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Abstract We present the first infrasound analyses of a rangeland fire and demonstrate infrasound's potential
in monitoring wildland fires. We recorded a prescribed fire in sagebrush steppe in cool, moist conditions, using
eight infrasound arrays of diverse size (3–44 sensors, 10–200 m width) and distance (0–20 km), including four
arrays inside the burn area. Infrasound arrays within 2 km of fires detected coherent infrasound between 1 and
10 Hz, both during active ignitions and also while existing fires continued burning during breaks in ignitions.
During periods of active ignitions, the direction of arrival estimated by a 44‐sensor array closely tracked the
actual locations where the helicopter was igniting vegetation. Despite being farther from the fire than four
smaller arrays, the 44‐sensor array performed best at identifying coherent infrasound and yielding consistent
directions of arrival. Our results show infrasound's potential for tracking low‐intensity wildland fires in research
or hazard monitoring.

Plain Language Summary Wildland fires are hazardous and complex events that are inhospitable to
ground‐based measurement. Current aerial and satellite measurement platforms rely on line‐of‐sight techniques
that are sensitive to the presence of smoke and the point of observation. By contrast, sound transmission and
detection are not sensitive to the presence of smoke and can monitor sound sources in near real‐time. In this
study, we use infrasound (pressure waves in air) to monitor the progression of a rangeland fire. This new fire
monitoring approach has the ability to capture a wider range of fire sizes, is not dependent upon line‐of‐sight
techniques, and does not interfere with wildland fire suppression operations. Infrasound is already in wide use
for monitoring other hazards, but its use in wildland fire monitoring is new. In this low‐intensity rangeland fire,
we detected infrasound up to about 2 km from the fires that produced it. Clusters of sensors, called infrasound
arrays, were able to identify the direction to the fire and track its progress as the fires moved. This critical
information, detectable for even mild fires, has the potential to aid in wildland fire monitoring and provide
information across a wide range of time and space scales.

1. Introduction
Wildfire risk has increased due to factors like climate change, land management practices, invasive species, and
anthropogenic ignitions (Abatzoglou & Williams, 2016; Fusco et al., 2022). The frequency, severity, and extent
of wildfires is predicted to increase further over the coming decades due to hotter, drier, and windier conditions
(Wasserman & Mueller, 2023). Existing fire monitoring tools, such as satellite remote sensing or aircraft‐
mounted sensors, present issues with obstructed visibility (from smoke or forest canopies), infrequent
recording intervals, and/or limited spatial coverage (Chen et al., 2024; Viegas et al., 2008). Low‐frequency
pressure wave monitoring–infrasound—is relatively low‐cost, unobstructed by smoke or trees, and records
continuously over a large volume (Viegas et al., 2008). This could offer near‐real‐time information on fire activity
during active wildland fires, including the potential for early warning on critical changes in fire behavior or
reignition of extinguished fires.

Infrasound sees wide use for monitoring diverse natural hazards like volcanoes (Watson et al., 2022), avalanches
(Johnson et al., 2021; Sovilla et al., 2025), debris flows (Belli et al., 2022), earthquakes (J. F. Anderson, Johnson,
et al., 2023), and river turbulence (Schmandt et al., 2013), as well as anthropogenic processes like nuclear tests
(Assink et al., 2016). Data from a single infrasound sensor provides information on source physics (e.g., Fee
et al., 2017).Additionally, using an array of at least three infrasound sensors deployed near each other, scientists can
estimate the direction from the array to the infrasound's source (i.e., direction of arrival) and the signal's coherency.
This is useful for distinguishing which among multiple candidates is the true infrasound source (e.g., Ripepe &
Marchetti, 2002) and for tracking the position and velocity ofmoving sources confined by topography like lahars or
pyroclastic density currents (e.g., Delle Donne et al., 2014). While infrasound arrays usually contain 3–6 sensors
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separated by approximately 10–100m, “large‐N” arrays (defined here as containing at least tens of sensors) excel at
detecting coherent infrasound in low signal‐to‐noise conditions as well as more accurately estimating the direction
of arrival (Scamfer & Anderson, 2023).

