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Abstract Seismic signals from ocean-solid Earth interactions are ubiquitously recorded on our planet.
However, these wavefields are typically incoherent in the time domain limiting their utilization for
understanding ocean dynamics or solid Earth properties. In contrast, we find that during large storms such
as hurricanes and Nor'easters the interaction of long-period ocean waves with shallow seafloor features
located near the edge of continental shelves, known as ocean banks, excites coherent transcontinental
Rayleigh wave packets in the 20- to 50-s period band. These “stormquakes” migrate coincident with the
storms but are effectively spatiotemporally focused seismic point sources with equivalent earthquake
magnitudes that can be greater than 3.5. Stormquakes thus provide new coherent sources to investigate
Earth structure in locations that typically lack both seismic instrumentation and earthquakes. Moreover,
they provide a new geophysical observable with high spatial and temporal resolution with which to
investigate ocean wave dynamics during large storms.

Plain Language Summary Large storms such as hurricanes and Nor'easters generate strong
long-period ocean waves, which can interact with shallow seafloor features located near the edge of
continental shelves known as ocean banks. Such interactions produce seismic sources with equivalent
earthquake magnitudes that can be greater than 3.5. These seismic sources are termed “stormquakes,” and
they can excite coherent seismic wave fields that are well recorded across the North American continent.
Stormquake is a newly identified geophysical phenomenon, which involves interactions of atmosphere,
ocean, and the solid Earth. Therefore, stormquakes can provide useful information to investigate the Earth
structure and ocean wave dynamics.

1. Introduction
About 71% of the Earth's surface is covered by water, and energy is continuously transferred from ocean
waves into continuous, persistent oscillations of the solid Earth (McNamara & Buland, 2004; Nishida, 2017;
Webb, 1998). Such oscillations are recorded ubiquitously on our planet (Berger et al., 2004; Peterson, 1993)
and have been used to study the interior structure of the solid Earth (Gerstoft et al., 2008; Moschetti et al.,
2007; Shapiro et al., 2005), tropical cyclones (Gualtieri et al., 2018; Retailleau & Gualtieri, 2019), decadal
scale changes in past climate (Bernard, 1990; Grevemeyer et al., 2000), and the properties of ocean waves
(Farrell & Munk, 2010).

These oscillations are generally described as seismic ambient noise and are categorized as the microseisms
(Bromirski et al., 2013; Stutzmann et al., 2000) and the Earth hum (Nishida, 2013; Rhie & Romanowicz,
2004; Suda et al., 1998). The measured vertical ground acceleration spectra of the microseisms (3- to 20-s
periods) and the Earth hum (50- to ∼300-s periods) can be reasonably explained by the primary and the
secondary mechanisms (Ardhuin et al., 2015; Hasselmann, 1963; Kedar et al., 2008; Longuet-Higgins, 1950;
Nishida, 2017; Webb, 2008). The primary mechanism corresponds to interactions between ocean waves and
the seafloor topography that they propagate over (Hasselmann, 1963; Nishida, 2017) and can act over a
wide band with peak energy at periods around 15 s. The secondary mechanism corresponds to a nonlinear
interference between pairs of ocean waves propagating in opposite directions, which can explain the most
energetic seismic band (3- to 10-s periods; Gualtieri et al., 2013; Longuet-Higgins, 1950). The relatively low
noise level in the 20- to 50-s period band leads to the extensive use of seismic records in this band to study
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Figure 1. Stormquakes offshore North America and seismic stations from 2006 to 2015. The located stormquakes are shown as the red circles, and the seismic
stations are shown as triangles. Due to the location uncertainties, some of the apparent stormquake locations are beyond the coastlines. The yellow contours
show regions where stormquakes were detected. The orange contour shows a comparison region offshore Mexico that has been struck by hurricanes but
without excitation of stormquakes. The insert shows earthquakes (blue dots) reported in the International Seismological Centre catalog with magnitudes
greater than 3 and shallower than 40 km from 2006 to 2015.

Earth's interior (Moschetti et al., 2007; Shapiro et al., 2005) and unconventional seismic sources (Chen et al.,
2011; Ekström et al., 2003; Tsai & Ekström, 2007). Occasionally, abnormal ocean swells can excite strong
seismic noise in the period band that can be detected by dense arrays (Matsuzawa et al., 2012). However, the
physical nature of the seismic sources exciting the ambient seismic wavefield in the 20- to 50-s period band
(0.02–0.05 Hz) is not well understood and has received relatively little theoretical or observational attention.

Here, we performed a comprehensive search for seismic sources exciting this period band and found that
storms, including both hurricanes and winter storms, can excite transient sources seaward of the North
American coastline (Figure 1). These sources, which we call “stormquakes,” cause long-lasting ground
motions over hours to days, and they migrate along the shelf break coincident with the storm activity
(Figure 2). These stormquakes result from interactions of storm-induced ocean waves with bathymetric fea-
tures on the continental shelf and can have strengths equivalent to earthquakes greater than 3.5 magnitude.
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Figure 2. Stormquakes excited by Hurricane Bill (2009). (a) Rayleigh wavefield generated by the stormquake offshore New England on 23 August 11:27:06
(red star). The ellipse shows the location uncertainty of the stormquake (Fan et al., 2018). Rayleigh wave arrival times and propagation directions at each
subarray (triad) are shown as the colored dots and arrows. The pink line shows the track of Hurricane Bill (2009; Landsea & Franklin, 2013). (b) Stormquakes
migrating with Hurricane Bill (2009) along the continental shelf over a 30-hr period. Regions with significant wave height above 5 m are shown as the colored
contours, using WAVEWATCH III at 3-hr resolution (Tolman, 2014). (C) One-hour self-normalized band-pass-filtered (20–50 s) waveforms aligned with the
detected epicenter of the stormquake in (a). The red band highlights waveforms associated with the detected stormquake in (a).

