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Abstract

Mount Rainier has had at least 11 large lahars over the last 6,000 years, including one occurring without evidence

of eruptive activity. This prompted the creation of a lahar detection system that uses a combination of seismic, infra-
sound, and tripwires. We test a laser rangefinder placed on a river channel bank for detecting and confirming mass
movements flowing past a station as an alternative to the physical tripwires. After testing the device at an experimen-
tal debris-flow flume, the laser rangefinder successfully captured a small debris flow on Mount Rainier in 2023, con-
firming its effectiveness as a lahar detection and monitoring tool. Over the 2-month deployment at Mount Rainier, we
find that spurious recordings in the laser rangefinder data (noise) tend to correlate with high humidity, and that peri-

ods of noise do not correlate with increased co-located seismic amplitude. Therefore, the impact of the noise on
future alarms can be mitigated by coupling a laser rangefinder alarm with that of independent datasets.

Keywords Debris flow monitoring, Lahar detection, Laser rangefinder, Volcano monitoring

Introduction

Surficial mass movements such as debris flows and lahars
can occur at volcanoes with or without associated unrest
and have the potential to impact life and infrastructure
for tens of kilometers downstream with little warning
(Pierson et al. 2014; Vallance 2024). Small debris flows
and lahars can occur at volcanoes due to heavy rainfall
or snow- and ice-melt in the summer, combined with
unconsolidated sediment on the volcano. These flows
can be detected by a variety of instruments (Hirlimann
et al. 2019), including seismic and infrasound sensors
that record vibrations from the flow (Allstadt et al. 2018;
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Marchetti and Johnson 2023; Kogelnig et al. 2014; John-
son and Palma 2015; Belli et al. 2022; Coviello et al. 2019;
Bosa et al. 2021; Johnson et al. 2023). These instruments
also show promise for use in real-time debris-flow moni-
toring systems (e.g., Marchetti et al. 2019; Lai et al. 2018;
Badoux et al. 2009). Many flows have low-amplitude
emergent onsets in seismic and infrasound data, making
initial detection difficult. An additional complicating fac-
tor is that surficial mass movements have time-varying
source locations, making characterization challenging. To
mitigate these issues, complementary multidisciplinary
data, such as cameras, tripwires, and post-flow deposit
analysis, can be used to help instill confidence in a detec-
tion (e.g., Lavigne et al. 2003). Such observations can also
provide constraints on timing and flow properties such
as inundation depth, which in turn can help constrain
volume estimates, which is difficult with indirect meth-
ods such as seismic and infrasound alone, but critical to
understanding the impacts of the flow.

Mount Rainier (Washington, USA) is an active vol-
cano that has produced at least 11 large lahars over
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the last 6,000 years that have reached the Puget Low-
land (Vallance and Sisson 2022; J. Vallance, USGS, oral
personal communication, 2023) as well as numerous
debris flows. Diefenbach et al. (2015) estimated that
over 90,000 people live in Mount Rainier lahar haz-
ard zones, a number that is likely higher today. All of
these large lahars were associated with eruptive activ-
ity, with the possible exception of the ~1507 C.E. land-
slide-initiated Electron Mudflow (~260 million cubic
meters, Crandell 1971; Scott et al. 1995), for which no
evidence of an associated eruption has yet been found
(Vallance and Sisson 2022; Sisson and Vallance 2009).
While rare, the Electron Mudflow deposits showed that
the flow inundated valleys 40 to 50 km NW from the
summit of Mount Rainier (Crandell 1971; Sisson and
Vallance 2009). Recent studies show that the western
flank of Mount Rainier contains hydrothermally altered
rock that could produce future non-eruptive landslides
and associated large lahars down the Puyallup River
and/or Tahoma Creek drainages (Finn et al. 2001; Reid
et al. 2001). Recent modeling indicates that a lahar
equivalent in size to the ~1507 Electron Mudflow could
reach nearby small towns within 10-20 minutes (~25
km downstream) and larger communities within 50-60
minutes (~50 km downstream, George et al. 2022). We
note that local communities and emergency manage-
ment agencies have adopted a communication strategy
whereby smaller flows that stay within the National
Park limits be referred to as “debris flows” and that
the term “lahar” be used only for larger flows extend-
ing outside the Park. For consistency, we continue with
that practice in this paper.

