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Erosion, hydrothermal activity, and magmatism at volcanoes can cause large and unex-
pected mass wasting events. Large fluidized debris flows have occurred within the past
6000 yr at Mount Adams, Washington, and present a hazard to communities down-
stream. In August 2017, we began a pilot experiment to investigate the potential of infra-
sound arrays for detecting and tracking debris flows at Mount Adams. We deployed a
telemetered four-element infrasound array (BEAR, 85 m aperture), ~11 km from a geo-
logically unstable area where mass wasting has repeatedly originated. We present a pre-
liminary analysis of BEAR data, representing a survey of the ambient infrasound and
noise environment at this quiescent stratovolcano. Array processing reveals near continu-
ous and persistent infrasound signals arriving from the direction of Mount Adams, which
we hypothesize are fluvial sounds from the steep drainages on the southwest flank. We
interpret observed fluctuations in the detectability of these signals as resulting from a
combination of (1) wind-noise variations at the array, (2) changes in local infrasound
propagation conditions associated with atmospheric boundary layer variability, and
(3) changing water flow speeds and volumes in the channels due to freezing, thawing,
and precipitation events. Suspected mass movement events during the study period are
small (volumes < 105 m3 and durations < 2 min), with one of five visually confirmed
events detected infrasonically at BEAR. We locate this small event, which satellite
imagery suggests was a glacial avalanche, using three additional temporary arrays oper-
ating for five days in August 2018. Events large enough to threaten downstream com-
munities would likely produce stronger infrasonic signals detectable at BEAR. In
complement to recent literature demonstrating the potential for infrasonic detection of
volcano mass movements (Allstadt et al., 2018), this study highlights the practical and
computational challenges involved in identifying signals of interest in the expected noisy
background environment of volcanic topography and drainages.

Introduction
Massive fluidized debris flows (lahars) originating from
the upper slopes of volcanoes can occur without warning.
Historically and recently, lahars have buried entire villages
near volcanoes, with great loss of life (e.g., Pierson et al.,
1990; Major et al., 2018). These potentially devastating, fast-
moving flows pose an ongoing threat to people living in
low-lying areas along drainages emanating from volcanoes.
The study presented here is sited on Mount Adams in the
Cascade Range of the Pacific Northwest, where large lahars
have occurred within the past 6000 yr and are a significant

ongoing hazard to communities downstream (Griswold et al.,
2018).

It is possible to detect the early stages of catastrophic lahars,
and so potentially warn people to seek higher ground before
the lahar arrives, but most endangered populations do not have
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lahar detection systems. Reviews of monitoring strategies for
lahar and debris flows are provided by Arattano and Marchi
(2008), Pierson et al. (2014), Stähli et al. (2015), Allstadt et al.
(2018), and Hürlimann et al. (2019). Infrasound sensor arrays
record acoustic waves propagating through the atmosphere at
frequencies below the threshold of human hearing (<20 Hz)
(Fee and Matoza, 2013; De Angelis et al., 2019; Matoza et al.,
2019). Many kinds of surface mass movements at volcanoes
(e.g., rockfalls, pyroclastic flows, and lahars) are known to
produce distinctive infrasound signals (e.g., Allstadt et al., 2018,
and references therein).

To investigate the potential of infrasound for detecting and
tracking lahars at Mount Adams, we conducted a pilot experi-
ment. Since August 2017, we have operated a four-element tel-
emetered infrasound array (SB.BEAR), located ~11 km from a
hydrothermally weakened and unstable zone above the White
Salmon and Avalanche Glaciers, where historical mass wasting

has originated and future events are expected (Finn et al., 2007;
Fig. 1a,b). In August 2018, we temporarily deployed three addi-
tional three-element arrays (PHAB, CHIP, and RAIN), to help
corroborate and locate signals recorded at BEAR. BEAR is
scheduled for removal in mid-2021.

Figure 1. Important features in the Mount Adams study area.
(a) The main panel gives an overview of the stations, glaciers,
drainages, andwilderness boundary (black line). Insets are regional
maps, showing nearby volcanoes and urban areas. (b) Modeled
lahar inundation extents in the White Salmon River Valley
(modified from Griswold et al., 2018). BKRW1 is a U.S. Forest
Service weather station. (c) Geometry of the four subarrays at
BEAR. (d) Geometry of PHAB, which has no subarrays. CC,
Cascade Creek; HR, Hood River; MA, Mount Adams; MC,
Morrison Creek; MH, Mount Hood; MR, Mount Rainier; MSH,
Mount St. Helens; P, Portland; S, Seattle; SC, Salt Creek; T,
Tacoma; TL, Trout Lake; V, Vancouver; WSR, White Salmon River.
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This article is organized as follows: first, we outline some of
the relevant geological hazards at Mount Adams and the nature
of the stations used in the study. Next, we describe our data-
processing methods and the anticipated acoustic character of
mass movement signals. Analysis of the ambient infrasound (e.g.,
Matoza et al., 2013) and noise environment (e.g., Brown et al.,
2014) follows, including wind–noise impacts and arrivals likely
of fluvial origin. This analysis focuses first on the long-term
records from BEAR and then on insights contributed by the tem-
porary infrasound arrays. We identify several event types in the
data and isolate events that are candidates for mass movements.
The timing, location, and character of a glacial avalanche is
assessed in detail.

Study area
Mount Adams, one of the largest Cascade volcanoes, last
erupted 540–2500 yr ago (Hildreth and Fierstein, 1995; Scott
et al., 1995) and has since continued to have active fumaroles
near its summit (Hildreth and Fierstein, 1995; Vallance, 1999).
Explosive eruptions that fragmented the core of the mountain,
and hydrothermal activity that has altered the volcanic
material to soft, low-strength hydrous minerals, together have
produced 1:8 km3 of weak, unstable material in a bowl-shaped
volume centered under the summit (Finn et al., 2007). Water
saturation within this rotten core volume increases potential
for slope failure and generation of hazardous lahars (Finn et al.,
2007). Additional nonmagmatic forcing factors are snow load-
ing, fracturing due to ice formation, pore pressure changes,
erosion, and earthquakes (Vallance, 1999).