This newly identified atmosphere-ocean-solid Earth coupling differs from previously categorized seismic
ambient noise in that it produces deterministic seismic effective point sources, which are focused in space
and time. Our results demonstrate how energetic storms transiting large continental shelves with ocean
banks can excite a coherent transcontinental surface wavefield. We expect that stormquakes are a common
but overlooked natural phenomenon in western Europe and Western Australia, in addition to North Amer-
ica. Stormquakes thus provide new coherent sources to investigate Earth structure in locations that typically
lack both seismic instrumentation and earthquakes. Moreover, they provide a new geophysical observable
with high spatial and temporal resolution with which to investigate the ocean and atmosphere.

2. Materials and Methods
We analyzed 10 years (2006–2015) of continuous vertical-component long-period channel (LHZ) seismic
data that are primarily from the USArray Transportable Array (Figure 1; Busby et al., 2006). We applied
a novel approach based on the AELUMA method (Automated Event Location Using a Mesh of Arrays)
to Rayleigh waves at 20- to 50-s periods to detect and locate stormquakes offshore North America (de
Groot-Hedlin & Hedlin, 2015; Fan et al., 2018). Rayleigh waves have proven useful for detecting and locating
unconventional seismic sources that are depleted in high frequencies (Ekström, 2006; Shearer, 1994). The
AELUMA method does not require knowledge of source type or an accurate velocity model to locate the
events, permitting discovery of unknown seismic sources. The method harnesses the surface wave coherence
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and maximizes resolution of detections by using continental-scale arrays. The method and data processing
procedure are detailed in the supporting information. These seismic arrays are first divided into Delaunay
triangular subarrays (Figure S1 ). For each subarray, we perform beamforming to resolve the surface wave
propagation directions and arrival times (Figure S2). The surface waves are assumed to propagate along
geodesic minimal arc, or great-circle path, which is a valid assumption in general. For special cases when the
raypaths from the source to receiver triads travel along ocean-continental boundaries, the propagation path
may deviate from the great-circle path (Foster et al., 2014; Larson & Ekström, 2002). An empirical correc-
tion is applied to mitigate such effects if the candidate sources are close to Global Centroid Moment Tensor
cataloged earthquakes (Fan et al., 2018). Finally, we use these propagation direction and arrival time mea-
surements to formulate an inverse problem to locate the seismic sources and their origin times (Figure S3).
Spatial uncertainties of the detected seismic sources are quantitively evaluated (Figure S4). For the best-case
scenarios (e.g., stormquakes near Haida Gwaii region), spatial resolution of stormquake locations can be
∼50 km. The spatial resolution for a given region is nonuniform during the USArray deployment period
and evolves with the eastward migration of the array configurations (Figure S5). To assure the robustness of
the detected stormquakes, seismic records of all located stormquakes are aligned with respect to their stor-
mquake epicenters, and are visually inspected to confirm the presence of coherent transcontinental phases
(e.g., Figure 2).

A detected seismic source is declared a stormquake if it passes a four-step identification procedure
(supporting information), which requires the seismic source to occur during a stormy day (Figure S2c), to
not associate with the International Seismological Centre (ISC) catalog (Figure S2c), to belong to a swarm
in the same region on the given day (Figure 2B), and to generate a coherent phase move out (Figure 2c).
Stormquakes were detected offshore North America along both the east and west coasts as well as in the
Gulf of Mexico (Figure 1). To characterize the stormquake activity, we contoured regions in which the stor-
mquakes are located, following the coastlines and offshore bathymetry. Within the contoured regions, there
were 14,077 stormquakes that occurred episodically from September 2006 to February 2015 offshore of New
England, Florida, and the Gulf of Mexico in the United States and offshore Nova Scotia, Newfoundland, and
Labrador, and British Columbia (Haida Gwaii) in Canada. The located stormquakes lay along continental
shelf breaks in regions with very low rates of earthquake activity, except the Haida Gwaii region, as reported
by the ISC from 2006 to 2015 (inset, Figure 1; International Seismological Centre, 2013).

3. Results
Hurricane Bill is an example of a typical source of stormquakes (Figure 2). The hurricane originated in the
eastern Atlantic on 15 August 2009 and strengthened into a major Category 4 hurricane before ultimately
striking Newfoundland as a tropical storm (Landsea & Franklin, 2013; Tolman, 2014). The storm weakened
into a Category 1 hurricane when it approached offshore New England on 22 August. Upon the hurricane's
arrival, numerous seismic sources were located offshore New England and Nova Scotia (Figures 2 and S5).
These transient seismic sources excited coherent transcontinental surface waves (Figure 2c), which are well
depicted by our measurements of the surface wave propagation directions and arrival times (Figure 2a). The
observed signals are different than the microseisms and cannot be directly identified in the power spectral
density functions of ground motions. The successful detection of stormquakes is made possible because our
approach takes advantage of coherent phase information in the time domain, rather than only inspecting the
ambient noise power spectral density. Here, the observed vertical motions are dominated by Rayleigh waves.
The isolated Rayleigh wave signals are prominent and can be easily identified from the filtered seismographs
(Figure 2c). They are excited by sources as strong as typical magnitude 3.5 or larger earthquakes in this period
band (Figure S6; Fan et al., 2018). For instance, surface waves excited offshore New England around 23
August 11:27:06 were clearly recorded by stations 4,000 km away (Figure 2a). Similar seismic sources migrate
within a narrow band along the shelf break coincident with Hurricane Bill's track, causing continent-wide
ground motions lasting for about 30 hr (Figure 2b). The located seismic sources robustly correlate with the
leading edge of the storm track. No ordinary earthquakes were detected in the region during the passage of
Hurricane Bill (Figure S5). Without any other indigenous source or other energy influx in the region during
the passage of Hurricane Bill, our observations strongly suggest that the located seismic sources were excited
by this hurricane.

