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Abstract20

Shishaldin Volcano, Alaska erupted in 2023 with 13 explosive paroxysms over21

a 4 month period, producing notable seismic and low frequency acoustic (infra-22

sound) signals recorded on a local geophysical network. We describe the pre-,23

syn-, and post-eruptive seismoacoustic signals from the 2023 eruption sequence.24

Using a recently developed machine learning classifier, we detect and catego-25

rize diverse seismicity, including sustained precursory tremor that began months26

before the first eruption. Explosive events exhibit similar repose periods and rela-27

tively consistent high-amplitude, broadband seismic tremor, building over hours28

to days and at times enabling short-term eruption forecasts. In contrast, co-29

eruptive infrasound consists of complex mixtures of weak to energetic discrete30

events and continuous tremor or jetting. The infrasound characteristics suggest31

that the paroxysmal phase of some eruptions was driven by discrete, energetic32

Strombolian explosions rather than sustained fountaining, highlighting variabil-33

ity among basaltic explosive styles. The seismoacoustic observations align with a34

foam-reservoir mechanism, where deep gas flux formed a foam that collapsed peri-35

odically to drive eruptions, while a late-stage shallow intrusion increased leakage36
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and continuous degassing and seismicity. These results have important implica-37

tions for eruption forecasting and hazard monitoring and demonstrate the utility38

of combining seismic and infrasound data to understand eruption dynamics.39

Keywords: Shishaldin, seismic, infrasound, explosive eruption40

1 Introduction41

Shishaldin Volcano is one of the most active volcanoes in the Aleutian Arc. This remote42

volcano located on Unimak Island is notable for its frequent eruptions, conical shape,43

and often explosive basaltic eruptions. A series of eruptions in 1999 produced signifi-44

cant ash plumes and debris flows that have been studied in detail through geophysical45

(Vergniolle et al. 2004; Thompson et al. 2002; Caplan-Auerbach and McNutt 2003;46

Vergniolle and Caplan-Auerbach 2006), remote sensing (Nye et al. 2002; Dehn et al.47

2002), and geochemical (Nye et al. 2002; Stelling et al. 2002; Rasmussen et al. 2018)48

analyses. Low-level eruptions occurred in 2004 and 2014, followed by an eruption in49

late 2019 and early 2020 (Angarita et al. this issue; Orr et al. 2023) that produced50

three paroxysms with ash plumes up to 9.8 km above sea level (ASL) and fed a lava51

flow (Loewen this issue; Gomez-Patron et al. this issue). After an approximately three-52

year period of quiescence, Shishaldin erupted explosively on July 14, 2023. Twelve53

additional explosive events followed over the next four months. These explosive events54

contained relatively similar inter-eruptive durations (repose periods) for many events55

(Loewen this issue), significantly eroded the summit region (Angarita et al. this issue;56

Waythomas this issue), and had increases in seismic and low frequency acoustic (infra-57

sound) tremor amplitudes prior to and during each eruption. All 13 eruptions produced58

considerable ash and gas (detected as SO2) plumes, with heights up to 14 km ASL59

(Gomez-Patron et al. this issue; Lopez et al. this issue) and extensive pyroclastic den-60

sity currents and lahars generated on the volcano’s flanks (Waythomas this issue).61

Volcanic lightning was detected for multiple events (Mota this issue). The paroxysmal62

phase of at least two events produced gravity waves detected on nearby seismic and63

infrasound stations (Haney et al. this issue). The at-times regular event repose time64

and seismic tremor build-up during the explosive events allowed the Alaska Volcano65

Observatory (AVO) to forecast some of the eruptions. Newly developed data assimila-66

tion techniques used the seismic data to quantitatively hindcast the paroxysmal phase67

of some events (Girona et al. this issue).68

AVO monitors Shishaldin with a combination of ground and satellite-based sensors.69

Three geophysical stations with colocated seismic, infrasound, and Global Navigation70

Satellite System (GNSS) sensors form the backbone of the monitoring network (Fig.71

1a), along with tilt and webcam data. The seismoacoustic signals from the 1999 erup-72

tions have been studied in detail, and they have provided valuable information on73

both the subsurface processes (e.g., Caplan-Auerbach and McNutt 2003) and eruption74

dynamics (e.g., Vergniolle 2024). The geophysical signals from the 2023 eruption have75

a number of similarities to the 1999 eruption, but perhaps more interesting are their76

differences. In particular we highlight the relatively high number of explosive events77
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and similar seismic amplitude trends between events. These trends resemble those78

from Mt. Etna, Italy (Andronico et al. 2021; Sciotto et al. 2019), which is a frequently79

erupting basaltic volcano and considered an analog for Shishaldin both geologically80

(Stelling et al. 2002) and in terms of eruption style (Vergniolle et al. 2004).81

Shishaldin magmas have a relatively low silica content for a volcanic arc strato-82

volcano, with both the 1999 and 2023 eruptions having clear basaltic compositions83

with SiO2 content of 48-50% (Izbekov et al. this issue; Stelling et al. 2002; Rasmussen84

et al. 2018). Such low viscosity magmas have been proposed to facilitate two phase85

flow (gas and magma) during eruptions, which has important implications for erup-86

tion dynamics and associated hazards (e.g., Houghton and Gonnermann 2008). Other87

basaltic stratovolcanoes show similar explosive eruption styles to Shishaldin. Parox-88

ysms at Etna (Andronico et al. 2021; Ulivieri et al. 2013), Fuego (Lyons et al. 2025),89

and Villarica (Romero et al. 2018) often have a gradual transition from Strombolian90

explosions to vigorous fountaining and occasionally high tephra columns. Building off91

work at these volcanoes with similar eruption styles and magma composition, the seis-92

moacoustic signals from Shishaldin can provide unique insight into the two phase flow93

dynamics and eruption processes. In particular, we contend the infrasound signals can94

be used to determine changes from slug to churn-annular flow (Ulivieri et al. 2013;95

Spina et al. 2019), which has implications for the subsequent plumes and hazards.96

Here we present an overview of the seismoacoustic signals from the 2023 Shishaldin97

eruption. First we describe the local monitoring network and available data in Section98

2.1. In Section 2.2 we describe the various methods we use to detect and character-99

ize the seismic and infrasound signals, with the results then detailed in Section 3.100

Section 4 compares the 2023 eruption signals to past events and discusses potential101

seismoacoustic and eruption source models.102

2 Data and Methods103

2.1 Data104

Shishaldin is monitored by a 3-station geophysical network with stations at approx-105

imately 5–10 km distance from the summit vent (Fig. 1). Stations SSLS, SSLN, and106

SSBA have colocated seismic and infrasound sensors. Three component seismic data107

are recorded using Nanometrics Trillium Compact Posthole sensors with a 120 s low108

corner. The seismometer at SSLN was misoriented 180 °during this period, which is109

reflected in the BHN and BHE channel metadata. Infrasound data are recorded using110

Chaparral Physics Model 64 UHP-2 sensors with a flat response between 0.02–200Hz.111

The seismoacoustic data are digitized using Nanometrics Centaur digitizers at 50 Hz112

and are transmitted in real-time to AVO. Infrasound data are ported to the atmo-113

sphere at each instrument enclosure with no noise reduction systems installed, and114

are offset from the seismometer by a few meters. Nearby stations ISNN, ISLZ, BRPK,115

and WTUG at distances of 15–29 km from the vent also have Nanometrics Trillium116

Compact Posthole seismometers, and BRPK, ISLZ, and WTUG have webcams. The117

infrasound sensor at station SSBA had an abnormal, non-physical response in 2023,118

and we do not analyze those data here and suggest it be generally disregarded for119

2023 eruption analysis.120
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Data outages occurred on the Shishaldin network in 2023 due to a combination121

of severe weather, deep snow, possible bear damage, and intermittent radio network122

issues. Figure 1b shows the 1 hr data availability for the local seismoacoustic net-123

work surrounding the eruption. The explosive events are numbered and marked by124

red dashed lines. SSLS had regular real-time transmission-related outages during the125

eruption, but missing data were also stored locally and back-filled after site visits in126

2023 and 2024, allowing a nearly complete record of the eruption sequence (Fig. 1d).127

SSBA recorded the first half of the eruption well and was relied on by AVO for seis-128

mic monitoring, but then had power issues starting in mid-September and recorded129

data intermittently for the rest of the eruption (Fig. 1c). SSLN was not recording data130

in the first half of 2023 due to power issues that were resolved by a site visit in late131

August 2023, and then it recorded Events 9–13 with generally high signal-noise ratio132

(SNR) (Fig. 1b). Overall SSLS has the most complete and high-quality recordings of133

the eruption in both the seismic and infrasound data and we focus on those data here.134

Fig. 1 Shishaldin seismoacoustic network map and data availability. a) Map of seismoacoustic sta-
tions surrounding Shishaldin, including an inset showing the Alaska region and red box for the study
area. Three stations (SSLS, SSLN, and SSBA) have colocated seismic and infrasound sensors and are
noted by black circles, and they are 5.5, 6.4, and 10.2 km from the vent, respectively. SSBA is located
≈50m from a previous station named SSLW. Nearby seismic stations are shown as blue diamonds.
Shishaldin’s summit is marked by a red triangle. b–d) Hourly data availability for SSLS, SSBA, and
SSLN between July 1–December 1, 2023. The explosive events are numbered and marked by red
dashed lines.