There are few well-recorded examples of lahars in the
seismic and infrasound literature, and none that we are
aware of on the scale of the Electron Mudflow. However,
example flow signals are needed to develop and test novel
monitoring techniques as well as assess, tune, and opti-
mize detection and characterization algorithms in the
absence of larger, less frequent lahars. Smaller debris
flows are common within the drainages surrounding
Mount Rainier, including over 60 debris flows and out-
burst floods that have occurred between 1926 and 2019
due to high-intensity precipitation storms in the fall and
melting of glacial ice and snow in the summer months
(Beason et al. 2021). At least 33 debris flows occurred in
Tahoma Creek between 1967 and 2019, including one
that closed the once popular Westside Road at milepost
3 and associated hiking trail in 1988 due to lateral migra-
tion of the channel as a result of debris flows (Beason
et al. 2021). One of our objectives has been to record
one or more of these debris flows in order to gener-
ate data that can be used to test various lahar detection
algorithms.
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In 1998, the U.S. Geological Survey (USGS) Cas-
cades Volcano Observatory (CVO), in partnership with
state and local agencies, installed a lahar detection sys-
tem (heretofore called the Rainier Lahar Detection Sys-
tem, RLDS) as one means for mitigating the risk posed
by large lahars from Mount Rainier. The 1998 system
was installed along two drainages (the Puyallup and
Carbon Rivers) and featured multiple sites with acous-
tic flow monitors (short period seismometers, Hadley
and LaHusen 1995) and tripwires. Data from these sites
were transmitted every several minutes to base stations
located at 24/7 Emergency Operations Centers (EOCs)
operated by the Washington State Division of Emergency
Management (WA EMD) and the Pierce County Depart-
ment of Emergency Management (PCDEM). Automated
detection software running on both base stations was
configured to alert EOC staff via sirens and flashing
lights, after which EOC staff were to follow standard
operating procedures for sending alarms to communities
at risk. Having a robust lahar detection system that will
detect every large lahar without false alarms is essential
to maintaining public trust.

In 2016, CVO began a years-long process to upgrade
and expand the capabilities of the RLDS (the reader is
referred to Kramer et al. 2024 for details). Upgrades
included replacing acoustic flow monitors with broad-
band seismometers, updating tripwire systems, adding
infrasound and cameras to a number of stations, and
installing new stations to improve detection capabilities.
Of these sensor types, tripwires have proved the most
problematic to install and maintain. Tripwires serve the
purpose of confirming that a flow is physically mov-
ing down the river channel, which can sometimes be
ambiguous using seismic or infrasound data alone. How-
ever, they have a number of challenges, including: they
are prone to being tripped by wildlife; they can only be
installed at sites with adequate solar, adequate real-time
telemetry, and with steep banks that are close to the
channel; they provide no state-of-health information
(they’re either “tripped” or they’re not); and once they
have been “tripped” they are unusable for detecting sub-
sequent lahars.