Despite the widespread application of infrasound to natural hazard research and monitoring, its use in wildland
fire monitoring is still emerging. In one early example, a fire in a wood storage facility produced infrasound that
researchers detected using array methods at 1 km range, with high enough amplitude to also expect detection at
approximately 10 km in the noise conditions at the time; additionally, infrasound from a gas fire was detected at a
range of 12 km (Bedard & Nishiyama, 2002). These early results found dominant frequencies of 1–4 Hz and
demonstrated the potential for fires to make strong infrasound that can be detected at least several km away. More
recently, infrasound was recorded and analyzed in a prescribed fire in a forest understory (Marcillo et al., 2025)
and a prescribed rangeland fire (this article). Although fires have multiple acoustic source processes responsible
for different frequencies, fire infrasound is thought to be produced by cycles of heating air by combustion fol-
lowed by buoyant rise that draws in fresh cold air, called “puffing” (Cetegen &Ahmed, 1993). In liquid pool fires,
the puffing frequency depends quantitatively on the flame diameter (Fang et al., 2016); however, that relationship
remains untested in wildland fires. Finally, in a recent study of a small wood pile fire, the puffing frequency
observed in infrasound matched the flickering frequency observed in video recordings, with infrasound re-
cordings spanning the 1–20 Hz band and peaked in the 1–2 Hz band, and detectable 600 m away despite the fire's
small (meters‐scale) size (Johnson et al., 2025).

In this study, we examine the ability of infrasound monitoring for tracking the spread of a low‐intensity rangeland
fire in cool, moist conditions. In particular, we compare the performance of different recording strategies
including a 44‐sensor array placed hundreds of meters outside the burn area, small 3–4 sensor arrays placed inside
the burn area, and arrays of 5–15 sensors placed several km or tens of km from the burn area.

2. Methods
2.1. Prescribed Fire and Data Collection

We installed several infrasound arrays at Reynolds Creek Experimental Watershed (RCEW) in southwest Idaho,
USA (Figure 1). One of our arrays (TOP) was a large‐N array including 44 sensors in a 200 m × 130 m rectangle
with approximately 20‐m spacing; it was deployed on a ridge just outside and overlooking the burn area, and
recorded data for about 3 months before the fire (Silber et al., 2024). Large‐N infrasound arrays have previously
been shown to excel at detecting infrasound with low signal‐to‐noise ratio, identifying the direction of arrival with
high resolution, and distinguishing multiple coinciding infrasound waves arriving from different directions (J. F.
Anderson, Johnson, et al., 2023; Scamfer & Anderson, 2023). In the month preceding the fire, we also deployed
four arrays (JNA, JNB, JSA, JSB) alongside permanent weather stations in protected sites within the burn area
(four sensors each, with spacing limited to several meters by the dimensions of the protected areas), and one array
(QST) ∼7 km north of the burn area (11 sensors, 60 m × 70 m). Site protection included cutting and clearing
vegetation over the entire array footprint, and removing duff and organic‐rich topsoil (when present) around
sensors; sensors were partly covered with Firezat wrap for additional thermal protection, with an upward‐facing
gap for GPS reception. Additionally, we deployed two arrays for part of 6 October only: array VPT (15 sensors,
110 m × 70 m,∼15 m spacing) was deployed 2 km east of the burn area, and CHKB (5 sensors, 40 m × 30 m) was
deployed∼20 km north of the burn area. Array VPT consisted of five DiGOS Datacube‐3 loggers sampling at 400
samples per second connected to infraBSU infrasound sensors (Marcillo et al., 2012) made at Boise State Uni-
versity; all other arrays consisted of Gem infrasound loggers sampling at 100 samples per second (J. F. Anderson,
Anderson, & Beschorner, 2023; J. F. Anderson et al., 2018) also made at Boise State University. We obtained
coordinates for all sensors with a survey‐grade GPS (accuracy finer than 1 m). At all sites, the lack of tree cover
exposed sensors to significant noise from daytime air turbulence. These array locations and geometries were
chosen for evaluating different recording strategies. Array TOP exemplifies a large‐N array in a safe location as
near the burn site as possible. Arrays JSA, JSB, JNA, JNB were deployed within the burn area in order to detect
fire infrasound at shorter range and from all directions, with the tradeoffs of small size and risk of being burned.
Arrays VPT, QST, and CHKB serve as tests of recording infrasound from increasingly long distances for cases
when recording near the fire is impractical. As indicated by their more compact array responses, the larger arrays,
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Figure 1. (a) Map showing burn area, burn severity, infrasound arrays, and infrasound directions of arrival. Arrays JNA, JNB,
JSA, and JSB were inside the burn area and therefore detected infrasound from many directions, whereas fire infrasound was
not detected at array VPT, QST, or CHKB due to poor signal‐to‐noise ratio. Burn severity was calculated using the
Differenced Normalized Burn Ratio (Key & Benson, 2006) on 10‐m resolution Sentinel‐2 images from 28 September 2023
(pre‐burn) and 8 October 2023 (post‐burn). dNBR ranges from unburned (light gray) to low severity (yellow) to moderate
severity (dark red). (b) Helicopter track from transponder showing attempted ignition areas over the first burn day. Note that
although this paper only examines infrasound from the first day, the burn severity map includes areas burned on the second
day as well. (c) Charred landscape after fire; foreground includes a sensor at array JSB (unburned due to pre‐fire vegetation
cutting in the array footprint and removal of duff and organic‐rich soil from the sensor footprint). (d) Unburned landscape
within the intended burn area, with burned landscape in background. White lines in (c, d) show boundaries between burned
and unburned vegetation.
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especially TOP, have finer beamforming resolution (Figure S5 in Supporting Information S1) than the space‐
constrained small arrays inside the burn area (Figure S6 in Supporting Information S1).

