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SUMMARY

Secondary microseisms are caused by nonlinear interactions between ocean waves of ap-
proximately equal wavelengths and opposite propagation directions. This seismic forcing is
evaluated using ocean sea-state hindcast data and further modulated by the bathymetric effect.
The numerical ocean model provides a global activity representation of the secondary micro-
seisms, from which we isolate major events. We backprojected teleseismic P-wave propagation
into the Earth’s mantle to validate these events as effective seismic sources. The ocean model
provides spectral amplitude information for modelling microseisms generated seismic wave-
field. A comparison of the backprojection for P and PP phases from observed and synthetic
microseisms forcing indicates high reliability in the ocean model, at least for major sources.
A combination of P and PP phases detected across a global network of stations enables global
ocean coverage. We improve backprojection images even further by introducing a two-step
stacking for the P phase to address the problem of unbalanced station distribution. Thresholds
of microseisms events forces valuable for seismic imaging are determined by comparing back-
projections and ocean models for the years 2015 and 2020. Finally, we extracted a catalogue
of microseisms events every 3-hr from 1994 to 2020 from the ocean hindcast data set. This
catalogue is an intriguing resource for future applications of interferometric imaging at large

scale.
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1 INTRODUCTION

Microseisms are permanent and ubiquitous vibration of the ground
as part of ambient noise (e.g. Gutenberg 1958; Ardhuin ez al. 2015).
It is usually divided into primary and secondary microseisms, with
corresponding periods of about 10-20 and 1-10 s, respectively. The
primary microseisms have relatively low energetic peak in the fre-
quency spectrum (Peterson 1993; Berger ef al. 2004). It is generated
by the direct interaction of offshore ocean gravity waves with the
seafloor and therefore has the same frequency as the ocean waves
(Hasselmann 1963; Ardhuin ef al. 2015). Secondary microseisms
have more energy than primary microseisms (Peterson 1993; Berger
et al. 2004). Its mechanism is well understood and it is caused by
nonlinear interactions of ocean gravity waves with approximately
equal frequencies and opposite propagation directions; it is twice
the frequency of ocean waves (Longuet-Higgins 1950; Hasselmann
1963; Ardhuin et al. 2011). Direct teleseismic P-wave observations
from background ambient noise analysis were reported along with
the early development of array seismology (e.g. Backus et al. 1964)
and quickly associated with ocean microseisms (e.g. Vinnik 1973;
Toksodz & Lacoss 1968). More recent detection analyses completed

these early studies with array-based backprojections from various
types of seismic phases (e.g. Gerstoft ef al. 2008; Landes et al.
2010), highlighting also the good agreement with model-based mi-
croseisms sources maps computed from ocean hindcast models (e.g.
Nishida & Takagi 2016; Retailleau & Gualtieri 2021).

While such observations may be useful for constraining ocean-
state, no direct use of such wavefields was considered for imag-
ing applications before the rise of interferometric approaches in
the last 20 yr. The spatial and temporal complexity of the source
time function (STF) necessitates reliance on relative observation
between station pairs, which is the purpose of the cross-correlation
operator. In the context of large-scale imaging applications, it has
been demonstrated that teleseismic P-wave phases emerge from the
cross-correlation of continuous seismic recordings in the secondary
microseisms frequency band, which is an excellent match com-
pared to 1-D Earth response expectations (Poli ef al. 2012; Boué
et al. 2013; Xia et al. 2016). In addition to these expected seismic
phases, cross-correlation wavefields reveal spurious seismic phases
(phases with no counterparts in the Earth’s natural response), high-
lighting a significant break in the underlying hypothesis of evenly
distributed sources at the surface, which should guarantee at least
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a partial convergence of such a correlation function toward the
expected Green’s function (e.g. Ruigrok et al. 2008 for a theoret-
ical derivation of interferometric relations at the global scale). For
instance, Li et al. (2020a), clearly demonstrated the impact of a par-
ticular secondary microseisms source in a highly active region near
New Zealand. Some researchers proposed using only one source
to focus on specific interferences and avoid unwanted ones (Peder-
sen & Colombi 2018; Xie et al. 2021). Nishida & Takagi (2022)
recently created a catalogue of global P-wave microseisms using a
dedicated auto-focusing beamformer using years of continuous data
on a dense regional array (Hi-net stations, Japan). We propose to
expand on this concept by also proposing a catalogue of significant
secondary microseisms sources of P waves using seismological data
and ocean models. We expect that such a catalogue will help explore
the potential of seismic interferometry on a large scale.

