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Landslide-generated tsunamis (hereafter referred to as 
landslide-tsunamis) can have substantially higher runups 
(the maximum height water reaches on a slope) than 
earthquake tsunamis, owing to larger, localized variations in 
water depth and direct water-column displacement by slope 
failure—most pronounced in confined water bodies like 
fjords. Since 1925, 27 landslide-tsunamis with runups ≥50 m 
have occurred (table S1), including most famously the 1958 
Lituya Bay tsunami in southeast Alaska, which overtopped a 
ridge lying 530 m above sea level (asl) (1). That tsunami was 
generated by a ~30 × 106 m3 landslide, itself triggered by a 
M7.8 earthquake (2). These cascading events unfold in 
minutes. Early detection of, and giving potential warning of, 
such rapidly cascading events is an ongoing scientific 
challenge. 

Fjords with retreating tidewater glaciers are increasingly 
popular destinations for cruise ships and smaller vessels 
throughout the Arctic (3) and Subarctic, particularly in 
southeast Alaska. In the past few years, cruise ship passenger 
numbers in Alaska have increased from an annual average of 
~1,000,000 in 2016 to ~1,600,000 in 2025 (4). Similarly, land-
based recreation across the Arctic and Subarctic is increasing 
(5, 6), resulting in greater exposure (and therefore risk) even 
in cases where the hazard is not increasing [e.g., (7)]. With 
enhanced retreat of glaciers (8, 9) and permafrost 

degradation (10, 11) due to climate change, however, the risk 
from large-scale landslide-tsunamis has increased 
substantially across the Arctic [e.g., (12)]. Landslide-tsunamis 
have already had serious consequences to Arctic 
communities, including loss of life and resettlement of entire 
communities (10, 13, 14), and are spurring risk reduction 
initiatives for communities and vessel operators in fjord 
environments (15). 
 
Setting 
Tracy Arm is a 50-km-long, ~1.3-km-wide, and up to 380-m-
deep fjord, terminated by two tidewater glaciers: Sawyer 
Glacier and South Sawyer Glacier (Fig. 1), both fed by the 
Stikine Icefield (16). The steep-walled fjord is surrounded by 
peaks up to ~2000 m asl. The bedrock in Tracy Arm 
comprises the Coast plutonic complex (17), and the landslide 
site is mapped as migmatite consisting of schist, gneiss, and 
tonalite intruded by granodiorite (18). Permafrost is unlikely 
to be present (19, 20). Tracy Arm was fully occupied by glacial 
ice at the Last Glacial Maximum, with a prominent moraine 
of unknown age formed at Holkham Bay, at the mouth of the 
fjord (21). High rates of thinning in recent decades have been 
documented for the Stikine Icefield and the adjacent Juneau 
Icefield (8, 22, 23), with considerable retreat on their outlet 
glaciers. Average thinning rates of about 1.0 m water 
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Early in the morning of 10 August 2025, a >64 × 106 m3 landslide struck Tracy Arm fjord in Alaska. The landslide was 
preconditioned by glacial retreat caused by climate change. The resulting 481 m runup megatsunami followed an initial 100-m-
high breaking wave traveling >70 m s−1. The landslide was preceded by several days of microseismicity, which increased in rate 
and magnitude until ~1 hour before failure. The landslide produced globally observed long-period seismic waves equivalent in 
size to a M5.4 earthquake. A long-period (~66 s) global seismic signal, produced by a landslide-induced seiche trapped within 
the fjord, persisted for up to 36 hours, the second time a days-long seiche has been thus observed. With fjord regions 
increasingly visited by cruise ships, and climate change making similar events more likely, this unanticipated, near-miss event 
highlights the growing risk from landslides and tsunamis in coastal environments. 
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equivalent per year were reported in the vicinity of South 
Sawyer Glacier between 2000 and 2019, although thinning 
rates on lower South Sawyer Glacier itself are an order of 
magnitude higher (24). Snowline elevations were at about 
1200 m asl in the early 1980s (25) and have risen by 
approximately 200 m since (8, 26, 27). 

Juneau is the nearest sizeable community. During the 
summer months more than 20 boats per day visit the Tracy 
and Endicott arms. This includes up to six large cruise vessels 
per day, some of which carry as many as 6000 passengers and 
crew (28). 
 