RCEW is a 239‐km2 area ranging from 1,100 to 2,245 m elevation, includes several long‐term hydrological and
meteorological monitoring stations, and has hosted extensive environmental research since its establishment in
1960 (Seyfried et al., 2018). The prescribed fire targeted 9.35 km2 of grassland and sagebrush steppe, with oc-
casional felled and dried junipers. Wooded areas in the burn area included narrow riparian corridors and small
aspen stands that mostly failed to burn due to the cool conditions at the time of the fire (Table 1). Much of the
intended burn area failed to ignite, especially on north‐facing slopes (Figure 1). Except for the dried junipers that
burned quickly with observably taller flames, most of the area that did ignite burned slowly with short flames.
Consequently, we consider this a rangeland fire with fuel dominated by grass and shrubs, and lower intensity than
would be expected for wildland fires in drier conditions. Ignitions were performed primarily by a helicopter
dropping ignition spheres (Figure 1b) and secondarily by ignitors traveling on foot using drip torches and flare
guns mostly around the burn area perimeter.

2.2. Data Processing

We processed each infrasound array's data using the Python package ObsPy (Krischer et al., 2015). Pre‐
processing consisted of reading day‐long miniSEED files, applying a sixth‐order high‐pass filter with a corner
frequency of 0.05 Hz, and trimming the data to a time interval (06:00–18:00 local time) that allows comparing
low‐noise early‐morning conditions, high‐noise mid‐day conditions before first ignition, and fire infrasound. We
then looped through several one‐octave frequency bands (as low as 0.125 Hz, up to 32 Hz) and performed a
frequency‐domain shift‐and‐stack beamforming analysis on each band using ObsPy's array_processing() function
with 60‐s non‐overlapping windows. We then repeated this analysis for each array. The 4–8 Hz band had a high
signal‐to‐noise ratio in this prescribed fire, and we focus on this band's beamforming results in this paper.

In addition to using beamforming analysis to calculate the direction of arrival, we calculated spectral charac-
teristics of infrasound recordings. Raw power spectrograms of daytime recordings are difficult to interpret due to
pervasive turbulent noise (Figure S1 in Supporting Information S1); however, because turbulent noise is inco-
herent among sensors, it can be reduced by stacking traces or spectra after time‐shifting them according to the
calculated direction of arrival. We calculate time shifts as the dot product

Δtn = s ·Δxn (1)

Table 1
Characteristics of the Fire's Site (From the US Bureau of Land Management Burn Plan), Surface Weather (From On‐Site Sensors Operated by Reynolds Creek
Experimental Watershed) and Elevated Weather (From a Radiosonde at Boise International Airport 67 km Away)

Elevation range 1,434–1,840 m

Slope 0%–25%

Area 9.35 km2

Fuel type GS2/TU1: Mtn big sagebrush, antelope bitterbrush, grass steppe; stands of juniper (live and
cut) (SB2) and aspen