Based on the microseisms excitation theory and the develop-
ment of both the ocean observation and modelling techniques, the
ocean pressure to solid Earth seismic coupling can be computed
(e.g. Ardhuin et al. 2011; Rascle & Ardhuin 2013). The oceanic
wave-wave interaction model provides the power spectral density
of the pressure field at the ocean surface that is responsible for the
source of seismic waves in the solid Earth for the secondary micro-
seisms frequency band (Fig. 1a). Bathymetry affects the coupling of
the ocean-generated pressure field to seismic waves; scalar coeffi-
cients can be determined as a function of wave types (surface, P, S)
and considered slowness (Longuet-Higgins 1950; Stutzmann ef al.
2012; Gualtieri et al. 2013, 2014). Gualtieri et al. (2014), in par-
ticular, defined the wavefield as the superposition of plane waves,
deduced the bathymetric effect coefficients of P and S waves, and
demonstrated that the bathymetric effect is stronger for P waves
than S waves. After being modulated by the appropriate bathymet-
ric coefficient, the source model was proved to be a good repre-
sentation of oceanic forcing in this frequency range, being close to
observed seismic data (Hillers et al. 2012; Obrebski et al. 2013;
Farra et al. 2016; Li et al. 2020b; Nishida & Takagi 2022). Still,
from a seismic imaging perspective, it would be very useful and
convenient to define a set of parameters to reduce this continuum
(although numerically discrete) sources in both time and space to a
discrete catalogue of significant events. Such parameters are diffi-
cult to estimate without a strategy for comparing the source model
with seismic data. Our research combines these ocean hindcast data
with seismic observations to quantify valuable microseisms events
criteria. Our objective is to extract a reliable catalogue of signifi-
cant secondary microseisms sources directly from the model, which
is much more efficient than exploring years of global continuous
seismic data. Nevertheless, the quality of the model prediction is
confronted to some seismic data based on mantle P waves.

In this study, we define a list of microseisms events based on
their mantle P waves detectability at the global scale in a period
band ranging from 3 to 10 s. This catalogue will be generated from
the multiyear ocean model after it has been partially validated with
seismic data at the global scale and a selection of 60 time-windows
(from 0:00 to 3:00 UTC time between 2011 and 2020). First, syn-
thetic seismograms are generated using the secondary microseisms
pressure field sea-state hindcast data as input amplitude. Second,
a strategy of seismic data and synthetic backprojection for P and
PP phases is established for a fair comparison. This comparison al-
lowed us to set a threshold value for the model above which we can
expect to seismically isolate an event, without the need to explore
a tremendous continuous global seismic data set for years. Finally,
we discuss the main parameters of the event catalogue for the entire
years 2015 and 2020.

2 METHODS AND DATA

In this section, we describe how we model secondary microseisms
waveforms and how the backprojection approaches for P and PP
phases are applied. The modelled waveforms are in the 3-10 s
period bands, which are the most energetic part of the secondary
microseisms spectrum. Traditional delay-and-sum backprojection
aligns and stacks phases simply (hereafter referred to as simple
stacking), but because the station distribution is highly non-uniform,
the coverage difference for different locations on the Earth causes
strong distortions in the backprojection maps. A two-step stacking
method for the P phase is proposed and tested to mitigate the impact
of uneven-stacking order.