Hurricanes and large winter storms frequently excite stormquakes near the North American margin
(Figure 3). For instance, Hurricane Gonzalo (2014) also struck offshore Nova Scotia and excited stormquakes
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Figure 3. Examples of stormquakes excited by hurricanes and winter storms offshore Newfoundland and Labrador (a), Florida (b), Haida Gwaii (c), Gulf of
Mexico (d), New England and Nova Scotia (e), and panel (f) shows seven major hurricane tracks offshore Mexico (Category 3, C3, to Category 5, C5) and the
only three detected seismic sources that were not reported in the International Seismological Centre catalog during the passage of the hurricanes. The ocean
wave model is WAVEWATCH III with colors indicating the primary wave period (in seconds), solid dark line showing the significant wave height (in meters),
and the arrow showing the primary wave direction (Tolman, 2014).

along the shelf break (Figure 3e). Similar stormquakes were regularly detected in the Gulf of Mexico and off-
shore Florida and the Bahamas (Figures 3b, 3d, and 3e). For instance, Hurricane Ike (2008) caused intense
stormquake activity in the Gulf of Mexico (Figure 3d) and Hurricane Irene (2011) excited stormquakes near
Little Bahama Bank offshore of Florida (Figure 3b). These hurricanes propagated along different tracks and
had diverse characteristics in terms of their strength, spatial extent, and wind speeds (Landsea & Franklin,
2013; Tolman, 2014), yet they generated similar magnitude Rayleigh waves easily detected within the interior
of North America.

Winter storms, including Nor'easters in the western North Atlantic Ocean and extratropical cyclones in the
Pacific Northwest, also regularly excite stormquakes in the Labrador Sea, the Haida Gwaii region offshore
British Columbia, and offshore New England and Nova Scotia (Figures 3a, 3c, and S5). Of these regions, only
Haida Gwaii corresponds to a plate boundary and has a high level of seismic activity, including a Mw 7.8
earthquake that occurred in 2012 (Figure S7; International Seismological Centre, 2013). However, stor-
mquakes in the Haida Gwaii region do not correlate with local seismicity (Figure S7) confirming that they
are excited by the ocean, not faulting. Winter storms differ from hurricanes significantly in various aspects
(Landsea & Franklin, 2013; Tolman, 2014). However, no obvious differences can be identified from the stor-
mquake activities (Figure S5), suggesting that both hurricanes and winter storms cause similar excitation
conditions. For instance, stormquakes generated by a 2014 Nor'easter offshore New England and Nova Sco-
tia also migrate within the same narrow region along the shelf break following the storm activity, similar
to those excited by hurricanes (Figures 3e and S5). These observations suggest that the atmospheric events,
that is, the storms, do not directly generate stormquakes. However, these storms are likely to have provided
similar energy influx to excite ocean waves, which in turn can generate stormquakes.
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Figure 4. Hurricane tracks and ocean bottom vertical force profiles (S(x)) offshore New England (NE), New Jersey (NJ), and Mexico (MX). (A), Pacific and
Atlantic hurricane tracks from 2006 to 2015. The track of Hurricane Sandy (2012) is shown as the red line. Ocean banks are shown as purple squares.
(b) Bathymetry profiles of NE, NJ, and MX. (c) Ocean bottom vertical force profiles (S(x)) of NE, NJ, and MX at 20 and 30 s.

However, not all hurricanes generate stormquakes. In fact, stormquakes were repeatedly observed only in
a few particular regions around North America (Figure 1). No stormquakes were detected offshore Mexico
or the east coast of the United States from New Jersey to Georgia despite many major hurricanes striking
these regions during the study period (Figures 1, 3, and 4; Landsea & Franklin, 2013; Tolman, 2014). For
example, Hurricane Sandy (2012), the most destructive hurricane of the 2012 Atlantic hurricane season,
moved ashore in New Jersey but did not excite any stormquakes along its northward movement (Figure S1).
Similarly, Hurricane Bill (2009) did not excite any stormquakes as it passed by the shelf-break offshore of
Maryland and New Jersey (as a Category 1 storm) but suddenly began generating Rayleigh waves once it
reached George's Bank offshore of Cape Cod (Figure 2b). Similarly, many major Pacific hurricanes migrated
along the west coast of Mexico without generating stormquakes. During the seven largest hurricanes to
hit Mexico (55 days total), including the Category 5 Hurricane Patricia (2015), we only detected three seis-
mic sources that were not associated with the ISC earthquake catalog (Figure 3F). In total, there were 76
seismic sources located in the contoured region offshore Mexico that are not associated with ISC catalog
when 177 Pacific hurricanes passed by from 2006 to 2015 (495 days; Figure S8). In contrast, Hurricane Bill
(2009) excited 298 stormquakes that can be well located offshore New England and Nova Scotia within 30 hr.
This comparison strongly suggests that stormquake excitation is determined by the local oceanographic and
bathymetric environments.