Surface temperature 15°C

Surface relative humidity 48%–56%

Surface wind speed 1–2 m/s

Surface wind direction Mostly from N‐NE

Elevated wind speed (2000–7,000 m) 5–8 m/s

Elevated wind direction Mostly from N‐NW

Burn dates October 5: perimeter “blacklining” only; fire did not spread

October 6: helicopter ignitions 12:46–17:55 (UTC—6:00)

October 7: helicopter ignitions 11:04–14:20 (UTC—6:00)
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where the slowness vector s = (sin(θ) sin(ϕ), cos(θ) sin(ϕ), cos(ϕ)) for estimated direction of arrival θ (0° for
a wave arriving from the north) and estimated incidence angle ϕ (0° for a wave arriving from above), and Δxn
being the position vector of sensor n with respect to some fixed reference point for the array. Then, the stacked
spectrum for an array is

Ystack( f ) =
1
N
∑
N

n=1
Yn( f ) exp(2πifΔtn) (2)

where Yn( f ) is the complex Fourier transform of the detrended, windowed 60‐s time series of sensor n for fre-
quency f, N is the number of sensors, i is the imaginary unit, and Δtn is the time delay from Equation 1 at sensor n
for the slowness vector being tested. We then calculate the semblance spectrum—a measure of signal coherence
across the array—as the stacked spectrum normalized by the sum of power spectra of all sensors in the array:

S( f ) =
Ystack( f )Ystack( f )∗

1
N∑

N
n=1 Yn( f ) Yn( f )

∗ (3)

where multiplication of spectra by their complex conjugates (denoted by asterisks) results in a purely real result.
Semblance varies strictly between 0 and 1; however, when sensors record pure uncorrelated noise, semblance is
approximately 1/N, which complicates the comparison of semblance values from arrays of different sizes. To
remove this bias, we calculate “adjusted semblance” as

Sa( f ) =
N
N − 1

(S( f ) −
1
N
) (4)

As with unadjusted semblance, Sa( f ) = 1 for a signal that can be explained perfectly as a single plane wave
crossing the array with no noise; unlike unadjusted semblance, Sa( f ) has an expected value of zero and can
actually take small negative values for pure uncorrelated noise regardless of N. We plot adjusted semblance in
Figure S1B in Supporting Information S1 as spectra, and plot the evolution of the adjusted semblance spectrum
over time in Figures 2k–2l as spectrogram‐like images in order to show times and frequencies at which coherent
infrasound signal is present.

3. Results
3.1. Pre‐Fire Infrasound

Pre‐fire infrasound observations follow a common pattern seen in previous large‐N array analysis (e.g., Scamfer
& Anderson, 2023): coherent early‐morning background noise dominated by low‐amplitude infrasound waves
arriving from far away, followed at about 10:00 by incoherent noise dominated by air turbulence (details and
spectra in Figure S1 in Supporting Information S1). Accordingly, consistent directions of arrival can be identified
in the early morning data, but not in the late morning data (Figure 2). Although low‐amplitude infrasound waves
from far away are probably still present after 10:00, they are masked by higher‐amplitude turbulence; conse-
quently, infrasound waves recorded after 10:00 would need to have high enough amplitude to be detected over the
incoherent turbulent noise.

3.2. Fire Infrasound

Ignitions began at 12:46 local time on 6 October, mostly by a helicopter dropping ignition spheres. The helicopter
focused on sub‐areas within the burn area, remaining within a sub‐area before moving to the next one (Figure 1).
Ignition spheres ignited vegetation within tens of seconds of being dropped, with an additional delay for the fire to
grow large and spread. So, we expect that some portion of the fire infrasound sources would follow the heli-
copter's path with a delay of minutes to tens of minutes, and therefore plot the direction from array to helicopter as
an indicator of directions where infrasound generation is expected (Figure 3). We note that some infrasound may
also arise from long‐lasting fires ignited within the burn area perhaps hours previously, or from fires ignited by
workers on the ground (a likely explanation for the directions observed around 14:30–15:00, when workers on the
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ground were observed conducting ignitions in the valley between JSA, JSB, JNA, and JNB). Additionally, the
helicopter did not drop ignition spheres at every point on its path; in addition to trips to refuel, some of its flight
consisted of short excursions for reconnaissance.

