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Key Points: 12 

• Hydroacoustic detections in 2022-2023 along the Aleutian Arc using an array of four 13 

hydrophones moored in the Bering Sea 14 

• Two main types of signals observed, long duration (~40 s) T-phases and short duration 15 

(~10 s) impulsive signals 16 

• Short-duration impulsive signals are attributed to seismic unrest beneath Tanaga Island 17 

and likely caused by shallow magma transport  18 
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Abstract 19 

The Aleutian trench, extending from the Gulf of Alaska to Kamchatka, marks the subduction 20 

boundary between the Pacific and North-American plates. It hosts the Aleutian Islands, one of 21 

Earth's most significant volcanic arcs, with 52 historically active volcanoes. Given the long history 22 

of eruptions and strong earthquake-induced tsunamis that pose hazards to Aleutian 23 

communities, studying this area is essential for assessing geohazards and subduction zone 24 

processes. To investigate submarine volcanism and seismicity along the western Aleutian Islands, 25 

four autonomous underwater hydrophones (AUH) were deployed in June 2022 for 12 months 26 

~100 km north of Adak Island. The AUHs were moored at depth of ~500 m in a diamond-shaped 27 

array with 10 km spacing. The AUHs recorded different types of acoustic signal packets (events), 28 

including, long-duration (~40s) spindle-shaped T-phases with frequencies <60 Hz; that are 29 

characteristics of tectonic earthquakes and short-duration (~10s), impulsive signals with a wide 30 

range of frequencies (40-100 Hz) were observed, peaking in activity during March 2023; that are 31 

associated with shallow seismic events. We characterized all hydroacoustic events by their 32 

temporal distribution, back-azimuths, rise time, and received level, to establish acoustic signal 33 

categories based on the likely source mechanisms. By comparing hydroacoustic detections with 34 

a land-based earthquake catalog, we observe that short-duration events originated from seismic 35 

unrest beneath Tanaga Island. The temporal distribution of magnitudes and depths of seismic 36 

events, coupled with rise times and received levels of matched hydroacoustic signals, suggests 37 

that the seismic unrest is linked to magma transport at shallow depths beneath Tanaga Island.  38 

Plain Language Summary 39 

The Aleutian Island arc, formed by the convergence of two tectonic plates in the north Pacific, 40 

hosts several active volcanoes. These volcanic centers produce seismicity through mechanisms 41 

such as subsurface magma movement, volcanic eruption, and subduction processes. But seismic 42 

monitoring is difficult due to their remoteness and the limited availability of land-based stations. 43 

We analyze a year-long hydroacoustic data recorded on an array of four hydrophones moored in 44 

the Bering Sea. We detected 4,586 hydroacoustic events mainly consisting of two types: long 45 
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duration (~40 s) T-phases and short-duration (~10 s) impulsive signals. These events were 46 

characterized by temporal distribution, source direction, wave shape, and acoustic energy. After 47 

correlating these events with the records from the United States Geological Survey earthquake 48 

catalog, we observed that the impulsive signals are primarily associated with the seismic unrest 49 

beneath the Tanaga volcanic center, situated in the central western part of the volcanic arc. We 50 

observed distinct periods of higher seismic activity, both in the hydroacoustic and seismic 51 

catalogs, which we attribute to subsurface magmatic processes occurring during the Tanaga 52 

unrest between November 2022 and March 2023.  53 

1 Introduction 54 

The Aleutian Arc in the north Pacific Ocean is a prominent volcanic island-arc extending over 55 

3,000 kilometers from the Gulf of Alaska to Kamchatka (Figure 1). This arc is formed by the 56 

subduction of the Pacific plate beneath the North American plate at a rate of 6.6 to 8.6 cm/yr 57 

(Lallemant, 1996). This subduction zone is expressed at the seabed as the Aleutian Trench, 58 

creating a highly active tectonic environment characterized by seismic and volcanic activity (e.g., 59 

Benz et al., 2010; Buurman et al., 2014). The complex interaction between these tectonic plates 60 

has generated a series of 52 historically active volcanic centers along the arc, making the region 61 

one of the Earth’s most active volcanic zones with substantial potential for geohazards, 62 

particularly for commercial air traffic (e.g., Murray et al., 2009; Herrick et al., 2014; Larsen, 2016; 63 

Wang et al., 2023).  64 



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

 65 

Figure 1: Locations of four hydrophones (orange circles) deployed by PMEL-NOAA in the Bering 66 

Sea, north of the Aleutian arc in 2022-2023. Yellow stars show volcanic centers that experienced 67 

unrest and eruption in 2022-2023 (Global Volcanism Program, 2023a, 2023b, 2023c). Black stars 68 

show volcanic centers that did not experience unrest. Bathymetry is from Ryan et al. (2009). 69 

 70 

In the central-western portion of the Aleutians, Tanaga and other neighboring volcanic centers 71 

including Great Sitkin and Semisopochnoi have experienced periodic seismic unrest, which can 72 

signal impending volcanic eruptions or regional tectonic deformation (Cameron et al., 2023; Orr 73 

et al., 2024a, 2024b). Tanaga experienced three non-eruptive episodes between 2005 and 2023, 74 

occurring at ~9-year intervals, with recent seismic unrest in 2023, although its last eruption was 75 

in 1914. Great Sitkin has experienced nine documented eruptive episodes (in 1933, 1945, 1949, 76 

1950, 1974, 2018, 2019, 2021-2025), and five documented non-eruptive episodes (in 1953, 2001, 77 

2002, 2013, and 2020). Semisopochnoi has undergone six eruptive episodes (1873, 1987, 2018, 78 

2019, 2020 and 2021-2023) and two non-eruptive episodes (2014 and 2015; Coombs et al., 2018; 79 

Cameron et al., 2023).  80 

Seismicity in such arc volcanic islands can result from diverse seismogenic source mechanisms, 81 

such as magma upwelling (Yang and Gao, 2020), active volcanic unrest or eruptions (Tepp et al., 82 
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2020), thrust faulting from the subducting Pacific plate (Jiang et al., 2022), or the deformation of 83 

the overriding crust (Janiszewski et al., 2013). Monitoring this seismicity is essential to 84 

understand active magmatic systems and the dynamics of eruptions, and to assess associated 85 

hazards. However, seismic monitoring in island arcs faces significant difficulties due to their 86 

remoteness, rugged terrain, and challenges of maintaining land-based seismic stations. The 87 

sparse network of stations, particularly in the central and western parts of the arc, leads to gaps 88 

in network coverage, reducing the accuracy of detecting and locating seismic events (Li, 2021).  89 

Autonomous underwater hydrophones offer a complementary monitoring approach by 90 

detecting underwater acoustic signals generated by seismic activity (e.g., Fox et al., 2001). These 91 

hydrophones are sensitive to low-frequency acoustic waves (typically down to 1 Hz), resulting 92 

from seismic-to-acoustic conversion at the seafloor, enhancing the detection of submarine 93 

earthquakes and volcanic eruptions (e.g., Tepp and Dziak, 2021). By integrating hydrophone 94 

networks with seismic networks, such as those operated by the Alaska Earthquake Center and 95 