4. Discussions and Conclusions
The spatial pattern of stormquake activity suggests that specific seafloor topography is required for stor-
mquake excitation and argues for the primary mechanism as the means of exciting stormquakes. In the
primary mechanism, ocean waves interfere with seafloor topography to produce seismic sources (Ardhuin,
2018; Ardhuin et al., 2015; Hasselmann, 1963). When seafloor topography varies smoothly horizontally, (e.g.,
relatively straight and parallel depth contours in the along-coast direction), only ocean waves propagating
nearly perpendicular to the coast or continental shelf can produce seismic sources (Ardhuin et al., 2015).
Therefore, coast-perpendicular seafloor topography profiles (Figure 4) are valid two-dimensional approx-
imations to investigate the excitation of stormquakes. Interference between such a topography profile (x,
distance to the coastline) and ocean waves leads to an ocean bottom vertical force profile (S(x)), describing
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the spatial distribution of vertical forces acting on the seafloor (Figure 4; Ardhuin et al., 2015). S(x) reveals
which part of the bathymetric profile is responsible for the observed stormquakes (supporting information).

Long-period ocean waves propagating across monotonically sloped topography on the continental shelf
(such as offshore New Jersey in Figures 2a, 4b, and S9) cause a smooth pressure profile on the seafloor cre-
ating seismic sources evenly distributed over the whole shelf (Figure 4c). These evenly distributed sources
would excite the typical (incoherent) ambient microseism wavefield and the Earth hum (Gerstoft et al.,
2006). In contrast, when a seafloor topography profile has a local bathymetric high near the shelf break,
often termed a bank (e.g., offshore New England in Figures 2a and 4b), the same period wave produces a
spatially focused pressure source that in many cases has a spatial extent comparable to one seismic Rayleigh
wavelength at the same period as the ocean waves. For instance, George's Bank produces a bottom pres-
sure source with about a 60-km length for 20-s period ocean waves that is centered near the shelf break
(Figure 4c). This spatial footprint is about one wavelength of a Fundamental Mode R1 wave at 20 s (group
velocity 3 km/s), which creates what is effectively a seismic point source for 20-s Rayleigh waves. Similarly,
the net pressure source from 30-s ocean waves extends ∼100 km, producing isolated Rayleigh wave pack-
ets at that period. However, the spatial focusing mechanism alone cannot explain the temporal discreteness
of the observed isolated seismic surface wave packets. The ocean wavefield energized by transiting storms
can last for hours. Such continuous oscillations of the ocean waves likely lead to a large-scale averaging of
the pressure force field, which raises the paradox of the temporal discreteness of stormquakes. However,
the excited Rayleigh waves are observed as discrete wave packets in the time domain (Figures 2c and S10),
requiring the effective excitation sources to be finite in space and time. In addition, the wave packets dif-
fer from each other, have various durations, and occur irregularly in time suggesting that their excitation
sources are localized (Figures 2c and S10). Such temporal effective point sources may come from stochas-
tic averaging of the pressure field or may have been modulated by the movements of the storms. To unravel
the exact physical mechanisms of stormquake excitation, in situ measurements are necessary to illuminate
how ocean waves are converted into the observed coherent, prominent, and isolated seismic surface wave
packets that are similar to those produced by typical earthquakes.

In addition to the persistent strong Rayleigh waves, sporadic isolated Love wave packets are also observed
being in association with stormquakes (Figure S10). For instance, a few discrete Love wave packets were
generated in similar regions offshore New England during the transit of Hurricane Bill (Figures 2 and S10).
These Love wave packets travel at a speed around 4 km/s and are not observed as frequently as Rayleigh wave
packets. The excitation mechanisms of these Love waves, that is, their seismic effective point sources, are
unlikely to be the same as the pressure sources discussed above. If only a uniform vertical force acts on the
seafloor, no Love waves would be excited. The observation of Love waves requires other excitation conditions
(Fukao et al., 2010; Nishida et al., 2008; Saito, 2010). Possible excitation mechanisms involve friction between
the ocean wave particle motion and the seafloor, friction due to water propagating over seafloor topography,
pressure sources generated during shoaling as water propagates over inclined topography creating a horizon-
tal force component, or shear traction from the fluctuations of pressure sources on the seafloor (Ardhuin &
Herbers, 2013; Friedrich et al., 1998; Fukao et al., 2010; Hasselmann, 1963; Juretzek & Hadziioannou, 2016;
Nishida et al., 2008; Saito, 2010). The shear traction hypothesis is favorable as it is a direct consequence of
linear topographic coupling of ocean waves, which also aligns with the proposed possible mechanism above
for Rayleigh wave excitations. However, the shear traction may not occur as frequently as vertical pressure
sources, and the observations of sporadic Love waves but persistent Rayleigh wave packets suggest multiple
physical processes might be present simultaneously during stormquake excitation (Matsuzawa et al., 2012).