Fire infrasound is apparent in both the semblance spectrogram and directions of arrival immediately after the first
ignitions (Figures 2a–2c and 2j–2l) despite not being visible in infrasound time series or power spectrograms
(Figures 2g–2i). These observations are clearest at the large‐N array TOP (in accordance with its fine beam-
forming precision shown by its compact array response, Figure S5 in Supporting Information S1), present but less
clear at the small array JSB, and absent at the intermediate‐sized distant array QST (10 km away). Additionally,
the other small arrays within the burn area JSA, JNA, and JNB detected fire infrasound, while the more distant
arrays VPT (2 km) and CHKB (20 km) did not (Figures S3 and S4 in Supporting Information S1). Although
coherent infrasound is present over a wide frequency band spanning at least 1–10 Hz (Figures 2j–2l), we focus on
the 4–8 Hz band when calculating direction of arrival because of its high semblance and because its relatively
short wavelengths facilitate precise direction of arrival estimation. Comparison of direction of arrival to heli-
copter position demonstrates the dominant but not exclusive role of helicopter‐performed ignitions in the
infrasound; as predicted, the infrasound generally follows the helicopter's position with a short delay during the
burn period. However, pre‐ignition helicopter flights (10:00–10:30) lack infrasound, the helicopter's excursions
from the area being ignited do not appear in the infrasound (e.g., at 14:20), and detections from the TOP array
continue when the helicopter is absent for refueling (14:30–15:00, 16:30–17:00) (Figure 3). Along with the
limited frequencies affected by the helicopter (Figure 2), these indicate that the helicopter does not create

Figure 2. Analyses of infrasound data from three arrays with different geometries and locations. (a–c) Raw infrasound waveforms with no array processing performed.
(d–f) Evolution of direction of arrival over time. (g–l) Evolution of frequency content over time as measured by power (d–f) and semblance (g–i). All three arrays detect
distant night‐time signals clearly, but the more distant station QST does not detect fire signals. Although fire signals are not distinguishable from pre‐fire turbulent noise
in power spectrograms, fire signals show up most clearly in semblance data between about 1 and 10 Hz after the 12:46 ignition at arrays TOP and JSB. Helicopter
infrasound is only apparent in a narrow band from 25 to 30 Hz.
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meaningful noise in the band used here to track fire. Contrasting with the 4–8 Hz band attributed to the fire, no
time delay is observed between the helicopter's actual position and directions of arrival of the 25–32 Hz band
attributed to it (Figure S2 in Supporting Information S1).

Figure 3. (a) Comparison of actual direction‐to‐helicopter (from TOP array to the helicopter's transponder) to infrasound direction of arrival. (b) Detail of burn period.
Some overlap between helicopter position and direction of arrival is expected (and seen) because the most intense burning at a given time often occurs due to helicopter
ignitions; however, some burning is not associated with recent helicopter passes and some helicopter activity is not associated with ignitions. White/gray background
indicates directions inside/outside the burn area.
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4. Discussion
This low‐intensity prescribed fire produced infrasound that was detected at distances of hundreds to thousands of
meters using infrasound array methods. The low density of infrasound monitoring in the western US (typical
spacing of tens to hundreds of km between arrays) means that for rangeland fires of similar intensity to this one,
few fires would be close enough to permanent infrasound arrays to be monitored effectively by them. Effective
infrasound monitoring of fires like this would therefore require installation of a temporary telemetered infrasound
network near a fire. The amount of field effort required for this can be manageable because self‐contained
infrasound instruments can be installed quickly (our 44‐sensor TOP array took two workers approximately
45 min to set up after reaching the site). For real‐time monitoring use, telemetry (e.g., cell modems) and a real‐
time data‐processing system would be required, similar to what commercial services for monitoring avalanche
infrasound have developed, and real‐time signal classification or post‐processing of beamforming results may be
warranted to prevent false alarms. On the other hand, infrasound might be more powerful from a fire that is more
intense (due to stronger infrasound‐producing fluctuations in heat release rate), larger (due to superposition of
waves produced in different parts of the fire), or with a linear front facing toward or away from the sensor (due to
constructive interference of waves traveling similar distances to the sensor). In such cases, fire infrasound might
be detected at longer distances, including by permanent monitoring stations. We note that very large and powerful
fires might significantly alter local atmospheric conditions and thereby refract infrasound in unexpected ways,
possibly even refracting infrasound waves away from arrays that they would normally reach. However, we expect
such effects to be insignificant in low‐intensity fires like this one. Topographic obstructions like ridges may also
obstruct infrasound and should be considered when deciding infrasound array placement.

