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ABSTRACT 
Episodic Tremors and Slip (ETS) are highly susceptible and sensi
tive to external stress perturbations. The tidal and remote trigger
ing phenomena of tremors are well-documented globally, 
however, the significance of the delayed triggering mechanism 
remains elusive. In this paper, the possibilities of the tremor 
modulation by the Lamb waves induced from the Hunga Tonga- 
Hunga Ha’apai volcanic eruption (SW Pacific) on 15 January 2022 
have been explored. The increasing activity of tremors after erup
tion has been explored at the study region of Cascadia subduc
tion zone where such tremor do not correlate with tidal stress 
perturbations or remote triggering by far-off or near-by earth
quakes. The increasing tremor activities are observed during the 
propagation of the Lamb wave cycles (L1, L2, L3, L4) and more 
interestingly during inter-ETS period. From the seismic waveform 
analysis, we observe two coherent packets of teleseismic energy 
on 15 January 2022, which corresponds to arrival of surface and 
Lamb waves, respectively. The delayed triggering of tremors may 
be linked either with the teleseismic surface waves or Lamb 
waves from the volcanic explosion, or both. Although we cannot 
rule out coincidence, the delayed triggering by Lamb waves 
appears to be consistent with magnitude-dependent time delay 
and 2-D coupled pore pressure induced diffusion model.
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1. Introduction

Low and very low-frequency earthquakes (LFEs and VLFEs), as well as tremors, can 
occur not only in volcanic regions but also in the deeper segments of active fault sys
tems, such as convergent plate boundaries and transform faults. These tremor 
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occurences may persist for several days depending on the region and asoociated 
deformation source (Obara 2002; Rogers and Dragert 2003). The tremor occurrence 
can be repetitive or episodic in nature which are referred as episodic tremor and slip 
(ETS), and provide significant insights about the stress/frictional regime in the brittle- 
ductile transition zone (Ghosh et al. 2009, 2012, 2015; Peng and Gomberg, 2010; 
Shelly et al. 2011; Hutchison and Ghosh 2016, 2017, 2019; Li and Ghosh 2017; 
Chaudhuri and Ghosh 2022). The rheology of the converging plate separates the sub
ducting oceanic crust with the fluid enriched brittle-ductile transition zone, which 
behaves as the slip zone and the brittle zone as the locked zone (Kao et al. 2006). 
The continuous stress transformation at the slip zones also provides an idea about 
the stress accumulations at the adjacent brittle locked segments, which appear to 
be the hosts of the great earthquakes during strain release (Kao et al. 2006, 2007, 
2009; Wang et al. 2008). At the western coast of the United States, the Juan de Fuca 
plate converges beneath the North American plate below the Pacific Ocean, forming 
the Cascadia subduction zone extending from Northern California to the Northern 
Vancouver islands, that has considered to be one of the best instrumentally moni
tored region of ETS (Wech and Creager, 2011). In the Cascadia subduction zone, 
tremors and very low-frequency earthquakes are well documented (Wech and 
Creager, 2011; Ghosh et al. 2015; Hutchison and Ghosh 2016, 2019; Wu et al. 2019; 
Chaudhuri and Ghosh 2022). A large number of tremors occur during the episodic 
slip with a recurrence period of 10 to 19 months (Miller et al. 2002; Rogers and 
Dragert 2003; Brudzinski and Allen 2007; Rubinstein et al. 2007; Dragert et al. 2014).

Moreover, tremor activity appears to be highly sensitive to external stress perturba
tions such as tidal loading (Rubinstein et al. 2008; Lambert et al. 2009; Thomas et al. 
2009; Hawthorne and Rubin 2010; 2012, Royer et al. 2015; Houston 2015), arrival of 
seismic waves from near/far-off earthquakes (Miyazawa and Mori 2005, 2006; 
Rubinstein et al. 2007; Shelly et al. 2011; Pollitz et al. 2012; Peng et al. 2015; Kundu 
et al. 2016), hydrological loading (Pollitz et al. 2013) and even low-barometric pres
sure during passages of typhoons (Liu et al. 2009; Hsu et al. 2015; Kundu, 2022). 
Dynamic triggering of tremors and/or small earthquakes instantaneous with the pas
sage of seismic waves or delayed for several hours are well documented (e.g. Shelly 
et al. 2011; Peng et al. 2015; Mendoza et al. 2016; Li et al. 2019). Further, Small 
dynamic stress in the order of kPa is enough to trigger tremors or small earthquakes 
(Ghosh et al. 2009; Rubinstein et al. 2009; Peng et al. 2015 ; Sahoo, 2024);). The proc
esses involving the triggering of tremors remain sensitive due to the presence of high 
fluid activity and low nucleation time requirements for the events and hence, can 
provide a proxy about the subsurface critical stress and frictional conditions (Shelly 
et al. 2006; Audet et al. 2009; Peng et al. 2015; Petrosino et al. 2018; Sahoo et al. 
2021). However, the significance of these triggered events remains elusive, especially 
for the delayed triggering mechanism.