Ocean banks are present in all the regions where the observed stormquakes occur (Figure 4a). Ocean banks,
such as the Grand Banks of Newfoundland and Georges Bank offshore New England, are typically shallow
underwater platforms, which can cause focusing effects when ocean waves interfere with their bathymetry
profiles. In addition, it appears that large continental shelves are necessary for stormquake excitation. For
example, there is a small bank offshore Baja California that is relatively close to shore (Figure 4b), but hur-
ricanes in the region do not generate stormquakes (Figures 1, 4a, and S8). As shown by the local S(x) of
topography profile MX (Figure 4c), the interference between this bathymetry and ocean waves does not
produce a seismic source that stands out from the adjacent shelf. Our observations suggest that large conti-
nental shelves, ocean banks, and strong storms are the three factors that are necessary for the generation of
stormquakes. If this holds true, we would also expect intense stormquake activity offshore western Europe
and offshore northern Australia.
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In the primary mechanism, the ocean waves share the same frequencies with the seismic waves (Ardhuin
et al., 2015; Hasselmann, 1963). Therefore, ocean waves at 20- to 50-s period band are the driving forces
for stormquake excitations (supporting information). This period band is a nominal period band for
higher-frequency infragravity waves (IG; Munk, 1951), suggesting that IG waves are likely to be the
ocean waves driving the stormquakes. Both free and forced IG waves strongly correlate with swell-sea
energy despite different generation mechanisms (Herbers et al., 1994, 1995). The WAVEWATCH III models
show that strong ocean swells are present at periods below 20 s during stormy days coincident with
stormquakes (Figure 3; Tolman, 2014), while the observed hurricanes produce peak periods smaller than
15 s. Highly nonlinear and energetic seas from hurricanes and storms may force strong IG waves leading to
the observed stormquake activity. Alternatively, swell forerunners and long-period gravity waves can also
excite stormquakes. Forerunners and long-period gravity waves are directly generated by storms through
atmosphere-ocean interactions, and as progressive waves are observed in advance of a large swell event
arrival (Husson et al., 2012; Munk, 1947). Our seismological observations cannot directly distinguish the
ocean wave types, but the close spatiotemporal correlations between stormquakes and large significant wave
heights suggest the driving-force ocean waves are concurrent with passage of the storms. Depending on the
storm events and regional sea floor topography, one of these ocean waves or combinations of these ocean
waves are likely to have contributed to the observed stormquakes. Reciprocally, stormquakes offer a new
independent geophysical observable that has high spatial and temporal resolution to investigate ocean wave
dynamics. For instance, stormquakes are sensitive to the location of high-amplitude ocean waves in remote
regions on timescales of tens of seconds compared to the 3-hr resolution of current ocean wave models.

Stormquakes are a newly identified type of atmosphere-ocean-solid Earth coupling, demonstrating clear
seasonality (Figure S11). No stormquakes were observed in any of the identified regions during North-
ern Hemisphere summers (May to August) from 2006 to 2015, consistent with the seasonality of major
wind producing storms. The observations further suggest that stormquakes are energized by atmospheric
events as coupled atmosphere-ocean-solid Earth responses. The discovery of stormquakes may relate to or
can explain previously reported mysterious seismic noise sources near Europe, North America, and Africa,
which have also been suggested to correlate with high-amplitude sea swells (Matsuzawa et al., 2012; Oliver,
1962; Schulte-Pelkum et al., 2004; Shapiro et al., 2006). Previously reported atmosphere-ocean-solid Earth
couplings mostly result in seismic signals in the microseism and the Earth hum bands, for which sources are
widely distributed along margins or in the deep oceans (Ardhuin et al., 2015; Nishida, 2013; Webb, 2008). The
large spatial extent of these seismic sources leads to incoherent signals as the ambient noise field in the time
domain. Therefore, analyses of these signals and their sources have mostly been performed in the frequency
domain (Koper & Burlacu, 2015; Traer et al., 2012; Ward Neale et al., 2018). In contrast, stormquakes are
transient seismic effective point sources at the 20- to 50-s period band that can excite clear, coherent, isolated
surface wave packets (e.g., Figure 2). These signals can be easily observed in the time domain, enabling the
location of stormquakes with a high spatial and temporal resolution (Figure S4; Fan et al., 2018). Here stor-
mquakes are conceptualized as effective point sources because of the discrete surface wave packets requiring
their excitation sources to be finite in space and time. The precise physical mechanism of how the excitation
sources are spatiotemporally discrete requires further investigation and in situ measurements. However,
these excitation sources are not associated with faulting activities (Figure 1). Therefore, stormquakes can
likely be represented as centroid forces other than moment tensors as distinguished from earthquakes.

The discovery of stormquakes implies that the 20- to 50-s ambient seismic wavefield can have strong direc-
tionality at certain times. Ambient noise interferometry, now routinely used to image crustal and upper
mantle structures, assumes that the ambient seismic sources are relatively uniformly distributed along the
coastlines (Sánchez-Sesma & Campillo, 2006; Yang & Ritzwoller, 2008). Our observations show that this
assumption may not be valid during the Northern Hemisphere winter and hurricane seasons when there is
the greatest storm activity (Figure 1). Strong stormquake signals could potentially bias the empirical Green's
functions retrieved from the ambient noise interferometry (Tsai, 2009; Weaver et al., 2009). Stormquakes
are also likely to have an impact on the detection of very low frequency earthquakes in the Haida Gwaii and
Cascadia region, which are depleted in high frequency and are often investigated in the 20- to 50-s period
band. Cascadia hosts a wide range of slip events including large earthquakes (Ghosh et al., 2015; Rogers &
Dragert, 2003), and the presence of stormquakes in the Haida Gwaii region complicates the identification
of very low frequency earthquakes, which might bias estimates of the fault stress states.
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Stormquakes provide new sources to investigate Earth's structure in offshore locations that typically lack
both seismic stations and earthquakes. As stormquakes can generate surface waves with amplitudes equiv-
alent to those from magnitude 3.5 earthquakes, the clear coherent Rayleigh wave arrivals from stormquakes
(20–50 s) can be used to explore the lower crust and upper mantle seismic structures via standard tomo-
graphic inversions (Jin & Gaherty, 2015). A high-resolution catalog of stormquakes will open a new avenue
to image Earth's deep interior as stormquakes occur at passive margins, and hence, these new sources
are complementary to the abundant seismicity at active margins. In particular, combining earthquakes
with stormquakes will offer greatly improved azimuthal coverage to understand the structure of the North
American lithosphere.
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Ekström, G., Nettles, M., & Dziewoński, A. (2012). The global CMT project 2004 2010: Centroid-moment tensors for 13,017 earthquakes.