2.2 Methods135

We utilize a recently developed machine learning model to detect and classify the136

seismicity surrounding the 2023 Shishaldin eruption. Our aim is to create an objec-137

tive, quantitative catalog of seismicity both for the entire eruption sequence and as138

a comparison between individual explosive events. Tan et al. (2024) constructed the139
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VOlcano Infrasound and Seismic Spectrogram Network (VOISS-Net) using a Convo-140

lutional Neural Network to classify 4min spectrograms into six volcano seismicity and141

four infrasound classes for Pavlof Volcano, Alaska. Their primary goal was to provide142

a continuous classification of the volcanic tremor at Pavlof. Lyons et al. (2025) then143

added a Long Period (LP) seismic event class to VOISS-Net and applied it to 5 years144

of seismic data at Semisopochnoi Volcano, Alaska. Fee et al. (2025) then generalized145

the Tan et al. (2024) VOISS-Net model to detect and classify volcano seismicity at146

any volcano globally. Notable changes by Fee et al. (2025) to the original model are a147

switch to 2 minute spectrograms, labels from 7 additional volcanoes, and an additional148

LP class. This model achieved an accuracy of 87% on its test set. Here we use the gen-149

eralized VOISS-Net model of Fee et al. (2025) to systematically detect and classify the150

seismicity at Shishaldin surrounding the 2023 eruption into seven classes: Broadband151

Tremor, Harmonic Tremor, Monochromatic Tremor, Explosions, Earthquakes, LPs,152

and Noise. The seismic data from the available three local stations are used, although153

data from some stations are not available at times due to station outages (Fig. 1b–154

d). VOISS-Net classifies the spectrograms for each station and returns a classification155

probability from 0–1, followed by a final “network vote” combining the probabilities156

from each station to reduce outliers and station disagreement. A network probability,157

termed Pnorm, is utilized to remove poor classifications, and we set a Pnorm thresh-158

old of 0.4. VOISS-Net is applied to 2min spectrograms with 50% overlap, and the159

spectrograms are constructed using 10 s Hann windows and 90% overlap.160

Seismic and infrasound amplitudes are analyzed by computing Reduced Dis-161

placement (DR) and Root-Mean-Squared pressure (RMSp), respectively. Reduced162

Displacement is a commonly used volcano seismic metric that normalizes the ampli-163

tudes by correcting for instrument response and geometric spreading (Aki and164

Koyanagi 1981; Fehler 1983). It is a useful metric as it permits comparison of seismic165

amplitudes between different seismic stations, volcanoes, and eruptions. DR for body166

waves is computed by taking the RMS seismic displacement (u) and multiplying by167

the source-receiver distance:168

DR = uRMS × r (1)

The geometric spreading factor is assumed to be spherical for body waves. Here169

we assume the seismic wavefield from Shishaldin in our frequency band of interest is170

primarily composed of surface waves (Thompson et al. 2002) and follow Fehler (1983)171

to account for cylindrical spreading of surface waves:172

DR = uRMS ×
√
λr (2)

where λ is the surface wave wavelength. We assume a dominant frequency of 2Hz173

and velocity of 1500m/s for a wavelength of 750m. DR is then multiplied by 10,000174

to convert to cm2. DR calculations are made by using a running median over 5min175

data segments with 80% overlap between 1–10Hz, the dominant tremor band. For a176

source location, we assume a straight line distance from each station to Shishaldin for177

distances of 5.468, 6.431, and 10.230 km for SSLS, SSLN, and SSBA, respectively.178

We compute DR for each station (SSLS, SSLN, and SSBA) but use SSLS as the179

primary station for analysis since it has the most complete record and is the closest180
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to the volcano (Fig. 1a). Most past studies of Shishaldin used short-period, analogue181

station SSLW for DR computation (Thompson et al. 2002; Caplan-Auerbach and182

McNutt 2003). The digital, broadband station SSBA was installed nearby SSLW in183

2008, with the stations offset by ≈50 m (Fig. 1a), therefore we assume SSBADR values184

are comparable to SSLW. We calculate a scaling factor for SSLS and SSLN relative185

to SSBA for historical comparison and consistency. Figure 2 shows the running DR186

values for SSBA, SSLN, and SSLS for a 12 hr period encompassing 2023 Event 12. We187

calculate the median DR ratio by dividing SSLN and SSLS by SSBA values to get188

scaling factors of 3.63 and 2.02, respectively (dashed lines in Fig. 2d). All SSLS DR189

values shown hereafter are computed using the 2.02 scaling factor. This scaling is also190

performed in Loewen (this issue). The DR variability between stations is most likely191

related to either path or site effects that we are not able to resolve. We computed192

DR scaling factors for other events when multiple stations were operating and found193

similar values. All times listed are in UTC and all plume heights are in height ASL194

and taken from Loewen (this issue) and Gomez-Patron et al. (this issue).195

Fig. 2 Example of DR variability and scaling among stations for Event 12, which occurred on
October 3, 2023. a)–c) DR is computed for each station for 12 hr. d) The DR ratio between stations
SSLN (blue) and SSLS (green) relative to SSBA (orange) is plotted as a solid line, with the median
value plotted as a dashed line.
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Infrasound amplitudes are analyzed by computing the RMS pressure (RMSp) on196

SSLS. We first filter the data between 0.5–10 Hz which is where the infrasound sig-197

nals are focused. RMSp is then computed in 5 min segments with 50% overlap.198

RMSp is not comparable between stations as it does not account for acoustic propa-199

gation from the source to receiver, which is beyond the scope of this work. Numerical200

simulations (e.g., Kim et al. 2015) and/or high-resolution atmospheric models (e.g.,201

Johnson et al. 2012) would be needed to accurately model the acoustic wave propaga-202

tion. We do assume RMSp is comparable between explosive events in 2023 at SSLS203

but acknowledge that some changes in the source and propagation affect the relative204

amplitudes. Unless otherwise noted, spectrograms for the seismic and infrasound data205

are computed using the Welch periodogram with 100 s segments with 50% overlap.206

Spectrogram amplitudes are converted to dB using a reference of 1m/s and 20µPa207

for the seismic and infrasound, respectively.208

Seismic and infrasound start and end times are determined manually and are209

detailed in Tables 1 and 2. Eruption seismicity is determined based on deviations210

above and then a return to background on the DR timeseries in conjunction with the211

presence of broadband tremor (both visually and via VOISS-Net). We attempted to212

use automated methods, such as the appearance of sustained broadband tremor via213

VOISS-Net, to determine the event seismic start and end times, but found this unre-214

liable due to the wide variety of seismicity present before and after each event. Subtle215

seismic tremor and LP events exist before and after our derived start and end times,216

sometimes for days to weeks. Infrasound start and end times are also determined based217

on a combination of visual analysis of the RMSp and spectrograms. Eruption signals218

generally demonstrate clear discrete events, spectral peaks, diffuse harmonics, or a219

gradual ramp-up and decay, whereas wind noise is characterized by abrupt temporal220

changes and a characteristic linear decay with frequency. Two co-authors indepen-221

dently performed a blind analysis of these two infrasound products, and subsequently222

compared and combined their results. Wind noise often masks the infrasound signals,223

and thus complicates fully accurate start and end times. Note no infrasound signals are224

unambiguously identifiable in the local infrasound data for Events 7 and 9. Regional225

infrasound arrays also detected infrasound signals from both explosive and background226

activity in 2023, but are not discussed here due to the generally higher SNR on the227

local stations and greater infrasound propagation issues at longer ranges. DR, RMSP ,228

and seismic and infrasound start and end times are available and described in context229

of the eruption sequence in Loewen (this issue). We note that eruption start and end230

times are poorly constrained by the very limited number of clear webcam images.231

We analyze acoustic-seismic coupling and contamination using the recently devel-232

oped Transverse Coherence Minimization (TCM) method of Bishop et al. (2023). TCM233

minimizes the coherence between the infrasound and colocated transverse seismic com-234

ponent to detect air-ground coupled waves (AGCW) and determine the back–azimuth.235

We use 10 s data segments with 50% overlap and analyze data between 1–20 Hz on236

station SSLN and SSLS.237

Discrete events (explosions) are detected in infrasound data using the network-238

based Short-Term Average/Long-Term Average (STA/LTA) technique (Allen 1978).239

VOISS-Net only classifies spectrograms in 2min intervals, therefore it does not produce240
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Table 1 2023 Shishaldin eruption sequence seismic metrics.

