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Abstract Pioneering work in the midtwentieth century laid the foundation for our understanding of
secondary microseism generation by tropical cyclones. Yet, tracking their sources and linking them to the
mechanisms that generate these signals remain challenging. Here, we successfully retrieve the seismic
sources associated with Typhoon Ioke (2006) with an unprecedented 3-hr resolution and in the entire
secondary microseism period band (T = 2–9 s). Our results indicate that the seismic sources follow the
tropical cyclone at a constant distance from its center, corresponding to 34-kt winds. We also assess the link
between the generation of the long-period secondary microseism signals and the increase of the typhoon
propagation speed. This accurate location of seismic sources may provide a new data set for imaging the
Earth's interior and allow for new insights on the interaction between the atmosphere, the ocean, and the
solid Earth.

Plain Language Summary Tropical cyclones are most known for their direct impact on the
population in terms of destructiveness and economic damage. In addition to satellites, which allow us to
monitor these events from the sky, seismic sensors also record the signature of faraway tropical cyclones.
Although several studies analyzed these signals, the relationship between these events and the seismic
sources is not yet completely understood. In this study, we employ seismic signals recorded in California to
track the location of a tropical cyclone in the Pacific Ocean with an unprecedented resolution. We extract
the space and time relationship between the event and the seismic sources throughout the entire life cycle
of the tropical cyclone. Hence, we infer novel findings on the generation of seismic signals due to tropical
cyclones. This work is a step forward in the understanding of the relationship between the atmosphere, the
ocean, and the solid Earth, and potentially toward getting novel constraints on the tropical cyclone activity
in remote ocean basins and back in time.

1. Introduction
Tropical cyclones (TCs), called typhoons in the northwestern Pacific Ocean, are among the strongest and
most destructive natural phenomena on Earth. While moving over the ocean, they perturb the sea state.
Ocean gravity waves driven by typhoon winds move in all directions, interact with each other, and gener-
ate secondary microseisms (Longuet-Higgins, 1950, 1953), the ubiquitous seismic background signal of the
Earth at periods between about 2 and 9 s. Better understanding of how secondary microseisms are generated
by TCs is key for learning how the solid Earth, the ocean, and the atmosphere exchange energy. Moreover,
seismic data can bring crucial information (such as TC intensity) to constrain our long-term knowledge
of these events (Gualtieri et al., 2018), and more generally of our changing climate (e.g., Grevemeyer
et al., 2000).

Seismic signals generated by TCs have high amplitudes on seismic records when the event moves across
the ocean. TCs making landfall yield to specific features in the seismic records (e.g., a shift in the frequency
content; Ebeling & Stein, 2011). Their energy decay on land is also observable from seismic data (e.g.,
Tanimoto & Lamontagne, 2014; Tanimoto & Valovcin, 2015). However, TCs transfer most of their energy to
the solid Earth while they move over the ocean from the coupled atmosphere-ocean system. Clear imprints
of TCs have been recorded by ocean bottom seismometers (e.g., Davy et al., 2014; Latham et al., 1967; Lin
et al., 2014) and land seismic stations (e.g., Gualtieri et al., 2018; Sufri et al., 2014).
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The generation mechanism of secondary microseisms by TCs over the ocean is a particular case of ocean
wave-wave interaction (Ardhuin et al., 2011, 2015; Gualtieri et al., 2013; Kedar et al., 2008; Longuet-Higgins,
1950), where a moving storm overruns its previously generated swells. For example, in the Northern Hemi-
sphere, as a TC moves and TC's winds rotate counterclockwise, at time t, swells move toward the direction
of motion on the east side of the TC. At time t + 𝛥t, they interfere with swells moving toward the opposite
direction generated on the west side of the TC. Their interaction is therefore expected to occur in the wake
of the TC itself (Longuet-Higgins, 1953).