In this article, we have investigated the different possibilities of the triggering (or 
seismicity modulation) process of the specific set of tremors at the Cascadia subduc
tion zone, constraining different datasets and models (Figure 1). The accelerated 
tremor occurrence at the study region have been analysed to occur in the non-peri
odic inter-ETS time period in the Cascadia subduction zone (i.e. the tremors 
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occurring in the usual quiescence between consecutive ETS period). We have applied 
some statistical methods to explore the possibility of triggering of the accelerated 
tremors by the various energy waves released from the massive volcanic eruption. 
Further, we have calculated tidal stress perturbations at the tremor occurence zone 
and have examined teleseismic waves from the surrounding regions during the spe
cific tremor occurence period. The tremors are then correlated with the delay trigger
ing characterstics by Lamb wave phases and/or teleseismic waves induced by the 2022 
Hunga Tonga-Hunga Ha’apai volcanic eruption (or in short, Hunga Tonga eruption). 
Further, the delay triggering mechanisms are tried to be explained through the pos
sible magnitude-dependent time delay, along with the 2-D coupled pore-pressure 
induced diffusion model.

Figure 1. (a) Location of the 15th January, 2022 Hunga Tonga Hunga ha’pai volcanic eruption is 
marked by the red star. (b) Epicentral distribution of the tremors used in present study (white 
circles) at the Cascadia subduction zone for the period of 10th to 25th Jan, 2022. The red circles, 
cyan triangles and yellow diamonds represent the meteorological stations, borehole strainmeter 
stations (BSM) and seismometers, respectively, at the Coast of Cascadia subduction zone. (c) 
Schematic representation of the Lamb wave, which was induced due to the volcanic eruption, trav
eling around the globe several times. The upper inset shows the location of the volcano and 
Cascadia subduction zone and the distance travelled by the Lamb waves to reach the Cascadia 
subduction zone.
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2. January 15, 2022, Hunga Tonga volcano eruption and Lamb wave 
propagations

A large submarine volcanic eruption occurred on January 15, 2022, at Hunga Tonga- 
Hunga Ha’apai volcano, southern Pacific along the Tonga-Kermadec intra-oceanic arc 
(Figure 1). Two small, �2-km-long, uninhabited islands (i.e. Hunga Tonga and 
Hunga Ha’apai), rising to �114 meters above sea level, currently represent the sum
mit of the submarine volcano. They were connected by a new island (central cone) 
produced during the late 2014 to early 2015 eruption sequence and again got sepa
rated after this explosive eruption (Brenna et al. 2022). The Global Volcanism 
Program identified the eruption as starting at 04:15 UTC with a plume reaching 
30 km in the atmosphere and 600 km in diameter. This volcanic eruption can be con
sidered a ‘once-in-a-century’ event in the era of modern satellite observations due to 
the massive energy released from it and several first of its kind physical observations 
around the globe (D’Arcangelo et al. 2022, 2023; Lin et al. 2022; Matoza et al. 2022; 
Dalal et al. 2023). Numerous barometric arrays and ocean bottom pressure sensors 
around the globe captured Lamb waves and shock waves that rippled through the 
earth’s atmosphere and there are reports of the event having been heard in New 
Zealand, Alaska and Yukon, Canada, Cascadia, etc. (D’Arcangelo et al. 2022, 2023; 
Lin et al. 2022; Matoza et al. 2022; Dalal et al. 2023). Although after Mt. Pinatubo 
(Philippines) volcanic eruption in 1991, long trains of infrasonic and acoustic-gravity 
waves were recorded by several ground-based stations in Japan and around the globe, 
Lamb waves were only documented during the Krakatau volcanic eruption in 1883 
(Chimonas 1973; Kanamori and Mori 1992). Lamb waves propagated about 
�9000 km horizontally and were reported in the different barometric sensors after 4 h 
of eruption in the Cascadia subduction zone (Figure 1). Lamb waves are a type of 
acoustic Rayleigh wave that propagates through solid plates along the mediating free 
surface and more explicitly, it is a type of boundary wave that behaves like an acous
tic wave in the horizontal direction, maintaining hydrostatic equilibrium in the verti
cal direction. Further, teleseismic waves were also generated from the Hunga Tonga 
volcanic eruption (Poli and Shapiro 2022). Although the Lamb wave observations are 
limited but there have also been reports of change in far-field groundwater system 
induced by Lamb waves from the 2022 Hunga Tonga volcanic eruption (Zhang et al. 
2024). Therefore, we believe, like teleseismic waves, the Lamb waves may have an 
impact on the fluid flow system which on the other hand can contribute to the trig
gerring/modulation of the tremor activity, although such examples are lacking. 
Hence, the present scenario provides us with an exciting opportunity to explore the 
possible triggering (or modulation) of the tremor activity, explicitly during the inter- 
ETS period at the Cascadia subduction zone, after the 2022 Hunga Tonga volcanic 
eruption.

3. Data sets and models

In order to establish the possible tremor triggering/modulation process at the 
Cascadia subduction zone and the sensitivity of the tremors to the applicable stress 
perturbations, we have explored multiple datasets (e.g. tremor catalogue, barometric 
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pressure, borehole strainmeters, water level and seismic waveform data), as well as 
tidal stress derived from theoretical models that have been discussed below in the 
appropriate sections.