Alaska Volcano Observatory (Figure S1), it becomes possible to monitor seismic activity more 96 

effectively in remote island arcs, improving our understanding of seismic hazards in these regions 97 

(Tepp, 2024). 98 

Between June 2022 and June 2023, the Pacific Marine Environmental Laboratory of the National 99 

Oceanic and Atmospheric Administration (PMEL-NOAA) deployed a network of four hydrophones 100 

~100 km north of Adak Island (Dziak et al., 2023) to record a baseline of hydroacoustic signals 101 

from geophysical activity and to survey for possible submarine volcanism, which has been poorly 102 

studied in the Aleutian Arc. Because much of the arc is geographically remote, regional seismic 103 

networks maintained by the Alaska Volcano Observatory and Alaska Earthquake Center provide 104 

limited coverage, and as a result, many smaller or offshore events may go undetected or remain 105 

poorly characterized. To address these limitations, this study uses the hydroacoustic data to 106 

detect and characterize seismic activity, and its relation with tectonic or volcanic sources. First, 107 

we manually detect acoustic events, classify them into different types based on signal duration 108 

and frequency content. We then characterize them in terms of their back-azimuths, rise times, 109 

and received levels. Finally, we correlate hydroacoustic signals with the United States Geological 110 



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

Survey (USGS) earthquake catalog, to obtain the acoustic baseline for the trench and Aleutian 111 

Arc volcanoes which experienced unrest or volcanic eruptions in 2022-2023.  112 

2 Materials and Methods 113 

2.1 Hydroacoustic detections 114 

We analyzed data recorded by four hydrophones moored at 500 m depth below the sea surface, 115 

suspended in the water column and anchored by cables to the seafloor (Table S1). The mooring 116 

line consists of a disposable anchor on the seafloor, an acoustic release, adjustable-length cables 117 

positioning the hydrophone in the Sound Fixing and Ranging channel, and a float that keeps the 118 

line taut, protects the recorded housed in a titanium cylinder during acquisition (Haxel et al., 119 

2013). They are arranged in a diamond-shaped geometry with 10 km spacing (Table S1, Figure 1). 120 

All the hydrophones were operational from 16 June 2022 to 22 June 2023 and recorded acoustic 121 

waves continuously at a sampling rate of 2,000 Hz in 16-bit samples. The collected data were 122 

analyzed with software developed at PMEL-NOAA in IDL (Interactive Data Language Research 123 

Systems, Boulder, Co.; Fox et al., 2001). Each event was located after manually picking the highest 124 

signal energy in spectrograms. Once signals were identified on at least three hydrophones, the 125 

origin time in UTC and source location were estimated using a non-linear least-squares 126 

minimization of the arrival times of peak energy (Fox et al., 2001). Sound velocities in the ocean 127 

were based on the three-dimensional and seasonal Global Digital Environment Model at a 128 

resolution of 30 arc-minutes in latitude and longitude (Teague et al., 1990). For our use, an 129 

accurate source location estimation depends on absolute travel times over longer distances, 130 

which could be more sensitive to spatial variations in ocean sound velocity profile. But due to the 131 

small aperture and distance of the hydrophone array, resulting locations have high uncertainty, 132 

so we do not consider this method of source locations further (Figure S2).  133 

2.2 Back-azimuth of events 134 

We computed the back-azimuth for each event based on the arrival time of peak energy. We 135 

converted arrival times into distance differences by multiplying by the water velocity of 1.462 136 
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km/s. The hydroacoustic sound speed profile in the region is a polar half-channel (e.g., Kutschale 137 

1969) with a near-surface (~200 m depth) low-velocity layer (surface duct). We computed the 138 

water velocity using average temperature and salinity data obtained from a hindcast of the World 139 

Ocean Atlas (Reagan et al., 2024) along a great circle path between the hydrophones and Tanaga 140 

Island, sampled at 10 km intervals at a depth of 200 m. This velocity model is suitable for azimuth 141 

estimation because it relies on relative arrival-time difference across a hydrophone array 142 

geometry rather than absolute travel times. Using the hydrophone locations and the calculated 143 

distance differences, we formulated an objective function f(x,y) of hyperbolic form,  144 

𝑓(𝑥, 𝑦) = ∑ (√ (𝑥 − 𝑥𝑎)2 + (𝑦 − 𝑦𝑎)2 − √ (𝑥 − 𝑥𝑏)2 + (𝑦 − 𝑦𝑏)2 − 𝛥𝑑𝑎𝑏)
2

4

𝑖,𝑗=1

 145 

 146 

where (𝑥, 𝑦) is an intersection point with 𝑥 as longitude and 𝑦 as latitude, (𝑥𝑎, 𝑦𝑎) and (𝑥𝑏, 𝑦𝑏) are 147 

the coordinates of the hydrophones and 𝛥𝑑𝑎𝑏  is the distance difference calculated from relative 148 

arrival times on each pair of hydrophones 𝑎, 𝑏, multiplied by velocity. By minimizing this objective 149 

function for each pair of hydrophones, we identified a common intersection point of the 150 

hyperbolic equations and estimated event back-azimuth, calculated as the clockwise angle from 151 

geographic north to the line connecting the mean location of the hydrophone network to the 152 

intersection point. In the south Bering sea (51°N-55°N), the standard deviation in sound velocity 153 

at 200 m was ± 3 m/s, indicating a relatively stable environment at different locations. For the 154 

least-squares minimization, this small variation in velocity accounts for uncertainty of 0.5-0.8° in 155 

back-azimuth estimation. 156 

2.3 Event Received Level 157 

Hydroacoustic events can be characterized by the acoustic magnitude or acoustic source level, 158 

which are derived from the received levels (RL) at each hydrophone and corrected for the 159 

transmission loss between the event and the hydrophone locations (Williams et al., 2006; Royer 160 

et al., 2015). The TL accounts for the cylindrical sound-spreading loss between the event location 161 

and the hydrophone, as well as the spherical sound-spreading loss in the water column between 162 

the seafloor acoustic radiator and the sound channel axis (e.g., Jensen et al., 1994; Dziak, 2001). 163 
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As estimating the precise source location is not possible for our events, TL computation is not 164 

reliable, and hence source level would not be an accurate representation of acoustic magnitude 165 

for each event. Instead, the RL expressed in decibels with respect to 1 micro-Pascal at 1 meter 166 

(hereinafter dB) can serve as a relative measure to compare the acoustic strength of detected 167 

events, although it does not correlate directly with earthquake magnitude. This parameter is 168 

based on the average power spectral density in a 10-second window centered on the peak of 169 

energy in the acoustic signal on each hydrophone.  170 

2.4 Earthquake catalog 171 

Between June 2022 and June 2023, the USGS earthquake catalog contained 14,059 events along 172 

the Aleutian arc (region of Figure 1), with 5,946 of these occurring near Tanaga Island (Alaska 173 