Several recent studies focused on the seismic sources caused by TCs and on the coupling between the ocean
and the solid Earth. However, sources of secondary microseisms generated by TCs have only been observed
so far in a few specific cases: (a) in the absence of other major storms and cyclones, for well-isolated TCs;
(b) only during a portion of the TC life cycle, mostly when the events were particularly strong or fast; and
(c) at narrowbanded seismic periods, mostly around 5 s. Pioneering observations of body wave sources due
to tropical storms and cyclones were made by Haubrich and McCamy (1969). Polarization analysis allowed
the measurement of the arrival directions of secondary microseisms generated by Hurricane Sandy (Sufri
et al., 2014), while travel time measurements of cross-correlated records have been used to locate the corre-
sponding source regions during one hour of peak hurricane activity (Chen et al., 2015). Furthermore, using
classical beamforming techniques and data narrow-filtered around 5 s, sources of secondary microseisms
generated by Hurricane Katrina have been located during its 24-hr peak activity (Gerstoft et al., 2006), while
sources of Typhoon Ioke have been located mostly during the late-stage activity of the typhoon (Farra et al.,
2016; Gualtieri et al., 2014; Zhang, Gerstoft, & Bromirski, 2010). Zhang, Gerstoft, and Shearer (2010) fur-
ther investigated sources from Typhoon Ioke at 4.7- to 10-s period, during 2 days of the late-stage activity of
the typhoon.

In this paper we show that, employing a novel method based on the backprojection of multiphase body
wave arrivals (Rost & Thomas, 2002; Retailleau et al., 2015, 2017), we can locate sources of TCs during
their entire life cycle and over the entire secondary microseism period band (T = 2–9 s). Before extending
this method over TCs in different ocean basins and over several TC peak seasons, here we present the case
study of Typhoon Ioke, which occurred in August–September 2006 in the central and northwestern Pacific
Ocean. With respect to previous publications (e.g., Farra et al., 2016; Gualtieri et al., 2014; Zhang, Gerstoft,
& Bromirski, 2010; Zhang, Gerstoft, & Shearer, 2010), we are able to monitor Typhoon Ioke during its entire
life cycle with higher time and space resolutions, and over a wider period band. This allows us to link the
generation of the seismic sources to its propagation characteristics.

In section 2, we describe the method and the data used in this study. We also show the location of the
sources of secondary microseisms over time compared to the trajectory of the typhoon and the consequent
reconstruction of the entire typhoon track through seismic sources. In section 3, we analyze the location
of the sources over both time and frequency in the entire secondary microseism period band (T = 2–9 s)
and compare them to the typhoon track. We infer the relationship between the location of seismic sources
and both strength and direction of the typhoon, and we discuss the generation of long-period secondary
microseisms as a function of the typhoon speed and the group velocity of ocean gravity waves. We conclude
our manuscript with section 4, where we set this work against the context of future studies.

2. Tracking Typhoon Ioke
Beamforming and backprojection of seismic waveforms recorded by an array of seismic stations are classi-
cal techniques for locating seismic sources (e.g., Ishii et al., 2005; Rhie & Romanowicz, 2004). Beamforming
techniques must be adapted to locate sources of secondary microseisms and capture their variability in fre-
quency, time, and space. Assessing the sources of secondary microseisms is a way to track these events and
better understand the underlying seismic generation mechanisms. In this section, we show how we can
track Typhoon Ioke by using secondary microseisms and a novel backprojection technique.

The track, intensity, and size of Typhoon Ioke are recorded every 6 hr from satellites. The intensity of
a TC is defined as the 1-min mean sustained surface wind speed and the size of a TC as the radius
that incorporates wind speeds larger than a given threshold. We use center locations and intensities of
Typhoon Ioke from the Joint Typhoon Warning Center (JTWC) best track data set (Chu et al., 2002;
http://www.usno.navy.mil/NOOC/nmfc-ph/RSS/jtwc/best_tracks/). Two TC data sets are used to identify
its size at two different thresholds: the JTWC best track data set with a threshold at 34-kt (1 kt = 0.514 m/s)
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Figure 1. Track of Typhoon Ioke from satellite data (magenta small dots) compared to the corresponding seismic sources in the 4- to 6-s period band over time
(big colored dots). The dots in dark magenta at the end of the track represent the extrapolation of the track when Ioke was an extratropical storm. The three
grayscale snapshots show the normalized beam power resulting from the backprojection analysis at three different times. Upward (downward) triangle marks
the typhoon location (the seismic source) at these times. The inset on the top right corner of the figure shows the geographic location of the seismic stations
used in this study and the typhoon track (color scale).

winds and a data set built using storm-centered infrared imagery (Knaff et al., 2014, 2015) with a threshold
at 5-kt winds.