In an effort to find an alternative for tripwires, CVO
began testing the capabilities of laser rangefinders in 2023.
Laser rangefinders are instruments that can be used to
record a single point distance between the instrument
and a given target. They typically are used to determine
distances to solid surfaces, but may also be appropriate
for debris-ladden flows. Handheld laser rangefinders have
been used by the USGS Hawaiian Volcano Observatory
(HVO) for measuring crater floor and lava lake eleva-
tions (Patrick et al. 2019a). HVO installed a permanent
laser rangefinder at the summit of Kilauea in 2018 for
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continuous 1 Hz measurements of the lava-lake level (Pat-
rick et al. 2019b, 2022). While only being used for moni-
toring at volcanoes in a limited way, laser rangefinding
devices have been used to observe natural (e.g., Hiirlimann
et al. 2019; Tang et al. 2019; Kean et al. 2011; McCoy et al.
2010) and experimental (e.g., Chen et al. 2015) debris flows
when suspended directly over the thalweg of the channel
to determine flow depth, as well as using a laser profile
scanner to observe superelevation of the flow surface (e.g.,
Takahashi et al. 2019). However, to our knowledge, a sin-
gle point distance laser rangefinder has not been used in a
natural setting placed discreetly on the bank at an oblique
angle to the channel perpendicular to the flow for moni-
toring. Laser rangefinders have several benefits, including
low power requirements, low telemetry bandwidth, ability
to be placed at longer ranges out of the lahar hazard zone,
state-of-health information, relatively small installation
footprints, and ability to be used for subsequent flows, that
make them particularly attractive as candidates for trip-
wire replacements in the RLDS. They are also potentially
more feasible for use in areas with difficult logistics and/
or land-use restrictions, which make other approaches for
debris-flow monitoring, such as check dams with force
plates (e.g., lligraben, Switzerland, Mount Yakedake, Japan,
and Gadria, Italy) and channel spanning bridges/suspen-
sion systems to hang flow stage sensors above the flow
(e.g., Illgraben, Switzerland, Chalk Cliffs, U.S.A.; Hiuurli-
mann et al. 2019; Badoux et al. 2009), problematic.

In this study, we present results of a test of a continu-
ous laser rangefinder as a “virtual tripwire” placed on the
channel bank perpendicular to the flow that can confirm
a flow is moving past the station without some of the
drawbacks of the physical tripwire currently used by the
RLDS. This is the first such usage that we are aware of for
monitoring mass movements at volcanoes. We describe
an initial test of the instrument at the USGS experimen-
tal debris-flow flume, a successful recording of a natural
debris flow at Mount Rainier along the Tahoma Creek
drainage in August 2023, and its potential integration
into real-time lahar monitoring systems.

Equipment & testing at the USGS debris-flow flume
We used a LaserTech TruSense S200 laser rangefinder
(Fig. 1b) that has an accuracy of up to +4 cm with a range
of up to 750 m. According to the specifications, range can
be extended up to 2,900 m with accuracy of up to +15
cm based on measurement mode and surface reflectiv-
ity. The laser rangefinder records the distance from the
instrument, and the change in distance (Ad) can easily be
converted to the change in height (A%) above the target
location using the angle from horizontal that the laser
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rangefinder is pointing (6, Fig. 1a, Eqgs. 1 and 2). For plot-
ting, we set the A/ to be zero prior to an event.

‘ _ Ak
sin(0) = " (1)
Ah = sin(9) * Ad (2)

We first tested the laser rangefinder at the USGS
debris-flow flume with three simulated flows, one of
which we describe here (May 16, 2023, local, May 17,
2023, UTC). The flume is located near Blue River, Ore-
gon, and consists of a reinforced concrete channel that
is 95 m long and 2 m wide at a 31° slope (Iverson et al.
1992, 2010; Logan et al. 2018). The laser rangefinder was
located on a platform ~75 m from the top of the flume
near the break in slope and was pointed near the center
of the channel at an angle of 61° from horizontal, per-
pendicular to the channel (Fig. 1a). Data were recorded
at ~3 Hz directly onto a laptop for this initial test. The
laser rangefinder clearly observed the flow front arrival
and subsequent deposition of material via the recording
of distance from the laser rangefinder (Fig. 1c) and con-
verted change in height from the flume bed (Fig. 1d).