Earthquake Center, 1987; Alaska Volcano Observatory, 1988; Albuquerque Seismological 174 

Laboratory, 1990). The greatest event density (per km²) was observed between the Tanaga and 175 

Takawangha volcanic centers (Figure 2a). These events were mainly concentrated in three 176 

seismic unrest episodes: 268 events from 18-20 November 2020, 281 events from 17-20 February 177 

2023, and 2,849 events from 8-15 March 2023 (Figure 2b). Across all episodes, local magnitudes 178 

(ML) ranged from 0.0 to 4.4 (Figure 2c). In all the three episodes, earthquakes were located at 179 

depths of less than 10 km (Figure 2d, S7). Despite the intense seismic activity, these episodes did 180 

not lead to volcanic eruption (Global Volcanism Program, 2023a).  181 

In contrast, Great Sitkin began an eruption in 2021 which subsided during January-April 2022 but 182 

continued until April 2023 with slow lava effusion accompanied by steam-and-gas-emissions and 183 

very mild seismicity (Global Volcanism Program, 2023b). Between June 2022 and June 2023, the 184 

USGS catalog contained only 179 events near Great Sitkin. Similarly, Semisopochnoi Island had 185 

several intermittent eruptive episodes between 27 December 2022 and 25 April 2023, 186 

accompanied by seismic tremors, gas-and-steam plumes, small explosions, and infrequent 187 

seismic activity (Global Volcanism Program, 2023c).  188 

In this study, we identified ‘matched’ events that are common in both the seismic and 189 

hydroacoustic catalog by comparing their origin time and back-azimuths. We initially estimated 190 



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

the approximate acoustic travel time from the seismic event locations to hydrophone H41, using 191 

the water speed of 1.462 km/s. This estimated travel time was then compared to the observed 192 

arrival time of peak energy at the hydrophone. A match was considered valid when the time 193 

difference was within ± 20 s, as more than > 95% of hydroacoustic phases were clearly detectable 194 

within this time window. This threshold was determined empirically during the catalog 195 

development process. We found that more than 95% of individual hydroacoustic phases were 196 

separated by at least 20 seconds, minimizing phase overlap and allowing for reliable 197 

identification and association with corresponding seismic events. A histogram measuring the 198 

difference between observed and estimated arrival time is shown in Figure S3. Additionally, for 199 

the matched events, we computed the back-azimuths relative to H41 hydrophone and further 200 

refined the catalog of matched events by only retaining events when the azimuths were within 201 

limits of ± 10° with respect to azimuths of hydroacoustic signals, when measured from 202 

hydrophone array. Out of 4,586 hydroacoustic signals, we found seismic matches for 3,174 203 

events (69%). In the subsequent sections, we will discuss their spatial distribution.  204 
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 205 

Figure 2: a) Earthquake density per km2 between 16 June 2022 and 22 June 2023 on Tanaga Island 206 

obtained from USGS catalog (Alaska Earthquake Center, 1987; Alaska Volcano Observatory, 1988; 207 

Albuquerque Seismological Laboratory, 1990); relief is from Ryan et al. (2009). b) Histogram of 208 

number of events per day and the temporal distribution of c) local magnitudes and d) depths. 209 

Red histogram/dots show all the USGS events near Tanaga Island in 2022-2023 and blue 210 

histogram/dots show only USGS events with a hydroacoustic match. 211 
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3 Results and Interpretation 212 

3.1 Detection of contrasting types of acoustic signals  213 

In our hydroacoustic analysis, we detected 4,586 events and classified them into two main 214 

categories based upon their time and frequency domain character: T-phases and short-duration 215 

impulsive events (Figure 3). This classification may help to provide a comprehensive framework 216 

for understanding the diversity of signals in volcanic island arc settings, particularly in the context 217 

of the central and western Aleutian Arc, which has not been extensively characterized with long-218 

term hydroacoustic monitoring.   219 

In the first category, the spindle-shaped waveforms are characterized by a gradual amplitude 220 

increase, a peak at frequencies up to 60 Hz, and a trailing coda wave signal (Figure 3a-b). They 221 

are called T-phases (tertiary) as they travel at water velocity and arrive after P and S phases. We 222 

further classified T-phases into four different types. First signals are those where T-phases were 223 

detected without preceding P and S phases. Second, here termed composite PST-phases, are T-224 

phases for which the faster arriving P and S waves were also detected (Figure 3c-d). Although 225 

hydrophones are optimized for acoustic wave detection, earthquake P and S arrivals waves are 226 

still detectable as hydroacoustic waves converted at the seafloor near the mooring or by induced 227 

motion of the hydrophone mooring (e.g., Dziak et al., 2004a). The mean time difference between 228 

P and S phases for all the composite PST events was ~25 s, S and T was ~70 s, and P and T was 229 

~95 s (Figure S4). We used these time differences to estimate the source to array distance by 230 

accounting the P-wave, S-wave and T-wave velocities of 8 km/s, 4.6km/s and 1.462 km/s, 231 

respectively. The S-P time difference yields a distance of ~260 km, whereas P-T and S-T time 232 

difference yield a distance of ~170 km and ~150 km, respectively. The distance between the 233 

hydrophone array and Aleutian Arc trench ranges from 140-220 km, which is consistent with the 234 

distances computed using P-wave, S-wave and T-wave time differences. The third type, here 235 

named composite PT-phases, are T-phases that appear immediately following P-wave arrivals 236 

without detectable S arrivals (Figure 3e-f). Lastly, paired T-phases appear sequentially after the 237 

P and S arrivals (Figure 3g-h). Similar to PST events, these paired events have P-S time difference 238 

of 22-29 s and S-T time difference of 70-75 s. The time interval between the peak amplitudes of 239 
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these paired T-phases ranges from 10 to 120 seconds (Figure S4). These paired signals have nearly 240 

identical spectral characteristics suggesting a common source, but the temporal separation 241 

between them implies different excitation mechanisms, such as multiple acoustic propagation 242 

paths or secondary conversions at separate bathymetric features, or closely spaced repeated 243 

source emissions. This repeated acoustic pattern in paired T-phases suggests complex 244 

propagation or source processes not observed in typical PST events. All T-phases in these 245 

categories exhibit total signal durations up to 40 seconds. 246 

The second category of signals consisted of short-duration (~10 s) phases with frequencies in the 247 

range of 40-100 Hz, and we further classified them into four types. First, we detected phases 248 

lasting approximately 8 s with frequencies up to 70 Hz and called them impulsive I phases (Figure 249 