A large lahar, associated with eruptions ~6000 yr ago,
flowed more than 40 km down the White Salmon River drain-
age (Vallance, 1999). At the current location of Trout Lake,
Washington, 27 km south of Mount Adams, the lahar left
deposits up to 20 m thick and spread out to form the present
floor of the Trout Lake Valley. Figure 1b gives an indication of
the path of the 6:6 × 107 m3 flow. Another smaller lahar,
~250 yr ago, reached the location of the town and formed a
deposit up to 4 m thick (Vallance, 1999; Griswold et al., 2018).
There is currently no evidence to suggest that this recent lahar
was triggered by an eruption or unrest.

Continued instability of the Mount Adams summit region is
demonstrated by recurring debris flows and lahars, with
lengths of up to 3 km on subdecadal timescales (Norris, 1994;
Scott, 2010; Allstadt et al., 2017; Lloyd, 2018) and up to 8 km
during the past 100 yr (Vallance, 1999). Ultimately, it would be
desirable to detect these small-to-moderate-sized events,
because larger slope failures are expected to initiate similarly.

Methodology
The equipment, data processing, and anticipated event charac-
teristics for this study are described in the following.
Infrasound arrays typically consist of at least three microbar-
ometer pressure-sensing elements arranged spatially on the

ground with an aperture of about 50–100 m, connected to a
single digitizer and telemetry system (e.g., Garcés et al.,
2003; Matoza et al., 2007). Siting arrays close to volcanoes with
direct line of sight to the upper slopes facilitates rapid detection
and localization of acoustic signals from surface events, but this
must be balanced with other logistics, including site-noise con-
ditions (e.g., Matoza et al., 2007).

Mass wasting infrasound may be identified based on multiple
signal features, but this is still an active area of research (Allstadt
et al., 2018). Array processing helps significantly by providing
direction-of-arrival information from one or more arrays, with
changes in back azimuth and inclination angle (a measure of alti-
tude) over time indicating a moving source (Ulivieri et al., 2011;
Johnson and Palma, 2015; Marchetti et al., 2015; Thüring et al.,
2015; Bosa et al., 2020). Array processing is also critical in iden-
tifying these coherent infrasonic signals within incoherent wind
noise, because wind-noise waveforms can superficially resemble
mass movement signals (Matoza et al., 2019). Similar methods
have been investigated for mass movement events in nonvolcanic
settings (e.g., Adam et al., 1998; Yount et al., 2008; Leng et al.,
2017; Moore et al., 2017; Johnson et al., 2019; Marchetti et al.,
2019). We build on these studies to investigate the potential for
real-time lahar detection at Mount Adams, considering realistic
ambient infrasound and noise conditions near the drainages of
this quiescent stratovolcano.

BEAR array
BEAR is our long-term infrasound array at Mount Adams.
Siting an array close to the primary drainages from the unstable
southwest flank presumably enhances the potential for mass
movement detection. The Gifford Pinchot National Forest cov-
ers the broader region, however, with much of Mount Adams
itself designated a wilderness zone (Fig. 1a). Long-term instal-
lations inside the wilderness boundary are heavily restricted;
consequently, site locations close to likely source zones on
the upper slopes are limited. The resulting design and location
of the BEAR array still allows for real-time data acquisition, and
minimization of permit issues.

Four Hyperion IFS-3111 infrasound sensors comprise the
BEAR array, which has an aperture of 85 m (Fig. 1c). Each
sensor has a high-frequency shroud for wind-noise reduction.
These sensors provide a frequency response within 3 dB from
0.01 to 100 Hz, low self-noise floor (≤0.1 mPa), and high-
dynamic range (120 dB). Valve boxes cover the sensors to pro-
vide basic protection from animals and snow accumulation.
Wind-noise attenuation domes (e.g., Raspet et al., 2019) were
not deployed due to the potential for crushing by the winter
snowpack. A technical issue led to limited sensor sensitivity
through 28 September 2017, after which performance was
nominal. All dates and times provided are in Coordinated
Universal Time (UTC). Further information on station siting
and design is provided in the supplemental material available
to this article.
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Temporary infrasound arrays
The temporary infrasound arrays at PHAB (Fig. 1d), CHIP, and
RAIN were deployed between 26 and 31 August 2018, to provide
azimuthal coverage of anticipated signal sources on the south-
west side of Mount Adams as well as other noise sources in
the area. Data from these temporary arrays were recorded locally
with no telemetry link. Respective array apertures are ~80, ~75,
and ~70 m. PHAB and CHIP were located on ridgetops on either
side of the main drainage within the Mount Adams Wilderness
(Fig. 1), with RAIN located at a lower altitude, and in denser
forest to the west of Mount Adams.

At each temporary array, the Chaparral Model 60-UHP infra-
sound sensors sit within foam wind filters, but are otherwise
exposed to the atmosphere. Sensor performance specifications
are comparable to those at BEAR, except for the greater self-
noise floor here (~25 mPa), and lower-dynamic range (109 dB).

Seismic data
To detect seismicity at Mount Adams, the Pacific Northwest
Seismic Network (PNSN) maintains a single-component short-
period seismic station UW.ASR on Stagman Ridge (Moran,
2005), 2.5 km from our infrasound array (Fig. 1a,b). Because
debris-laden rivers are also strong generators of seismicity
(e.g., Hsu et al., 2011; Tsai et al., 2012; Roth et al., 2016;
Walsh et al., 2020), seismic data can help corroborate ambigu-
ous infrasound signals or otherwise clarify when our stations
are not detecting known events. Unfortunately, station ASR
had impaired sensitivity for ~75% of 2017–2019 (Natalie
Chow, Designer and Program Coordinator, PNSN, written
comm., 2020). Many time intervals contain only electronic noise
or have the sensor response focused between 10 and 30 Hz.
Observations of five seismogenic mass movement events at
Mount Adams between 1983 and 2012 are presented by Norris
(1994) and Allstadt et al. (2017). These events were recorded on
regional stations to distances of 183 km.