The landslide 
Morphology, geometry, and volume 
The landslide occurred at 5:26 AM local time (13:26 UTC) on 
10 August 2025, in Tracy Arm at the terminus of South 
Sawyer Glacier (57.85°N, 133.07°W; Fig. 2). The headscarp 
was at ~1025 m asl (based on TopoBathyDEM; refer to 
materials and methods). Differencing of high-resolution pre- 
and post-event digital elevation models (DEMs) reveals a 
distinct wedge-shaped source, with a vertical thickness of up 
to 281 m and a slope-normal thickness of ~210 m (Fig. 2, C 
and D). The landslide source area is triangular in planform 
and can be reduced to three planes: a subvertical, ~82° 
striking, up to 180 m-high plane forming the headscarp, a 
44°/159° (dip angle/dip direction) oriented eastern plane, 
and a 46°/214° oriented western plane. The landslide source 
thus had the geometry of a wedge with a maximum width of 
~650 m near sea level. The subaerial portion of the total failed 
mass was at least 63.5 (+/−2.7) × 106 m3, with a substantial 
volume of heavily disintegrated deposit material filling the 
northern side of the fjord in front of the glacier. As evidenced 
by ~150 m retreat of the coastline below the slope during the 
event, the basal rupture surface likely extended to an 
unknown depth below sea level. The ~64 × 106 m3 is thus a 
minimum estimate of the total mobilized volume. Some 
primary landslide debris as well as dust was deposited on the 
terminus of the glacier (Fig. 2B and fig. S1). The apparent 
source-area structure and corresponding sense of movement 
classifies the initial landslide as a rock wedge slide (29). Initial 
landslide movement would have been translational and 
parallel to the intersection of the eastern and western planes 
(trend and plunge 182°/41°). Due to disintegration during 
transport, the landslide soon transitioned into a rock 
avalanche (29). Herein, we use the general term “landslide” 
to describe the failure (30). 

Along both the west and east margins of the landslide, 
especially at elevations above 360 m and 435 m, respectively, 
the DEM-of-Difference exhibits net deposition (up to ~30 m 
thick, totalling about 0.6 × 106 m3; table S2) (Fig. 2, C and D, 
blue arrows on right-most panels). These deposits appear to 
be outside of the main source area, indicating smaller 

landslides that might have occurred contemporaneously 
with, or slightly after, the main failure. Interpretation of 
seismic waveforms (fig. S1) and analysis of very-high-
resolution satellite imagery (table S3) and oblique aerial 
photographs (31) indicate the debris west of a prominent 
ridge forming the western boundary of the main slide (fig. 
S2) failed ~6 min after the main landslide. As the main 
landslide moved downslope, it impacted the front of South 
Sawyer Glacier, covering ~0.4 km2 of the remaining terminus 
of the glacier and resulting in the release of substantial 
quantities of ice into Tracy Arm, with some icebergs as large 
as ~0.1 km2, as measured from Planet SuperDove imagery 
(table S3). 
 
Pre-conditioning of the slope prior to the landslide 
Although advance and retreat of tidewater-terminating 
glaciers can behave out of phase with land-terminating 
glaciers (21), most tidewater glaciers have retreated over the 
past two decades (32). South Sawyer Glacier has retreated 
throughout the 20th century, culminating in several episodes 
of rapid retreat separated by years to decades of stability. A 
nautical chart from 1898 (33) shows the north and south arms 
of the fjord nearly glacier-filled, and by the time aerial 
imagery was first collected in 1948 (table S3), South Sawyer 
Glacier had retreated about 3 km. By 1979 the glacier had 
retreated nearly another 3 km, where the face remained until 
2004 when it retreated 1.7 km in a single year. The ice face 
remained largely stationary until 1.2 km of retreat occurred 
in 2016, where the ice face then remained until August of 
2024. Minor retreat in the fall of 2024 was followed by re-
advance, but in spring of 2025 retreat began again, ultimately 
exposing another 500 m of the north wall of the fjord. Only 
in July did retreat expose a portion of the base of the slope 
that would fail, and most of the pre-failure exposure occurred 
between 2 and 5 August. The landslide and tsunami, which 
impacted the glacier face, caused several hundred meters of 
additional glacier retreat. 

Previous work estimated that the lower South Sawyer 
Glacier was thinning at a rate of about 4 m yr−1 (~0.65 km3 
yr−1) between 1948 and 2000 (34), but substantially more 
since 2000. Melkonian et al. (22) report thinning rates of 17 
to 19 m yr−1 in the frontal zone of South Sawyer Glacier 
between 2000 and 2013. At the site of the 2025 slope failure, 
the glacier thinned by approximately 100–130 m (equal to an 
average of 11–14 m yr−1) between 2013 and 2022, according to 
ArcticDEM (35). 

A relationship between fast glacier retreat and large 
landslide events has been observed elsewhere (36), such as 
for Grewingk Glacier lake in 1967 (37), Taan Fiord in 2015 
(38), Elliot Creek in 2020 (39), Surprise Inlet in 2024 (40), 
and southern Greenland in the early Holocene (41). This 
trend suggests that glacial erosion had oversteepened the 
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subaerial slope since its last exposure, leaving it susceptible 
to glacial debuttressing as the South Sawyer Glacier 
retreated. However, due to an absence of proximal 
bathymetry data, we cannot be certain of either pre- or post-
failure submarine slope geometries. The landslide occurred 
following several days of moderate rainfall (refer to 
supplementary text and fig. S3), but based on sparse station 
records (42, 43), precipitation was not extreme leading up to 
the 10 August event. 