3i-j). The second type, termed impulsive II phases, exhibited frequencies reaching up to 100 Hz 250 

in the first signal and multiple smaller phases up to 50 Hz, with an average interval of 251 

approximately 55 seconds between the initial and the first subsequent phase of the impulsive II 252 

events (Figures 3k-l, S5). While the spectral differences between impulsive I and II subtle, 253 

impulsive II exhibited secondary arrivals suggestive of either complex path processes or multiple 254 

closely time events. It is possible that these represent the same general event type but occur at 255 

different depths or in varying source environments, leading to the observed variability. The third 256 

type of signals consisted of two closely spaced short-duration phases with frequencies up to 50 257 

Hz, and we called them doublets. (Figures 3m-n). The time difference between individual phases 258 

ranged from 2 to 120 s with a mean of ~32 s for all the doublet events (Figure S5). The occurrence 259 

of closely spaced phases in both impulsive II and doublet signals could be associated with 260 

reflections from different acoustic radiators or multiple conversion points. For example, Tepp et 261 

al. (2020) also noted reflected signals spaced ~2 min apart with highly similar characteristics from 262 

seismicity associated with the Bogoslof eruption in 2016-17. Given the variable time differences 263 

between two doublet phases and their highly spectral content, however, it is also plausible that 264 

these signals represent two distinct seismic events occurring in close temporal proximity. These 265 

signals may arise from repeated ruptures at the same source or near-simultaneous activity from 266 

adjacent sources. To evaluate this possibility, we cross-matched the doublet events with the 267 

USGS earthquake catalog. In nearly all cases, only one of the two pulses in a doublet matched a 268 
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cataloged seismic event. We then spot-checked a few of the doublets on Tanaga Island seismic 269 

station (AV.TANO) and found signals from events that were not cataloged, further supporting the 270 

possibility. While we cannot definitively rule out complex reflection or scattering effects along 271 

the Aleutian Arc geometry, the possibility of temporally clustered, spectrally similar events is a 272 

likely alternative explanation that fits both the observed time delays and spectral similarities. 273 

Lastly, the signals of generally low amplitude, with poorly defined durations and frequencies 274 

reaching up to 40 Hz, were classified as an uncategorized group (Figure 3o-p). These events may 275 

represent low-SNR variants of the other impulsive type, particularly impulsive I events, though 276 

their weak characteristics preclude confident classification into that category.  277 
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 278 

Figure 3: Waveforms and spectrograms of representative signals: a-b) spindle-shaped isolated T-279 

phase, c-d) composite PST phase, e-f) composite PT phase, g-h) paired T-phase after P and S, i-j) 280 

impulsive I phase, k-l) impulsive II phase followed by weak amplitude phases, m-n) doublet 281 

phase, and o-p) uncategorized phase having weak amplitudes and frequencies; waveforms are 282 

shown unfiltered. 283 
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The reduced spectral frequency up to 40 Hz observed in the secondary signals of the impulsive II 284 

phase (Figure 3l), compared to paired T (Figure 3h) or doublet phases (Figure 3n), could result 285 

from differences in the coupling mechanisms of seismic energy into the water and the 286 

propagation characteristics of the signals. One possibility is that the differences in the geometry 287 

or depth of the secondary source may lead to less efficient transmission of seismic energy into 288 

the water column. Propagation effects such as increased acoustic absorption, scattering, or 289 

longer and more complex travel paths may further reduce the frequency content recorded at the 290 

hydrophone. The origin or path of the secondary phase of the paired T or doublet signal may be 291 

more optimally positioned or oriented to transmit acoustic energy efficiently, leading to overall 292 

frequency similar to the primary one. The paired T or doublet phases may follow more direct 293 

propagation paths with lower energy loss, whereas impulsive II phases might involve more 294 

complex propagation routes, leading to greater dissipation or interference and resulting in a 295 

decrease in observed energy in the secondary phases. 296 

3.2 Power spectral density 297 

To understand the frequency content of each type of signal in detail, we computed the mean 298 

power spectral density (PSD) for a sample of 20 events chosen at random from each of the eight 299 

signal types (Figure 4). For the analysis, the first three T-phase types were grouped into a 300 

combined T-phase category as they showed similar PSDs, amounting to 60 randomly selected 301 

events. Across all signal categories, the PSD exhibited significantly higher power at frequencies 302 

below 20 Hz. The paired T-phases displayed the highest PSD below 15 Hz, highlighting the strong 303 

low-frequency content in these signals. At higher frequencies, however, this power was exceeded 304 

by the impulsive II phases, which maintain high PSD values across a wider frequency range. The 305 

combined T-phase category exhibited a PSD profile falling below that of paired T and impulsive II 306 

phases. Impulsive I phases showed a PSD curve that aligns closely with that of doublet phases up 307 

to approximately 20 Hz, suggesting similar spectral characteristics in this frequency range. Above 308 

20 Hz, doublet phases showed slightly higher PSD than impulsive I phases. The uncategorized 309 

signals exhibited the lowest PSD overall, deviating markedly from the other signal types. 310 
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 311 

Figure 4: Average power spectral density of randomly selected events for different types of 312 

signals: T-phases, impulsive I, impulsive II, doublet, and uncategorized phases. 313 

 314 

The elevated PSD values of paired T-phase and impulsive II signal types over a broad frequency 315 

range indicates efficient coupling of seismic energy into the water, with minimal attenuation and 316 

preserved signal strength across frequencies, facilitating effective propagation through the 317 

ocean. This efficiency may be driven by multiple factors, including favorable source-receiver 318 

geometries and signals originating from ideal spatial locations, likely associated with multiple 319 

acoustic conversion points or closely situated acoustic radiators that also generate secondary 320 

signals (Figure 3g, 3k). The PSD similarities between hydroacoustic signal types may also provide 321 

a basis for future classification and clustering efforts, allowing for improved automated 322 

identification of hydroacoustic signals in marine monitoring networks. 323 

 324 

3.3 Spatio-temporal distribution of events 325 

All the detected hydroacoustic phases showed large variability in their spatial and temporal 326 

distributions (Figures 5 and 6). While the geometry of a small aperture hydrophone array makes 327 

it difficult to precisely locate events, it can be used to calculate back-azimuths to the source. In 328 

island arcs and subduction zone settings, a back-azimuth from a well-placed array is generally 329 

sufficient to determine the source when considering the geologic features of the region. 330 
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The isolated T-phases exhibited a gradual increase in occurrence rate throughout hydrophone 331 

deployment except for a notable increase during 18-21 November, which coincided with the first 332 

period of Tanaga unrest (Figure 5). Following this time, isolated T-phase occurrence was relatively 333 

low until March 2023. From April 2023 to the end of deployment, the activity rate again showed 334 

gradual increase. T-phase back-azimuth distribution appeared mostly random across a wide 335 

range of directions. However, 68 events between 18-21 November 2022 showed a consistent 336 

back-azimuth towards Tanaga, confined within a ±10° range from its azimuth relative to the 337 

hydrophones. Out of 68 isolated T-phase events, we identified the matched seismic events for 338 