3.1. Tremor catalogue

In order to characterize the phenomena related to the triggering of the ETS sequence 
in central Cascadia, the tremor catalogue data from the Pacific Northwest Seismic 
Network (PNSN) has been used. The network has been operated and maintained by 
the University of Washington and the University of Oregon and archived in the pub
lic domain (see Data and Resources Section).

3.2. Barometric pressure

To characterize the different phases of Lamb waves (L1, L2, L3, L4, L5, L6) of the 
Hunga Tonga volcanic eruption, we have explored barometric pressure data from 
various meteorological stations located on the coast of the Cascadia subduction zone 
(Figure 1b) and also followed the already reported literature (Lin et al. 2022; Dalal 
et al. 2023). These meteorological stations are operated by Centre for Operational 
Oceanographic Products and Services (CO-OPS) and controlled by the National 
Oceanographic and Atmospheric Administration (NOAA). Barometric data can be 
accessed and archived at NOAA (see Data and Resources Section). We use the stand
ard sampling rate of 6 min of real-time series of barometric pressure data, in order to 
quantify the pressure changes in five to six consecutive days, induced by the Lamb 
wave oscillations after the 2022 Hunga Tonga volcanic eruption.

3.3. Borehole strain and water level data

The strain data used in this study has been archived from borehole strainmeter 
(BSM) networks, operated and maintained by the Geodetic Facility for the 
Advancement of Geosciences (GAGE) (Figure 1b), and available in the public domain 
from UNAVCO and IRIS (see Data and Resources Section). We use the standard 
sampling rate of 300 s of borehole strain data from B030, B031, B032, and B035 to 
characterize the arrival of Lamb waves phases (i.e. L1, L2, L3, L4, L5, L6) in the loca
tion of tremor source at the Cascadia subduction zone. These time series data for the 
changes in the observed strain are filtered using a 10–100 min bandpass filter for a 
better representation. To correlate the water height with the tremor occurrence, we 
have used the water level time series from the La Push station (Figure 1b), archived 
by the National Oceanographic and Atmospheric Administration, NOAA (see Data 
and Resources Section).

3.4. Seismic data

To analyze the seismic waveforms generated from the 15 January 2022 Hunga Tonga 
volcanic eruption and its signature at the Cascadia coast, we have used data from five 
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broadband sesmometers maintained by the Pacific Northwest Seismic Network 
(CORE, MINN, DRAN, LAIR and CAVE) which are publicly available. Using the 
datasets, we have captured the arrival of teleseismic waves from the 2022 Hunga 
Tonga volcanic eruption to the source zone of triggered tremor �9000 km away at 
the Cascadia subduction zone.

3.5. Tidal model

We have used the SPOTL program (Agnew 1997, 2012) to estimate the stress exerted 
by tidal loading at a representative location at the middle of the Cascadia subduction 
zone (i.e. 43.5�N, −123.5�E). The tidal strains (i.e. extensional, shear strains, and 
volumetric strains) are calculated precisely from the corresponding positions of the 
Sun and Moon by assuming Green’s functions from the Gutenberg-Bullen Earth 
model (Farrell 1972) and an elastic and spherical Earth model with satellite estimated 
Cartwright-Tayler constituent amplitudes with 2nd degree Love numbers as 
h¼ 0.6114, k¼ 0.3040, and l¼ 0.0832. During the estimation of tidal strains, different 
ocean tidal models were used, such as GOT4.7 global ocean tidal model (Ray 1999) 
and regional ocean tidal model produced by the Oregon State University (OSU) for 
the United States western coast (Egbert and Erofeeva 2002). We combined the load
ing from both models and used eight major short-period tidal constituents (K1, K2, 
M2, N2, O1, P1, Q1, and S2) to calculate the strains at the specific point accurately. 
Finally, to compute the tidal stress from the estimated strains, we have considered an 
elastic modulus of 30 GPa and a Poisson ratio of 0.25. The strains are rotated by 
using linear-elastic constitutive equations on the fault plane orientation (strike: 0�, 
dip: 22�, rake: 90�) for the estimation of the fault normal stress and fault parallel 
shear stress at the Cascadia subduction zone. The Coulomb failure stress is calculated 
considering the frictional coefficient as 0.3 (Sahoo et al. 2021).