Event
number

Seismic
Start

Seismic
End

Seismic
Duration [h]

DR Peak
Time

DR Peak
[cm2]

Repose
time [days]

1 23/07/14 08:30 23/07/14 10:30 2 23/07/14 09:55 19.8

2 23/07/15 23:45 23/07/16 07:45 8.0 23/07/16 06:15 24 1.8

3 23/07/18 07:53 23/07/18 17:00 9.1 23/07/18 15:53 20.6 2.4

4 23/07/22 07:35 23/07/23 09:30 25.9 23/07/23 08:13 38.1 4.7

5 23/07/25 22:45 23/07/26 21:00 22.3 23/07/26 17:33 15.4 3.4

6 23/08/03 18:00 23/08/04 22:45 28.7 23/08/04 22:04 23.9 9.2

7 23/08/14 21:31 23/08/15 11:40 14.2 23/08/15 10:42 26.3 10.5

8 23/08/25 06:00 23/08/26 01:14 19.2 23/08/26 00:38 15.7 10.6

9 23/09/05 11:00 23/09/05 20:40 9.7 23/09/05 18:55 24.1 10.8

10 23/09/15 12:00 23/09/16 06:00 18.0 23/09/16 01:51 31.3 10.3

11 23/09/22 12:00 23/09/25 20:00 80.0 23/09/25 13:43 26.1 9.5

12 23/10/03 05:00 23/10/03 17:00 12.0 23/10/03 13:49 20.2 8.0

13 23/11/03 03:00 23/11/03 15:30 12.5 23/11/03 04:56 3.5 30.6

Table 2 2023 Shishaldin eruption infrasound metrics. No infrasound was detected for Events 7 and 9, as indicated by the
“nd” for no detection.

Event
number

Infrasound
Start

Infrasound
End

Infrasound
Duration [h]

Infrasound
Peak Time

RMSp
Peak [Pa]

Number of
explosions

Peak explosion
rate (explosions/
5 min)

1 23/07/14 05:31 23/07/14 11:25 5.9 23/07/14 10:00 4.9 1173 28

2 23/07/16 00:08 23/07/16 07:20 7.2 23/07/16 06:20 6.1 596 24

3 23/07/18 09:17 23/07/18 16:50 7.5 23/07/18 16:25 10.0 784 25

4 23/07/22 13:17 23/07/23 08:32 19.3 23/07/23 08:15 5.1 773 17

5 23/07/26 09:26 23/07/26 19:10 9.7 23/07/26 14:46 2.8 994 21

6 23/08/04 01:24 23/08/04 16:35 15.2 23/08/04 15:06 2.9 388 10

7 nd nd nd nd n/a n/a n/a

8 23/08/25 13:00 23/08/26 02:17 13.3 23/08/26 00:28 2.6 947 8

9 nd nd nd nd n/a n/a n/a

10 23/09/15 23:04 23/09/16 05:28 6.4 23/09/16 01:45 3.9 74 9

11 23/09/24 20:38 23/09/25 14:30 17.9 23/09/25 13:22 2.0 585 15

12 23/10/03 03:36 23/10/03 16:22 12.8 23/10/03 13:48 1.7 1 1

13 23/11/03 02:57 23/11/03 15:02 12.1 23/11/03 04:25 0.3 10 2

a complete discrete event catalog. Additionally, we only apply VOISS-Net to seismic241

data. We process infrasound data starting 30min before and ending 30min after the242

assessed infrasound start and end time, respectively. Explosions are detected using243

the recursive STA/LTA network trigger tool in ObsPy (Beyreuther et al. 2010). The244

network trigger uses all available infrasound stations for each event. Due to station245

outages and SSBA response issues discussed in Section 2.1, 7 events (1–6, 8) had246

one usable station (SSLS) while 4 events (10–13) had two usable infrasound stations247

(SSLS and SSLN). Infrasound data are processed by first applying a 0.5Hz high-pass,248
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causal filter. We use STA and LTA windows of 1 and 5 s, respectively, an STA/LTA249

“trigger on” threshold of 2.5 and “trigger off” threshold of 2.0. Explosions must have250

a minimum peak pressure of 0.25Pa or are discarded due to the high probability251

of spurious noise detections at low background noise levels. Acoustic travel time is252

removed between the station and the vent to align the waveforms. Explosion rates are253

then calculated in 5min intervals.254

We refer the reader to Loewen (this issue) for an overview of the 2023 eruption255

sequence, and to the various discipline-specific papers in this special issue for more256

details. Here we view each explosive event from 1–12 as a “paroxysm” while we suggest257

Event 13 represents a more modest explosive eruption based on the observed emissions258

and lower seismoacoustic signals.259

3 Results260

3.1 Event characterization261

Broadband seismic tremor in March 2023 marked the earliest unrest for the 2023262

Shishaldin eruption sequence. Figure 3 shows the AVO Aviation Color Code,DR, SSLS263

seismic spectrogram, and binned VOISS-Net classifications between January 1, 2023–264

September 1, 2024. Clear broadband tremor is present in the spectrogram and VOISS-265

Net classification starting in late March 2023. This weak tremor continues until mid-266

April, then is present intermittently over the next few months. LP event classifications267

are also present before and after the broadband tremor and are common at Shishaldin268

during non-eruptive periods. Closer inspection of these LP classifications suggest many269

are real but some misclassifications also exist. The Explosion classifications in March–270

June 2023 are incorrect; VOISS-Net sometimes confuses LPs and transient data spikes271

with Explosions, a limitation that has been identified and discussed in both Tan et al.272

(2024) and Fee et al. (2025). Few Earthquakes are detected, consistent with the AVO273

catalog, and Harmonic and Monochromatic Tremor are essentially absent the entire274

period. Noise is the dominant class prior to and after the broadband tremor episode275

in March, up until Event 1. Station outages and low SNR in the first half of 2023 are276

primarily responsible for the misclassifications.277

Notable similarities in the seismoacoustic amplitudes and spectral characteristics278

are present between the events. Figure 4 shows DR alongside the seismic spectro-279

grams for each event, while Figure 5 displays the RMSp alongside the infrasound280

spectrograms. The seismic event onsets are marked by relatively broadband energy281

between ≈1–5 Hz, and this occurs for most events. Additional amplitude and spectral282

observations are discussed below with respect to the individual events.283

3.1.1 Event 1284

The first explosive event begins with a very subtle increase in seismic tremor around285

July 8. We note the amplitudes are low until July 14, and increase substantially at286

08:30. Seismic amplitudes peak at 09:55 with a DR of 19.8 cm2 (Fig. 4). The seismic287

amplitudes decrease fairly rapidly and return to background by 10:30. Despite the288

earlier onset of tremor on July 8, we assign the Event 1 onset as July 14 08:30 as the289
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Fig. 3 Seismicity characterization surrounding the assessed 2023 Shishaldin eruption between Jan-
uary 2023–August 2024. a) AVO Aviation Color Code. Green=Normal background, Yellow=elevated
unrest, Orange=heightened unrest or low-level eruption underway, and Red=significant eruption is
imminent or underway. The 2023 explosive events are numbered. b) DR for station SSLS. The plot
is cropped at 20 cm2 to highlight lower-level activity. c) Spectrogram for SSLS BHZ channel between
0.5–10 Hz. d) VOISS-Net classifications. Class labels on the left are abbreviated as: Broadband Tremor
(BT), Harmonic Tremor (HT), Monochromatic Tremor (MT), Earthquake (EQ), Long Period (LP),
Explosion (EX), and Noise (NO). Precursory BT is retrospectively detected in March 2023, and the
large explosive events from July–November, 2023 are clear as rapid increases in DR and BT. After
the explosive eruptions, the seismicity gradually tapered off in amplitude and shifted from BT to
predominantly LP and weak EX classifications.