The retreat and contraction of the region’s glaciers is 
consistent with global patterns, which has been linked to 
increasing temperatures and consequent rising snowlines (8, 
44). We applied the attribution methodology of Berdahl et al. 
(45) to evaluate the cause of the warming (refer to materials 
and methods). From gridded observational datasets, there 
has been a 1.1 (+/− 0.14, 1σ) °C increase in summertime 
temperatures since the start of the industrial era (~1875), 
with much of that increase happening since the 1970s (fig. 
S4). This warming equates to an increase in the equilibrium 
line altitude of 169 (+/− 22, 1σ) m. By comparing the most 
recent (15 years) observed mean summertime temperatures 
with that of a large (~200-member) ensemble of naturally 
forced climate-model simulations (i.e., no anthropogenic 
forcing), we can estimate that the magnitude of the 
anthropogenic contribution to warming in this region is 1.1 
+/− 0.3°C (1σ; fig. S4). Thus, the observed industrial-era 
warming appears entirely anthropogenic, in line with other 
global and regional assessments (46, 47). 
 
Precursory landslides 
Retrospective analysis of optical and radar remote sensing 
shows no evidence of systematic pre-failure deformation on 
the primary slope that failed on 10 August 2025 (fig. S5). Very 
high-resolution (~0.5 m) imagery acquired on 22 June 2025 
(i.e., 49 days before failure; refer to table S3) reveals no 
detectable tension cracks, scarps, or an incipient backscarp, 
implying that the slope failed with very little morphological 
warning. We did identify earlier, smaller slope failures: a 
~25,000 m2 translational failure occurred in the western 
sector in October 2017 and another in the eastern sector 
between 22–26 July 2025 with a runout of ~800 m (Fig. 2A). 
No seismic signals from these events were recorded on 
regional seismometers. Additional minor rockfalls are 
discernible in the latest available pre-slide Planet SuperDove 
image from 7 August 2025, which were not apparent on 6 
August 2025 (Fig. 2A). 
 
Precursory microseismicity 
Retrospective analysis shows that regional seismometers 
(Fig. 1) recorded an increase in microseismicity at least 24 
hours prior to the landslide at 13:26 UTC (05:26 local time) 
(Fig. 3A). The events became more frequent over time: on 9 

August, they were recorded approximately every hour, but in 
the 6 hours prior to the slide event, they exhibited an 
exponential increase (Fig. 3A) with inter-event times between 
30‒60 s. The rate of these events decayed 1‒2 hours before 
the landslide. However, seismic data indicate that at that 
moment the precursory events may have merged into 
continuous slip, with no discrete events but overall signal 
strength remaining well above background. 

The onset of precursory seismicity associated with the 
Tracy Arm landslide is uncertain; the sparse seismic network 
in the area (Fig. 1) renders small events difficult to locate. We 
identified clusters of repeating earthquakes using waveform 
correlation and then stacked waveforms from events in each 
cluster to search for additional events with the same location 
and mechanism using template matching (Fig. 3). Fewer than 
20 events were identified prior to 9 August, but some events 
were detected as early as 5 August. Similar precursory 
sequences — small, local, repeating earthquakes that increase 
in rate — have been detected prior to recurrent ice avalanches 
on Iliamna Volcano (48, 49) and during landslides not 
involving ice (50, 51). These precursory sequences likely 
represent stick-slip activity on small patches of the landslide 
failure plane, which can occur on ice and rock surfaces (49, 
50). 
 
Seismic and infrasound signals from the main 
landslide failure 
Forces associated with the main landslide generated seismic 
body- and surface-waves recorded at seismic stations around 
the world (Fig. 3B). An automatic global long-period surface-
wave event detector (52) identified the landslide as a M5.4 
seismic event, making it one of the largest-magnitude 
landslides globally in the last 30 years. More regionally, the 
Alaska Earthquake Center (AEC) runs a long-period, real-
time landslide detection algorithm focused on Prince William 
Sound (53). Since 2023, this system has detected 35 
landslides, but its search grid did not cover southeast Alaska. 
Following reports of a tsunami, the algorithm was applied to 
the region and obtained a preliminary location near South 
Sawyer Glacier (~7 km east of the subsequently confirmed 
source; Fig. 1), with a landslide volume estimate of 30–290 × 
106 m3 (fig. S6; refer to materials and methods). The landslide 
also produced infrasound waves clearly observed on five 
stations up to ~300 km away (fig. S7). We used an infrasound 
waveform back-projection method (54) to locate the landslide 
to within 10 km of the ultimately observed location (Fig. 1 and 
fig. S7; refer to materials and methods). 