Physics of the Earth and Planetary Interiors, 200–201, 1–9. https://doi.org/10.1016/j.pepi.2012.04.002
Fan, W., de Groot-Hedlin, C. D., Hedlin, M. A. H., & Ma, Z. (2018). Using surface waves recorded by a large mesh of three-element arrays

to detect and locate disparate seismic sources. Geophysical Journal International, 215, 942–958. https://doi.org/10.1093/gji/ggy316
Farrell, W., & Munk, W. (2010). Booms and busts in the deep. Journal of Physical Oceanography, 40(9), 2159–2169.
Foster, A., Ekström, G., & Hjörleifsdóttir, V. (2014). Arrival-angle anomalies across the USArray transportable array. Earth and Planetary

Science Letters, 402, 58–68.
Friedrich, A., Krueger, F., & Klinge, K. (1998). Ocean-generated microseismic noise located with the Gräfenberg array. Journal of

Seismology, 2(1), 47–64.
Fukao, Y., Nishida, K., & Kobayashi, N. (2010). Seafloor topography, ocean infragravity waves, and background Love and Rayleigh waves.

Journal of Geophysical Research, 115, B04302. https://doi.org/10.1029/2009JB006678
Gerstoft, P., Fehler, M. C., & Sabra, K. G. (2006). When Katrina hit California. Geophysical Research Letters, 33, L17308. https://doi.org/10.

1029/2006GL027270
Gerstoft, P., Shearer, P. M., Harmon, N., & Zhang, J. (2008). Global P, PP, and PKP wave microseisms observed from distant storms.

Geophysical Research Letters, 35, L23306. https://doi.org/10.1029/2008GL036111
Ghosh, A., Huesca-Pérez, E., Brodsky, E., & Ito, Y. (2015). Very low frequency earthquakes in Cascadia migrate with tremor. Geophysical

Research Letters, 42, 3228–3232. https://doi.org/10.1002/2015GL063286
Grevemeyer, I., Herber, R., & Essen, H.-H. (2000). Microseismological evidence for a changing wave climate in the Northeast Atlantic

ocean. Nature, 408(6810), 349.
Gualtieri, L., Camargo, S. J., Pascale, S., Pons, F. M., & Ekström, G. (2018). The persistent signature of tropical cyclones in ambient seismic

noise. Earth and Planetary Science Letters, 484, 287–294.
Gualtieri, L., Stutzmann, E., Capdeville, Y., Ardhuin, F., Schimmel, M., Mangeney, A., & Morelli, A. (2013). Modeling secondary

microseismic noise by normal mode summation. Geophysical Journal International, 193(3), 1732–1745.
Hasselmann, K. (1963). A statistical analysis of the generation of microseisms. Reviews of Geophysics, 1(2), 177–210.
Herbers, T. H. C., Elgar, S., & Guza, R. T. (1994). Infragravity-frequency (0.005–0.05 Hz) motions on the shelf. Part I: Forced waves. Journal

of Physical Oceanography, 24(5), 917–927. https://doi.org/10.1175/1520-0485
Herbers, T., Elgar, S., Guza, R., & O'Reilly, W. (1995). Infragravity-frequency (0.005–0.05 Hz) motions on the shelf. Part II: Free waves.

Journal of Physical Oceanography, 25(6), 1063–1079.
Husson, R., Ardhuin, F., Collard, F., Chapron, B., & Balanche, A. (2012). Revealing forerunners on Envisat's wave mode ASAR using the

global seismic network. Geophysical Research Letters, 39, L15609. https://doi.org/10.1029/2012GL052334
International Seismological Centre (2013). On-line bulletin. Thatcham, United Kingdom: Int. Seis Cent.
Jin, G., & Gaherty, J. B. (2015). Surface wave phase-velocity tomography based on multichannel cross-correlation. Geophysical Journal

International, 201(3), 1383–1398.
Juretzek, C., & Hadziioannou, C. (2016). Where do ocean microseisms come from? A study of Love-to-Rayleigh wave ratios. Journal of

Geophysical Research: Solid Earth, 121, 6741–6756. https://doi.org/10.1002/2016JB013017