earlier tremor looked similar to weak tremor episodes in the prior weeks and months.290

Event 1 infrasound begins on July 13 05:31 with weak, recurring discrete events (Fig.291

5), but is perhaps occurring earlier and masked by wind noise. Infrasound amplitudes292

ramp up around 08:30 and peak at July 14 10:00 (essentially the same as seismic) with293

an RMSp of 4.77 Pa. Similar to the seismic, the infrasound then drops off rapidly and294

ends by 11:25. The peak plume height is 11.6 km.295

3.1.2 Events 2–4296

The seismicity and infrasound for Events 2–4 all begin fairly abruptly and have similar297

trends (Tables 1 and 2, Fig. 4,5). Event 4 seismicity is much longer at 25.9 hr and has298

the highest DR of the eruption at 38.1 cm2. Event 3 has the highest RMSp at 10.0Pa.299

A decrease in peak infrasound frequency as the eruption progresses is present for300
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Fig. 4 Seismicity amplitudes (DR) and spectrograms for the 13 explosive events. The magenta
dashed lines indicate the eruption seismicity start and end times. a) DR for SSLS aligned by the
peak value, with the x-axis in hours from peak. The peak seismic amplitude time is noted by the
timestamp. Non-volcanic regional earthquakes cause sharp spikes in DR for Events 2, 3, 6, and 7.
b) Spectrograms for SSLS BHZ from 0.5–10 Hz. Broadband tremor generally builds over the span of
hours to days, and the peak typically contains higher frequency energy as well. Seismic run-ups range
from approximately 1.4–74 hr prior to the peak value, with most below 15 hr. The seismicity tapers
off more slowly for the events later in the sequence.
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Fig. 5 Infrasound amplitudes and spectrograms for the 13 explosive events. The time axis and layout
is the same as in Figure 4, except the dashed magenta lines indicate the eruption infrasound start
and end times. a) RMSp and b) spectrograms for SSLS BDF. No infrasound is identified for Events
7 and 9. Wind noise often dominates the infrasound records. RMSp values outside the magenta lines
are produced primarily by wind noise.

Event 4 and potentially other events. This is likely related to a decrease in the inter-301

event time between discrete explosions, as has been observed during Etna paroxysms302

(Ulivieri et al. 2013). The ash plumes from Event 2–4 have peak heights of 5.2, 7.9,303

and 13.7 km, respectively.304
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3.1.3 Event 5305

Event 5 represents a change in seismoacoustic character. Events 1-4 have different306

seismic durations and amplitudes, but all have a relatively similar DR shape where307

DR increases subtly to form an initial peak (or two) (Fig. 4). Event 5 seismic and308

acoustics amplitudes increase starting around 06:00 and 09:26, respectively, but never309

reach a clear maximum. The amplitude envelope has a broad shape and relatively310

lower values of 15.4 cm2 and 2.8Pa. The ash plume height is also lower at 5.2 km.311

3.1.4 Event 6–10312

Events 6–10 have relatively similar seismic trends. DR rises over a period of hours,313

often having a double peak separated by a few hours. Event 6 had a much longer314

seismic duration of 28.7 hr. Maximum DR values range from 15.7–31.3 cm2. Infrasound315

from these eruptions is not identifiable for Events 7 and 9, and Events 6 and 8 have316

relatively low peak amplitudes of 2.9 and 2.6Pa, respectively. Plume heights range317

from 8.8–12.8 km.318

3.1.5 Events 11–12319

A notable change in the seismoacoustic signals occurs starting at Event 11, as the320

the amplitudes taper very slowly after the peak values. Event 11 begins with a subtle321

appearance of broadband tremor on September 22 at ≈12:00. The amplitude gradu-322

ally rises and levels off after ≈24 hr, then begins to climb more rapidly on the 25th.323

Signals consistent with surficial flows are apparent in the seismic data, particularly324

between September 25 08:00–11:00. These signals have emergent, tapered waveforms325

with broadband spectra and are more apparent on SSLN to the north of the vent. DR326

continues to climb and reaches high levels (≈20 cm2) by 13:15. The seismicity then327

decreases briefly and the paroxysmal phase of the eruption begins at ≈13:35 with an328

emergent increase in broadband seismic energy, coincident with a large, rapidly rising329

plume to 14.7 km. DR peaks at 26.1 cm2 at 13:43. Seismic tremor levels then drop sub-330

stantially, and sustained seismic tremor continues for another hour and then becomes331

more intermittent. In contrast to previous events, elevated seismic tremor and tran-332

sient explosions then continue for more than two days. The duration of the eruption333

seismicity is approximately 80 h. The infrasound timeseries for this event has a very334

similar shape to the seismic and peaks at 13:22 at 2.0Pa. The character of the infra-335

sound changes markedly at 13:35, from repeated explosions to sustained low frequency336

tremor, which we attribute to jetting (Fee et al. 2010). Broadband infrasound continues337

until 14:30, when the infrasound then drops off rapidly and occasional discrete pulses338

(Strombolian explosions) are apparent for the next couple hours and appear to corre-339

late with weak ash emissions apparent in satellite imagery (Gomez-Patron et al. this340

issue). A notable very low frequency signal is apparent in the seismic and infrasound341

data during the paroxysmal phase. This signal has a dominant period of ≈14min and342

is visible in infrasound and seismic stations across Unimak Island after the full instru-343

ment response has been removed (Supplemental Figure 1). The signal begins around344

13:35 and coincides with the transition to broadband seismic and infrasound signals,345

as well as heightened ash emissions and volcanic lightning. The propagation velocity346
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of this signal is very low (around 10m/s), suggesting it is an internal gravity wave.347

Haney et al. (this issue) discuss this observation and model the signal as due to rapid348

injection of mass into the atmosphere, and from this they are able to derive a realis-349

tic mass eruption rate and total erupted mass. Previous work has related these waves350

with energetic volcanic plumes and derived mass eruption rates (Ripepe et al. 2016).351

Fig. 6 Event 12 seismicity on Oct. 3–4, 2023. a) Waveforms from SSLN annotated with visual and
remote sensing observations. b) Spectrogram for SSLN, annotated with various signal interpretations.
c) Binned VOISS-Net classifications, similar to Figure 3 but binned in 10min intervals. The eruption
seismicity begins with a transition from LP to BT, with low-level fountaining visible in webcam views.
The seismicity builds over a span of hours with increasing ash emissions. After the paroxysmal phase,
the seismicity transitions from BT to a mix of LP, EQ, and EX.

Event 12 has considerable similarities to Event 11. Figure 6 displays the SSLN352

waveforms, spectrogram, and binned VOISS-Net classifications. The classifications are353

binned into 1 hr intervals and separated into class-specific rows, with the plotted bin354

opacity computed as the ratio of the class occurrence relative to the total number355

of time steps per hour. Broadband tremor between ≈1–5Hz begins around October356

3 05:00, as noted by a change from LP and Noise classifications, and continues until357

≈12:00. Lava fountaining is observed during this period in rare clear webcam views. A358

broadband seismic increase from 11:15–11:30 coincides with a weak ash emission. This359

increase is primarily seen on SSLN, suggesting a surficial mass flow to the north side360

of the volcano that fed an ash plume. At ≈13:30 seismic amplitude rises steeply and361

peaks at 13:49 and 20.2 cm2 for around 10 minutes, then begins a very gradual decline362

over the next hours to days (Fig. 4,6). Infrasound amplitude trends closely follow363

that of the seismic, peaking at 13:48 at a relatively low 1.7Pa (Fig. 5). Infrasound364
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signals are notably continuous during this event and do not consist of discrete events.365

Similar to Event 11, a low frequency gravity wave was also produced around 13:45366

and recorded across Unimak Island. The post-eruption seismicity stays above the pre-367

event background until the next event and consists of a mix of broadband tremor, LPs,368

weak explosions, and occasional VT earthquakes. The VT earthquakes are somewhat369

unusual for the sequence and range between -2–5 km depth beneath the summit with370

magnitudes between ML 0.9–2.2. Supplemental Figure 1 shows the unfiltered, 0.5–371