The inset on the top right corner of Figure 1 shows the track of Typhoon Ioke as a function of time. The
white mark along the track in the inset denotes the main turning point of its life cycle: the transition from
a tropical storm to a TC. Ioke was an extremely powerful and long-lived typhoon that formed in the Central
Pacific Ocean as a tropical depression on 17 August 2006. The cyclone was classified as a typhoon (sustained
wind speed > 33 m/s) on 21 August 2006, and while moving west-northwestward it reached the Category
5 intensity on the Saffir-Simpson scale (sustained wind speed > 70 m/s) multiple times. Ioke weakened
to a tropical storm while moving east of Japan, just after performing the tropical-extratropical transition
(i.e., moving into the midlatitudes, north of 30–40◦N), and it was declared as an extratropical storm on 6
September by the JTWC. The storm lost its tropical characteristics assuming an asymmetric shape, but the
extratropical remnants of Ioke were documented later on with strong winds in the Gulf of Alaska.

In order to locate the seismic sources, we use available seismic data recorded by the vertical component of
230 stations located in central California (black dots in the inset in Figure 1) from 17 August to 8 September
2006. The seismic waveforms are downloaded from the Incorporated Research Institutions for Seismology
(IRIS, http://www.iris.edu/mda), the Northern California Earthquake Data Center (2014), and the South-
ern California Earthquake Data Center (2013) by using the python toolbox obspy (Krischer et al., 2015). The
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instrumental response is deconvolved from the raw short-period (119 EH channel and 27 SH channel) seis-
mograms, and broadband (78 BH channel and 4 HH channel) seismograms in order to get ground velocity.
Seismograms are downsampled to 2 Hz and filtered using a Butterworth band-pass filter in three narrow
period bands: 2–4, 4–6, and 6–9 s.

The method used in this study to backproject seismic waveforms has been described and widely tested by
Retailleau et al. (2015, 2017). It consists in targeting the energy of selected body wave phases using their
slowness, which is directly linked to the distance between the source and the receiver. Body wave phases are
more localized in space and time than surface waves, and therefore, their arrival gives more precise infor-
mation about the location of the sources. As a consequence, our method allows us to locate the sources with
high precision using only one array, as demonstrated with earthquake sources by Retailleau et al. (2015).

We select the energy that corresponds to the targeted phase in the time-slowness domain from Vespagram
analyses performed on a grid of potential locations. Classical techniques for performing array analysis (e.g.,
Cessaro, 1994; Haubrich & McCamy, 1969) search for source location by backprojecting the azimuth and
slowness extracted from a 2-D wavenumber diagram obtained by beamforming (Rost & Thomas, 2002). Our
method directly searches for the location of the sources, instead of locating the sources by using the azimuth
of the incoming waves, leading to a much more precise spatial resolution (see Retailleau et al., 2015, 2017, for
more details).

To verify the consistency of our results over time, we interpolate the typhoon track every 3 hr to define the
center of the grid (20◦ × 20◦ in longitude and latitude, with a grid spacing of 0.5◦) of potential locations of
the seismic source. For each point of the grid, we compute a Vespagram (Rost & Thomas, 2002); see Figure
S1 in the supporting information), for a 0.334-s/deg slowness range centered around the P wave theoretical
slowness predicted in the 1-D Earth model IASP91 (Kennett & Engdahl, 1991) at a distance corresponding
to the one between the network and the potential location (Crotwell et al., 1999; Krischer et al., 2015). We
extract the median value over time and the mean value over the slowness. This selection allows us to remove
automatically any other signals having a short duration, like earthquakes and instrumental glitches. Because
very strong earthquakes could still bias our results, we remove any signals having standard deviation larger
than 15 times the mean over a window of 4 hr.

We apply this method every 3 hr during the entire life cycle of the event, while Ioke was a tropical depres-
sion/storm (17–20 August), a TC (21 August to 6 September) and an extratropical storm (after 6 September).
As discussed previously, Ioke lost the tropical characteristics on 6 September and became an extratropi-
cal storm, whose centroid location is no longer available from TC databases due to its asymmetric shape.
Therefore, in order to detect additional late signals generated when Ioke was no longer active as a TC,
we extrapolate a potential track toward Alaska between 6 and 8 September (dark magenta in Figure 1) to
determine the center of the grid search.