56 (Table S2 and Figure S6a). The locations of matched events are widespread on the island, 339 

suggesting that the island geometry does not appear to systematically favor or impede acoustic 340 

energy generation. The remaining three T-phase categories (composite PST, PT, and paired T) did 341 

not display any clear temporal patterns or changes in activity rate. These three categories 342 

primarily had southeastern back-azimuths, oriented towards Great Sitkin and further east. None 343 

of these T-phases (composite PST, PT, and paired T) show a spatio-temporal pattern that is 344 

consistent with the Tanaga unrest. We compared them with the USGS catalog events along Great 345 

Sitkin between June 2022 and June 2023, but only 44 hydroacoustic matched events were found, 346 

which were arbitrarily distributed in time and along island without any clustering. Aside from the 347 

brief episode of potential association with Tanaga in November 2022, the main set of T-phases 348 

(516 out of 628) did not exhibit spatio-temporal patterns consistent with activity related to any 349 

of the volcanic islands (Tanaga, Great Sitkin or Semisopochnoi), we do not interpret them further, 350 

in the context of either unrest (near Tanaga) or eruption (near Great Sitkin and Semisopochnoi).  351 

The remaining four categories of acoustic phases (impulsive I, II, doublet and uncategorized) 352 

peaked during Tanaga seismic unrest periods (Figure 6). Impulsive I events were observed during 353 

all three periods of Tanaga unrest, i.e., 18-21 November 2022 and 8-12 February and 8-15 March 354 

2023, whereas impulsive II events only initiated during the March unrest, with a gradual decrease 355 

in the following weeks. Doublets were less frequent, with sporadic activity seen only in the March 356 

unrest, and similar observations were made for uncategorized events. In terms of spatial 357 

distribution, 1,268 out of 2,110 impulsive I events (60%) had back-azimuths consistently toward 358 

Tanaga Island. This alignment was prominent during all three periods of Tanaga unrest. Similarly, 359 
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137 of the 225 impulsive II events (60%), 41 out of 69 doublet events (59%), and 563 out of 1,554 360 

uncategorized events (36%) also aligned with Tanaga’s azimuth, consistent with intense seismic 361 

activity localized around this region. This spatio-temporal distribution confirms that the short-362 

duration signals are associated with the Tanaga seismic unrest. For each type of short-duration 363 

signal, we identified the matched seismic events (Table S2), and their spatial distribution is shown 364 

in Figure S6b-e. All matched events are widely located across the island, similar to isolated T-365 

phases. 366 

While many of the uncategorized events appear to have back-azimuths pointing between Tanaga 367 

and Kanaga Islands (Figure 6h), notably we did not find consistent seismic matches corresponding 368 

to sources located between these islands during the study period (2022-2023). This apparent 369 

clustering may be influenced by acoustic propagation effects or possibly undocumented seismic 370 

activity in this region or due to larger uncertainty in the back-azimuth estimation. 371 
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 372 

Figure 5: Number daily events (bars) and cumulative total (black line), and maps of back-azimuths 373 

(shaded by number of events in 10° bins) for: a-b) isolated T-phases, c-d) composite PST-phases, 374 

e-f) composite PT-phases, and g-h) paired T-phases. Dashed rectangle at the start of March 2023 375 

outlines the third episode of Tanaga seismic unrest.   376 
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 377 

Figure 6: Number of daily events (bars) and cumulative total (black line), and maps of back-378 

azimuths (shaded by number of events in 10° bins): a-b) impulsive I phases, c-d) impulsive II 379 

phases followed by multiple phases, e-f) doublet phases, and g-h) uncategorized phases. Dashed 380 

rectangle at the start of March 2023 outlines the third episode of Tanaga seismic unrest.  381 

 382 

3.4 Matched events and rise time of hydroacoustic signals 383 

The rise time of T-phases can provide valuable insights into the depth and source characteristics 384 

of their causative seismic events (e.g., Schreiner et al., 1995; Dziak and Fox, 1999; Dziak et al., 385 
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2005). Defined as the time interval between a signal’s onset (above noise level) and its maximum 386 

amplitude (e.g., Williams et al., 2006), rise time reflects the interaction of seismic waves with the 387 

seafloor before their acoustic conversion. Seismic waves propagating through Earth's crust from 388 

deeper events will typically intersect a larger portion of the ocean floor, resulting in longer rise 389 

times as the acoustic energy scatters or refracts before reaching the hydrophones (Schreiner et 390 

al., 1995). Large or deep earthquakes typically exhibit T-phase arrivals with rise times greater 391 

than 15 s, and prolonged decays often exceeding 30 s. In contrast, shallow events tend to 392 

generate shorter rise times, typically just a few seconds (Williams et al., 2006), and can even have 393 

an impulsive character (e.g., Tepp et al., 2020).  394 

By comparing depths of matched events and rise times, we can explore possible connections. 395 

After matching the hydroacoustic catalog to the USGS catalog along the Aleutian Arc, we found 396 

565 T-phase matches and 2,609 short-duration matches. The mean rise time of all 628 T-phase 397 

events (combining isolated, composite PST, PT and paired) was ~22 s (Table 1; Figure S7), 398 

suggesting that the source events may have been relatively deep, coupling energy over a 399 

relatively wide region of the ocean floor. Of these 628 events, 565 (89%) matched with USGS 400 

catalog events. Of these, one group of 465 matched events had a mean depth of 49.7 ± 43.0 km 401 

(with median of 35 km as most of the events were at this depth) and were spatially distributed 402 

along the trench (Table S3 and Figure S8). Notably, 356 of these matched events occurred at 403 

depths exceeding 20 km, with several originating at depths greater than 100 km. These 404 

observations suggest that longer rise times may correspond to deeper source events, possibly 405 

within the lower crust, deeper subduction interface, or upper mantle. Another group of 56 406 

matched events showed back-azimuth towards Tanaga island and they had a mean depth of 3.6 407 

 3.2 km (Figure S6a). One thing to note here is that only the isolated T-phases matched with 408 

seismic events along Tanaga. The remaining 44 events (mean depth of 13.5  3.4 km) matched 409 

with events having azimuths toward Great Sitkin Island (Figure S9).  410 

In contrast to the T-phase events, the impulsive I and II, doublet and uncategorized events had 411 

mean rise times of ~2 s, ~4 s, ~3.3 s and ~6 s, respectively. The relative difference of rise time 412 

between impulsive I and uncategorized events also helped us to consider them as two separate 413 
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categories. This short rise time could indicate shallow depths of these source events. The 3,958 414 

short duration events yielded 2,609 (~66%) matched events in the USGS catalog. Of these, one 415 

group of 1,002 matched events had a mean depth of 16.4  12.6 km (Table 1, S3 and Figure S10), 416 

suggesting that many originated in the upper crust or at shallow subsurface depths. The 417 

remaining 1,607 matched events showed back-azimuth towards Tanaga Island with a mean depth 418 

of 4.0  2.8 km (Figure S11). Also, none of the short-duration events did not match with seismic 419 

events near Great Sitkin Island. These findings support the interface that shorter hydroacoustic 420 

rise times are indicative of shallower seismic source regions.  421 

Among the short-duration events related to Tanaga seismicity, the rise times of doublet phases 422 

exhibited significant variability, being higher before the third episode of unrest in March (~4 s) 423 

and gradually decreasing during the unrest (Figure 7a), which could suggest a shift towards 424 

shallower source depths as unrest progressed. The matched seismic events for this category were 425 

consistently shallow, with depths less than 3 km (Figure 7c). Additionally, we computed the time 426 

difference between individual phases of the doublet signals and averaged them over a calendar 427 

month. The mean time difference was greater than 40 seconds before the unrest, with a higher 428 