Data processing
The array processing scheme is described in the following, as
are expected event characteristics. We use the progressive
multi-channel correlation (PMCC) array processing algorithm
(Cansi, 1995; Le Pichon et al., 2010; Matoza et al., 2013) as a
first step to analyze the infrasound waveform data. PMCC
estimates parameters of coherent plane waves at the array,
including back azimuth, apparent velocity, signal frequency,
and F-statistic (akin to the signal-to-noise ratio [SNR]). The
PMCC maximum amplitude estimates are approximately
equal to the peak-to-peak amplitude values of the correspond-
ing time series. Apparent velocity (vapp) values from PMCC
can be used to infer wavefront incidence angles above the hori-
zontal, θH � cos−1�vint=vapp�, by assuming an intrinsic adia-
batic velocity, vint ≈

p�403 · T�. T is the temperature in Kelvin.
PMCC searches in time–frequency space for plane-wave

arrivals consistent across multiple subarrays with similar

wavefront properties. This approach helps reduce uncertainty
in cases of spatial aliasing (Cansi and Le Pichon, 2009; Marty,
2019). The four-element BEAR array has four possible subar-
rays (three-sensor triads that are subsets of the full array)
(Fig. 1c). An array bandwidth of ~0.3–8 Hz balances wavefield
estimation accuracy and spatial aliasing ambiguity (Garcés,
2013). Higher-frequency events may be well resolved if signals
are clear, short, and broadband (Garcés, 2013; de Groot-Hedlin
et al., 2014). We include data up to 50 Hz in this study (i.e., low
audio), a range that is important for identifying small acoustic
sources. For simplicity here, the term infrasound is used to
include this extended frequency band.

Wavefront similarity is indicated by a low consistency value,
that is, the sum of the time delays between array elements. A
successful search will result in a record of the wavefield param-
eters for that time window and frequency-band combination—
termed a pixel. Related pixels are then grouped into families,
with higher pixel counts indicating more robust results. PMCC
is an efficient array processing method, making it suitable
for real-time applications. One day of typical BEAR data
(100 samples per second) requires ~2.5 hr to process on a
3.1 GHz processor. We provide processing parameters for
PMCC in the supplemental material.

Signal characteristics. To identify potential events at
Mount Adams, we look for transient signals in the raw wave-
form data, together with coherent array processing results that
arrive from an appropriate azimuth range with an acoustic
velocity. We also examine signal amplitude, robustness of
the detection family, and changes in back azimuth indicative
of moving sources. Anticipated lahar signal properties include
emergent, broadband seismoacoustic waveforms, which last
from tens of minutes to hours in duration. For lahars capable
of reaching up to 20 km, amplitudes of 2.5 Pa may be expected
at a distance of 4 km during the peak of the event (equivalent to
10 Pa at 1 km), although, this is a value based on limited obser-
vations (Johnson and Palma, 2015). Waveform durations from
the collapse, fall, and flow of consolidated or unconsolidated
material would likely be from tens of seconds to several
minutes (Allstadt et al., 2018, and references therein). Onsets
could be emergent or impulsive according to the mode of ini-
tiation, with most energy concentrated from 1 to 10 Hz,
depending on volume and composition. Amplitudes for such
events can vary considerably, with reduced pressure observa-
tions of 1 Pa at 1 km for small rockfalls and ice avalanches (e.g.,
Havens et al., 2014; Johnson and Ronan, 2015), to 110 Pa at
1 km for very large avalanches (Allstadt et al., 2017). Machine-
learning-based classification and location schemes are increas-
ingly being applied to mass wasting monitoring applications
(e.g., Allstadt et al., 2018, and references therein; Ye et al.,
2019; Liu et al., 2020; Wenner et al., 2020).

When analyzing waveforms alongside PMCC results, denois-
ing steps help to isolate signals of interest. Here, we apply
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two denoising tools on a case-by-case basis to time-delayed
beams during postprocessing. First, BCseis (Langston and
Mousavi, 2018), which uses an adaptive block thresholding
approach in the frequency domain, and (2) an iterative
Wiener filter (Plapous et al., 2006), which minimizes the differ-
ence between noise-contaminated signals and a designated
noise-only section to isolate the signals of interest.

Results
Our results include characteristics of background infrasound
from the long-term BEAR infrasound array, and records of
mass wasting and other activity. Data from both the temporary
infrasound arrays and BEAR are used to isolate some of the
sources of the coherent background arrivals and to locate
and model a glacial avalanche.

BEAR array
Background signals. Array processing results from BEAR
reveal near-continuous and persistent infrasound signals
arriving from the direction of Mount Adams (back azimuths
30°–65°; Fig. 2a), which we hypothesize result from turbulent
fluvial processes, such as rapids and waterfalls (e.g., Johnson
et al., 2006; Huang et al., 2008; Schmandt et al., 2013; Feng
et al., 2014; Ronan et al., 2017; Anderson et al., 2019) in the
steeper upper portions of the Cascade Creek and Salt Creek
drainages. Observed fluctuations in the detectability of these
signals over time likely result from a combination of: (1) varia-
tion in wind-noise levels at the array (e.g., Woodward et al.,
2005; Matoza et al., 2011), (2) changes in local infrasound
propagation conditions associated with atmospheric boundary
layer variability (e.g., Fee and Garcés, 2007; Matoza et al., 2009;
Wilson et al., 2015; Kim et al., 2018), and (3) changing flow
speeds in the channels (assuming the infrasound is fluvial
in origin). By covering the infrasound sensors, higher snow-
packs are expected to reduce wind noise, as well as increase
the attenuation of signals of interest, particularly, at higher
frequencies (Adam et al., 1998). The number of detections
from the 30° to 65° azimuth range is the highest during the
summer (May–August; Fig. 2b,c), consistent with an increase
in glacial meltwater flow. Winter (November–February) detec-
tions for this direction may relate to increased flow from
rainfall and rain-on-snow melting during storms (Fig. 2d,e).
Corresponding mean signal frequencies are typically 3–20 Hz
throughout the year—a similar range to whitewater features
described by Anderson et al. (2019). In the 30°–65° azimuth
range, apparent velocities are 330–360 m/s, indicating low
incident angles and local signal sources. The time periods
designated as summer and winter are derived from Figure 2a,
being equal length and equally spaced periods that exhibit
distinct characteristics.