10Hz, and gravity wave (20min to 10 s) characteristics of Events 11 and 12 as recorded372

on the SSLS infrasound station.373

3.1.6 Event 13374

The final explosive event on November 3 (Event 13) is much weaker than the others.375

The seismicity and infrasound peaks are at 3.5 cm2 and 0.3 Pa, which are the lowest376

of the explosive events. The plume is also ash-poor and rose to only 6.1 km. Seismicity377

before and after the event is relatively high with DR ≈1 cm2, and took weeks to378

decrease to lower levels (Fig. 3).379

3.1.7 Event Repose Time and Post-eruption Signals380

Some of the event repose times are remarkably regular. Table 1 lists the elapsed time in381

days between each eruption. Events 2–5 occur between 1.8–4.7 days after the previous382

event. Events 6–12 then occurred between 8.0–10.8 days after the previous event, with383

Events 7–9 showing a remarkably stable repose time of 10.3–10.8 days. This allowed384

AVO to issue forecasts for multiple events. Event 13 then has a much longer repose time385

of 30.7 days, which may be related to its lower explosivity and geophysical parameters386

and suggests a decrease in gas and magma supply. The duration of seismicity does not387

seem to correlate with the repose time (Table 1).388

After the final explosive event, the seismicity and infrasound continue at relatively389

low levels for months (Fig. 3). The seismicity generally consists of a mix of discrete390

but repeating LP events that are occasionally classified as Explosions or Broadband391

Tremor. DR values stay low (<1.5 cm2) through 2024. An increase in broadband392

tremor is apparent in March–April 2024, and some long-term, weak spectral peaks are393

present in the spectrograms (Fig. 3c). Discrete, repeating infrasound events are also394

present through the rest of 2023 and 2024, and are linked to the seismic LP events.395

These events are generally weak (<0.5Pa), last less than 10 s, and have a broadband396

onset followed by more monochromatic coda.397

3.2 Acoustic–seismic coupling398

During the eruption, seismic frequency content changed around the paroxysmal phase399

for many events, as there was a shift to more broadband seismicity with greater high400

frequency energy. This is apparent for most events around hour “0” in Figure 4 and401

visible in Figure 6 at ≈11:15–11:30 and ≈13:45–14:15. The shift is more apparent on402

SSLN and SSBA than SSLS. TCM application to colocated seismoacoustic stations403

reveals that this spectral shift is related to acoustic waves coupling into the ground404

and being recorded on the seismometer. Figure 7 shows the Event 10 seismoacoustic405
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Fig. 7 Transverse Coherence Minimization (TCM) for Event 10 on September 15–16 computed at
SSLN. a) Seismic and b) infrasound waveforms between 1–20 Hz and c) seismic and d) infrasound
spectrograms. e) Coherence between the infrasound and vertical seismic record, showing clear coher-
ence between ≈5–20Hz during the paroxysmal phase. f) TCM-derived back-azimuth, illustrating that
the incident acoustic waves during periods of high coherence are originating from Shishaldin, indi-
cated by the dashed horizontal line. The back-azimuth is colored by the mean coherence between
1–20Hz shown in e).

data and TCM results for SSLN. The paroxysmal phase (≈01:45–02:15) has similar406

seismic and acoustic characteristics and frequency content. The bottom two panels407

show the acoustic-seismic coherence and TCM-derived back-azimuth. The clear shift408

to broadband seismicity from 5 to at least 20Hz corresponds to high coherence between409

the two sensors in this band. The TCM algorithm assumes retrograde motion by410

default, but upon further inspection the particle motion at SSLN above ≈12 Hz is411

prograde. Therefore for this case we modify TCM to choose the prograde solution.412
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Supplemental Figure 2 displays the frequency-dependent particle motion at SSLN for413

Event 10 and discusses this in more detail. The TCM-derived back-azimuth for this414

period is around 160 °, consistent with the geographic back-azimuth from the station415

to the summit (164 °), confirming the waves are AGCW and originate from Shishaldin.416

This is consistent with research by others (e.g., Ichihara et al. 2012; Matoza and Fee417

2014), that demonstrates how energetic infrasound from volcanic eruptions can be418

recorded on seismometers and why colocated acoustic sensors are useful for accurate419

interpretation. The AGCW does not seem to have an appreciable effect on the DR420

calculation, as the majority of the coupling is above 10Hz and most of the seismic421

energy is focused between 1–2Hz.422

3.3 Infrasound characterization423

While the seismicity from the Shishaldin eruption shares similar characteristics424

between events, some infrasound features contain notable variability. The RMSp425

curves in Figure 5 typically show a build-up in amplitude over the scale of hours,426

with variable peak values between 2–10 Pa. The spectral characteristics are also some-427

what similar with energy concentrated between ≈1–3 Hz until the paroxysmal phase.428

Figure 8a overlays the DR and RMSp for Event 4 on July 23. The amplitudes from429

both datasets follow similar trends and peak around 08:15. Closer inspection of the430

waveforms, though, shows differences between the seismic and infrasound character-431

istics. Figure 8b-c displays 2min of data band-pass filtered between 1–10Hz during432

the eruption build-up (04:26–04:28) and Figure 8d-e shows 2min of data during the433

paroxysmal phase (08:15–08:17). A large ash plume emitted to 12–14 km was observed434

around 08:10–08:20 compared to no obvious plume until 05:20 (Gomez-Patron et al.435

this issue). The seismic waveforms during both periods look similar and consist pri-436

marily of sustained broadband tremor, with amplitudes around 08:15 approximately437

double that of 04:26. Conversely, the infrasound during both periods consists primarily438

of discrete events of variable amplitudes and inter-event times. The infrasound during439

the paroxysmal phase does have higher amplitude (up to 45Pa peak-peak compared440

to roughly 12Pa peak-peak) and more frequent explosions. These observations are441

notable for the following reasons: 1) Despite similar amplitude trends, the character442

of the seismic (continuous) and infrasound (discrete), are markedly different. 2) Exist-443

ing models of seismoacoustic signals for paroxysms at basaltic stratovolcanoes, such as444

Etna (Ulivieri et al. 2013; Vergniolle and Ripepe 2008) and the 1999 Shishaldin erup-445

tion (Caplan-Auerbach and McNutt 2003; Thompson et al. 2002), suggest that the446

eruption transitions from discrete to continuous infrasound signals during the parox-447

ysmal phase. Figure 8 highlights that despite a notable change in the ash plume height448

(and other eruption parameters), this paroxysmal phase consisted primarily of dis-449

crete, energetic Strombolian explosions, similar to the second Strombolian phase in450

the 1999 eruption (Vergniolle et al. 2004)451

Analysis of the amplitude and rate of discrete infrasound signals from all 13 events452

show multiple different styles exist at Shishaldin. Figure 9 displays the event rates and453

maximum pressure of discrete infrasound signals detected using the network-based454

STA/LTA technique. We plot these metrics in hours from -20 to +5hr of the peak DR455
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Fig. 8 Seismoacoustic characteristics of Shishaldin Event 4. a) Seismic (black) and infrasound ampli-
tudes (gray) over time, followed by b) seismic and c) infrasound waveforms during the eruption
build-up and d) seismic and e) infrasound waveforms from the eruption peak. Blue and red boxes
indicates the time period in a). Notably, the seismic character consists of sustained broadband tremor
during both periods while the infrasound is composed primarily of discrete explosions, even during
the paroxysmal phase noted in red.