Application to a debris flow at Mount Rainier

The laser rangefinder was deployed at Mount Rain-
ier from July 11th to September 14th, 2023 (~2
months), and co-located with the permanent station
TABR (Fig. 2a, b, ¢) operated by CVO (Cascades Vol-
cano Observatory/USGS 2001). The permanent CVO
station TABR includes a 3-component Trillium Com-
pact Posthole seismometer and Chaparral 64VX infra-
sound sensor digitized on a Nanometrics Centaur.
Although TABR data are telemetered at 50 Hz (BHZ and
BDF channels), we locally logged and retrieved data for
this event at 250 Hz for infrasound (CDF) and 500 Hz
for seismic (CHZ) that we use for analysis here. TABR
is situated adjacent to Tahoma Creek (Fig. 2a) as part of
the RLDS within Mount Rainier National Park. The laser
rangefinder was positioned at an angle of 29° from hori-
zontal with a slant distance of ~65 m to the center of the
active channel in Tahoma Creek. Vertical component
seismic and infrasound data at TABR are bandpass fil-
tered between 1 and 124 Hz. Laser rangefinder data were
recorded locally at 1 Hz using a Campbell Scientific CR6
digitizer with timing antenna, and the closest weather
station is at Paradise (~9 km from TABR, Fig. 2a) with
average values recorded every 60 minutes (temperature,
relative humidity, and rainfall used in this study).
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Fig. 1 Deployment at the USGS debris-flow flume in May 2023. a Photo of the laser rangefinder fixed to the pole on a nearby platform pointing
at the channel with sketch and conversion from change in distance (Ad) to change in height (Ah) overlain. b Photo of the laser rangefinder.
¢ Distance recorded by the laser rangefinder, and d converted change in height showing the flow front arrival at the sensor and subsequent
deposition of material

A small debris flow occurred on Tahoma Creek on
August 15th, 2023, at approximately 23:24 UTC (16:24
local), as estimated based on the onset of the seismic and
infrasound signals higher up in the drainage. The debris
flow was caused by a glacial outburst flood from the
South Tahoma Glacier, occurring late in the afternoon on
a hot summer day (high of 28.6°C, Paradise weather sta-
tion). It was recorded on 10 broadband seismometers, 4
infrasound arrays, and 1 single infrasound sensor as part
of the newly upgraded permanent monitoring network
for the RLDS (Kramer et al. 2024). The debris flow moved
down the channel and passed directly by TABR, as shown
by the laser rangefinder (Fig. 2d), seismic (Fig. 2e), and
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infrasound (Fig. 2f) data. The laser rangefinder success-
fully recorded the debris flow (Fig. 2d), and the seismic
data show that the main pulse of the flow lasted less than
ten minutes (Fig. 2e). Increased sediment concentra-
tions and/or flow volume likely occurred for hours, as
evidenced by the elevated seismic and infrasound ampli-
tudes in the longer time series.

We calculate the envelope of the seismic and infra-
sound traces using a Hilbert transform that is convolved
with a Hanning window of 5 minute duration and com-
pare these envelopes with the laser rangefinder data for
a 15 minute window surrounding the flow (Fig. 2g). The
smoothing filter is used just for visualization purposes
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Fig. 2 Deployment at Tahoma Creek. a Map of Mount Rainier showing station TABR (pink inverted triangle), weather station at Paradise (yellow
square), and the estimated debris-flow path that fades downstream as the downstream extent is not well-constrained (blue line). Photos

of the deployment are shown in b the laser rangefinder affixed to station TABR and ¢ the view from the laser rangefinder at the active Tahoma
Creek channel (taken on July 11th, 2023 during installation). Data recorded for the 40 minutes surrounding the event are shown for the d change

in height calculated from the laser rangefinder recording, e vertical component seismic, and f infrasound, both bandpass filtered between 1-124 Hz.
g Zoomed-in time period (gray boxes in d, e, f) for the laser rangefinder (black), seismic envelope (blue dotted), and infrasound envelope (orange).
The red vertical arrows in d, e, f denote the initiation time of the August 15th debris flow
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to easily compare the three data types, and trends dis-
cussed are still apparent in the non-smoothed envelopes.
The emergent onset of the seismic signal appears a few
minutes prior to the arrival of the flow on the laser range-
finder, consistent with the flow starting higher in the
drainage and increasing in seismic amplitude as the flow
moved closer to this station (Fig. 2g). The laser range-
finder signal onset at 23:34:48 UTC (~ 11 minutes after
the flow initiation) corresponds with the onset of the
high amplitude seismic and infrasound signals (Fig. 2g).
The laser rangefinder onset is clear, precise, and occurs
approximately 2 minutes before the peak of the seismic
amplitude, thus allowing for improved arrival time and
tracking information as the flow moves down the drain-
age. We also note that the peak of the seismic amplitude
occurs about a minute before the peak in laser range-
finder data, which may be attributed to the energetic
flow front moving past the station and farther away while
water level/sediment load still increased at the station
as recorded by the laser rangefinder. The time differ-
ences both of the signal onset and of the peak amplitude
between the seismic, infrasound, and laser rangefinder
datasets may be important considerations for monitoring
purposes.