We used seismograms from regional and distant stations 
to determine the landslide-force history (LFH) and the 
corresponding trajectory of the landslide center of mass. 
Determination of the force history (fig. S8) was robust with 
respect to the selection of stations and seismograms included 
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in the inversion. The force history is relatively simple, with a 
total duration of approximately 2 min. The center-of-mass 
trajectory (fig. S9), obtained by integrating the force history 
twice, indicates an initial slide toward the south, later curving 
to the west. With an assumed center-of-mass displacement of 
2000 m, the LFH results imply a mass of 370 million metric 
tons (approximately 142 × 106 m3, assuming density of 2.6 
g/cm3), which is larger than that estimated from DEM 
differencing, likely due in part to the large volume of water 
mobilized by the landslide, or possibly to a component of 
submarine failure not captured in the DEM. 
 
The tsunami 
Eyewitness accounts 
Several eyewitnesses in Tracy and Endicott arms observed 
the tsunami (refer to supplementary text). A group of 
kayakers camped on Harbor Island ~55 km from the 
landslide (Fig. 1) reported waking at 05:45 AKDT (13:45 UTC; 
20 min post-landslide) to the sight of water flowing past their 
tent, carrying away one of their kayaks and much of their gear 
(55). Nearby, in No Name Bay ~50 km from the landslide, an 
observer on the motor vessel (M/V) Blackwood (Fig. 1) 
described a 6–8 foot (2–2.5 m) cresting wave coming along 
the beach from the direction of Tracy Arm, followed by a 3–4 
foot (~1 m) wave (refer to supplementary text). 

Observers aboard the small cruise boat M/V David B, 
anchored in Fords Terror, Endicott Arm ~85 km from the 
landslide (Fig. 1), described a surge of water pouring over a 
nearby sandbar, and witnessed the vessel rise ~3 m on the 
water despite a falling tide, still ongoing by ~06:15 AKDT 
(14:15 UTC; 50 min post-landslide). The crew reported 
continued surging at ~11:00 AKDT (19:00 UTC; ~5.5 hours 
post-landslide) when their skiff, anchored in shallow water 
near shore, was found to be on dry land only a few minutes 
later (refer to supplementary text). 

At the time of the event, the cruise ship National 
Geographic Venture, carrying ~150 people, was anchored 
near the mouth of Tracy Arm (Fig. 1). At this location, the 
ship’s captain described currents and white water near the 
edges of the fjord, but no obvious wave (refer to 
supplementary text). A significant amount of ice and debris 
was visible in the water, but their view of the fjord was 
hampered by dense fog. 
 
Runup and geomorphic observations 
As the tsunami propagated out of Tracy Arm, it stripped the 
fjord’s walls of vegetation, leaving a trimline (Fig. 2, B, E, and 
F) similar to that left by the Taan Fiord tsunami in 2015 (56). 
In addition to the satellite imagery–identified trimline, we 
conducted a rapid-response field survey to measure 
runup/trimline elevations at accessible sites in mid-October 
2025 (refer to materials and methods). The maximum 

tsunami runup, 481 m asl (+/− 7.6 m), observed from a 
helicopter-mounted altimeter, occurred on the south side of 
the fjord, ~3.3 km across from the landslide headscarp. This 
observation is consistent with a DEM-derived trimline 
elevation measurement of ~471 m above mean lower low 
water (MLLW) at about the same location. At the first major 
bend in the fjord, ~3 km west of South Sawyer Glacier 
terminus, the trimline reached 95–185 m elevation on the 
outer (southwest) fjord wall, and ~40–120 m elevation on the 
inner fjord wall. Like Cenotaph Island in Lituya Bay (57), a 
small patch of forest (ranging between 22 and 35 m above 
MLLW) on Sawyer Island, about 9 km from the landslide (Fig. 
1), survived the tsunami (Fig. 2F). North of Sawyer Island, in 
the 0.3–0.5-km-wide northern branch of Tracy Arm, the 
tsunami removed vegetation to elevations exceeding 105 m 
locally and eroded the terminus of Sawyer Glacier. The most 
distal traces of tsunami runup and erosion are ~50–55 km 
from the landslide, in Holkham Bay (16 m elevation), a few 
km east of the kayaker camp, and at Williams Cove (35 m 
elevation from field survey; eyewitness video in auxiliary file 
S1 and fig. S10). The tsunami was recorded at two tide 
stations. A gage operated by JOA Surveys, with NOAA 
support (station ID 9452005, refer to Data, code, and 
materials availability), recorded the wave in Endicott Arm. A 
NOAA tide gage at Juneau, Alaska, ~130 km (tsunami travel 
distance) from the source area, was the most distal to record 
the tsunami and measured a peak amplitude of 0.4 m with 
the initial crest arriving 1 hour after the landslide and a 
dominant period of 20 min (1-min sampling interval). 
 