The BEAR array also records seasonally dependent 3–20 Hz
signals in almost all directions disjoint from Mount Adams
(Fig. 2). It is likely that this wide distribution of detections is also

tied to high-gradient streams and waterfalls, which cover the
region. An initial analysis (presented in the supplemental
material) shows similar temporal trends for PMCC detection
quantities and regional river discharge. The story is complex,
given the variable input of rainfall and snow melt in the
disparate watersheds, as well as fluctuating atmospheric condi-
tions. In addition, waterfalls each have their own seismoacoustic
signature based on height, plunge style, topographic directivity,
and flow volume (Burtin et al., 2008; Díaz et al., 2014; Anderson
et al., 2019). Future work with more weather and hydrological
sensors than are currently deployed near the field site would help
untangle the factors directing this fluvial infrasound.

The most dominant feature of the PMCC processing results
is the coherent background infrasound from the Pacific Ocean
(microbaroms) during the winter. Wave–wave interaction pri-
marily generates such signals, typically resulting in a peak
between 0.1 and 0.5 Hz (Bowman et al., 2005). Wave–shore
interaction may contribute frequencies up to 20 Hz (Garcés
et al., 2006), although, significant attenuation would be
expected at this distance. During the summer, microbarom sig-
nals are infrequently observed (Fig. 2c) due to the change in
dominant stratospheric wind direction from eastward blowing
to westward blowing (Le Pichon et al., 2009), as well as a
decrease in storm activity.

Another dominant feature in the PMCC results is persistent
year-round higher-frequency signal content in the low-audio
range (20–50 Hz), likely of anthropogenic origin from passing
aircraft and surrounding urban areas (Matoza et al., 2007;
Campus and Christie, 2010, and references therein; Pilger et al.,
2018). The corresponding source directions are predominantly
from south to southwest (a range covering Hood River,
Portland, and Vancouver) (Fig. 1a).

Figure 3 shows probabilistic power spectral density (PSD)
plots (McNamara and Buland, 2004) for the time periods
covered by Figure 2. The principal differences between the
summer and winter periods are in the 0.1–10 Hz band, with
a much wider range in noise level during the summer and a
prominent microbarom peak in the winter. These spectra span
the full range of global noise models (Bowman et al., 2007;
Brown et al., 2014).

Mass wasting and other activity. Having characterized
the background infrasound at BEAR, we next examine records
from BEAR (and ASR), at times of reported or imaged mass
movements at Mount Adams. We then filter the PMCC results
to isolate additional mass wasting candidates and other event
types.

Search for signals associated with witnessed small events.
Table 1 lists notable events at Mount Adams between June
2017 and August 2020, as witnessed by local observers or
identified in available satellite imagery. Satellite images are
four-band PlanetScope Scenes (3 m resolution, see Data and
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Figure 2. Seasonal trends in infrasound detections, illustrating
distinct source types and locations. (a) Progressive multi-channel
correlation (PMCC) results at BEAR, plotted as back azimuth
versus time. The top panel is color coded by family mean fre-
quency, and the bottom panel is color coded by the log number
of detections in the top panel. Bin sizes are one day in time and
0.1 Hz in frequency. Gray indicates <10 detections. White-
dashed lines bracket the back-azimuth range to the upper
Cascade Creek and Salt Creek basins (colored black in panels b,d).

(b) 2D histogram of summer detections (May–August). Bin sizes
are 1.0° in azimuth and 0.1 Hz in frequency. Absence of color
indicates <10 detections. (c) Polar 2D histogram for summer
detections, with higher frequencies at increasing radius. The
positions of waterfalls 5–10 m and >10 m in total height are
marked with small and large circles, with selected high-gradient
streams as diamonds. Panels (d,e) are the same as panels (b,c),
but for winter detections (November–February).
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Resources), which were visually inspected only during time
frames indicated to be of interest by local witness reports or
seismoacoustic data. The table includes debris flows, glacial
movements, and changes in river character, which may indi-
cate potential upstream debris flows in the preceding hours.
Since the installation of BEAR, there have been five visually
confirmed mass movements: two in 2017 and one each in
2018, 2019, and 2020. This number is likely an underestimate.
In cold months in particular, the mountain often is hidden by
clouds, and human access is limited, making visual observa-
tions of events difficult. All observed events took place from
June to September, when temperatures are relatively warm,
snow is melting, and the greatest potential for instability occurs
(e.g., Mills, 1991). The 28 August 2018 event is the only entry
from Table 1 for which we could find clearly attributable seis-
moacoustic signals. The main complications are: (1) relatively
small amplitude events; (2) poor knowledge of the timing of
the events; (3) coherent array detections (clutter) regularly
coming from the expected azimuths; (4) waveform character-
istics are likely weak and emergent, and superficially similar to
wind noise; (5) unknown local propagation conditions; and
(6) limited numbers of stations and data types. In conclusion,
few obvious waveforms correspond to the events of Table 1,
because these events likely are at or below station detection
thresholds.

To illustrate the previous issues, Figure 4 shows selected
processing results for the speculated time period of the July
2018 debris flow event. Data types include PMCC processing
results (back azimuth, cross-correlation, maximum amplitude,
each color coded by family mean frequency), filtered beam-
formed data, and spectral content over time. Diurnal winds
are expected to present with power inversely proportional to
frequency, but, notably here, the relative power in each band
is inconsistent over time. The wind bursts interrupt the

Figure 3. Seasonal trends in ambient infrasound, reflecting
stronger microbaroms in winter and higher wind noise in
summer. (a) Probabilistic power spectral density (PSD) estimates
of BEAR (channel 1) infrasound data for (1) the whole study
period, (2) summers, and (3) winters. These time periods cor-
respond to those in Figure 2. All parameters follow those by
McNamara and Buland (2004). Time windows used to estimate
the PSDs are 1 hr long with 50% overlap and a 10% cosine taper.
The color scheme indicates the percentage of counts in each
amplitude–frequency bin out of the total count at that frequency.
Bins are 1 dB by 1/8 of an octave, with powers averaged over a
full octave. Black lines are the 5th, 50th, and 95th percentiles for
the data in each plot. Red arrows indicate the range of the
microbarom peak (0.1–0.5 Hz). (b) The temporal evolution of the
PSD for the whole study period.
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higher-frequency background PMCC detections in Figure 4
(with similar observations by Matoza et al., 2009; Green et al.,
2012; the time series in Figs. 2 and 3 also show a similar rela-
tion between PMCC detection gaps and wind bursts). Lower-
frequency detections are more continuous, particularly, on 20
and 21 July. The next section shows that there are no clear
detection candidates for the July 2018 debris flow when
considering appropriate PMCC wave parameter combinations.