(Table 1). Based on the trends in these metrics and visual analysis, we sort and plot456

the events into three groups and describe the general infrasound characteristics:457

Group 1 (Events 2, 3, 4, 11): Discrete explosions that increase in rate and amplitude458

over time with little to no sustained signals. All events have high peak explosion459

amplitudes between 37.1–72.2 Pa at SSLS. Event rates peak between 15–25 events460

per 5min. The peak event rate and amplitudes generally coincide with the DR maxi-461

mum. All four events in this group have similar characteristics.462

463

Group 2 (Events 1, 5, 6, 8): A mixture of discrete and sustained infrasound signals.464

This group has moderate peak amplitudes between 15.16–44.5 Pa and peak event465

rates between 9–28 events per 5min. The maximum pressure and event rate occurs466

at different periods for the various events, and the events in this group have relatively467

variable characteristics.468

469

Group 3 (Events 12, 13): Sustained signals with essentially no discrete events. These470

two events contained markedly different infrasound characteristics than the other471

events.472
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We discuss the implications of the explosion detections and inferred eruption473

dynamics in Section 4.474

Fig. 9 Infrasound explosion detections. The explosion event rates and pressures are placed into three
groups based on similar characteristics and plotted relative to the time from the peak DR, similar
to Figures 4 and 5. Group 1 events are shown in a) and b), Group 2 in c) and d), and Group 3 in
e) and f). Group 1 consists of relatively similar events that have gradual increases in event rate and
pressure. Group 2 events show more variability with a mix of event rates and pressure. Group 3 has
just a few discrete explosions with very low pressure values, so panels e) and f) are mostly empty.
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4 Discussion475

4.1 Comparison to Past Explosive Eruptions476

Compared to past eruptions, the 2023 unrest was notable for the numerous energetic477

explosive events and the relatively similar inter-event time and seismoacoustic trends.478

The 1999 eruption sequence had two paroxysms on April 19 and 23, with the latter479

being more energetic seismically but having a lower plume height (Nye et al. 2002).480

These two events had peak DR values of 23 and 43 cm2 (Thompson et al. 2002),481

respectively, which are of a similar range to the peak DR during the 2023 sequence482

(Table 1, Fig. 4). The April 19 eruption had an 80 min energetic Subplinian phase, as483

determined via seismic data, and ≈12 h of elevated seismic tremor. This Subplinian484

phase produced energetic infrasound for≈50min (Caplan-Auerbach and McNutt 2003;485

Vergniolle and Caplan-Auerbach 2006). The April 23 eruption was primarily Strombo-486

lian in nature, with a slightly higher DR of 43 cm2 (Thompson et al. 2002) compared487

to the 2023 peak of 38.1 cm2 during Event 4. Note, however, that Thompson et al.488

(2002) compute DR using a combination of body and surface wave spreading factors.489

We recomputed DR for the 1999 eruption using the approach described in Section 2.2490

and find slightly higher peak values for station SSLW of 29 and 52 cm2. The 1999 erup-491

tions both had slow tremor build-up and relatively rapid drop-off (Thompson et al.492

2002). These trends are quite similar to the 2023 Events 1–10. Events 11–13 had a493

more gradual return to background, with seismicity staying elevated until the next494

explosive eruption. Tremor spectral characteristics are similar between 1999 and 2023,495

with broadband tremor focused between ≈1–5 Hz. The inferred Subplinian phases in496

1999 had a shift to more broadband signals, with considerable energy above 5Hz. We497

assume this change is related to energetic AGCW being recorded by the seismometer,498

similar to the 2023 paroxysms (Fig. 4, 7). Based on the seismic similarities between499

the 1999 and 2023 paroxysms, we assume similar source processes and models, at least500

for Events 1–10 in 2023. Both the 1999 and 2023 eruption sequences had precursory501

seismicity in the months before the explosive phase, with tremor being recorded ≈3502

and 4 months prior, respectively.503

Multiple episodes of energetic Strombolian explosions were also observed in the504

seismic and acoustic data during the 1999 eruptions (Thompson et al. 2002; Caplan-505

Auerbach and McNutt 2003; Vergniolle et al. 2004). Four sequences of vigorous,506

discrete events were observed between the April 19 and 23 Subplinian eruptions.507

Weaker discrete events were detected before and after the eruptions. These sequences508

were all predominantly gas-rich. A 2–3 Hz acoustic “hum” was only recorded in the509

build-up to the April 19 Subplinian eruption, and we do not observe this signal in510

2023. Weak, repeating infrasound signals prior to some events (e.g., Events 1 and 4,511

Fig. 5b) produce some diffuse energy between 1–3Hz, but we believe this is different512

than the more energetic hum reported for the 1999 eruption.513

The seismoacoustic data from the 2019–2020 eruptions have not been studied in514

detail, but share some similarities with the 2023 eruption signals. Loewen (this issue)515

provides a broad overview of the seismicity from the three explosive eruptions in516

January 2020. These three events had seismic tremor build-ups that lasted between517

≈2–25 hr and peak DR values between 8.1–18.5 cm2. These values are similar in range518
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to those observed during the 2023 eruption sequence, with the DR values on the lower519

end of those observed in 2023. Notable infrasound signals from the 2019–2020 eruption520

sequence were picked up intermittently on regional infrasound arrays, although data521

outages and strong wind noise limited some of the observations. Ash plume heights522

were also on the lower–middle end of those observed in 2023 (7.0–9.8 km). In contrast523

to other recent eruptions, this sequence also had effusive periods which fed a lava flow524

down the north flank of the volcano. Effusive episodes between October–December525

2019 had DR trends similar to many of the 2023 explosive events. We leave a more526

detailed analysis of the 2019–2020 seismoacoustic signals to future work.527

Weak, discrete seismic and infrasound signals were recorded for years after the528

1999 eruption. Petersen and McNutt (2007) detail these signals for the 2003–2004 time529

period and modeled them as shallow, steam-rich explosions that produce weak LP530

seismicity and discrete infrasound. The seismoacoustic signals after the 2023 eruption531

that occurred in 2024 and continue at the time of writing resemble these events, as well532

as others regularly detected by AVO in the intervening years. We assume the late 2023–533

current seismoacoustic signals to be the result of shallow, discrete gas release from534

magma and fluids related to the 2023 eruption, but cannot rule out the intrusion of535

new magma to shallow depths as the source. Elevated SO2 has been regularly detected536

alongside heightened LP activity (Lopez et al. this issue), suggesting a magmatic537

instead of a hydrothermal source. More detailed analysis of these signals, combined538

with visual, thermal, and gas observations, could provide insight into shallow degassing539

processes, similar to Petersen and McNutt (2007). We note that sustained tremor540

appears as a precursory signal prior to the 1999 and 2023 eruptions, while LP events541

occur more as “normal, background activity” before and after the explosive phases.542

4.2 Seismicity trends and source models543

Although some variability exists in the seismicity for the 2023 eruptions, we suggest544

the source process driving the seismicity and explosive events is relatively consistent545

throughout the eruption. The broadband seismic tremor and transient events showed546

little change in spectra over time (Fig. 3, 4). Nearly all events had a gradual amplitude547

rise and more rapid decrease, which follows a similar amplitude versus time trend to548

many Etna paroxysms (Andronico et al. 2021). Detailed seismicity source modeling is549

beyond the scope of this manuscript, but we envision the broadband eruption tremor550

in 2023 to be related to flow-related turbulence and erosion within the shallow conduit551

(Fee et al. 2017; Gestrich et al. 2020; Coppess et al. 2025), as significant erosion of552

the crater rim occurred between Events 8–12 and possibly within the conduit during553

earlier events. Girona et al. (this issue) propose an alternate model of the Shishaldin554

tremor as the result of pressure oscillations from a shallow gas pocket based on the555

original model presented in Girona et al. (2019).556

The regular repose times in 2023 provide insight into deeper source processes driv-557

ing the eruptions. Events 1–5 exhibited similar seismic build-ups and repose durations558

(Fig. 4; Table 1). Event 5 was atypical: rather than a sharp pre-event seismic max-559

imum, it displayed a long, broad amplitude plateau, and its plume height was lower560

(around 5 km). After this event, the inter-event durations lengthened and became strik-561

ingly uniform for Events 6–12. Vergniolle (2024) used laboratory-informed models,562
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seismoacoustic data, and previous studies of the 1999 eruption to propose a two-foam563

system: a radially extensive foam accumulating at the top of the magma reservoir564

under a steady deep gas flux, and a long foam developing within the conduit. The reser-565

voir foam, being close to its limit of stability, is capable of forming “trigger bubbles”,566

while infrasonic “hums” observed prior to the 1999 Subplinian phase were interpreted567

as repeated bubble bursting associated with coalescence within the conduit foam.568