4. Results and discussions

4.1. Triggering of tremors and possibilities

The sensitivity of tremors is always high for external stress perturbations for instant
aneous as well as delayed modulations (Ghosh et al. 2009; Rubinstein et al. 2009; 
Peng et al. 2015). Increased tremor activity is largely controlled by the ongoing ETS 
events (Obara and Kato 2016) or they can also be modulated by major forces such as 
tidal loading (Thomas et al. 2009; 2012), seismic waves from remote earthquakes 
passing through the source fault (Gomberg 2010; Shelly et al. 2011; Kundu et al. 
2016), or sometimes even by passages of typhoons and related phenomena producing 
low-barometric pressure (Liu et al. 2009; Kundu 2022). Therefore, we have tried to 
explore all possible aspects of modulations. First of all, we have plotted the cumula
tive number of tremors along the Cascadia subduction zone as a function of time for 
the periods 2015 to 2022 (Figure 2a). Three cycles of the ETS events with a recur
rence interval of �19 months in central Cascadia have been observed and marked in 
the Figure (Figure 2b). The tremors that occurred from 10th to 25th January 2022 
(marked in red) are not associated with the observed major cycles of the ETS events, 
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which clearly show a steep increase in the cumulative no. of tremors in the upper 
panel (Figure 2a). Coming to the comparison with the time before and after the activ
ity, we can also see other increased patches which are around �4-5 months before 
the event and �1-2 months after the events, which we believe cannot be related to 
the massive eruption event. In other words, the same tremor bursts we have tried to 
analyse here occur in the inter-ETS period. Hence, we can safely infer that it is not 
linked with any ongoing ETS events. Moreover, we have also gone through some stat
istical analysis to show that tremor activity is significantly higher during this time 

Figure 2. (a) Cumulative tremor number as a function of time. The various phase of the episodic 
slow slip and tremors (ETS) are marked by the orange strips. The red arrows represent the tremors 
analysed in the present study. that occurred between two ETS events. (b) Occurrence tremors time 
and latitudinal variation of tremor events for the periods of 2015 to 2022, shown with black dots. 
The red dots are tremors used in the present study for the periods of 10th to 25th January 2022. 
Note that tremors used in the present study occurred between two ETS periods (i.e. inter-ETS 
period).
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period relative to its background activity, which are explained in the subsequent para
graph. This observation of heightened tremor activity during inter-ETS time motivated 
us to analyze the tremor modulation/triggering process in this area in detail. Here, we 
have explored the effects of various external forces (e.g. water level load, tidal load, tele
seismic waves, Lamb waves, etc.) that possibly modulated/triggered tremors along the 
Cascadia subduction zone. We should point out that coincidence is also a possibility, 
and we have considered it as well.

In order to explore possible connection between the bursts of tremors and seismic/ 
Lamb waves from the volcanic eruption, we have taken a statistical approach to test 
whether the tremors activity is significantly high compared to its background activity 
by applying the b statistics approach improvised from Aiken and Peng (2014):

b ¼
Na − N Ta

T

� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N Ta
T

� �� �

1 − Ta
T

� �� �r (1) 

Where Na are the events with possible triggering and N are total events, Ta is the 
time period of possible triggered tremors and T is the total time period. b values of 
�1.64 indicates statistically high activity at a triggered possibility confidence level of 
90% whereas values �1.96 and �2.57 refer to 95% and 99% confidence levels of the 
possibility respectively (Matthews and Reasenberg 1988; Aiken and Peng 2014; Hill 
and Prejean 2015). Considering the scenario of possible triggering by external pertur
bations, we have taken the number of triggered events as 371 (Na) (17th to 20th 

January) and the total number of events are 2772 (N) (1st December, 2021 to 31st 

January, 2022), where the time period for triggered events is around 70 h (TaÞ in 
comparison to the total time period of events is around 1488 h (T) which were taken 
based on previous assumptions for analyzing the triggered nature of the tremor 
(Matthews and Reasenberg 1988; Aiken and Peng 2014; Hill and Prejean 2015). 
Therefore, the b value is found to be much larger than 2.57, which shows a more 
than 99% confidence level of the tremors being triggered in nature. This confirms 
that the tremors in the particular time period of study are triggered in nature.

4.2. Possibility of triggering by seismic waves from distant earthquakes

Seismic waves generated from large magnitude events are capable to trigger tremor 
activity in far-field and near-field regions from the source (Gomberg et al. 2004; 
Ghosh et al. 2009; Shelly et al. 2011; Pollitz et al. 2012; Hill and Prejean 2015; Peng 
et al. 2015; Kundu et al. 2016). Seismic waves can immediately trigger the tremors 
without any time delay, which can be explained by the Coulomb failure stress change 
model, when the external stresses generated from the seismic waves exceed the 
failure/triggering threshold on a critically stressed fault system (Hill 2012; Kundu 
et al. 2016). It can also possibly produce a delay in the triggering of tremor activity 
for some hours to a few days, which can be explained by the migration of fluid, non
linear friction, and aseismic deformation (Gomberg et al. 1997; Parsons 2005; Hill 
and Prejean 2015). In the present study, we have identified three large magnitude 
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seismic events, based on their location and origin time, that may possibly influence 
this tremor burst in some way – a M6.2 event, located at the coast of Cascadia on 20 
December 2021 and two M6.6 events in Alaska, on 11 January 2022 (Figure S1). The 
events with the largest possible energy occur well before the Hunga Tonga volcanic 
eruption, with the latest event taking place about a week before the tremor burst. 
Hence, it is unlikely that the seismic waves from distant earthquakes have greater 
impact than the Hunga Tonga eruption for potentially triggering the increased tremor 
activity in question.