Distilling and classifying automatically detected signals.
Following our search for signals associated with known mass
movements, we now aim to identify instances of such events on
the upper slopes of Mount Adams for which we do not have
first-hand accounts. We isolate possibly associated PMCC
detections by requiring positive SNRs (F-statistic ≥1.5, peak-
to-peak amplitude ≥0.1 Pa), appropriate locations (back
azimuth 40°–55°, apparent velocity 330–360 m/s), with reason-
able thresholds (number of pixels ≥35, cross-correlation ≥0.6).
We also limit results to those with mean frequency ≥5 Hz to
avoid some fluvial detections. Since August 2017, there have
been 36 events matching these criteria. PMCC processing
results for these events are included in the supplemental
material. Such events do not, however, coincide with those in
Table 1, other than that on 28 August 2018. This remains the
case with no minimum amplitude (which gives 444 detections).

Using the presumed waveform characteristics (the Data
Processing section; Allstadt et al., 2018) as well as weather data
(from Ventusky, see Data and Resources), we classify 12 of the
36 events as mass wasting candidates. Durations range from 20
to 90 s, with amplitudes up to ~0.22 Pa. In the example in
Figure 5a, ASR first registers the direct seismic arrival at 7 s
and then an acoustic component as a ground-coupled airwave
(GCA) at 37 s. BEAR records the direct airwave ~5.4 s later.
The acoustic arrival times and PMCC back azimuth (44.3°)
indicate a source region at ~2000 m elevation (assuming a
velocity of 333 m/s, appropriate for a mean path temperature
of 2 °C). The corresponding origin time would be ~14 s and
may relate to the broadband seismic component. Eleven of the
twelve mass movement candidates have similar back azimuths
(42°–46°), spanning the White Salmon Glacier. The remaining
event aligns with the Avalanche Glacier headwall (46°–49°),
from which multiple debris fans indicate minor ongoing rock-
fall. In the next section, we more fully analyze the 28 August
2018 event, which was detected by the three temporary infra-
sound arrays, in addition to BEAR, and is the only one of these
mass movement candidate events to clearly appear in satellite
imagery.

We interpret 18 of the 36 events as thunder (e.g., Farges and
Blanc, 2010), occurring as part of sequences. Each instance typ-
ically has an erratic waveform 10–30 s in duration with an
amplitude <1 Pa (Fig. 5c), although, events of up to 4 Pa
and >60 s have been recorded. Spectra tend to be even and
broadband, though some spectra peak <10 Hz, perhaps

indicating relatively distant sources (Bass, 1980; Assink et al.,
2008). When ASR is operational, thunder is typically registered
via weak GCAs, with arrival times relative to BEAR dictated by
the back azimuth. The absence of direct seismic arrivals for
these events reduces the probability of these events being mass
movements. Few of the hundreds of these thunder signals
remain after parsing the PMCC detections; thus, our simple
PMCC bulletin selection criteria are useful for an initial basic
data screening. A more robust set of discriminators may be
required, however, because the character of thunder can vary
widely (e.g., Johnson et al., 2011; Liu et al., 2015; Marchetti
et al., 2019; Haney et al., 2020), and repeated surges of fluidized
debris flows may produce similar sets of signals (e.g., Kogelnig
et al., 2014; Liu et al., 2015).

The remaining six events are impulsive with short codas, last-
ing 0.5–3 s, and spanning 3–30+ Hz in frequency. Four of the
examples have negative first motions (Fig. 5d). These events may
be icequakes (comparable to those described by Lombardi et al.,
2019, with Richardson et al., 2012, and Allstadt and Malone,
2014, being other useful references) or possibly large tree-fall
events. We rule out electromagnetic interference, given the
acoustic travel times, general absence of thunderstorms, and sim-
ilar amplitudes on each sensor (vs. Haney et al., 2020). Gun shots
are also unlikely, as such signals are typically≪ 0:5 s in duration
(e.g., Maher and Shaw, 2008).

PHAB, CHIP, and RAIN arrays
As with the BEAR results earlier, we first address the origins of
the background signals recorded by these temporary arrays
and then proceed to an example of mass wasting. These results
help illustrate the challenges relating to site selection and
source characterization.

Background signals. PMCC detection results for each sta-
tion are presented in Figure 6, with a focus on identifying any
arrivals from the waterfalls located in the upper Cascade Creek
and Salt Creek basins (Figs. 1 and 2). We retain detections
>2 Hz to limit inclusion of microbaroms. Of the temporary
stations, CHIP has the most detections within the back-azi-
muth band, with PHAB not indicating any sustained signal
sources. At RAIN, some sustained detections occur, though
in a back-azimuth range of 82–96°, corresponding to the
sources either nearby RAIN, or higher up Mount Adams, in
the region of the White Salmon and Avalanche Glaciers.

To constrain source locations, we apply an automated cross-
bearings approach with the IMS-vASC algorithm (Matoza et al.,
2017). IMS-vASC uses a grid search to tally the number of inter-
secting back azimuths over time. Here, we use a grid resolution
of 0.005°. Figure 7 shows sample results, highlighting intersec-
tions of ≥20 pixels between the nearest station and at least one
other station. Other requirements are family frequency ranges of
2–35 Hz and an azimuth deviation allowance of 2°, to limit
results to the principal local sources within ~20 km. Figure 7
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Figure 4. BEAR infrasound analysis for period spanning specu-
lated occurrence of a debris flow at Mount Adams (as per eye
witness details in Table 1), showing how wind noise can affect
event detectability. (a–c) PMCC results limited to those detec-
tions with back azimuths from 30°–65°, which covers the
majority of Mount Adams. Horizontal dashed lines cover the
expected event back-azimuth range. Detections are color coded
by family mean frequency. Incoherent wind noise from 0.2 to
1.0 Hz correlates well with gaps in high-frequency PMCC
detections, with background shading applied if the PSD sum
from 0.2 to 1.0 Hz exceeds 0:6 Pa2=Hz (5.5 min bins).