Acknowledgments
We would like to thank the Editor Dr.
Hayes, Dr. Ekström, Dr. McNamara,
Dr. Pollitz, and the other two reviewers
for their constructive suggestions,
which have led to improvements in
our paper. We would also like to thank
Dr. Ardhuin and Dr. Gualtieri for
helpful discussions, and specifically
Dr. Ardhuin for sharing codes to
model ocean wave and seafloor
topography interference (Ardhuin
et al., 2015). The seismic data were
provided by Data Management Center
(DMC) of the Incorporated Research
Institutions for Seismology (IRIS). The
facilities of IRIS Data Services, and
specifically the IRIS Data Management
Center, were used for access to
waveforms, related metadata, and/or
derived products used in this study.
IRIS Data Services are funded through
the Seismological Facilities for the
Advancement of Geoscience and
EarthScope (SAGE) Proposal of the
National Science Foundation under
Cooperative Agreement EAR-1261681.
The earthquake catalogs were
downloaded from the Global Centroid
Moment Tensor GCMT project
(Ekström et al., 2012), and the
International Seismological Centre
(ISC) (International Seismological
Centre, 2013). The ocean wave models
are obtained from the Environmental
Modeling Center at the National
Weather Service (NWS) of the National
Oceanic and Atmospheric
Administration (NOAA; Tolman,
2014). The hurricane tracks are
obtained from the National Hurricane
Center (NHC) of NOAA (Landsea &
Franklin, 2013). The topography is
obtained from the ETOPO1
Arc-Minute Global Relief Model
provided by the National Geophysical
Data Center (NGDC) of NOAA.
Toponymic information, including
undersea features, are obtained from
the GEONet Names Server (GNS),
which is based on the Geographic
Names Database, containing official
standard names approved by the U.S.
Board on Geographic Names and
maintained by the National
Geospatial-Intelligence Agency (www.
nga.mil, last accessed 21 March 2019).
The Bahamas Banks geographic
polygons are obtained from the U.S.
Geological Survey (USGS) Geographic
Names Information System (GNIS)
database of names. The AELUMA
code can be obtained on request
through the IRIS data service product
website at https://ds.iris.edu/ds/
products/infrasound-aeluma/#request
(last accessed 21 March 2019). W. F.
acknowledges support from the
Postdoctoral Scholar Program at the
Woods Hole Oceanographic
Institution, with funding provided by
the Weston Howland Jr. Postdoctoral
Scholarship. C. D. G and M. A. H. H

FAN ET AL. 9

https://doi.org/10.1029/2018GL078855
https://doi.org/10.1002/2014GL062782
https://doi.org/10.1029/2004JB003408
https://doi.org/10.1002/jgrb.50268
https://doi.org/10.1029/2011JB008262
https://doi.org/10.1093/gji/ggv345
https://doi.org/10.1785/0120050175
https://doi.org/10.1126/science.1088057
https://doi.org/10.1016/j.pepi.2012.04.002
https://doi.org/10.1093/gji/ggy316
https://doi.org/10.1029/2009JB006678
https://doi.org/10.1029/2006GL027270
https://doi.org/10.1029/2006GL027270
https://doi.org/10.1029/2008GL036111
https://doi.org/10.1002/2015GL063286
https://doi.org/10.1175/1520-0485
https://doi.org/10.1029/2012GL052334
https://doi.org/10.1002/2016JB013017
www.nga.mil
www.nga.mil
https://ds.iris.edu/ds/products/infrasound-aeluma/request
https://ds.iris.edu/ds/products/infrasound-aeluma/request


Geophysical Research Letters 10.1029/2019GL084217

Kedar, S., Longuet-Higgins, M., Webb, F., Graham, N., Clayton, R., & Jones, C. (2008). The origin of deep ocean microseisms in the North
Atlantic ocean. Proceedings of the Royal Society of London A: Mathematical, Physical and Engineering Sciences, 464, 777–793. The Royal
Society.

Koper, K. D., & Burlacu, R. (2015). The fine structure of double-frequency microseisms recorded by seismometers in North America.
Journal of Geophysical Research: Solid Earth, 120, 1677–1691. https://doi.org/10.1002/2014JB011820

Landsea, C. W., & Franklin, J. L. (2013). Atlantic hurricane database uncertainty and presentation of a new database format. Monthly
Weather Review, 141(10), 3576–3592.

Larson, E. W., & Ekström, G. (2002). Determining surface wave arrival angle anomalies. Journal of Geophysical Research, 107(B6), 2127.
https://doi.org/10.1029/2000JB000048

Longuet-Higgins, M. S. (1950). A theory of the origin of microseisms. Philosophical Transactions of the Royal Society of London. Series A,
243(857), 1–35.

Matsuzawa, T., Obara, K., Maeda, T., Asano, Y., & Saito, T. (2012). Love-and Rayleigh-wave microseisms excited by migrating ocean swells
in the North Atlantic detected in Japan and Germany. Bulletin of the Seismological Society of America, 102(4), 1864–1871.

McNamara, D. E., & Buland, R. P. (2004). Ambient noise levels in the continental United States. Bulletin of the seismological society of
America, 94(4), 1517–1527.