The main panel in Figure 1 shows the typhoon track location (magenta dots) compared to the seismic sources
at 4–6 s. The larger colored dots represent the location of the maximum amplitude of the backprojection
at each time step, corresponding to the most likely location of the seismic sources over time. The three
grayscale snapshots are examples of the normalized beam power resulting from the backprojection analysis,
corresponding to 17 August, 1 September and 7 September; upward triangles represent the location of the
typhoon along the track at these times. Downward triangles mark the location of the maximum beam power
corresponding to the most likely location of the seismic source (see also Movie S1).

At the beginning of the storm activity (17 to 21 August), while Ioke was mostly a tropical depression and
a tropical storm (wind speed smaller than 33 m/s), the backprojection analysis does not show any clear
evidence of seismic sources. The location of the maximum amplitude of the beam power is highly scattered,
and it does not appear to be related to the typhoon track (blue dots in Figure 1). The first snapshot of the
beam power shown in Figure 1 illustrates this case: the pattern of the beam power is highly disorganized, and
the maximum beam power (identified by the downward blue triangle) is clearly not associated with Ioke.
During this stage of the event, while Ioke was a tropical depression and storm, it was likely not strong enough
to produce a coherent pattern of ocean waves, preventing their interaction, and in turn the generation of
seismic sources.
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From 22 August to 5 September, the backprojection results become more consistent and start following the
typhoon track closely. The second snapshot of the beam power shown in Figure 1 and centered at latitude
20◦N is an example of a well-detected source. Seismic sources always follow the event, as documented for
portions of the Ioke Typhoon track by e.g., Zhang, Gerstoft, and Bromirski (2010), Zhang, Gerstoft, and
Shearer (2010), Gualtieri et al. (2014), and Farra et al. (2016) and for other TCs by e.g., Gerstoft et al. (2006)
and Haubrich and McCamy (1969). The location at which the beam power is maximum (denoted by the
downward triangle in orange) is behind the event itself (denoted by the upward triangle in magenta). While
previous studies by Zhang, Gerstoft, and Shearer (2010) and Farra et al. (2016) obtained results on daily
time windows, in this study we identified sources with a 3-hr resolution. An interesting and novel aspect,
as we will see in detail in the next section, is that this high resolution allows us to observe that the distance
between the seismic sources and the event over time is nearly constant during the entire typhoon life cycle
(see Movie S1).

During the last stage of the event (6 September onward), Ioke was declared an extratropical storm, losing
its tropical characteristics. For that reason, we are not able to associate a track to this stage of the event.
To define the grid for the backprojection, we extrapolate the typhoon track (dark magenta in Figure 1).
An example is provided by the third snapshot of the beam power, centered at about 60◦N. The associated
seismic source (whose maximum is denoted by the downward red triangle) is still well visible, and Ioke can
be still tracked as an extratropical storm. It is interesting to observe that, although the typhoon weakened
during this last stage, we can still observe the seismic sources following the event, while this was not the
case at the beginning of the event. Zhang, Gerstoft, and Shearer (2010) analyzed seismic signals between 5
and 7 September averaging over 24 hr, but their maximum beam power is spread over a large region, and it
is difficult to identify the most likely location of the source with respect to the event.

As demonstrated by Retailleau et al. (2015, 2017), our method is able to locate seismic sources with high
precision. In Figure S2 we show the spatial uncertainty of the source location associated with the slowness
range used in this study to isolate the P wave energy. We observe that the spatial uncertainty is always smaller
than the distance between the event and the seismic source, making the analysis of the distance (as shown
in Figure 2a) robust.

Similar results can be obtained using data filtered at shorter periods, between 2 and 4 s (see Figure S3). On
the other hand, as we will see in the next section, secondary microseisms at longer periods, between 6 and
9 s, are only generated by Ioke toward the end of its life cycle (see Figure S4 and the following section).