2.1 Secondary microseisms modelling of P wave

Bathymetry modulated ocean models provide amplitude informa-
tion for pressure acting on the sea floor. The resulting source map
can be convolved with global synthetic waveforms to model the mi-
croseisms records at any seismic station. The microseisms source
provided by ocean hindcast data is the PSD of the continuous non-
stationary pressure field on the ocean surface (F,(K >~ 0, f3) in
the following formula), it cannot be used directly as a source. We
convert it to a vertical force according to Gualtieri ef al. (2014):

F(f)=21Cp (/2)VF,(K=0, f)dfdS (M

where /' is ocean wave frequency, f> = 2f is seismic wave fre-
quency. Cp is the bathymetric effect coefficient of P waves (phase
of interest) and dS is the grid area (dS = R? sin(¢)drdp—where
R is the radius of the Earth, ¢ is the colatitude and A is the lon-
gitude). The ocean hindcast data set has a temporal resolution of
3-hr and a spatial resolution of 0.5° for both latitude and longi-
tude. In our application, we adopted oceanic models with reflection,
where the reflection coefficient R? = 0.1 for continents and large
islands, R? = 0.2 for smaller islands, R?> = 0.5 for icebergs (Ard-
huin et al. 2011). Fig. 1 shows the ocean power spectral density
and vertical force after modulation by bathymetric coefficient Cp
(Gualtieri et al. 2014). This frequency-dependent bathymetric coef-
ficient, which can be seen as a coupling coefficient at the bottom of
the water column for a given seismic waves (here diving P waves)
directly relates to the local resonance for a given bathymetry. Some
microseism events are amplified (Fig. 1b, event II) while other are
attenuated (Fig. 1b, event I).

Since we expect microseisms sources to be uncorrelated spa-
tially, we apply a random phase to the vertical force provided by the
oceanic wave model and we use it as the STF. Green’s function of
P-wave propagation at the global scale is calculated using AxiSEM
(Nissen-Meyer et al. 2014; van Driel et al. 2015) using the 1-D
Earth model AK135f (Kennett ef al. 1995; Montagner & Kennett
1996). The source in this case is the unitary vertical point force. P
wave propagates from ocean sources to stations and reciprocity is
not used. The sampling rate is 20 Hz. We only keep the waveforms
from P arrival to PP arrival (PP phases are included) and we mute
later arrivals like surface waves to focus on the P-only wavefield.
We expect this choice to differ significantly from actual continuous
seismic data, which contain mostly surface waves in this frequency
band, as discussed later. Fig. 2 summarizes our workflow of simulat-
ing P-only wavefields from the ocean forcing. For a given receiver £,
the modelled secondary microseisms (u,(¢)) is calculated by sum-
ming the convolution of the STF;; and the corresponding Green’s
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Figure 1. On 2019 August 9, from 0:00 to 3:00, (a) the average PSD of the ocean pressure field from 3 to 10 s, and (b) vertical force after modulation by
bathymetric coefficients. The locations of some storms discussed in the following are shown as red boxes.
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Figure 2. Depicts a sketch of our microseisms modelling strategy. Every point (red star) in the ocean is a source, and its force is a function of frequency; then,
impose a random phase to the force as the STF, and convolve it with the Green’s function from this point to a station. The modelled microseisms waveforms
are obtained by summing the contributions of all ocean surface points to this station.
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function (fo/.(t)) at each point (i, ) of the ocean:

Ocean

we(t)y= Y STF; G (1) @

i=1,j=1

We simulate a 30-min recording. On the one hand, the time limit is
imposed because the simulation is time-consuming and consumes
numerous computing resources. Alternatively, a 30-min Green’s
function (Gf-‘/.(t), as shown in Fig. 2) is sufficient for P and PP
propagation.