2 standard deviation, whereas during the unrest, the time difference decreased to ~32 seconds, 429 

with lower variability (Figure 7b). This reduction in time difference could be accounted for two 430 

plausible scenarios. First, the alterations in the acoustic reflector(s) properties over time, possibly 431 

due to creation of new fractures or the reactivation of existing faults, that could affect seismic to 432 

hydroacoustic conversion zones. Second, reduction in the temporal separation associated with 433 

an increase in repeated ruptures at the same source or near-simultaneous activity from the 434 

closely spaced adjacent sources.  435 

Hydroacoustic signals Matched seismic events from the USGS catalog 

Hydroacoustic signal type 
Mean Rise 

time (s) 

Along the trench Near Tanaga Island Near Great Sitkin Island 

% Matched Depth (km) % Matched Depth (km) % Matched Depth (km) 

Isolated T-phase 21.8 ± 2.8 78% 47.1  41.1 9% 3.6  3.2 3% 13.1  3.5 

T-phases from composite PST 21.7 ± 3.1 71% 50.8  45.8 - - 4% 13.9  3.6 

T-phase from composite PT 21.7 ± 2.8 80% 48.6  40.3 - - - - 

Paired T-phases 22.2 ± 2.2 67% 50.7  44.2 - - - - 
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Impulsive I phases 2.0 ± 0.6 19% 12.5  9.3 48% 3.9  2.8 - - 

Impulsive II phases 4.0 ± 0.9 25% 14.3  11.2 45% 4.1  2.3 - - 

Doublet 3.3 ± 1.0 39% 19.6  15.2 46% 3.8  1.7 - - 

Uncategorized 6.0 ± 1.5 24% 19.2  14.7 28% 4.2  2.7 - - 

 436 

Table 1: Mean rise time of all hydroacoustic signals from different types recorded on four 437 

hydrophones; uncertainties are +/- 1 standard deviation along with corresponding percentage 438 

and mean depths of matched seismic events along trench, near Tanaga and Great Sitkin Islands. 439 

The higher uncertainties in depth are due to skewed distribution of USGS catalog event depths.  440 

 441 
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Figure 7: a) Rise time of doublet phases measured as time between onset and maximum 442 

amplitude of signal. b) Mean time difference between successive phases of doublet signal over a 443 

month (solid line) and corresponding standard deviation (shaded area). c) Depth of 444 

corresponding matched events found in USGS catalog, with an inset compares the depth with 445 

rise time   446 

 447 

3.5 Received Level 448 

To understand the nature of acoustic phases recorded between June 2022 and June 2023, we 449 

also consider RL obtained on each of the hydrophones. We measured the mean RL for all the 450 

hydrophones combined for each individual phase detected, which varied between 120 and 140 451 

dB, demonstrating reliable measurements and a stable detection environment. The RL is based 452 

on the average PSD in a 10 s time window centered on the acoustic signal peak, but there is a 453 

limitation of amplitude clipping for some of the events (Figure S7d,f), which may not give true 454 

representation of signal energy.  455 

 456 

We compared the temporal distribution of the RL of these phases. All types of hydroacoustic 457 

phases, except for doublets, had similar RL over the detection period (Figure 8). The doublet 458 

phases had a decrease in RL during the third period of Tanaga unrest, which also coincided with 459 

events with short rise time, suggesting potential changes in source characteristics or propagation 460 

conditions.  461 

 462 
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 463 

Figure 8: Received Levels on all four hydrophones (H32, H38, H40, and H41) for each event of the 464 

type: a) isolated T-phases, b) composite PST phases, c) composite PT phases, d) paired T-phases, 465 

e) impulsive I, f) impulsive II, g) doublet, and h) uncategorized phases. 466 

 467 

We compared the local magnitude (ML), depths, and received levels of the matched events found 468 

between the USGS and hydroacoustic catalogs between June 2022 and June 2023 (Figure 9). For 469 

impulsive I, impulsive II and uncategorized events, the relationship between ML, depth, and RL 470 

appeared highly variable, preventing any definitive conclusions. In contrast, for doublet signals 471 

with short rise times, the matched seismic events were shallow, at depths < 5 km. These events 472 

also had smaller magnitudes, compared to matched events from the other short-duration phases 473 

(impulsive I, impulsive II and uncategorized; Figure 9). These small magnitude events possibly 474 

produced lower acoustic energy and contributed to lower RLs during the March 2023 unrest. The 475 

lower observed RLs for these shallow events may be attributed to their acoustic ray paths, which 476 
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could have a low incidence angle (relative to vertical, between subsurface and seafloor). Such 477 

geometries may enhance signal scattering and consequently lower RL (Williams et al., 2006; 478 

Lecoulant et al., 2019). For other impulsive phases, the wide range of RLs may be linked to the 479 

significant variability in depth and magnitude of matched seismic events (Figure 9). However, we 480 

note that no empirical relation can be established among RL, ML and depth from this scattered 481 

distribution of RLs. This lack of correlation is probably due to uncertainties in the USGS catalog 482 

event locations, which hinders reliable estimation of transmission loss (TL). Because TL includes 483 

both cylindrical and spherical spreading components between the seafloor source and 484 

hydrophones, not accounting for it introduces uncertainty in comparing RL to seismic magnitude. 485 

While RL cannot be interpreted as a direct measure of acoustic source level, it remains a useful 486 

relative metric for comparing the relative strength of different hydroacoustic events. These 487 

findings highlight the complex interplay between source characteristics, propagation effects, and 488 

acoustic energy transmission in hydroacoustic phase generation. Future studies incorporating 489 

detailed propagation modeling and/or refined earthquake hypocenters may help further 490 

elucidate the mechanisms governing RL variations in different hydroacoustic phase types. 491 
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 492 

Figure 9: Comparison of local magnitude (ML) and received levels for the matched events from 493 

USGS and hydroacoustic catalog for a) impulsive I, b) impulsive II, c) doublet, and d) 494 

uncategorized events. The depth variations are shown by different sizes of symbols.  495 

4 Discussion 496 

4.1 Nature of seismic and hydroacoustic activity near Tanaga Island 497 

The seismic activity observed in episodes near Tanaga Island between November 2022 and March 498 