(d) Beamformed infrasound for a back azimuth of 48° and
apparent velocity of 350 m/s, values appropriate to sources
traversing the Avalanche Glacier. Waveforms are filtered before
beamforming as follows: 0.01–0.2 Hz (black trace) and
0.2–1.0 Hz (purple trace). (e) A spectrogram of unfiltered
beamformed infrasound, with dashed lines at 0.2 and 1.0 Hz.
PSD is plotted on a log scale. Mean wind speed (solid black line)
and maximum wind speed (solid white line) are from the U.S.
Forest Service station at BKRW1 (Fig. 1b). Characteristics of
signals from debris flows are either absent (no events occurred)
or cannot be easily identified with such analysis.
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also shows the location of waterfalls as well as selected high-gra-
dient streams, each of which may be potential signal sources.
Waterfall data are primarily via the Northwest Waterfall

Survey (see Data and Resources). We find a general coincidence
between these fluvial features and the back azimuths where
topography and propagation conditions allow. Line of sight is

Figure 5. Examples of several event types that have back azimuths
coincident with Mount Adams. (a) Potential mass wasting event
from 10 October 2018 recorded at BEAR and ASR. A ground-
coupled airwave (GCA) arrives at ASR at ∼37 s. (b) A potential
mass wasting event from 7 November 2018. Any GCAs at ASR
are unclear in this case. (c) Thunder events at BEAR. Yellow-
highlighted signals are those that coincidentally met the PMCC
event parsing criteria. (d) Impulsive event example from 21March

2019, possibly caused by an icequake or tree fall. In all figure
parts, gray traces are >0.5 Hz, black traces are denoised using
BCseis, and red traces are black traces >4 Hz. Infrasound traces
have been beamformed using back azimuth and apparent
velocity values from PMCC. The spectrogram plots PSD on a log
scale, with warm colors indicating relatively high values and cold
colors indicating relatively low values.
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Figure 6. PMCC results from (a) PHAB, (b) CHIP, (c) RAIN, and
(d) BEAR for 26–31 August 2018, showing highly variable
detection sensitivity. Detections ≥2 Hz are scaled according to the
maximum amplitude for each family and colored according to
mean family frequency. Detections <2 Hz are shaded black and
not scaled. Back azimuths are clockwise from north. Darker gray
bars encompass the azimuth range of the upper basins of Cascade

Creek and Salt Creek for each station (Fig. 1a). Vertical dotted lines
indicate the respective recording periods. At CHIP, a technical issue
affected the data quality for the first 3.5 hr, resulting in a gap in the
PMCC detections. All these detections are coherent infrasound
arrivals, rather than noise, with themajority likely deriving from the
numerous turbulent streams and waterfalls in the region. White
arrows point to a glacial avalanche (Table 1).
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particularly limited around RAIN, where several waterfalls are
behind ridges or in deep canyons. More sources are detected
when use of the closest station to the intersection is not required,
but the configuration in Figure 7 more clearly outlines the effects
of acoustic and topographic features. Drainages on Mount
Adams coincide with the most dominant detections as antici-
pated. Falls with low discharge, such as Swampy Meadow
Falls (∼0:1 m3=s), may not be detected, despite being ~15 m
in total height. Conversely, unidentified waterfalls may exist
beneath the widespread dense tree coverage. Some intersection
areas may be coincidental overlaps from temporally distinct
events or derive from multiple arrays having similar back azi-
muths for the same event. An IMS-vASC video is provided in
the supplemental material to illustrate the time evolution and
episodic directionality of the detections.

In general, PHAB and CHIP had noticeably few detections,
despite proximity to potential signal sources on Mount Adams
(Fig. 7). We attribute this, in part, to their ridgetop locations,
where widespread wildfires had led to sparse vegetation (Fig. 1)
and relatively high wind noise (Hedlin et al., 2002; Webster
and Raspet, 2015). The wildfires meant that more forested
sites in proximal areas were unavailable. Gaps in detections,
as with BEAR, coincide with increases in wind noise (Fig. S3).
Variation in proximity to sources, propagation conditions, and

station hardware noise floors
may also be relevant. The sta-
tion geometry is also likely to
contribute to the detection dis-
crepancy, because BEAR detec-
tions fall by ~50% when using
only the outer three sensors.
Global Positioning System
(GPS) positional accuracy due
to tree density (i.e., sensor loca-
tion error of ~2–3 m) may also
have affected array processing
results. Because of the rela-
tively poor detection rates for
the temporary stations, we
used lower signal association
thresholds in PMCC.

Glacial avalanche. An ava-
lanche occurred on the White
Salmon Glacier on 28 August
2018 at ~16:01, as determined
using infrasound and satellite
imagery. Analyzing such
events in detail helps constrain
the detection, location, and
modeling capabilities of the
arrays. All four infrasound
arrays clearly recorded the

event for 25 s, despite amplitudes below 0.3 Pa (Figs. 6 and
8a and Table 1). The mean frequency of PMCC families ranged
from 4 Hz (RAIN) to 12 Hz (CHIP), with the full-frequency
range between all sites 0.4–40 Hz. Such results depend on attenu-
ation and SNR for each station. Waveforms begin emergently,
are briefly dominated by two low-frequency (0.3–2.5 Hz)
impulses, and then decay slowly. The event is preceded by
15 s by two broadband precursory signals (Fig. 8a) on all arrays
except RAIN. The consistent time delay between precursory and
main phases indicates a co-located source. Back azimuth and
apparent velocity statistics for BEAR show sustained values dur-
ing the precursory signals and main event (Fig. 8b). This con-
sistency extends ~40 s earlier at BEAR, with additional
impulsive signals detected (−32 to −18 s in Fig. 8b), though these
features are not observed at the other arrays. Back-azimuth tri-
angulation places the event at a steep (45°) bluff at the front of the
upper White Salmon Glacier (Fig. 8c). Back azimuths are deter-
mined by averaging PMCC families with maximum frequencies
up to 5 Hz. We find that incident angle estimates from each sta-
tion do not converge on a specific elevation for a source, regard-
less of modeled mean path temperature or the family frequency
range considered. RAIN tends to underestimate the angle, with
BEAR overestimating (as is also the case for mass wasting events
in Fig. 5). Without further calibration, the method has limited