3. Linking the Seismic Sources With the Characteristics of the Typhoon
For a majority of the previous studies, Typhoon Ioke was observed seismologically only around 5-s period
(e.g., Farra et al., 2016). Zhang, Gerstoft, and Shearer (2010) further analyzed seismic signals on a broader
band, between 4.7 and 10 s, but only during 48 hr of the late-stage activity of the typhoon, while Ioke weak-
ened. In this study, we searched for seismic sources associated with Ioke in the whole secondary microseism
period band, between 2 and 9 s. The sources retrieved filtering the data in three period bands (2–4, 4–6, and
6–9 s) reveal features that can be linked to some of the main characteristics of the typhoon. In this section,
we restrict our analysis to the portion of the event for which we have a precise location given by the JTWC,
between 17 August and 6 September 2006. Thus, we exclude the last extratropical portion of the event.

In Figure 2a, we first analyze the distance between the center of the typhoon and the seismic sources, defined
as the maxima of the beam power as a function of time and seismic period (colored dots). We perform this
analysis using the location of seismic sources corresponding to our available satellite data, that is, every
6 hr. The background color represents the TC intensity defined by the Saffir-Simpson scale. We observe that
seismic sources at periods shorter than 6 s (blue and red dots) behave differently than seismic sources at
periods longer than 6 s (gray dots).

In all the three period bands (2–4, 4–6, and 6–9 s), at the beginning of the event (17–22 August), the maxi-
mum beam power is located faraway (distance larger than about 15◦) from the event. In the previous section,
we observed that our seismic detections during this portion of the event were not related to Ioke (Figure 1).
This time period mostly corresponds to the time when Ioke was a tropical depression and a tropical storm
(light blue background in Figure 2a), that is, when it was not yet classified as a typhoon.

At periods shorter than 6 s (red and blue dots in Figure 2), we observe a delay of about 24 hr between the
strengthening of the event to a Category 1 typhoon (green background in Figure 2 on 21 August) and the
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Figure 2. (a) Distance between the center of the typhoon and the seismic source as a function of time. Seismic data
have been filtered between 2–4 (blue), 4–6 (red), and 6–9 s (gray). The dotted (dashed) green line denotes the typhoon
size associated with 5-kt (34-kt) winds. The background color indicates the typhoon intensity through time.
(b) Azimuth of the typhoon track (red) and of the seismic sources with respect to the typhoon track (blue) as a
function of time.

appearance of the seismic sources close to it (22 August). This delay between the strengthening of the event
and the emergence of the seismic signals associated to it was previously observed at periods 4 to 7 s for
several TCs (Gualtieri et al., 2018), and it is likely related to the nonlinear coupling between the atmosphere
and the ocean, and a potentially slow wind-wave growth, which may take from a few hours to a few days
(Hasselmann et al., 1973; Ochi, 2003). After 22 August, the seismic sources approach the event and get more
organized, maintaining a nearly constant distance over time from the center of the typhoon (Figure 2a). The
source location most closely tracks the 34-kt wind size during the entire life cycle of the event, corresponding
in the case of typhoon Ioke at a distance of about 2◦ (green dashed line in Figure 2a). We also observe that
the major part of the sources at periods smaller than 6 s (blue and red dots in Figure 2a) are located within
the threshold of 5-kt winds (dotted green line in Figure 2a).

In the inset on the top right corner of Figure S2, we show a zoom of the seismic sources and their spatial
uncertainty, together with the corresponding satellite locations (red dots) and the 34-kt wind threshold (red
circles). Even taking into account the spatial uncertainty, we observe that the 34-kt wind is still a good
approximation for locating the sources.
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Figure 3. Seismic cutoff period from equation (1) as a function of time and propagation speed.

Consistently with past studies (e.g., Farra et al., 2016; Gerstoft et al., 2006; Gualtieri et al., 2014, 2018; Zhang,
Gerstoft, & Bromirski, 2010; Zhang, Gerstoft, & Shearer, 2010), T = 4–6 s is the period band at which the
seismic signals due to the typhoon emerge with higher signal-to-noise ratio. The seismic sources are located
in the wake of the typhoon, and they follow the typhoon track (Figure 1). As shown in Figure 2b, at peri-
ods between 4 and 6 s, the azimuth of the sources with respect to the track (blue dots) is consistent with
the azimuth of the track itself (red dots) during the entire life cycle of the event. The azimuth of the track
(red dots) shows that the typhoon turned eastward (azimuth larger than 180◦) after 5 September 2006, at
6 a.m. The seismic sources followed this behavior with a delay of about 12 hr (after 5 September 2006, at
6 p.m.). These turning points are located between 30◦N and 40◦N, corresponding to its tropical-extratropical
transition (e.g., Evans et al., 2017).