The ascent of the trigger bubble through the conduit then disrupts the conduit foam,569

leading to extensive fragmentation and Subplinian activity. The 2023 sequence is qual-570

itatively compatible with this mechanism: a near-constant recharge rate between July571

and November would build the foam to threshold on a quasi-periodic timescale, yield-572

ing regular inter-event intervals, while variability (e.g., Event 5) may reflect transient573

changes in near-vent permeability or melt rheology (Bamber et al. 2024). However,574

no sustained infrasonic hum was recorded between events in 2023, and its absence575

might suggest a comparatively low-leakage, well-sealed conduit system compared to576

that which was inferred for 1999. A full quantitative evaluation of the eruption source577

mechanisms is left for future work.578

The notable change in seismicity after Event 11 is consistent with other datasets579

and suggests shallow dike intrusion during this interval disrupted the system. Visual580

observations documented the development of an eroded “notch” at the previously con-581

ical summit beginning in August 2023 (around Event 8) (Loewen this issue). Over582

subsequent weeks this notch enlarged into a NE–SW trending depression up to 100m583

deep and ≈1 km long, incising a valley at Shishaldin’s summit (Angarita et al. this584

issue). Starting with Event 11, SO2 was also detected between eruptions rather than585

solely during them, indicating more continuous shallow degassing (Lopez et al. this586

issue). Deformation observations and modeling likewise support shallow intrusion dur-587

ing this period (Angarita et al. this issue). Taken together, these observations suggest588

that Events 11–13 were sourced by shallower magma that continued to degas between589

explosive episodes. This more persistent near-surface degassing plausibly produced the590

broadband tremor, LPs, and weak explosions observed near-continuously in the seis-591

moacoustic data between Events 11 and 13, and the elevated tremor persisted well592

into 2024 (Fig. 3, 5, 6). The shallow dike may have also contributed to increased con-593

duit permeability, weakening or partially bypassing the conduit foam, and allowing594

more continuous gas escape to the surface.595

The seismicity from the explosive events in 1999, 2019–20, and 2023 all consist596

of increases in broadband tremor amplitude prior to the paroxysmal eruption phases597

(Fig. 3, 4). Most of the events began with a transition from repeating, weak LPs to598

broadband tremor (e.g., Fig. 3, 6). These key observations allowed AVO to forecast599

multiple events in 2023, and assisted with real-time monitoring. The use of VOISS-Net600

facilitated near-real-time and post-event analysis by permitting fast, repeatable seis-601

micity detection and classification, although some misclassifications occurred. Girona602

et al. (this issue) describe two methods for using the seismic amplitudes and other603

parameters in a data assimilation technique to provide quantifiable eruption forecasts,604

and we view these types of methods as promising for future monitoring and hazard605

mitigation at Shishaldin. Additionally, the appearance of higher frequency, sustained606

seismicity from AGCW (Figure 4, 7, 6) and energetic infrasound also suggests the607

23



utility of closely monitoring infrasound signals for detection and characterization of608

the paroxysmal phase.609

4.3 Gas flow and eruption dynamics inferred from infrasound610

Changes in basaltic eruption dynamics are often assumed to result from different two611

phase magma-gas flow regimes, in particular the rate and mechanism of gas flow (e.g.,612

Wilson 1980; Vergniolle and Jaupart 1986; Houghton and Gonnermann 2008; Pioli613

et al. 2012; Spina et al. 2019). Idealized views of the dominant gas flow regimes at614

basaltic volcanoes have been related to their subsequent eruption styles. The low vis-615

cosity of these magmas allow for two phase flow (gas and magma). At low gas fluxes616

and magma ascent rates, small bubbles are able to uniformly rise through the conduit617

with little interaction and overpressure, termed “bubbly flow”, and produce passive618

degassing at the surface. At higher gas flow rates, the bubble density is non-uniform619

and the bubbles interact and coalesce. Pressurized gas slugs may form and then erupt620

to produce Strombolian explosions. As gas flow rate increases, the regime changes to621

churn and eventually to annular flow, which is characterized by unsteady flow with a622

high fraction of gas to magma. Churn and annular flow produce vigorous lava fountain-623

ing, and likely sustained paroxysmal eruptions that can produce Subplinian eruptions624

(e.g., Houghton and Gonnermann 2008). Recent evidence suggests that changes in625

viscosity may also play a role in eruption style, slug ascent and recurrence rate, as626

well as seismic amplitude (Spina et al. 2019; Longpré et al. 2025) for these types of627

eruptions. We also note that ascent rate variability likely also plays a role in eruption628

style, with high ascent rates being likely for basaltic Subplinian and Plinian eruptions629

(Parfitt 2004; Szramek 2016; Rasmussen et al. 2018; Bamber et al. 2024).630

Clear links have been established between geophysical signals and gas flow regimes631

at basaltic and other volcanoes, as well as in laboratory experiments. Fee and Matoza632

(2013) provide an overview of the various infrasound signal characteristics for different633

volcanic eruption styles. For example, Strombolian eruptions produce short-duration,634

impulsive infrasound while Subplinian eruptions typically produce high-amplitude,635

sustained infrasound resembling a low frequency form of jet noise. Infrasound sig-636

nals provide direct measurements of the pressure release at the volcanic vent. Recent637

laboratory experiments by Spina et al. (2019) simulated various two-phase gas-liquid638

flow regimes by changing the gas flow rate and viscosity. They found that slug flow639

produced discrete seismoacoustic signals, and increasing the gas flow rate produced a640

higher slug burst rate observed in the acoustic data. This pattern was not apparent in641

the laboratory seismic data of Spina et al. (2019), and no clear trend in discrete seismic642

events was observed, likely due to the presence of additional seismic sources with no643

acoustic counterpart. High flow rates created churn-annular flow that produced near-644

continuous infrasound signals (tremor or jetting). In general, infrasound and seismic645

amplitudes were correlated with increasing gas flow rates, with possible modulation646

from magma viscosity. Seyfried and Freundt (2000) also found that increased gas flow647

rate caused a transition from slug to churn-annular flow in laboratory experiments of648

two-phase flow. The aforementioned observations and experiments suggest that acous-649

tic signals can be a key indicator of the gas flow regime at basaltic volcanoes, while650

the seismicity may provide less information on the flow regime.651
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Building off work by Vergniolle and Ripepe (2008), Ulivieri et al. (2013) examined652

the infrasound signals from 39 Mt. Etna lava fountain paroxysms between 2007–2013.653

They found that the infrasound signals during these sequences begin as repeating654

low-amplitude, discrete signals from Strombolian explosions. As the sequence evolves,655

the infrasound signal amplitudes and event rates increase, eventually transitioning656

to sustained, high-amplitude infrasound. The seismicity also increases in amplitude657

over time similar to the infrasound, but remains relatively continuous without clear658

discrete events. Ulivieri et al. (2013) suggested that these transitions from discrete659

to continuous signals represent evolving gas flow regimes. The eruption starts as low-660

level, discrete Strombolian eruptions driven by repeating gas slugs. Over time the661

gas slugs increase in overpressure, possibly related to increased gas flux (Seyfried662

and Freundt 2000), causing the increase in infrasound amplitudes and decrease in663

recurrence interval. Eventually the gas flow regime evolves from discrete gas slugs664

to churn or annular flow, producing lava fountains and hazardous ash plumes, and665

continuous, high-amplitude infrasound signals. Notably, the seismicity does not reflect666

the change from discrete to sustained gas flow and release. Ripepe et al. (2018) used667

these trends in infrasound array data to devise an early warning system with a 96%668

success rate over their study period.669

The infrasound signals from Shishaldin explosive events in 2023 show some similar-670

ities with those from Etna paroxysms, but contain some key differences. The Group 1671

events (Fig. 9a,b; Events 2, 3, 4, 11) look most similar to the Etna paroxysms. These672

events generally have discrete signals that increase in acoustic amplitude and event673

rate over time, presumably from gas slug flow and subsequent burst. However, unlike674

Etna, Events 2–4 do not transition to sustained signals from churn-annular flow, and675

presumably the paroxysmal phase is driven primarily by energetic, discrete gas slugs.676

Lower-level sustained infrasound is likely present during many of the discrete phases677

(e.g., Fig. 8c,d), suggesting that the flow regime may be some combination of discrete678

and sustained gas release, which is possible under some churn flow conditions (Parfitt679