Tsunami modeling 
Integrating the calculated landslide volume, the seismic 
estimation of the landslide motion, and the satellite-derived 
runup heights, we developed a landslide-motion time history 
as a tsunami source. Using an ocean water simulator solving 
the nonlinear shallow water wave equations (58, 59), the 
landslide mass was initialized on the slope, and the motion 
of the landslide was calibrated to reproduce the observed 
near-field runup within 3 km of the landslide (Fig. 4). The 
model also reproduces independent constraints, including 
trimline elevations throughout Tracy Arm (Fig. 4A), the 
approximate timing and elevations of the tsunami from 
eyewitness observations (Fig. 4B), the NOAA tide gage 
observation at Juneau (Fig. 4C), and the JOA tide gage in 
Endicott Arm (refer to location marker in Figs. 1 and 4B 
southeast of Fords Terror) showing a decaying seiche signal 
(Fig. 4D). As the model captures both near-field runup and 
far-field tide-gage observations, it provides a physically 
consistent bridge between extreme local effect and modest 
distal signals, which is used for post-event reconstruction and 
for evaluating what aspects of these signals could offer 
potential for warning and forecasts. 
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A tsunami-generation simulation (Movie 1) demonstrates 
that impulsive and efficient water-column displacement by 
the landslide would have produced a cross-channel-directed, 
intensely turbulent, white-water surge that dominated near-
field maximum runup and flow speeds (approaching 70 m 
s−1), consistent with the “Tsunami Opposite of the Slide” 
record in Fig. 4B and the near-source evolution in Movie 1 
(refer to materials and methods for details on near-field crest 
heights, flow speeds, and timing). In addition to the cross-
channel directed wave that generated the event-maximum 
runup, modeling indicates that the landslide sent a large 
tsunami to the northwest, traveling out through the fjord; 
this was the wave that caused the maximum runup 
throughout the rest of Tracy Arm (Fig. 4, A and B). Within 
minutes, the tsunami reached common vessel viewing areas 
(e.g., Glacier View; Fig. 4B), underscoring that hazardous 
inner-fjord effects can evolve on rapid timescales that limit 
the value of post-failure alert dissemination. Farther down-
fjord, the largest amplification was found in Williams Cove, 
where the triangular-shaped cove focused tsunami energy 
four-fold, leading to a runup elevation of 35 m (Fig. 4A), 
illustrating how fjord geometry and local embayments can 
strongly modulate runup, a key limitation for simple 
distance-based hazard rules. 

At the mouth of Tracy Arm the wave energy was directed 
both into Endicott Arm to the south and out into Stephens 
Passage to the west. However, shallow and irregular 
bathymetry led to a large reduction in the tsunami height 
upon exiting Tracy Arm. This can be observed most 
dramatically near Harbor Island, where the north-facing 
shorelines experienced tsunami runup greater than 7 m (the 
location of the kayakers discussed in the Eyewitness 
Accounts), whereas along south-facing shorelines, less than 1 
km away, tsunami runup was less than one meter (Fig. 4B). 
The maximum tsunami crest elevation in Endicott Arm was 
near 0.5 m at most locations (Fig. 4D), with localized larger 
waves in Fords Terror and at the eastern end of Tracy Arm 
with crest-to-trough tsunami height of 2–2.5 m (refer to the 
Fords Terror time series in Fig. 4B). Demonstrating both the 
promise and the limits of far-field observations, such distal 
records can confirm a landslide-tsunami occurred, but they 
may not adequately represent the extreme near-field effects. 

Like observations from other landslide-tsunamis [e.g., 
Taan Fiord (38)], the spectral transformation of the tsunami 
from the near-field to the far-field was dramatic. In the 
immediate near-field, the dominant period of the tsunami 
was roughly 1 min, which was driven by the time scale of the 
tsunamigenic phase of the landslide. However, in Juneau, the 
dominant period of the tsunami was observed and modeled 
to be 20 min (Fig. 4C). The complex path the tsunami 
traveled, in addition to the transitions from narrow to wide 
channels (e.g., Tracy Arm to Stephens Passage) acted as a 

strong low-pass filter, where low-frequency (long period) 
wave components traveled with less energy dispersion. This 
spectral transformation further implies that substantial 
energy was left behind, or trapped, by geometric and 
topographic features within the channels. Our numerical 
simulations, when run for many hours, indicate numerous 
resonant, or landslide-induced seiche (LIS) modes 
throughout both Tracy and Endicott arms (e.g., Figs. 4D and 
5, A and B, and materials and methods). One of the strongest 
of these high-order modes existed near a period of 66 s. 
 