At periods longer than 6 s (gray dots in Figure 2a), the sources approach the event and their distribution
gets more organized only after 2 September 2006 (see also Figure S4). Zhang, Gerstoft, and Shearer (2010)
analyzed seismic signals at similar seismic periods averaging the beam power over UTC 12 hr 5 through 7
September. They identified a weak maximum beam power spread over more than 20◦ both in latitude and
in longitude, falling north of Japan and mostly on land. They do not identify any sources in deep water close
to the typhoon track and relate their findings with possible coastal sources. On the other hand, we identify
sources following the typhoon at periods between 6 and 9 s during 2 to 8 September.

Haubrich and McCamy (1969) showed that a fast-moving storm, like a TC, has to override its own ocean
waves in order to generate seismic sources in the wake of the event. Only when the event is faster than its own
generated ocean waves can seismic sources be formed in the wake of the event. Therefore, a cutoff period
must exist when the propagation speed of the typhoon V equals the group velocity of ocean waves U. At
periods below the cutoff period, ocean waves move slower than the storm and seismic sources should appear
in the wake of the event. The corresponding cutoff period of seismic waves Tc is half the one of ocean waves.
Considering that the seismic sources identified in this study are all located in a deep-water environment, the
cutoff period of the generated seismic waves can be obtained using the dispersion relation of ocean gravity
waves in deep water U = 1

2

√
g
k

, where g is the gravitational acceleration and k is the wavenumber of ocean
waves. Imposing U = V, the cutoff seismic period is

Tc = 2𝜋 V
g

(1)

Figure 3 shows the seismic cutoff period Tc (black dots) associated with the propagation speed of Typhoon
Ioke (background color) as a function of time, computed with equation (1). This equation implies that
observing seismic signals at a given period requires that the event move at least at a given minimum
speed. Therefore, long-period signals can be observed only when the event moves fast enough. In the case
of Typhoon Ioke, this corresponds to the final stage of the event, when Ioke moved northward into the
midlatitudes and accelerated after the tropical-extratropical transition.
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We observe that the theoretical cutoff period (black dots in Figure 3) underestimates the actual observations
(Figure 2a) by about 2 s. However, equation (1) is a simple relationship and it does not take into account other
nonlinear processes and heterogeneities of the ocean wave field that may be present during the generation of
seismic waves by a TC. Therefore, while it only gives an indication of the period band at which the sources are
expected, this simple relationship confirms that, while seismic signals due to Ioke at short period (T ≲ 6 s)
can be observed for the whole duration of the TC, signals at long period (T ≳ 6 s) can only be generated at
the end of the event.

4. Conclusion
Backprojection of the P wave arrivals at a seismic network in California shows evidence of the seismic
sources following Typhoon Ioke during its entire life cycle and in the entire secondary microseism period
band (2–9 s). We conduct this observation with an unprecedented 3-hr time resolution and reconstruct
the typhoon track with high accuracy. We detect seismic sources continuously from about 24 hr after Ioke
became a Category 1 typhoon. The sources are located at a nearly constant distance from the typhoon center,
corresponding to 34-kt winds. We also show that the generation of the sources at long period (6–9 s) is linked,
at the first-order approximation, with the propagation speed of the typhoon, as theorized by Haubrich and
McCamy (1969).

The work presented in this paper opens the way to a wide range of future studies. Our method can be easily
extended to the analysis of different seismic phases (e.g., Retailleau et al., 2017) recorded on the three com-
ponents of seismic arrays to exploit the energy partition at the source through detection of shear waves (e.g.,
Nishida & Takagi, 2016). The method also allows investigating events in different ocean basins and over dif-
ferent seasons, including data for which we have little a priori information from satellites. Moreover, this
global scale analysis could complement current satellite information by giving some quantitative constraints
on ocean surface processes, which are still very difficult to measure (Ardhuin et al., 2018; Hwang & Walsh,
2018). Finally, by advancing our understanding of the mechanisms lying behind ocean-generated signals,
we can improve the current way of performing correlation-based ambient noise tomography and potentially
provide a new database, other than earthquakes, to study the deep Earth's interior (Stehly et al., 2016).
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