2004). Group 2 events (Fig. 9c,d; Events 1, 5, 6, 8, 10) consist predominantly of dis-680

crete events but do not show clear amplitude and event rate trends. Additionally,681

the discrete events in this group are mixed with sustained signals. We suggest these682

events are driven by a more complex mix of slug and churn-annular gas flow. Group 3683

events (Fig. 9e,f; Events 12 and 13) stand out for containing almost no discrete events684

and primarily sustained signals, suggesting that churn-annular flow is occurring for685

the majority of these events. Despite the continuous gas flow regime, the infrasound686

amplitudes are only moderately high for Event 12 (RMSp peak of 1.66 Pa) and low687

for Event 13 (RMSp peak of 0.2 Pa). The energetic paroxysm and gravity wave at the688

end of Event 11 may be an indicator of a change in the system towards more sustained689

infrasound.690

Based on the assumption that discrete infrasound corresponds to slug flow and691

sustained infrasound from churn-annular flow, we suggest a single transition from slug692

to churn-annular flow did not occur for the Shishaldin 2023 explosive events, and693

that churn-annular flow is not needed to produce sustained, high ash plumes. This is694

consistent with observations and modeling for similar volcanoes. Lyons et al. (2010)695

noted paroxysms at Fuego Volcano, Guatemala, another basaltic stratovolcano, were696
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characterized by repeated explosions occurring at 0.5–3 s. Ichihara (2016) suggested697

that the 2011 Shinmoe-dake, Japan Subplinian eruption was also driven by repeated,698

shallow explosions rather than a sustained jet. A similar mechanism was invoked for699

the 2016 Pavlof Volcano, Alaska eruption by Haney et al. (2018). These results sug-700

gest that paroxysms at basaltic stratovolcanoes may result from multiple gas-magma701

flow regimes, and that variability in the subsequent seismoacoustic signals should702

be expected. We caveat our flow interpretation with the possibility that churn flow703

could potentially produce “violent Strombolian” explosions (Pioli et al. 2008) that704

have been suggested to drive moderate (2–6 km above the vent) plumes. Additionally,705

Parfitt (2004) and related work suggest that increased magma ascent rates may also706

be responsible for a transition from transient explosions to sustained explosive erup-707

tions in basaltic magmas. The considerable variability in the acoustic signals during708

paroxysms at Shishaldin suggests additional work is needed to understand the gas flow709

regimes during explosive eruptions at basaltic volcanoes. Additionally, the seismicity710

from all 13 explosive events follows a more regular pattern of increasing amplitudes711

and sustained broadband tremor during each explosive eruption, and therefore seems712

decoupled from the variability seen in the infrasound and the inferred two-phase gas713

flow dynamics. This is generally consistent with laboratory studies (Spina et al. 2019)714

and observations at Etna (Ulivieri et al. 2013), and suggests a different source depth715

or process.716

In summary, we suggest the 2023 seismoacoustic signals are sourced from a717

relatively steady deep gas flux that builds a radially extensive foam at the reser-718

voir–conduit interface. When the foam reaches a critical thickness/overpressure and719

begins to collapse, the system begins a transition into an energetic Subplinian episode.720

Between events, intermittent LP events are produced by discrete slug releases prop-721

agating up through the conduit, whereas the broadband tremor during explosive722

eruptions reflects sustained, high-flux, two-phase flow fed by the collapsing foam. The723

later events in the sequence are influenced by a shallow dike intruding near the summit,724

which increases the near-surface permeability and provides a more efficient pathway to725

the surface, facilitating continuous gas release and background tremor and more fre-726

quent LPs between events. The infrasound signals have a more complex relationship727

and show greater variability, likely related to complex two-phase gas flow transitions728

during the foam collapse. Future work should focus on integrating quantitative models729

to verify the source processes and associated volcanic emissions.730

5 Conclusions731

Shishaldin volcano produced 13 explosive events between July–November, 2023. These732

events created significant ash plumes to over 14 km ASL and hazards to air traffic.733

The seismic and infrasound signals from these events were recorded well on a local734

geophysical network, and provide a rich dataset for understanding eruption processes.735

Classification of seismicity using a machine learning model produced an extensive736

catalog useful for identifying pre-, syn-, and post-eruptive seismicity and associated737

processes. We find that subtle, intermittent seismic tremor preceded the explosive738
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events by months. All explosive events are characterized by relatively similar seis-739

micity: a change from repeating LP events to broadband tremor, which subsequently740

increases in amplitude over a span of hours to days. A complex mix of LPs, intermit-741

tent tremor, and weak explosions occurs between the events, with a low number of742

VT earthquakes. Early explosive events in the eruption sequence have a more gradual743

seismic run-up, while explosive events at the end have a longer cessation. This trend744

is consistent with other datasets that showed an influx of shallow magma and possi-745

ble dike intrusion for the last few explosive events. The explosive events have fairly746

regular repose times on the order of days. Shishaldin eruption seismicity in 2023 is747

similar to past explosion eruptions in 1999 and 2019–20, although the higher number748

of explosive events and relatively similar repose times are notable differences.749

The infrasound from the explosive events is more variable and provides some unique750

insight into gas flow and eruption dynamics. The explosive events produced a varied751

mix of discrete explosions and sustained infrasound signals. At Etna, similar paroxysms752

are inferred to result from a transition from gas slug to churn-annular two-phase flow.753

In contrast, we suggest the Shishaldin 2023 explosive eruptions are driven by a more754

complex mix of slug and churn-annular flow that varied between and within eruptions.755

Discrete infrasound signals dominate during some explosive eruptions that produced756

significant ash plumes and PDCs, suggesting sustained fountaining (and infrasound)757

is not needed to produce Subplinian eruption plumes. The most energetic portion758

of the explosive events produced air-ground coupled waves clearly recorded on the759

seismometer as a shift to broader band (> 5 Hz) signals.760

The seismoacoustic data from the 2023 Shishaldin eruption contain a wide variety761

of pre-, syn-, and post-eruptive signals. We favor a model of a foam layer of exsolved762

gas and magma at shallow depth that periodically collapses to produce the explo-763

sive events and associated seismoacoustic signals. Future work on these signals could764

focus on refining the source models and comparing them with volcanic emissions and765

eruption processes to better understand the dynamics and associated hazards. Addi-766

tionally, although these data were useful for forecasting during the eruption sequence,767

future quantitative work should be performed to more robustly understand the full768

forecasting potential and limitations.769

Supplementary information. The supplementary material contains a figure of770

the Events 11 and 12 infrasound and gravity waves and a figure depicting the seismic771

particle motion at station SSLN.772
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1 Supplemental Information16

1.1 Gravity Waves for Events 11 and 1217

Fig. S1 Comparison of the infrasound and gravity wave observations for Events 11 and 12. The data
from SSLS infrasound are unfiltered (a,b), filtered between 0.5–10Hz (c,d), and filtered between 1200–
100 s for Events 11 (left panels) and 12 (right panels). Data are shown for the identified infrasound
signal duration plus 30min before and after. The 1200–100 s band highlights the energetic gravity
wave towards the end of each eruption, and the full frequency response has been removed using a
cosine-tapered bandpass filter between 10,000 s and the Nyquist frequency.

1.2 Acoustic-Seismic Coupling Particle Motion and TCM18

As described in the main text, we select the prograde particle motion solution within19

the TCM algorithm (Bishop et al. 2023) when estimating the back-azimuth of air-to-20

ground coupled infrasound at SSLN. Selecting the prograde solution slightly departs21

from the original algorithm, which resolves a 180◦ ambiguity by assuming retrograde22

particle motion. While retrograde motion in acoustic-seismic coupling is commonly23

assumed, prograde particle motion can exist when subsurface shear-wave velocities are24

particularly low (Bishop et al. 2022; Langston 2004).25

We justify the prograde solution through the analysis of the seismic particle motion.26

We utilize the Normalized Inner-Product (NIP) method (Meza-Fajardo et al. 2015)27

2



to examine the frequency-dependent phase between radial and vertical seismic dis-28

placements. To compute the NIP, we rotate seismograms toward Shishaldin’s summit29

crater. Figure S2 examines the sense of particle motion at SSLN between 1–20Hz for30

the same time window shown in Figure 7 of the main text. We see that above ≈12 Hz31

in panel d), prograde motion dominates. Since this is also the region with the highest32

seismoacoustic coherence, the selection of a prograde TCM solution is required for an33

accurate TCM estimate. The particle motion also has a clear frequency dependence,34

likely caused by variations in subsurface structure. Higher frequencies sample shal-35

lower depths, where materials with sufficiently low shear-wave velocities allow prograde36

motion to occur.37

Fig. S2 Air-to-ground coupled wave particle motion for Event 10 on September 15, 2023 at SSLN.
The time window examined here is the same as Figure 7 in the main text. a) Seismic and b) infra-
sound waveforms filtered between 1–20Hz c) Coherence between the infrasound and vertical seismic.
d) Particle motion analysis showing the NIP value, where blue (-1) indicates prograde particle motion,
and red (+1) indicates retrograde particle motion. The transparency of this panel is determined by
the magnitude-squared coherence above, to better focus on particle motions associated with seismoa-
coustic coupling
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