Moschetti, M., Ritzwoller, M., & Shapiro, N. (2007). Surface wave tomography of the western United States from ambient seismic noise:
Rayleigh wave group velocity maps. Geochemistry, Geophysics, Geosystems, 8, Q08010. https://doi.org/10.1029/2007GC001655

Munk, W. H. (1947). Tracking storms by forerunners of swell. Journal of Meteorology, 4(2), 45–57.
Munk, W. H. (1951). Origin and generation of waves. La Jolla: Scripps Institution of Oceanography.
Nishida, K. (2013). Earth's background free oscillations. Annual Review of Earth and Planetary Sciences, 41, 719–740.
Nishida, K. (2017). Ambient seismic wave field. Proceedings of the Japan Academy, Series B, 93(7), 423–448.
Nishida, K., Kawakatsu, H., Fukao, Y., & Obara, K. (2008). Background Love and Rayleigh waves simultaneously generated at the Pacific

ocean floors. Geophysical Research Letters, 35, L16307. https://doi.org/10.1029/2008GL034753
Oliver, J. (1962). A worldwide storm of microseisms with periods of about 27 seconds. Bulletin of the Seismological Society of America, 52(3),

507–517.
Peterson, J. (1993). Observations and modeling of seismic background noise. Albuquerque, NM: U.S. Geological Survey.
Retailleau, L., & Gualtieri, L. (2019). Toward high-resolution period-dependent seismic monitoring of tropical cyclones. Geophysical

Research Letters, 46, 1329–1337. https://doi.org/10.1029/2018GL080785
Rhie, J., & Romanowicz, B. (2004). Excitation of Earth's continuous free oscillations by atmosphere–ocean–seafloor coupling. Nature,

431(7008), 552.
Rogers, G., & Dragert, H. (2003). Episodic tremor and slip on the Cascadia subduction zone: The chatter of silent slip. Science, 300(5627),

1942–1943.
Saito, T. (2010). Love-wave excitation due to the interaction between a propagating ocean wave and the sea-bottom topography. Geophysical

Journal International, 182(3), 1515–1523.
Sánchez-Sesma, F. J., & Campillo, M. (2006). Retrieval of the Green's function from cross correlation: The canonical elastic problem. Bulletin

of the Seismological Society of America, 96(3), 1182–1191.
Schulte-Pelkum, V., Earle, P. S., & Vernon, F. L. (2004). Strong directivity of ocean-generated seismic noise. Geochemistry, Geophysics,

Geosystems, 5, Q03004. https://doi.org/10.1029/2003GC000520
Shapiro, N. M., Campillo, M., Stehly, L., & Ritzwoller, M. H. (2005). High-resolution surface-wave tomography from ambient seismic noise.

Science, 307(5715), 1615–1618.
Shapiro, N. M., Ritzwoller, M., & Bensen, G. (2006). Source location of the 26 sec microseism from cross-correlations of ambient seismic

noise. Geophysical Research Letters, 33, L18310. https://doi.org/10.1029/2006GL027010
Shearer, P. M. (1994). Global seismic event detection using a matched filter on long-period seismograms. Journal of Geophysical Research,

99(B7), 13,713–13,725. https://doi.org/10.1029/94JB00498
Stutzmann, E., Roult, G., & Astiz, L. (2000). Geoscope station noise levels. Bulletin of the Seismological Society of America, 90(3), 690. https://

doi.org/10.1785/0119990025
Suda, N., Nawa, K., & Fukao, Y. (1998). Earth's background free oscillations. Science, 279(5359), 2089–2091.
Tolman, H. L. (2014). User manual and system documentation of WAVEWATCH III tm version 4.18. Technical note, MMAB Contribution,

276, 220.
Traer, J., Gerstoft, P., Bromirski, P. D., & Shearer, P. M. (2012). Microseisms and hum from ocean surface gravity waves. Journal of

Geophysical Research, 117, B11307. https://doi.org/10.1029/2012JB009550
Tsai, V. C. (2009). On establishing the accuracy of noise tomography travel-time measurements in a realistic medium. Geophysical Journal

International, 178(3), 1555–1564.
Tsai, V. C., & Ekström, G. (2007). Analysis of glacial earthquakes. Journal of Geophysical Research, 112, F03S22. https://doi.org/10.1029/

2006JF000596
Ward Neale, J., Harmon, N., & Srokosz, M. (2018). Improving microseismic P wave source location with multiple seismic arrays. Journal

of Geophysical Research: Solid Earth, 123, 476–492. https://doi.org/10.1002/2017JB015015
Weaver, R., Froment, B., & Campillo, M. (2009). On the correlation of non-isotropically distributed ballistic scalar diffuse waves. The Journal

of the Acoustical Society of America, 126(4), 1817–1826.
Webb, S. C. (1998). Broadband seismology and noise under the ocean. Reviews of Geophysics, 36(1), 105–142. https://doi.org/10.1029/

97RG02287
Webb, S. C. (2008). The Earth's hum: The excitation of Earth normal modes by ocean waves. Geophysical Journal International, 174(2),

542–566.
Yang, Y., & Ritzwoller, M. H. (2008). Characteristics of ambient seismic noise as a source for surface wave tomography. Geochemistry,

Geophysics, Geosystems, 9, Q02008. https://doi.org/10.1029/2007GC001814

acknowledge support from NSF Grant
EAR-1358520. The processed data are
available from the authors upon
request.

FAN ET AL. 10

https://doi.org/10.1002/2014JB011820
https://doi.org/10.1029/2000JB000048
https://doi.org/10.1029/2007GC001655
https://doi.org/10.1029/2008GL034753
https://doi.org/10.1029/2018GL080785
https://doi.org/10.1029/2003GC000520
https://doi.org/10.1029/2006GL027010
https://doi.org/10.1029/94JB00498
https://doi.org/10.1785/0119990025
https://doi.org/10.1785/0119990025
https://doi.org/10.1029/2012JB009550
https://doi.org/10.1029/2006JF000596
https://doi.org/10.1029/2006JF000596
https://doi.org/10.1002/2017JB015015
https://doi.org/10.1029/97RG02287
https://doi.org/10.1029/97RG02287
https://doi.org/10.1029/2007GC001814

	Abstract
	Plain Language Summary


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