2.2 Backprojection

Backprojection is a classical array-based method for searching for
source locations and dynamics in seismology (e.g. Ishii ez al. 2005;
Gerstoft et al. 2008; Reading et al. 2014; Gal et al. 2015; Liu
et al. 2016; Wang et al. 2018). The underlying concept is simply
to enhance coherent signals while suppressing incoherent noises
using delay-and-sum seismic traces (e.g. Rost & Thomas 2002).
Although initially developed to detect impulsive sources, it can be
used to detect distant microseisms events (e.g. Vinnik 1973). Some
comparisons for body waves based on regional arrays revealed a
good agreement between seismic observations and ocean models
(e.g. Hillers et al. 2012; Euler et al. 2014; Farra et al. 2016; Liu
et al. 2016). Since our target is the entire ocean surface, we would
like a regular coverage of seismic data to backproject for any ocean
location. A single small aperture array that would be used for P-
phase backprojection only is not sufficient to solve for all ocean
locations, due to the propagation distance of seismic phases that
includes physical shadow zones (e.g. Ishii er al. 2005; Gerstoft
etal. 2008; Hillers et al. 2012; Euler et al. 2014). Therefore, a global
distribution of observation points is necessary. It is also a method
for overcoming ambiguous source locations caused by overlapping
ray parameters from P-waves multiples (Pyle et al. 2015; Meschede
et al. 2017; Ward Neale et al. 2018). A combination of multiple
phases has also been used to achieve coverage of global sources
(e.g. Gerstoft et al. 2008; Retailleau ef al. 2018; Nishida & Takagi
2022). We extend the multi-array and multiphase approaches to use
the global stations as a single array to detect P-wave sources (Walker
& Shearer 2009; Xu et al. 2009; Koper et al. 2012).

2.2.1 Simple stacking

The backprojection method used here is based on a simple
delay-and-sum beamforming algorithm in which time delays are
parametrized based on the theoretical traveltime computed for
a specific seismic phase and source location. The beam ampli-
tude resulting from the stacking procedure for a given set of pa-
rameters highlights the existence of microseisms sources. For the
source location in latitude i and longitude j, the seismograms are
summed:

N
5 () = Z wfjuk (t — tl.]}) 3)
k=1
where u(¢)is the vertical component seismogram recorded at the
kth station and l,.k/ is the theoretical P or PP phase traveltime from the
source (7, j) to the kth station, which is calculated using the global
velocity model AK135 (Kennett et al. 1995). wf‘j is a weighting
factor for station & and source point (i, j). We refer to it as a simple
stacking procedure when wf‘j = 1. We compute the beam amplitude

53;(1) by an ocean-wide gridpoint search approach. The grid spacing
in latitude and longitude was 2.5°.

Previous P-waves studies mostly used regional arrays or a com-
bination of multi-array to investigate some local sources (Gerstoft
etal 2008; Liu et al. 2016; Ward Neale et al. 2018; Euler et al. 2014,
Wang et al. 2018). For multi-array combinations, the backprojec-
tion area can only be the intersection of each array’s coverage area
(Ward Neale et al. 2018). Even detecting global sources would be
limited by space resolution and P-wave propagation distance (Euler
et al. 2014; Wang et al. 2018). Furthermore, as previously stated,
since P and PP have the same slowness at different distances, there
is ambiguity between P and PP backprojection, which can lead
to wrong source localization. To search the entire ocean surface
and reduce P/PP backprojection ambiguity, we extend the multi-
array approach using all available broadband stations around the
world.