Discussion

The laser rangefinder successfully recorded debris flows
both at the USGS debris-flow flume and a natural event
at Mount Rainier. However, we aim to better understand
the entirety of the data that are being recorded before this
technique can confidently be used as an operational mon-
itoring tool. We investigated the full 2-month long data-
set and compare the laser rangefinder results with seismic
and weather data. We calculated the 1-minute real-time
seismic amplitude measurement (RSAM, Endo and Mur-
ray 1991) for the co-located vertical seismic channel at
TABR, a metric and window length that CVO uses for
monitoring alarms (Fig. 3a). We also examined the air
temperature (Fig. 3d), relative humidity (Fig. 3e), and rain-
fall (Fig. 3f) from the local weather station at Paradise.
The August 15th debris flow occured coincident with the
highest RSAM level (by far) for the 2-month deployment
(Fig. 3a), after a days-long increase in temperature and
near the peak temperature of the day (Fig. 3d), low relative
humidity (Fig. 3e), and no rainfall (Fig. 3f).

Similar to most geophysical signals, the raw laser
rangefinder data have spurious recordings that are not
the water surface (which we refer to in this study as
noise, Fig. 3b) that should be analyzed further. With the
distance from the laser rangefinder to the channel being
~65 m, we find that 1.05% of the data over the entire
deployment are less than 61 m from the sensor and thus
considered anomalous (Fig. 3b). The noise in the raw
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laser rangefinder data (Fig. 3b) generally corresponds
to high humidity (Fig. 3e) and, to some extent, rainfall
(Fig. 3f). This can be seen more clearly in Fig. 4a-f, where
we highlight two 10-day windows that had the high-
est levels of noise (blue and gray boxes in Fig. 3), espe-
cially with returns closer to the channel. Returns that
are clearly not accurate (e.g., <40 m from the sensor)
can easily be filtered out of the data within the monitor-
ing algorithms. We note that the spurious detections do
not occur coincident with high seismic RSAM (Fig. 3a),
so we envision being able to couple a laser rangefinder
alarm with seismic RSAM or some other dataset to miti-
gate false positives just like the current RLDS tripwire
alarm, as well as incorporating post-processing filters
into the laser rangefinder dataset.

The laser rangefinder recorded the diurnal streamflow
variations of Tahoma Creek throughout the deployment
(Fig. 3c), with variations smaller in amplitude for the first
few weeks, muted for two weeks, then larger in amplitude
the last week of the deployment. The diurnal variations
increased in amplitude for the few days leading up to
the debris flow, coincident with an increase in tempera-
ture (Figs. 3 c-d and 4 g). Peaks in the laser rangefinder
data are temporally consistent with changes in air tem-
perature (Fig. 4g), likely a result of the laser rangefinder
being located high in the drainage, therefore recording
increased flow as soon as warming occurs each day. This
relationship is in contrast to the stream gage data on the
Nisqually River near National (US Geological Survey
2024), where peaks are delayed from the peaks in laser
rangefinder and temperature, consistent with its posi-
tion ~25 km downstream of TABR so it takes awhile for
increases in flow from Tahoma Creek and other glacially
fed creeks to reach the gage. The diurnal peaks recorded
by the rangefinder are indicative of water surface detec-
tion, though we note that deploying a laser rangefinder
close to a stream gage can confirm this in the future.