Figure 7. Back-azimuth intersections for 26–31 August 2018 Coordinated Universal Time (UTC)
(grid-during layer from IMS-vASC) showing a high coincidence between infrasound arrival
directions and turbulent waters. Total pixel counts (>275) are displayed for a grid square only if the
nearest station detects a signal from the appropriate back azimuth, as well as any one other
station. The positions of known waterfalls are indicated, along with selected high gradient
(H-g) streams that align with IMS-vASC features. Some well-known waterfalls are labeled: BF,
Babyshoe Falls; BSCF, Big Spring Creek Falls; LF, Langfield Falls; LGCF, Little Goose Creek Falls; LNF,
Little Niagra Falls; RCF, Riley Creek Falls; SMF, Swampy Meadow Falls; Sn.F, Snagtooth Falls; St.F,
Steamboat Falls; TF, Twin Falls; UPCF, Upper Pin Creek Falls.
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Figure 8. Glacial avalanche signal characteristics, array processing
results, and derived location. (a) Beamformed infrasound wave-
forms from event on 28 August 2018 at ~16:01, for frequencies
>0.5 Hz (gray) and subsequent denoising with a Wiener filter
(black). Apparent velocities (vapp) and back azimuths used in the
beamforming are the means from PMCC families whose maximum
frequency is 5 Hz. The spectrogram plots PSD at BEAR using the
same scale as that in panel (b). Arrows point to weak precursory
infrasound. (b) Expanded timeframe for same event from panel (a),

focusing on BEAR data. Back azimuth, vapp, and correlation values
derive from PMCC statistics. Gray pixels are off-scale; white means
no pixels. Waveform clipping helps illustrate the precursory signals
prior to 20 s. (c) Triangulation of PMCC back-azimuth values used
in panel (a). The marked area around the intersection of back
azimuths is expanded in panels (d,e), which also show the mean
location provided by the inversion of sensor arrival times as a green
dot, and the 95% confidence interval. The images in panels (c,
d) are from 28 August 2018 at ~18:29.
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application at BEAR, given that errors of a few degrees will give
high-elevation uncertainties at remote source-station distances.

We also perform an iterative least-squares inversion of the
13 arrival times for the event using the location method of
Geiger (1910, 1912), more recently addressed by, for example,
Ge (2003), Stein and Wysession (2003), and Havskov and
Ottemöller (2010). Altitude is allowed to vary in 10 m steps
from 2500 to 3800 m, and velocity from 300 to 400 m/s in
2.5 m/s increments. One hundred inversions are performed,
randomly perturbing the collective arrival times at each array
by ±0.15 s, necessitating the adjustments of PHAB and CHIP
be within 0.15 s of each other, given their similar locations. The
resulting 95% confidence interval ellipsoid centers at the bluff
within the triangulation mesh, spanning 540 m×400 m hori-
zontally, 934 m vertically (Fig. 8d). The mean altitude is ~85 m
above the corresponding elevation. Attempting to locate the
event with just arrival times from BEAR provides a poor loca-
tion estimate. Better results may be obtained using alternate
location methods for single arrays, for example, Szuberla et al.
(2006), Shani-Kadmiel et al. (2018), Green and Nippress
(2019), and Shang et al. (2019).

Satellite photographs taken 2.5 hr after the located event
show an ∼20;000 m2 area of glacial avalanche debris from the
front of the upper White Salmon Glacier (Fig. 8d). Prior to the
event, the closest images with clear views are four days prior,
without evidence of debris (Fig. 8e). Ongoing instability is
implied by rockfall debris in the same area at other times
of year.

The infrasound signals themselves suggest a mixture of fall-
ing and flowing processes (Allstadt et al., 2018, and references
therein). The precursory components and emergent onset may
reflect the initial detachment and failure stages (Zimmer et al.,
2012; Havens et al., 2014; Schimmel et al., 2017). Given the
absence of real-time visual observations of the event, a detailed
attribution of the infrasound source time function to a specific
mass movement sequence is not possible. To a first order, how-
ever, we model the source time history as a hemispherical
monopole in terms of the mass (M) of air displaced:

EQ-TARGET;temp:intralink-;;53;249 M�t� � 2πr
ZZ

P�t� dt2;

in which P is the pressure time series and r is the source-station
distance (e.g., Lighthill, 2001; Oshima and Maekawa, 2001;
Moran et al., 2008). Figure 9 shows that the highest mass values
are ~100 kg, equivalent to a sphere of ~6 m diameter (d),
assuming an air density of 1 kg=m3. A monopole is applicable
when the source is acoustically compact (d ≪ λ=2π, λ is the
wavelength) and recorded in the far field (r ≫ λ=2π). Here,
d � 6 m, λ � 337:5 m at 1 Hz, and r > 7700 m, thereby
representing reasonable approximation by a monopole.

Multiple peaks during the source time function in Figure 9
may indicate repeat collapses from the glacier front. Given the
size of the debris fan is much larger than that implied by the

mass values in the source time function, we speculate that con-
tributing factors to the discrepancy may be (1) additional
events occurred in the preceding four days that went unde-
tected, (2) low turbulence of the flow front was inefficient in
generating infrasound (e.g., Naugolnykh and Bedard, 2002;
Mayer et al., 2020), (3) little momentum was built up by the
avalanche during the short (~300 m) unconstrained runout on
a rough surface, with, for example, Kogelnig et al. (2011) show-
ing a strong correlation between velocity and infrasound pres-
sure for moving sources. Seismically, the event is barely above
the background noise, due to an impaired sensor response.

Discussion
Our study is motivated by the potential of using infrasound to
quickly detect, progressively locate, and swiftly alert people
about oncoming large lahars, which are both hazardous and
relatively infrequent at Mount Adams. To the extent that
smaller mass movement events may be precursors or triggers
to large events, we are initially aiming in this study to charac-
terize sources of background noise, and identify thresholds and
best methods for event detection using infrasound arrays.
During our 3 yr study, several small debris flows or flow can-
didates were reported by local observers; however, we did
not find signatures of these events in our data (Table 1). In
contrast, we identified 12 events at BEAR that are possible can-
didates for mass movements based upon expected seismoa-
coustic signal characteristics. With one exception, none of
these signals had local reports or other visual data to illuminate
associated physical processes. Using additional temporary
arrays, in addition to the main BEAR array, we were successful
in locating and characterizing a glacial avalanche on the upper
White Salmon Glacier. This event was confirmed using before
and after satellite images. The corresponding local time for the
event was early morning, with low wind typical of the time
period improving potential SNR. In general, our results of mass
movement observation are primarily limited by (1) infrequent
events above the detection threshold of our arrays, (2) a lack of
visual observations of activity for those candidate detections we
do have, and (3) year-round background sound clutter from
the direction of Mount Adams that is unrelated to mass
wasting.