To be consistent with the time interval of the ocean model avail-
able (Ardhuin et al. 2011; Rascle & Ardhuin 2013), we download the
corresponding 3-hr seismic data. We collected all available high-
gain seismometers for the target period. The vertical component
data were downloaded through the FDSN web services. A list of
the networks is given in the Supporting Information. The sensor
responses were removed from original waveforms through decon-
volution. Waveforms were further downsampled to 2 Hz, and band-
pass filtered from 3 to 10 s. For earthquake signals, we clipped the
waveforms with amplitudes larger than three times the standard de-
viation in a 3-hr window. However, the impact of large earthquakes
(M, > 5.5, impact duration > 30-min) will still be significant on
our backprojection maps. We thus decided to avoid periods with
significant earthquakes to focus on ocean forcing. Backprojection
for the P phase has a distance range of 30°-98°, which is the typical
range of teleseismic P wave and avoids upper-mantle triplication of
P-wave traveltime before 30°. The distance range for the PP phase
is 30°—180°.

An example of backprojection for P and PP for 2019 August 9,
is presented in Fig. 3, while the source distribution predicted by the
ocean model is depicted in Fig. 1(b). The beam amplitude is normal-
ized to one for the representation, and the zoom panel is normalized
by values in the zoom range. The stacking amplifies possible sources
of coherent P (Fig. 3a) or PP (Fig. 3b) excitation while reducing
the impact of incoherent phases, which are supposed to be mostly
surface waves in this frequency range. Stacking order refers to the
number of stations used for a given ocean point. For example, for
P phase it is the number of stations within 30°-98° from source
point (7, j). A theoretically perfectly coherent signal hidden in an
incoherent noise should stack with a signal-to-noise ratio (SNR)
increase ~/M (M is stacking order) compared to a single station.
Alternatively, the beam amplitude also decreases with the increase
of stacking order; see Figs 3(a) and (c) for the Antarctic Ocean, and
Figs 3(b) and (d) for the North-East Pacific Ocean. Although coun-
terintuitive, this observation is directly related to the large amplitude
of the Rayleigh wave in the secondary microseisms that are stacked
incoherently when aligned with P and PP traveltime. In other words,
this effect is particularly problematic when numerous stations are
sensitive to local (and strong) surface wave excitation. As seismic
stations in Europe and the US constitute a large part of the overall
available stations, they significantly unbalance the stacking order
and thus produce unwanted patterns in the backprojection results.
In the case of the P backprojection, in locations where the number
of available stations is greatly reduced due to the limited distance
range considered, the beam amplitude increases significantly due to
the contribution of regional noise in the vicinity of the remaining
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Figure 3. Backprojection map of 2019 August 9, for (a) P phase, (b) PP phase, and corresponding stacking order of (c) P phase, (d) PP phase. The beam
amplitude is normalized to 0—1 and the zoom panel in (a) is normalized by values in the zoom range.

stations. The comparison with the ocean activity depicted in Fig. 1
indicates that this high amplitude pattern is a spurious feature. For
the same reason, a shadow zone is formed around the United States
and Europe for the PP backprojection.

When the stacking order is low, the coherent but weak P-wave
signal is drowned out by the incoherent but strong surface waves.
There is a microseisms source (Fig. 1) south of Japan, as shown in
Fig. 3(a) zoom, but due to the low stacking order in this area, the
source cannot be effectively resolved. Due to the limited available
distance for backprojection, it is impossible to keep the stacking
order consistent on a global scale without significantly decreasing
the gain of the coherent stacking.

The stacking order for PP simple stacking backprojection is high
in the Southern Hemisphere, while its relative spatial variations
are small in this area. Consequently, the sources in the Southern
Hemisphere are more constrained compared with Fig. 1. For P-
wave backprojection, the stacking order varies significantly and
the distribution is not uniform. To address this problem, which is
particularly problematic for P waves, we propose a two-step stacking
procedure to artificially balance the station distribution with spatial
normalization. Finally, we should note that for PP backprojection,
the ambiguity caused by the slowness of the coincidence of P and
PP persists (see example in Fig. S1, Supporting Information). In
Fig. 3(b), there is no source at (60° S, 165° W), but we observe an
artefact caused by a strong source south of Africa.