Landslide-induced Seiche (LIS) 
Emanating from the landslide seismic signal that comprises 
body waves and surface waves, we observed several 
monochromatic signals at seismic stations around the world 
(Figs. 3B and 5, A to D). These signals had periods of 50, 52, 
58, 62, 66, and 86 s (Fig. 5B). We focus on the most prominent 
and long-lasting mode at 66 s, which was observed for up to 
36 hours (e.g., at station AK.U33K in Fig. 5A), with a slowly 
decaying amplitude. Following Svennevig et al. (60), we 
investigated the surface wave radiation pattern from radial 
and transverse waveforms (fig. S11). The data reveal a clear 
two-lobed radiation pattern (Fig. 5, C and D), with dominant 
Rayleigh wave energy at stations NNE and SSW of the 
landslide (e.g., Hawaii, Greenland, Europe), and Love wave 
energy at stations WNW and ESE (e.g., central North 
America, Japan). To better quantify the source that produced 
this radiation pattern, we followed Carrillo-Ponce et al. (61) 
by inverting regional 3-component seismic waveforms of the 
66 s mode (Fig. 5D) for an oscillating single-force using a 
resonating source-time function. The best-fit source is a 
horizontal force oriented ~008‒188° with a maximum 
magnitude of ~2.5 GN (pink arrows in Fig. 5, C to F). 

Following Monahan et al. (62), we leveraged the Surface 
Water Ocean Topography (SWOT) mission’s pixel cloud data 
(63) to assess whether seiche-like structures can be identified 
within the fjord (refer to supplementary text). SWOT 
observed clear sea level anomalies in Tracy Arm at 04:28:17 
UTC on 11 August, approximately 20 hours after the landslide 
occurred (Fig. 5E). East of Sawyer Island (Figs. 1 and 5E), 
considerable noise exists in the data due to the presence of 
debris and broken ice following the tsunami. Due to 
inaccuracies in the default pixel cloud flags, we show the raw 
data to reflect the true noise of the observations. A dominant 
7th-order mode (3.5 wavelengths) was observed along the less-
noisy 10 km S-bend of the fjord, west of Sawyer Island. Our 
simulated sea-surface height approximately 8 hours after the 
slide shows a seiche that exhibits the same 7th order, 66 s 
period mode with the nodes and anti-nodes remaining stable 
in time (Fig. 5, E and F). The SWOT-observed amplitudes are 
approximately 15 cm, which is like those observed in the 
tsunami simulation ~10–15 hours after the slide (refer to 
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materials and methods for details of the mode identification 
in the tsunami simulation). 

Many of the observed seismic modes have corresponding 
seiche modes that are predicted by the tsunami (Fig. 5B). For 
the 66 s period mode, the maximum horizontal water 
pressure vector of the simulated seiche in the fjord S-bend 
segment has an azimuth of 005°−185°, which matches closely 
the seismically derived oscillating single-force (008°‒188°). 
Therefore, we infer that the strongest and longest-lasting, 66 
s period landslide-induced fjord seiche mode occurred in the 
fjord S-bend, where the tsunami simulation indicates 
minimal leakage of energy. Aside from the 2023 Dickson 
Fjord landslide-tsunami event (60–62), the 2025 Tracy Arm 
landslide is the only other known landslide-induced seiche 
(LIS) generating a days-long, globally observable seismic 
signal. Many previous, smaller events might have been 
seismically recorded but not yet discovered. Narrowband 
seismic monitoring could therefore detect resonant fjord 
responses even when direct landslide and tsunami 
observations are unavailable. 

The identification of a second days-long, multichromatic 
LIS indicates that fjords can host persistent, resonant modes 
that may be preferentially excited by large, nonlinear 
landslide-tsunamis. Such modes could constitute a fjord-
specific harmonic response, or “calling card”, detectable 
seismically even when the landslide itself radiates modest 
seismic energy. This offers a new pathway for near-real-time 
detection of hazardous fjord processes in regions with sparse 
tide-gage data or satellite coverage, motivating automated 
seismic searches for narrowband signals as part of early-
warning frameworks. Long-lived LIS events may also have 
geomorphic consequences, including sediment depocenters 
at modal nodes, raising the possibility of identifying paleo-
LIS signatures in fjord bathymetry/cores. As warming 
climates increase the frequency of large landslides in 
glaciated fjords, LIS events provide a physically grounded 
link between landslide dynamics, fjord resonance, and 
emerging seismic and satellite-based monitoring strategies. 
 
