, consistent
with our fire dimension (Fig. 3b). That the lowest mode frequency
content appears to glide from 1.3 Hz to 1 Hz over the course of an hour
may relate to the bonfire becoming wider and/or burning down and
becoming less vigorous. Over an hour-long period of time the burn
evolved from a flame sourced within the upper portion of the timber
pyramid (1–2 m diameter) to a wider burn pile with hot coals spread
over a 2–3 m diameter.

Our data also hint at a relationship between fire intensity (quantified
by flame height) and infrasound power. In particular, a temporary
deficit of infrasound power at array FA between minutes 67 and 70 is
correlated with relatively diminished flame activity (Fig. 5a). After
minute 120 infrasound radiation at FA drops off significantly as the fire
intensity ebbs (Fig. 3a and b). A characteristic unique to burning solids,
such as in a pile fire, is the slowing of the combustible mass flux (con-
version from solid to gas) over time. This process is driven by ventilation
and the changing characteristics of the available remaining hydrocar-
bons in the solid. A slower/lower mass flux results in a shorter flame,
decreasing the heat release rate magnitude, and altering variability of
the heat release rate. This reduction in heat release reduces the magni-
tude of buoyancy driven flow. All of these factors point to a gradually
quieter fire in which small changes in mass and heat flux within the
contracting flame envelope are likely driving sound generation.

5. Conclusions

Our pile fire recordings extend from an approximate 1.0 to 1.3 Hz
mode puffing frequency up into the low frequency audible band. That
near-infrasound (1–20 Hz) energy from a pile fire appears to be

particularly intense, suggests that distant recordings of fires may be
feasible using infrasound, which propagates long distances with rela-
tively low intrinsic attenuation. Although the 1–5 Hz band infrasound
was obscured at FB, the 5–15 Hz infrasound at 600 m is detectable for
more than one hour despite the fire’s small size. We speculate that a
larger fire would produce more intense infrasound that should be
detectable at further offsets.

Our pile fire was small, but it was an efficient radiator of infrasound
in part due to its compact nature; the quarter wavelength of atmospheric
sound at 1.0–1.3 Hz is more than 60 m and far larger than the fire’s
source dimension. A compact source may not be appropriate for a larger
wildfire, however, which could extend tens to thousands of meters, and
contain a superposition of contributing infrasound sources. Such hori-
zontally extensive source regions may likely radiate infrasound that has
a non-symmetric radiation and complex interference pattern. In the case
of larger wildfires, deployment of infrasound arrays at a greater dis-
tance, where a single lumped backazimuth is identifiable, might be
preferable. At the same time, more remote detection of wildfires will
have to consider the impact of atmospheric properties, which can refract
sound upward during normal stratification or downward during an
inversion. In our experiment we have assumed that the effects of a 600-
m propagation path are minimal, however future studies will benefit
from monitoring of wildfires, small and large, at a range of propagation
distances. Given the detectability of a small pile fire at 600 m, we are
optimistic that larger fires could be monitored at farther offsets and from
locations where safety of field personnel is assured. The promising
preliminary results of fire detection with infrasound and infrasound’s
general utility as a monitoring tool for other hazards suggests that sur-
veillance of wildland fires could benefit firefighting operations by giving
early warnings and locations of dangerous changes in fire activity [25].
We propose that further field experimentation is warranted, involving
the recording of natural burns or larger prescribed burns at a range of
distances. This step will permit a more effective evaluation of infrasound
as a remote monitoring tool for fires.

Plain language summary

Wildfires are becoming increasingly common and severe as global
warming impacts the environment. As such, there is impetus to develop
new technologies to remotely sense and quantify wildfires. Detection
and monitoring of wildfires using sub-audible sounds, or infrasound, is
one such emerging technology worthy of exploration. Toward the goal
of remotely detecting fire with infrasound we conducted a controlled
burn experiment with a small pile fire (or bonfire). We recorded its ac-
tivity with cameras and with infrasound technology using sensors
deployed both at near distances (50 m from the fire) and at 600 m from
the fire. Using the high signal-to-noise recordings from the closer station
we discovered that the dominant sound was inaudible in the infrasound
band. This fire infrasound was peaked between 1 and 1.3 Hz and was
associated with the pulsing flames of the bonfire. We also demonstrated
the capabilities of infrasound monitoring at 600 m to detect the small
bonfire. This remote surveillance result is encouraging because we
anticipate that larger, more vigorous fires will be detectable at much
farther distances permitting infrasound to be developed as an effective
ground-based remote sensing tool.
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