2023 is non-eruptive unrest, likely driven by subsurface melt transport (Power et al., 2021; 499 

Godano et al., 2022). The temporal distribution of events in three distinct episodes 500 

predominantly feature earthquake swarms, characterized by numerous small-to-moderate 501 
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events clustered in time rather than a strong event followed by many smaller ones that is 502 

indicative of mainshock-aftershock sequences (Mogi, 1967; Passarelli et al., 2018; Tepp et al., 503 

2020; Seropian et al., 2021; Vargas et al., 2023; Suarez et al., 2024). Swarm-like behavior 504 

generally characterizes magmatic systems undergoing subsurface processes like pressurization, 505 

fluid migration, or intrusive activity (e.g., Dziak et al., 2004b, Hainzl et al., 2004, Wilding et al., 506 

2023).  507 

This unrest can be categorized into three distinct activities. The first (18 to 21 November 2022) 508 

and the second (8 to 12 February 2023) episodes are characterized by shallow (< 10 km) depths 509 

of the USGS catalog events. These two episodes could reflect the short-term initiation activity 510 

period of the unrest. The time clustering of these events suggests a dynamic subsurface 511 

environment, driven by magmatic intrusions or fault reactivation (Heimisson and Segall, 2020; 512 

Parameswaran et al., 2023). Second, a sustained a saw the most intense period between 8-15 513 

March 2023, characterized by 2,849 shallow (< 10 km) USGS catalog events (Figure S12). This 514 

period, although not culminating in a volcanic eruption, strongly suggests magma transport at 515 

shallow depths (White and McCausland, 2019; Gabrielson et al., 2024), akin to processes 516 

observed in other volcanic systems such as the Lesser Antilles (Feuillet et al., 2011), the Chiles-517 

Cerro Negro volcanoes (Ebmeier et al., 2016) and São Jorge volcano-tectonic unrest (Suarez et 518 

al., 2024). The magma transport at shallow depths could pass through pre-existing faults or newly 519 

formed pathways due to intense activity (e.g., Bohnenstiehl et al., 2004; Scandone et al., 2007; 520 

Wilcock et al., 2016; Aswini et al., 2020; Gabrielson et al., 2024). Third, a decay period, where 521 

seismic activity waned after 15 March 2023, likely signifies the stabilization of the magmatic 522 

system following its transport. The redistribution of stress in the surrounding crust from the 523 

magma movement likely represents the decay period.  524 

In this study, hydroacoustic monitoring also reveals these three distinct periods of elevated 525 

activity that coincide with the seismic activity distribution discussed above. Primarily, the short-526 

duration signals provide a time-resolved proxy for chances in seismic activity and signal 527 

complexity across the unrest sequence. During the initiation activity, impulsive I hydroacoustic 528 

events dominated. These high frequency, short-duration phases are consistent with shallow 529 
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source processes based on the relation between their rise time and depth of matched seismic 530 

events (e.g., Bowers, 2001; Talandier and Okal, 2001). In the sustained phase, hydroacoustic 531 

activity dramatically increased, with 3,004 out of total 3,958 short-duration events occurring 532 

between 8-15 March 2023 (Figure 6). The simultaneous presence of all four hydroacoustic short-533 

duration phases in this period may reflect complex subsurface processes. The broader variations 534 

in RLs and rise time of short-duration signals suggest heterogeneous source processes, which 535 

land-based seismic monitoring may not fully resolve. The decay phase also showed a decline in 536 

hydroacoustic signal counts and complexity, mirroring the waning seismicity and suggesting 537 

magmatic system-wide stress relaxation. Thus, hydroacoustic monitoring complements and 538 

enhances seismic observations by capturing the temporal evolution and signal diversity 539 

associated with shallow unrest processes. Importantly, hydroacoustic data could independently 540 

delineate the three stages of unrest, even in the absence of seismic catalogs, though without 541 

seismic locations, the spatial resolution and depth constraints remain limited.  542 

 543 

When compared to Bogoslof Island, the only other Aleutian Arc volcanic system with 544 

documented hydroacoustic detections the signals recorded near Tanaga Island during the three 545 

activity episodes (initiation, sustained and decay) reveal a different reveal a different aspect of 546 

associated seismicity. At Bogoslof, Tepp et al. (2020) documented a progression from seismic 547 

swarms to explosive eruptive phases. In contrast, the Tanaga-associated episodes did not follow 548 

this pattern, underscoring the diverse range of activities that can be detected hydroacoustically. 549 

This distinction also highlights the variability in magmatic processes within the arc, emphasizing 550 

that while seismic swarms along with hydroacoustic signals can be indicators of magmatic 551 

activity, they do not always precede eruptions. 552 

Overall, the seismicity near Tanaga Island is indicative of active subsurface magma transport. 553 

However, in further studies, relocating seismic events using a double-difference earthquake 554 

location algorithm (Waldhauser and Ellsworth, 2020), and combining it with hydroacoustic ray 555 

path modeling and spectral characterization (e.g., using SPECFM; Tromp et al., 2008) will help 556 

assess the acoustic coupling efficiency and the likely locations of seismic-to-acoustic conversions. 557 

This approach could constrain whether detected hydroacoustic phases originate from shallow 558 
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crustal ruptures, deeper sources, or multiple acoustic paths. During the March 2023 swarm, we 559 

observed a diversity of short-duration hydroacoustic signals; interpreting these in conjunction 560 

with improved seismic locations can provide insights into depth-dependent source processes and 561 

energy coupling variations that are not easily resolved from seismic data alone. This will enhance 562 

our understanding of the magma transport mechanism during the Tanaga unrest as well as the 563 

relation of this seismicity with individual volcanic centers of Tanaga Island (Lally et al., 2023).  564 

4.2 Absence of signals from Great Sitkin and Semisopochnoi 565 

The predominance of hydroacoustic signals originating from Tanaga, despite active eruptions at 566 

Great Sitkin and Semisopochnoi during the same time, could be attributed to different geological 567 

and oceanographic conditions that influence the propagation and detection of hydroacoustic 568 

waves. Semisopochnoi is situated at the southern end of Bowers Ridge, to the west of Tanaga 569 

(Figure 1). The elevated bathymetry of Bowers Ridge likely scatters acoustic waves, dispersing 570 

the energy in multiple directions and thereby reducing the efficiency of signal transmission to the 571 

hydrophone array (Figure S13; Williams et al., 2006). This attenuating effect may explain why we 572 

did not detect signals originating from Semisopochnoi.  573 

In contrast, Great Sitkin and Tanaga are positioned in similar geographical conditions relative to 574 

the hydrophone array. There is no significant change in the elevation along the path towards the 575 

hydrophone network for both the volcanic islands, and they have similarly steep slopes (Figure 576 

S13). Of the total 4,586 hydroacoustic events detected, 1,663 (~36%) were matched with USGS 577 

catalog events near Tanaga Island, compared to 44 events (~1%) originating near Great Sitkin. 578 