Another feature that is evident in the laser range-
finder plots are two notable offsets with respect to the
initial baseline stream height in the data directly after
the August 15th flow and on August 28th after rainfall
(Fig. 3c). There are two plausible scenarios that may have
caused these: 1) limitations in the accuracy of the laser
rangefinder or 2) changes in the channel morphology.
The details we observe in the laser rangefinder data show
that the instrument is sensitive and precise. However,
there is a possibility that the instrument is not as accurate
and that large changes in the recording may not result in
the distance observed by the laser rangefinder going back
to the same exact baseline as before. The second sce-
nario is that there were changes in channel morphology
as a result of the two periods of higher flow; therefore,
the laser rangefinder that is only a point measurement
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may not have been recording the exact same portion of
the flow after each event. This a likely scenario for the
Tahoma Creek, and the significant diminishment of the
diurnal peak observations between August 15 - 28th may
support this reason as we may not have been recording
the most active portion of the creek for that time period.
Satellite imagery from before and after the flow support

changes in channel morphology as the cause in these
step increases, as well as reports noting that changes in
stream morphology are common on the Tahoma Creek
occurring consistently anytime there is increased flow.
Future deployments could include time-lapse cameras to
help investigate any changes in channel morphology and
its impact on the laser rangefinder data.



lezzi et al. Journal of Applied Volcanology (2024) 13:8

Conclusions & future work

A laser rangefinder clearly and successfully recorded
debris flows at both the USGS debris-flow flume and
the Tahoma Creek at Mount Rainier. Over the 2-month
deployment at Mount Rainier, we find that the spurious
recordings (noise) tend to correlate with high humid-
ity (likely fog), and that periods of noise do not corre-
late with increased seismic amplitude (RSAM), so the
impact of the noise can be mitigated by coupling a laser
rangefinder alarm with an independent dataset, such as
RSAM. There are settings on the laser rangefinder itself
that can also decrease the spurious recordings, such as a
range gate filter or the strength of the recorded return,
which should be tested. We note that the testing only
occurred over the summer, so future work should test its
capabilities over winter months through various weather
conditions. Future deployments of the laser rangefinder
would ideally include a well-configured camera to record
flow dynamics and changes in channel morphology pre-
and post-flow to help interpret features of the data, and
could be deployed near a stream gage to ground truth the
changes in height that are being recorded. We also sug-
gest a co-located weather station to better understand
the impacts of humidity and rain, metrics that may be
used as an arrester for future alarms. Finally, we suggest
that installing a second laser rangefinder at the same site
may aid in the calculation of flow velocity and volume as
well as decrease the false detection rate. The laser range-
finder we tested did not have an optical pointer to aim
the sensor, so there are some uncertainties on the exact
location within the channel that is being recorded. There-
fore, improvements to the aiming of the laser should be
explored. We also note that the model tested here does
not have the range for some of our tripwire sites on the
Puyallup River drainage, so we plan to test a laser range-
finder with longer range capabilities (few kilometers),
which has a different wavelength so we have to test it for
use on debris flows since they are designed for solid tar-
gets, which would have a stronger return surface. Finally,
we are actively working on telemetering the laser range-
finder data so we can see these features in real-time and
start testing their potential incorporation into alarm
systems.

Over 90,000 people live in Mount Rainier lahar haz-
ard zones (Diefenbach et al. 2015), with recent mod-
eling indicating that a lahar equivalent in size to the ~
1507 Electron Mudflow could reach nearby small towns
within 10-20 minutes (~25 km downstream) and larger
communities within 50-60 minutes (~50 km down-
stream, George et al. 2022). Therefore, it is imperative to
have an alarm system with no failed detections so that
emergency managers can issue evacuation warnings
as well as no false detections to mitigate unnecessary
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evacuation complexities and costs. The laser rangefinder
proved to be a viable alternative to current RLDS trip-
wires; however, year-round testing across all weather
conditions is necessary before full scale implementation.
The Tahoma Creek debris flow serves as an ideal way
to test and calibrate the RLDS algorithms and alarms
using the newly upgraded network. The RLDS alarm has
zero tolerance for both missed detections of a lahar and
false detections when no lahar is present. However, all
geophysical datasets are prone to noise, so a multidisci-
plinary approach to our alarm system is key. In its cur-
rent form, the RLDS alarm is based on both a tripwire
and RSAM exceeding a given threshold to mitigate false
alarms. We envision that the laser rangefinder would
benefit from a similar multidisciplinary approach, miti-
gating the spurious noise recordings of the laser range-
finder data and requiring less maintenance than the
current tripwire systems.
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