4.3. Possible triggering of tremors by tidal loading

Importantly, tremors are highly sensitive to tidal loading and are well-documented 
with a high sensitivity around the worldwide subduction zones with prominent 
tremor activity (Lambert et al. 2009; Ide 2010; Gallego et al. 2013; Yabe et al. 2015). 
Therefore, we have analyzed the possibility of tidal triggering of the tremors in the 
Cascadia subduction zone for the period of 10th to 25th January 2022. The tremor 
catalogue was analysed for magnitude completeness (Mc) using the Gutenberg- 
Richter (GR) law using the reliable maximum likelihood approach and the Mc was 
found to be 1.0 (Aki, 1965) (Figure S2). We have explored the periodicity of the 
tremor (i.e. during that period) using power spectra analysis and observed that the 
tremor for the observed period does not show any significant tidal periodicity (Figure 
S3). Further, we have computed tidal stress at the source location of the tremor at 
the Cascadia and also correlated the tremors with the estimated Fault Normal Stress 
(FNS), Right-Lateral Shear Stress (RLSS), and Coulomb Failure Stress (CFS) from the 
total tidal loading (oceanþ solid) (Figures 4a, 5a,b). For the quantification of the 

Figure 3. (a) Arrival of consecutive Lamb waves (L1, L2, L3, L4) at different borehole strainmeter 
stations with increase in distance from the Hunga Tonga volcano. (b) The borehole strainmeter 
array of the represented stations at the Cascadia region.
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degree of correlation between the tremors and the respective tidal stress, we have esti
mated the percentage of excess event numbers (Nex) by following the approaches 
from Cochran et al. (2004), Thomas et al. (2012) and Sahoo et al. (2021). The Nex 
numbers can be defined as the percentage of excess or deficit in events occurring 
during the particular time duration with respect to the expected number of events 
during the encouraging stress. It is expressed by the ratio percentage between the dif
ference of the actual and expected number of events and the number of expected 
events and expressed as:

Percentage of excess eventðNexÞ ¼
Nactual − Nexpected

Nexpected
� 100 (2) 

where Nexpected is the expected number of events occurring under positive stress con
ditions, assuming there is a random distribution of the time of occurrence of events, 
and Nactual is the observed number of events occurring during the positive stress con
ditions. The phases (0� to 360�) of all seismic tremor events were calculated by the 
occurance of the event in the particular angular position in the tidal stress cycle 
(peaks at 0� and 360�, trough at 180�) (Figure 5b). The phase values were then nor
malized to the phase values of the expected number of events after being grouped 
into 10� bins. The bins were represented as polar bar charts for respective tremor 
catalogue (Figures 4b, 5d). The grey bins of the specific radius in the bar chart repre
sent the ratio of the observed number of events to the expected number of events 
(Nex þ 1) for that particular range of phase (Figures 4b, 5d).

From the statistical Nex analysis and correlation analysis using polar bar charts, the 
results provide a significant correlation of the tremors with the negative tidal stress 
(low tides) during the observed period from 10th to 25th January 2022 (Figures 4b, 
5d). The observation of the seismicity mostly occurring during the low tides (negative 
tidal stress) has become an interesting limitation for the tremor to be tidally triggered 
or triggered by increased water heights (or high tides) generated by the Hunga Tonga 
Eruption.

Although it has been suggested that tidal stresses at coastal regions are predomin
antly volumetric with very small deviatory components, the Nex value for the FNS is 
relatively insensitive to the choice of fault azimuth, while the Nex value for the RLSS 
substantially changes according to the azimuth of stress estimation (Thomas et al. 
2012). However, with predominantly linear segments with uniform fault azimuth 
associated with the Cascadia subduction reverse fault system, we can avoid such com
plexity in the present case. It also has been suggested that tremors at subduction 
reverse fault systems are modulated by high tides, as the loading from ocean tides is 
much greater at high tides, providing higher compressions to promote the slip 
(Cochran et al. 2004; Thomas et al. 2009, 2012; Royer et al. 2015).

From this analysis, it emerges that the correlation between tremors and FNS, 
RLSS, and CFS are not consistent with the expected results in a subduction zone 
environment (Figures 4b, 5d). Also, the tremors occurring at the low tides signify 
that the increased water wave heights (Figure 4c) due to the massive eruption are not 
the reasons for the initiation of the tremor occurrence. Thus the correlations with 
low tides and negative Nex numbers of CFS suggest that the tremors are neither 
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correlated with the tidal loading or increased water heights (Figures 4c, 5d). Hence, 
we can also discard the possibility of tidal triggering phenomena as well as triggering 
form increased water levels for the tremors in the present case.