This discrepancy likely reflects the significantly greater number of seismic events reported in the 579 

USGS catalog near Tanaga (> 4,000) compared to Great Sitkin (<200). Although both islands were 580 

active during the observation period (unrest at Tanaga and eruption at Great Sitkin), the limited 581 

earthquake seismicity at Great Sitkin appears to be the primary factor governing the low number 582 

of hydroacoustic matches. The spatial distribution of matched events at both Tanaga and Great 583 

Sitkin is scattered across the islands (Figures S9 and S11), with no consistent pattern suggesting 584 

localized coupling enhancements. This suggest that there is no fundamental difference in 585 
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acoustic coupling efficiency or any favorable geometry for seismic-to-acoustic conversion near 586 

either of the islands.  587 

Additionally, the depths of seismic events also likely contribute to the reduced number of events 588 

at Great Sitkin. The unmatched events near Great Sitkin occurred at depths exceeding 20 km 589 

(Figure S9), where seismic energy may be less effectively converted into acoustic by directing 590 

energy along less favorable paths or leading to increased attenuation before reaching the 591 

seafloor. In contrast, events near Tanaga were at < 20 km depth, possibly facilitating stronger 592 

acoustic coupling. This pattern is consistent with observations from      the 2016-17 Bogoslof 593 

Island eruption, during which events with depth < 20 km generated acoustic signals that travelled 594 

over ~700 km and were recorded by seismometers deployed on Tanaga Island (Tepp et al., 2020).  595 

5 Conclusions 596 

This study presents a detailed analysis of Tanaga seismic unrest along the Aleutian Arc using 597 

hydroacoustic data from four hydrophones deployed in the Bering Sea, in conjunction with the 598 

USGS seismic catalog. A total of 4,586 acoustic signals were detected and classified into two 599 

primary types, T-phases and short-duration impulsive phases, based on signal duration. T-phase 600 

signals, characterized by spindle-shape waveforms and appearing in both isolated and composite 601 

forms. Apart from a few isolated T-phases, most of the T-phases (including composite events) 602 

showed no correlation with Tanaga seismic unrest recorded by land-based networks. Based on 603 

the correlation of the high rise time of these T-phase with the depths and location of matched 604 

seismic events, these events are likely related to deeper source events, possibly within the lower 605 

crust, deeper subduction interface, or upper mantle. In contrast, a notable increase in short-606 

duration (~10 s) impulsive signals coincided with seismic unrest, with back-azimuth analysis 607 

indicating that approximately 60% of these events originated from Tanaga Island. Most of these 608 

events coeval with events recorded by the land-based networks (in the USGS catalog), indicating 609 

a strong association between the hydroacoustic signals and seismic activity. The hydroacoustic 610 

activity rate sharply increased during the 8-15 March 2023 episode, contributing to the strong 611 

and intense episode of seismic unrest. Doublet impulsive signals showed decreasing rise times 612 

and RLs that were consistent with low magnitude and shallow seismic events, a pattern 613 
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potentially consistent with shallow magmatic processes during the same time. The rest of the 614 

impulsive events showed a wide range of RLs probably due to significant variability in depth and 615 

magnitude of matched seismic events. The presence of three distinct periods (initiation, 616 

sustained, and decay), both in the hydroacoustic impulsive and seismic events catalogs, again 617 

suggest that shallow magmatic processes are involved during the Tanaga unrest. Further 618 

comparisons between the hydroacoustic detections and relocated seismicity will strengthen the 619 

interpretation of magma transport beneath the Tanaga volcanic center, and others in similar arc 620 

settings.  621 
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Figure captions: 870 

Figure 1: Locations of four hydrophones (orange circles) deployed by PMEL-NOAA in the Bering 871 

Sea, north of the Aleutian arc in 2022-2023. Yellow stars show volcanic centers that experienced 872 

unrest and eruption in 2022-2023 (Global Volcanism Program, 2023a, 2023b, 2023c). Black stars 873 

show volcanic centers that did not experience unrest. Bathymetry is from Ryan et al. (2009). 874 

Figure 2: a) Earthquake density per km2 between 16 June 2022 and 22 June 2023 on Tanaga Island 875 

obtained from USGS catalog (Alaska Earthquake Center, 1987; Alaska Volcano Observatory, 1988; 876 

Albuquerque Seismological Laboratory, 1990); relief is from Ryan et al. (2009). b) Histogram of 877 

number of events per day and the temporal distribution of c) local magnitudes and d) depths. 878 

Red histogram/dots show all the USGS events near Tanaga Island in 2022-2023 and blue 879 

histogram/dots show only USGS events with a hydroacoustic match. 880 

Figure 3: Waveforms and spectrograms of representative signals: a-b) spindle-shaped isolated T-881 

phase, c-d) composite PST phase, e-f) composite PT phase, g-h) paired T-phase after P and S, i-j) 882 

impulsive I phase, k-l) impulsive II phase followed by weak amplitude phases, m-n) doublet 883 

phase, and o-p) uncategorized phase having weak amplitudes and frequencies; waveforms are 884 

shown unfiltered. 885 

Figure 4: Average power spectral density of randomly selected events for different types of 886 

signals: T-phases, impulsive I, impulsive II, doublet, and uncategorized phases. 887 

Figure 5: Number daily events (bars) and cumulative total (black line), and maps of back-azimuths 888 

(shaded by number of events in 10° bins) for: a-b) isolated T-phases, c-d) composite PST-phases, 889 

e-f) composite PT-phases, and g-h) paired T-phases. Dashed rectangle at the start of March 2023 890 

outlines the third episode of Tanaga seismic unrest.  891 

Figure 6: Number of daily events (bars) and cumulative total (black line), and maps of back-892 

azimuths (shaded by number of events in 10° bins): a-b) impulsive I phases, c-d) impulsive II 893 

phases followed by multiple phases, e-f) doublet phases, and g-h) uncategorized phases. Dashed 894 

rectangle at the start of March 2023 outlines the third episode of Tanaga seismic unrest.  895 
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Figure 7: a) Rise time of doublet phases measured as time between onset and maximum 896 

amplitude of signal. b) Mean time difference between successive phases of doublet signal over a 897 

month (solid line) and corresponding standard deviation (shaded area). c) Depth of 898 

corresponding matched events found in USGS catalog, with an inset compares the depth with 899 

rise time 900 

Figure 8: Received Levels on all four hydrophones (H32, H38, H40, and H41) for each event of the 901 

type: a) isolated T-phases, b) composite PST phases, c) composite PT phases, d) paired T-phases, 902 

e) impulsive I, f) impulsive II, g) doublet, and h) uncategorized phases. 903 

Figure 9: Comparison of local magnitude (ML) and received levels for the matched events from 904 

USGS and hydroacoustic catalog for a) impulsive I, b) impulsive II, c) doublet, and d) 905 

uncategorized events. The depth variations are shown by different sizes of symbols. 906 
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