Implications 
Although no fatalities occurred in the Tracy Arm landslide-
tsunami, the event highlights the hazardous nature of 
tsunamigenic landslides in heavily trafficked coastal areas of 
polar and sub-polar regions. Here and in similar settings, 
increased cruise tourism, small-craft traffic, land-based 
recreation, and expanding infrastructure increases the 
exposure and thus risk associated with these types of 
cascading events. The magnitude and far-reaching impacts of 
the Tracy Arm landslide highlight the benefits of risk 
mitigation measures including systematic monitoring of 
unstable slopes, realistic tsunami scenarios, and 
implementation of practical protective measures for local 

communities, tourists, and critical infrastructure. A 
promising area of further investigation could be improved 
understanding of precursory warning signals either from 
direct measurement or remote sensing. 

Materials and methods are available in the supplementary 
materials. 
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  Fig. 1. Overview map of Tracy Arm and Endicott Arm in southeast Alaska. (A) Eyewitness locations 
shown with red ships, the nearest seismometers shown with red triangles, and city of Juneau, the 
only sizeable community in the map area, with green square (NOAA tide gage 9452210 is located 
here). Black and yellow circles indicate the seismic- and infrasound-derived landslide locations 
(respectively), and the orange star indicates the true location. Glaciers (gray) are from RGI-6.0 (64). 
Dashed black box shows extent of (B). Basemap is World Ocean Base from ArcGIS Pro (Sources: 
Esri, TomTom, Garmin, GEBCO, National Geographic, NOAA, and the GIS User Community, CHS, 
Esri, GEBCO, Garmin, NaturalVue). Inset map points to Juneau (green square) and locations of 
landslide-tsunamis in the past century with over 50 m runup (refer to table S1) as follows: Grewingk 
Lake, 1960 (I); Pedersen Lagoon, 2024 (II); Cliff Mine, 1964 (III); Taan Fiord, 2015 (IV); Lituya Bay, 
1936, 1958 (V); and Tracy Arm, 2025 (VI). (B) Satellite basemap image of Tracy Arm showing 
locations of Sawyer and South Sawyer glaciers, Sawyer Island, and Williams Cove. Orange star 
indicates location of the landslide. Basemap is World Imagery in ArcGIS Pro (Sources: Earthstar 
Geographics). 
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  Fig. 2. Overview of the Tracy Arm landslide and tsunami. (A) Pre- and (B) post-event satellite 
images (© 2025 Planet Labs PBC) showing the location and extent of the Tracy Arm landslide. South 
Sawyer Glacier terminus positions since 1979 (green to blue lines) and the locations of three 
precursor slope failures (white outlines) since 2017 are shown in (A). (B) shows the landslide source 
(white line) and deposit areas (pink line) and mapped tsunami runup elevations (colored dots), 
including the location of maximum tsunami runup on the opposite side of the fiord (white star). The 
mapped trimline is a minimum estimate of the maximum wave runup because higher water may have 
been non-destructive. The dashed white line indicates the visible distal extent of the landslide 
because the source area likely extended below sea level and the dashed orange line indicates the 
landslide affected area, including secondary failures. (C) Elevation change (m) from the digital 
elevation model (DEM)-of-Difference (DoD) overlain on the post-landslide 2-m WorldView-2 DEM 
(table S3), highlighting the landslide scar and the onshore debris whose subaqueous extent is 
unknown. Pre- and post-event coastlines are outlined in light- and dark-blue lines, respectively. 
Dashed black line indicates the union of the white and orange dashed lines in (B). (D) Along- and 
cross-wedge profiles of the pre- and post-event DEMs and digital surface models (DSM), 
respectively [locations in (C); elevation is m above sea level]. The axial profile v–v′ captures the 
maximum normal thickness of the 10 August 2025 landslide source, in terms of elevation change (m) 
with respect to 2015 and 2025 DEMs. Blue arrows in the right-most profiles indicate peripheral 
deposition. The inset lower-hemispheric stereonet summarizes the orientations of the western 
(blue) and eastern (orange) planes. Dashed red line indicates a plausible but unknown bedrock 
elevation. D/DD is dip angle and dip direction, whereas T/P refers to trend and plunge. (E) Oblique 
aerial photo from above the highest runup point looking north toward the landslide, with South 
Sawyer Glacier on the right side. (Photo credit: John Lyons, U.S. Geological Survey). (F) Oblique 
aerial photo of Sawyer Island looking toward the east, showing the surviving patch of vegetation on 
the island’s high point (Photo credit: John Lyons, U.S. Geological Survey). 
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  Fig. 3. Pre- and co-landslide seismic signals. (A) Waveform and spectrogram from station AK.S32K 
(location shown in Fig. 1) showing precursory seismicity. (i) Time series of rapidly occurring 
precursory earthquakes recorded over ~6 hours prior to the landslide (waveform bandpass filtered 
2.5–8 Hz). (ii) The seismic signal of the landslide; note the difference in vertical scale relative to the 
precursors (unfiltered waveform). (iii) Waveform for the ~36 hours prior to the landslide (bandpass 
filtered 2.5–8 Hz). (iv) Spectrogram for the same window of seismic data; precursory events are 
visible as narrow, high-frequency (2 –20 Hz) pulses, which become more tremor-like in the hour 
before failure. (v) Hourly number of precursory earthquakes, which rapidly increases in the hours 
prior to the landslide at 13:26 UTC (dashed line). (B) Vertical-component seismic record section from 
broadband stations around the world [AK (65); CN (66); DK (67); G (68); GE (69); II (70); IU (71); US 
(72)], showing body (P, S, SS) and surface Rayleigh waves (R1, R2) from the landslide, out of which 
long-period (~66 s) lower amplitude waves emerge (RSEICHE). Waveforms are bandpass filtered 
between 15 and 70 s. 
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  Fig. 4. Summary of the tsunami simulation - observation comparisons. (A) Tsunami elevations 
and runup in Tracy Arm. The maximum tsunami elevation from the numerical model is shown in the 
map view, with red lines indicating the locations of tsunami trimlines from satellite imagery and the 
light blue diamonds indicating the runup measured during the field survey. The inset panels above 
and below provide comparisons between the model-predicted runup (black lines) and the satellite-
inferred trimline/runup (red dots/blue diamonds) along the northern and southern shorelines of 
Tracy Arm, respectively. (B) Tsunami simulation results in Tracy Arm and Endicott Arm. Time series 
of the tsunami elevation are shown from various locations indicated by the red stars. (C) Model 
(black line) comparison with the tide gage data (red dots) from the NOAA Juneau tide gage, which 
records a water level observation every 1 min. (D) Model (black line) comparison with the JOA tide 
gage data (red dots) from Endicott Arm, sampled every 1 min. Refer to Data, code, and materials 
availability for tide gage information. Basemaps are hillshades from the TopoBathyDEM (refer to 
Data, code, and materials availability). 
 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