Although the low amplitude of the fire infrasound meant that it could not be discerned above daytime background
noise in waveforms or power spectrograms, signals were coherent in the 1–10 Hz band (similar to the pile fire
recorded by Johnson et al., 2025), and beamforming the 4–8 Hz band gave directions of arrival that agreed with
the directions to the burn area and the ignition helicopter's track. Infrasound detections continued even when the
helicopter left for refueling, indicating that infrasound arose not just from places newly ignited by the helicopter,
but also from areas that continued burning long after being ignited or were ignited by personnel on the ground
while the helicopter was away.

The good performance that was achieved by arrays placed within and adjacent to the 2.5 × 4 km burn area
contrasts with the inability of a 15‐element array (VPT) to detect fire infrasound at a range of 2–5 km, and
highlights the importance of improving the signal‐to‐noise ratio to extend the feasible distance of fire infrasound
monitoring. Two common means of mitigating noise from daytime air turbulence and wind—placing sensors in
tree cover or focusing on night‐time signals—are unsuitable for rangeland fire monitoring, where the most
important activity occurs during the day and tree cover is scarce. Wind noise reduction systems for infrasound
exist (e.g., Walker & Hedlin, 2010), but were not used in this study due to their cost and the effort required to
deploy them in large numbers. Identifying low‐cost, portable, easy‐deploy wind noise reduction systems could
help make fire infrasound monitoring work at longer distances, thereby making it more compatible with oper-
ational constraints in a dynamic active wildfire environment. Our data set was not impaired by other noise
sources; in particular, the helicopter's signals fell far outside the 4–8 Hz band of interest and did not interfere with
fire infrasound analysis. Different types of helicopters have been found to produce narrow‐band signals within the
4–8 Hz range in other studies; however, the signals could be removed effectively using notch filters (Johnson
et al., 2021).

Finally, although three‐element and four‐element arrays succeeded in detecting fire infrasound and identifying
directions of arrival, our large‐N array outperformed them at identifying coherent infrasound and yielding
consistent directions of arrival, despite being farther away from most of the burn area. It also succeeds in
identifying multiple infrasound sources from different directions (e.g., Figure 3, 16:30–17:15). This agrees with
past work demonstrating the advantages of arrays with tens of sensors in detecting and locating infrasound,
particularly in low signal‐to‐noise environments or wavefields with multiple simultaneous acoustic sources (J. F.
Anderson, Johnson, et al., 2023; Scamfer & Anderson, 2023) and suggests that large‐N arrays should be part of
future fire infrasound monitoring campaigns. In particular, future work using multiple large‐N arrays could track
the position of dominant fire infrasound sources by finding where the arrays' back‐azimuths intersect.
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5. Conclusions
We recorded infrasound from a prescribed rangeland fire that burned with relatively low intensity due to cool,
moist conditions and sparse fuel load. The fire produced infrasound that was detected at ranges of approximately
0–3 km, with dominant frequencies in the 1–10 Hz range, similar to past studies of wood fires. Although the
infrasound's low amplitude meant it was not clearly visible in time series or power spectra, array processing
revealed coherent signal over the 1–10 Hz band. Beamforming analysis yielded direction‐of‐arrival estimates that
mostly followed the track of the helicopter performing the ignitions and fell within the burn area. Of the arrays
used in the study, a 44‐sensor “large‐N” array yielded particularly high‐quality directions of arrival and
comprehensive detections of coherent infrasound during the burn period. The helicopter's noise did not interfere
with fire infrasound analysis. Daytime wind/turbulent noise masked fire infrasound signals at longer distances,
indicating that wind screens may be required for effective long‐distance monitoring of low‐intensity fires like this
one. Like other hazards for which it is used, infrasound monitoring offers the potential for both research and
operational monitoring of wildfires.
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