To quickly and accurately locate the incipient stages of haz-
ardous lahars from the summit area of Mount Adams with
infrasound, it may be beneficial to add permanent arrays
nearer to source zones. The limited detection of known mass
movements to date implies that improved SNR equipment
design (e.g., Albert and Pankow, 2019, 2020) and preprocess-
ing noise reduction strategies (e.g., Williams et al., 2020) would
be of use for deployments in these more exposed areas, and
where source amplitudes could be relatively low. Given permit-
ting issues, however, potentially desirous solutions like
low-cost and low-power telemetered systems that reduce
preparation and installation time (e.g., Schimmel et al., 2018;
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Ye et al., 2019), may prove challenging to implement. We find
that when ASR is correctly operating, some small mass move-
ment events are clearly detectable seismically (Fig. 5). Seismic
propagation velocities mean that low alarm latency can be
achieved at ASR, despite its location outside the wilderness
boundary. A sole seismic station, however, has limited effec-
tiveness in a monitoring capacity.

Notably, lahars can grow in volume as they propagate down
drainages, which we have shown to be sources of (presumably)
fluvial infrasound with many similar signal characteristics.
Obvious changes in back azimuth with time can be indicative
of flow fronts (e.g., Bosa et al., 2020), but static sound sources
can develop during flows at waterfalls, check dams, and due to
propagation effects caused by topography (e.g., Johnson and
Palma, 2015; Marchetti et al., 2019). For a single array such
as BEAR, these scenarios provide a strong challenge for auto-
mated signal detection, location, and modeling procedures.
For one or more arrays, probabilistic analyses and modeling
could potentially help establish confidence levels for detection
thresholds for a range of network configurations (e.g., Le
Pichon et al., 2009; Green and Bowers, 2010; Tailpied et al.,
2013), given a priori assumed lahar source signal properties
of amplitude, frequency content, duration, likely locations,
and so forth (e.g., George and Iverson, 2014; Johnson and
Palma, 2015; Allstadt et al., 2018; Watson et al., 2020). Such
models should also account for (1) statistically characterized var-
iations in site noise (wind noise) (e.g., Le Pichon et al., 2009;
Green and Bowers, 2010; Brown et al., 2014), (2) local propaga-
tion (wind strength and direction, topography, temperature, and
attenuation), and (3) variability in background clutter.

A more comprehensive monitoring strategy of Mount
Adams could involve focused seismoacoustic and video sur-
veillance of multiple key drainages (Fig. 1b) as well as weather
sensors, flow gauges, and trip wires, in line with designs for
areas of similar concern (e.g., Kogelnig et al., 2014; Liu et al.,
2015; Chen et al., 2016; Schimmel and Hübl, 2016; Moran,
2018; Marchetti et al., 2019). Such diverse instrumentation
would likely benefit detection sensitivity, flow-front location
accuracy, avoiding false alarms, interpreting physical proper-
ties, and also tailoring any alerts to events of particular
magnitude.

Conclusion
The BEAR infrasound array is the first at Mount Adams and
lays groundwork for a system which could potentially detect
and track lahars rumbling down the southwest flank. To date,
BEAR, as well as three additional temporary arrays in August
2018, have helped meet initial goals by establishing ambient
background wind-noise characteristics and likely sources of

Figure 9. Glacial avalanche infrasound records and their equiva-
lent mass source time functions. (a) Infrasound amplitudes at
each array (0.5–3 Hz). Black traces have been denoised with a
Wiener filter, gray traces have not. For CHIP, we remove
remaining noise from 16 to 19 s by manually editing the spectral
content with BCseis. The timescale matches that from Figure 8a.
Distances are those between arrays and the mean source location
provided by the travel-time inversion. (b) Mass equivalent source
time functions for black and gray traces.
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clutter, as well as successfully locating a small glacial avalanche
that was also visible in satellite imagery. This event was one of
12 suspected mass movements detected by BEAR during the
study period. Other transient signals recorded include thunder
and, possibly, icequakes. SNR, the primary factor controlling
lahar detection, is presumably dictated mainly by source prox-
imity, source size, and wind levels. Wind noise precluded
detection of several witnessed small debris flows below the
summit; however, it is more likely that large events of a haz-
ardous nature would be detectable with the current instrumen-
tation at BEAR and ASR. The drainages themselves appear to
create abundant seasonal clutter from fluvial and waterfall
infrasound, although, further confirmation of these sources
(e.g., using flow-gauge or time-lapse video data) is needed.
Characterizing this clutter is imperative for any future robust
infrasonic lahar monitoring system, which should be supple-
mented by additional data types to reduce ambiguity. Novel
real-time station designs may be required to meet environmen-
tal, budgetary, and logistical challenges in this remote region.
Future work with more advanced processing methods may bet-
ter characterize multiple clutter sources and wind noise, and
could enhance signal detectability.

Data and Resources
Infrasound and seismic data are available from the Incorporated
Research Institutions for Seismology (IRIS) Data Management Center
(DMC) via links in the following citations: BEAR (UC Santa
Barbara, 1989); PHAB, CHIP, and RAIN (Matoza and Haymon,
2018); ASR (University of Washington, 1963). Time-lapse camera
images from BEAR documenting weather and equipment conditions
are available at DOI: 10.25349/D9903G. Sensor specifications are pub-
lished manufacturer values. Waterfall names and sizes derive from
Northwest Waterfall Survey (https://www.waterfallsnorthwest.com)
and Google Earth. BKRW1 wind and rainfall data are provided by
MesoWest (https://mesowest.utah.edu), snow and temperature data
by the National Oceanic and Atmospheric Administration (NOAA;
https://www.ncdc.noaa.gov), river discharge data by the U.S.
Geological Survey (USGS; https://waterdata.usgs.gov/nwis), and event-
coincident weather data by Ventusky (https://www.ventusky.com).
Satellite images are via Planet Labs (https://www.planet.com). All web-
sites were last accessed in August 2020. The supplemental material for
this article includes extended information on detected events, system
hardware, weather and hydrology data, as well as tools used for data
processing, analysis, and plotting.
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