Figure 4. Time series analysis of tidal stress, water height, strain, barometric pressure and tremors, 
respectively. From top to bottom: (a) tidal stress variation (both normal and shear) resolved on the 
Cascadia subduction zone. (b) polar plot of the normal stress, where grey shaded areas indicate 
the ratio of observed to the expected number of events in each 10� phase bin (polar plots of shear 
and coulomb stress are shown in Figure 5). (c) The water levels variation at the La Push meteoro
logical station is shown in green. (d) The variation of strain in the borehole strainmeters (BSM) are 
represented by grey lines. (e) The filtered time series of the barometric pressure are represented in 
coloured scale. (f) The hourly histogram and cumulative tremor number are represented by grey 
and orange colors, respectively. (g) Migration of tremors towards the southeast at a velocity �
7 km/hr. The orange dotted line shows the eruption of Tonga volcano. Note that the different 
phases of Lamb waves (L1, L2, L3, L4) are observed in both barometric pressure data and BSM data.
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4.4. Possible triggering of tremors by Lamb wave from the 2022 Hunga Tonga 
eruption

Different phases of the Lamb wave (L1, L2, L3, L4) were generated from the massive 
submarine volcanic eruption on January 15th 2022 (04:14:45 UT), at the Hunga 
Tonga-Hunga Ha’apai volcano, along the Tonga-Kermadec intra-oceanic arc �
9000 km away from the tremor source from the Cascadia (Figure 1c) (D’Arcangelo 
et al. 2022; Lin et al. 2022; Dalal et al. 2023). The Lamb waves traveled multiple times 
around the globe (Figures 3a,b, 4 and Figures S4, S5; Dalal et al. 2023). The initial 
Lamb wave (L1) was observed at several barometric stations along the Cascadia sub
duction zone after 4 h since the eruption (Figure 3a,b). Also, we have observed coher
ent Lamb waves across a wider region of the Cascadia subduction zone, which 
denotes the observation of the arrival of Lamb waves (L1, L2, L3, L4) ranging from 
15th to 20th January 2022 for the available barometric and BSM datasets network 
(Figures S4–S7). Moreover, some signals of increasing strain and pressure values are 
also noticeable before and after the arrival of Lamb waves in both BSM and baromet
ric stations for the remaining period of 10th January to 20th January and 20th January 
to 25th January 2022 (Figure 4d,e). These are the possible periodic variations due to 
the fortnightly tidal loading where the highest tides occur with a 14-day periodicity 
(Figure 5a). As the processed data from the strainmeter sensors are tidally corrected 
only for the daily variations of diurnal and semi-diurnal amplitudes, excluding the 
other monthly or fortnightly variations, the observed variations in the datasets 
explained above can be regarded as natural variations due to fortnightly tides. 
Therefore the observed fluctuations were related to disturbances generated by any 
particular event.

Hence, the respective time periods of variations in pressure and strain were also 
analyzed for the concurrent occurrence of any low-pressure weather fluctuation or 
storm activity at the Cascadia subduction zone which can also generate the observa
tional fluctuations. However, we could not find any storm or coherent weather 
related activity in observations across the different weather stations and physical 
observatories at a wider region, where the fluctuations in the pressure and strain are 
observed. The occurrence of coherent fluctuations at such wider region without any 

3  

Figure 5. Representative tidal stress time series (total tidal stress¼ oceanþ solid earth) along with 
observed water height at the Cascadia subduction zone presenting normal stress (NS), shear stress 
(SS), and Coulomb stress (CS) for the fortnightly tidal components (a) and all tidal components (b). 
Schematic diagram showing the variation of total tidal stress and the phase of seismic events asso
ciated with it. The peak and trough of the time series are assigned phase values of 0� and 180�, 
respectively. Dashed lines indicate the region of positive and negative tidal stress domains. Yellow 
stars represent hypothetical tremors, which correspond to either positive/negative stress fields (c). 
Polar phase plots and percent of the excess (Nex) values of seismicity events (spanning from 
January 15th 2022 to January 21st 2022) by considering NS, SS, and CS components of total tidal 
stress. Gray shaded areas indicate the ratio of observed to the expected number of events in each 
10-degree phase bin. Thin red lines are 50%, 100%, and 150% expected value contours. Note that 
in all cases of NS, SS and CFS the Nex shows higher negative values, indicating the occurrence of 
events at high tides which does not relate with the mechanism of the events in the Cascadia 
region (d).
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natural activity also confirms the fact that the fluctuations in the observation of pres
sure and strain parameters are completely due to the propagating Lamb waves.

During this period, the tectonic tremor activities increased at the Cascadia subduc
tion zone from 15th to 21st January 2022. However, such heightened tremor activity is 
absent before the arrival of Lamb waves with some minor no. of events only on 13th 

January which was before the eruptions and much before the significantly higher 
events starting on 17th January (Figure 4f). Therefore, we have analyzed BSM data, 
barometric pressure data and they appear to coincide with the onset of high tremor 
activities. We observed that the increase of strain (compression) in the BSM data are 
synchronous with the arrival of Lamb waves, which indicates the possible Lamb wave 
induced oscillation and subsequent fluid migration in the source zone of tremors in 
the Cascadia subduction zone (Figure 4g). This speculation of Lamb wave induced 
fluid migration is also inspired by the fact that the Lamb waves can fluctuate the 
ground water systems which was also observed in the well water levels and strain
meters (Zhang et al. 2024). Interestingly, we have observed that the tremors activities 
increased 40-50 h after the arrival of L1 phase of Lamb waves (i.e. 1st phase). Such 
time delay is consistent with the diffusion of the fluid flow which was initially trig
gered due to the propagating Lamb waves. We speculate that this process may trigger 
tremor considering that the there have been previous reports of delayed dynamic trig
gering due to large seismic events (Delorey et al. 2015; Johnson and B€urgmann et al., 
2015). This idea of a delayed triggering of the tremors due to the fluid movements 
from the effect of Lamb waves has been further discussed in the respective section for 
possible mechanism related to delayed triggering of tremors.