algary on M
ay 06, 2026

https://science.org/


First release: 6 May 2026  science.org  (Page numbers not final at time of first release) 19 
 

 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

algary on M
ay 06, 2026

https://science.org/


First release: 6 May 2026  science.org  (Page numbers not final at time of first release) 20 
 

  Fig. 5. Observations and modeling of a 66-s period landslide-induced seiche in Tracy Arm.  
(A) Spectrogram of long-period vertical component seismic data from AK.U33K [location in (D)] 
showing a 66 s period signal (highlighted by blue arrow) persisting for >30 hours post-landslide.  
(B) Averaged three-component seismic amplitude spectrum from all stations shown in (C) and (D) 
for a 2 hours window beginning 1 hour after the landslide (pink line), compared with a spectral 
average of virtual tide gage time series from the tsunami simulation (green line). Both spectra are 
self-normalized. (C) and (D) show surface wave radiation patterns of the 66 s period signal observed 
by seismic stations at regional and teleseismic distances, respectively, as quantified by Love Factor 
values (60). (E) Surface Water Ocean Topography (SWOT) Pixel cloud observations of sea-surface 
height approximately 20 hours after the landslide occurred (11 August, 04:28:27 UTC). (F) Simulated 
sea-surface height from tsunami model 8 hours after landslide occurrence. The pink arrow in (C) to 
(F) indicates the oscillating single-force azimuth from inversion of regional 66 s period seismic 
waveforms; the green arrow in (E) and (F) is the maximum horizontal pressure of the 66 s seiche 
from the tsunami model. Basemaps for (E) and (F) are hillshades from ArcticDEM (35). 
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Movie 1. A near-source animation of the tsunami generated by the Tracy Arm landslide. The 
tsunami is shown with a photorealistic render and the post-event Planet SuperDove satellite imagery 
(table S3) draped over topography. Annotations of runup provide satellite-derived trimline 
elevations. Animation begins with a perspective view of the landslide- and tsunami-impacted areas, 
shown at a time before the landslide has started to move; at ~30 s after the start of landslide motion, 
when roughly ¾ of the landslide volume is in the water and a large breaking tsunami with crest 
elevation of 125 m has been generated; at 1 min, when the tsunami nears maximum runup on the 
opposite slope and a large breaking bore is headed down Tracy Arm; and the return flow from the 
maximum runup location sloshes back toward the source area, likely reworking the slide deposits in 
the area. At 90 s, the tsunami runs ≥150 m up a slope 3 km from the landslide. The tsunami continues 
down Tracy Arm, with strong amplification along a southern shoreline river mouth with maximum 
runup near 150 m, before reaching Sawyer Island 3.5 min after the start of landslide motion. Here the 
tsunami energy splits, with energy continuing to the west in the main Tracy Arm channel and energy 
traveling northward toward Sawyer Glacier, where runup elevations again exceed 100 m. 
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