4.5. Possible triggering of tremors by teleseismic waves from the 2022, Hunga 
Tonga volcano eruption

Dynamic triggering of the tremors by teleseismic energy radiated from faraway earth
quakes have also been reported at the Cascadia and other parts of the world with 
instantaneous effect (Ghosh et al. 2009; Gomberg 2010; Kundu et al. 2016) as well as 
delayed relative to the passage of the teleseismic waves (Shelly et al. 2011). Long- 
period Love and Rayleigh waves are predominantly responsible for instantaneous 
dynamic triggering (Hill 2012). A few studies of body-wave-related triggering or 
modulation also have been reported at the Cascadia Subduction zone (Ghosh et al. 
2009; Kundu et al. 2016).

The volcanic explosivity index (VEI) of the Hunga Tonga eruption is �5-6 (Poli 
and Shapiro, 2022; Dalal et al. 2023), with a seismic estimate of an event in the range 
of 7-7.5 Mw (D’Arcangelo et al. 2023) which indicates that a large amount of energy 
was released on 15 January 2022, from the eruption. But the energy released to the 
atmosphere was much larger than a 7-7.5 Mw because, in comparison to the seismic 
energy where most of the energy is released in the lithosphere, in this case, maximum 
energy was released to the atmosphere (D’Arcangelo et al. 2022, 2023). Here, we have 
analyzed the available seismic data along the Cascadia margin focusing on southern 
Cascadia. We looked for teleseismic energy at lower frequencies (10 – 200 sec), and 
signal from local sources at 2-8 Hz, a typical frequency band for tectonic tremor. We 
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found a clear teleseismic signal at the expected arrival time of surface, and atmos
pheric Lamb waves (L1), which are shown in Figure 6. However, we do not find any 
obvious evidence of uncatalogued tremors during the passage of teleseismic waves. 
The fact that we observe long-period seismic waves coincident with the passage of 
atmospheric Lamb waves (L1) indicates that Lamb waves are able to couple with solid 
earth. We speculate that two pulses of dynamic stress soon after one another, first 
teleseismic surface and then Lamb waves (L1), may have triggered the fluid migration 
processes leading to the tremor episodes starting about 40 h later. Distinguishing and 
differentiating contributions from each of the wavetrains to the delayed triggering of 
tremor, however, are difficult to establish. We also note that instantaneous triggering 
by remote earthquakes is uncommon in southern Cascadia region (Rubinstein et al. 

Figure 6. Seismic signals from broadband seismometers for the first 20 h on Jan 15, 2022. Seismic 
signals from broadband seismometers in Cascadia, filtered between 10 - 200s. Grey vertical lines 
show the theoretical arrival of teleseismic wave phases from Hunga Tonga eruption which is well 
documented (Poli and Shapiro, 2022). The borehole strain meter (BSM) signal from station B032 is 
represented in black horizontal lines and overlain with seismic signals for comparison. The first 
phase of Lamb wave arrival is marked as L1. Note that coherent packets of teleseismic energy 
observed at the time of 0.2 and 0.55 days.
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2009). Therefore, the absence of obvious tremors during the passage of teleseismic 
waves appears to be consistent with previous studies.

4.6. Mechanism of delay triggering

The possible delayed triggering of tremors and/or small earthquakes can be explained 
by several mechanisms, such as the surface wave generated from the earthquakes, vol
canism, etc., which change the frictional properties of the fault zone and delay the 
nucleation process of earthquakes (Gomberg et al. 1997; Parsons 2005; Peng et al. 
2011; Mendoza et al. 2016). In fact, the delay can be observed due to an elastic dis
turbance at the fault zone which can also generate a cascading effect of the stress 
transfer due to fluid migrations (Delorey et al. 2015). For further supportive eviden
ces, we have also observed the possible migration of the tremors may be due to 
migration of fluid movements (i.e. migrate southeast at a velocity of �7 km/hr), that 
we speculate were triggered by the L1 phase of Lamb waves (Figure 3a). This tremor 
migration velocity is similar to the previously reported migration velocity (i.e. 7– 
17 km/hr) (Houston et al. 2011; Obara et al. 2012). In fact, the observed tremor 
migration velocity is higher than the propagation velocity of Lamb waves (�0.3 km/ 
s), which implies that although the tremor activity is initiated by Lamb waves, it 
grows and migrates in a self-sustained manner. This may suggest a triggered transient 
slip event.

Surface waves can oscillate the deformation of a fault zone and break the previ
ously existing path for fluid-flow into the fault zones. As a result, all invading fluids 
pass through the newly opened path into the fault zone and reduce the normal stress 
by increasing the pore fluid pressure (Parsons et al. 2017). This can be explained by 
the Coulomb failure stress change as CFS ¼ s − l r − pð Þ, where s is the shear stress, 
l is the friction coefficient of fault, r is the normal stress and p is the pore fluid pres
sure. The migration of fluid into the fault zone reportedly takes hours or days to 
reduce the strength of the fault (Pollitz et al. 2012; Johnson et al. 2015; Johnson and 
B€urgmann 2016).

Thus, the time required to meet the failure conditions of the fault can potentially 
explain the delayed triggering of tremors. The seismic moment of the tremors is dir
ectly proportional to the rupture area of the fault zone, which can be expressed as 
2Lc �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10−9 �M0

3
p

, where 2Lc is the critical nucleation dimension of an earthquake 
and M0 is the seismic moment (Ohnaka 2000). For a tremor to be induced by fluid 
pressure, the minimum fluid transit distance or the critical nucleation dimension 
ð2Lc) of a fault zone should not be close (Parsons et al. 2017). Here, we have calcu
lated the 2Lc of the individual tremor from the Cascadia subduction zone using the 
above governing equation and plotted against the time, considering the arrival time 
of the L1 phase lamb wave as origin time (Figure 7a). We have calculated the diffusiv
ity of the fault zone using the expression D ¼ r2

c2t (Malagnini et al. 2012), where D is 
the diffusivity of the fault zone, c is a constant, distance from the source is presented 
as r, and t is the time. From this analysis, we observed that all the possibly triggered 
tremors in this study are in the diffusivity range of 10−4 to 10−6 m/s2 (Figure 7b), 
which is consistent with the previously estimated diffusivity range of the fault zone 

16 S. SAHOO ET AL.



(Shapiro et al. 2006; Bourouis and Cornet, 2009; Tanikawa et al. 2014). This observed 
diffusivity of the fault zone is also consistent with the time versus critical nucleation 
dimension graph representing the delay observed, which also depends upon the mag
nitude of the event (Ohnaka 2000; Parsons et al. 2017).

Further, we suggest that such time delay in triggering between the L1 phase of 
Lamb waves and tremor occurrence in the Cascadia subduction zone, can be 
explained by 2-D coupled pore pressure induced diffusion model (Mulargia and 
Bizzarri 2014). The coupled drained and undrained poroelastic pressure expressed as:

P r, tð Þ ¼ cP0 erf
r

2
ffiffiffiffiffiffi
Dt
p

� �

þ P0 erf
r

2
ffiffiffiffiffiffi
Dt
p

� �

c ¼
B 1þ #ð Þ

3 1 − #ð Þ

9
>>=

>>;

(3) 

where P0 is the initial fluid pressure, B is the Skempton’s coefficient, and # is the 
Poisson’s ratio. For estimating the normalized pore fluid pressure (P/P0), we have 
considered ‘r’ as the critical nucleation dimension of the fault (i.e. 10−2 and 10−3 km) 
and D as 10−4 m/s2 with varying c as 0.01, 0.001 and 0.0001 respectively. We find 
that normalized pore fluid pressure (P/P0) is higher and becomes constant after the 
passage of 40-50 h with respect to the arrival time of the initial L1 phase of Lamb 
waves (Figure 7b). The phase delay between the L1 phase of Lamb waves and tremor 
occurrence is directly proportional to the critical nucleation dimension of the fault 
(Figure 7b). Hence, the observed phase delay between the L1 phase of Lamb waves 
and tremor occurrence in the Cascadia subduction zone is consistent with the 2-D 
coupled pore pressure induced diffusion model.

Figure 7. (a) Tremor occurence times from the arrival of L1 phase of Lamb waves plotted against 
their critical nucleation dimensions. The dotted lines represent the different crustal diffusivity. (b) 
2-D coupled pore pressure-induced diffusion model. The normalized pore fluid pressure (P/P0) cal
culated by considering ‘r’ as the critical nucleation dimension of the fault (i.e. 10−2 and 10−3 km) 
and D as 10−4 m/s2 with varying c as 0.01, 0.001 and 0.0001 respectively. Note that there is a 40- 
50 h’ phase delay between the L1 phase of Lamb waves and tremor occurrence.
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5. Conclusions

Based on this comprehensive analysis, we have proposed the following hypotheses 
related to the tremor burst and triggering activity which has also been schematically 
represented (Figure 8):

a. Increasing intra-ETS tremor activities are observed in the Cascadia subduction 
zone during the propagation of the Hunga Tonga-Hunga Ha’apai volcanic erup
tion induced Lamb wave cycles (L1, L2, L3, L4).

b. The tremor activity does not correlate with tidal stress perturbations or remote 
triggering by far-off or near-by earthquakes; however, it exhibits time lags of 
�40-50 hours with the L1 phase of the Lamb wave.

c. This time delay between the tremors bursts, and the different phases of Lamb 
waves appear to be consistent with magnitude-dependent time delay and 2-D 
coupled pore pressure induced diffusion model.

It should be also noted that distinguishing and differentiating contributions from 
different types of waves for this possible delayed triggering of tremors is difficult to 
establish. Also, we acknowledge that it is not possible to rule out that these tremor 
bursts can also be a coincidence. Although it seems unlikely considering the analyses 
presented.
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