2.2.2 Two-step stacking

The idea of the two-step stacking is to weight seismic signals ac-
cording to the spatial distribution of the corresponding stations.
The goal is to reduce the relative importance of the large number
of stations that are close to each other. Conversely, a station that is
far from the others will be given higher priority in the stack. The
main objective of this empirical workflow is to balance the stack-
ing order and enable better and more homogeneous detectability
of microseisms events across the entire ocean. As shown in Fig. 4,
we triangulate the Earth (Moresi & Mather 2019), and grouped the
stations accordingly. Every station group was considered a subar-
ray. All traces of the group are shifted and stacked according to
the theoretical traveltime relative to the centre of the corresponding
triangular patch. The resulting beamed traces of all groups were
normalized. Beams are then sorted by distance from the source and
binned in 100 km increments for every possible source location. The
second step of stacking is finally applied after a final traveltime cor-
rection. In this case, weighting factor in eq. (3) is wf‘j = 1/PFQ),
P* is the number of stations within the triangle where station £ is
located, Q is the number of distance bins.

The area of the triangle and the distance interval between the
bins are two parameters of this two-step stacking procedure. We
tested various combinations of triangle area and distance intervals
(the areas are 540 000, 134 000 and 33 500 km?, and the distance
intervals are 50, 100, 200 and 300 km). The distance interval plays
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Figure 4. The scheme of two-step stacking. For the sake of clarity, the triangle on the Earth in the figure is much larger than the actual application in the text.

a greater role in homogenizing stacking order than the triangle area
(see Fig. S2, Supporting Information). We sacrifice the SNR in some
regions to have a little more homogeneous stacking order. Note that
the final stacking order is also influenced by the distance interval. A
larger distance interval makes the spatial variability of the stacking
order smoother but reduces its average value, thus impacting the
final image’s SNR. Group stacking (step 1 in Fig. 4) suppresses
regional incoherent waves, such as Rayleigh waves. For a possible
source, groups from different azimuths reduce directivity artefacts
in the backprojection. The combination we finally chose is a triangle
with a surface area of 134 000 km? and a distance interval of 100 km.

Fig. 5 depicts the two-step backprojection map and stacking or-
der distribution on 2019 August 9. The spatial variability of the
stacking order is now small compared to Fig. 3(c), especially in
the Northern Hemisphere. Note that the significant decrease in the
order is counterbalanced by the first step (group) stacking. Com-
paring Figs 3(a) and 5(a) as illustrated, the smaller stacking order
in the Southern Hemisphere still creates a higher noise level on the
backprojection map but is less problematic for detection. The events
in southern Africa are powerful, and the energy levels exceed the
noise, making them well resolved. Simple stacking cannot reliably
resolve the event in the western Pacific, but its location and shape
are well highlighted by the two-step stacking process.

When using the two-step stacking for the P phase and the simple
stacking for the PP phase, there is still a form of ‘shadow zones’
on the backprojection maps, which corresponding to low stacking
order, that is, low SNR. Events in the shadow zones can only be
detected if their energy is sufficiently large, thus emerging from in-
coherent noise. For simple stacking of PP backprojection, the most
significant shadow zones are around the United States and Europe,
and affect the Bering Sea and Greenland and Iceland (Figs 3b and
d). Events around the US and Europe are completely invisible (Fig.
S3a, Supporting Information). Very strong events usually occur
in south of Greenland and Iceland. These events were still indis-
tinguishable on the PP backprojection map (Fig. S3b, Supporting
Information). However, these events can be well constrained by the

two-step stacking of P phase. For the two-step backprojection of
the P phase, the shadow zones are located widely in the Southern
Hemisphere. When the event energy is large enough, it can also be
observed in areas with low stacking order (Figs S3c and d, Sup-
porting Information), while the events with weaker energy cannot
be observed (Fig. S3e, Supporting Information). Likewise, events
in the shadow zones of P phase in the Southern Hemisphere can
also be well constrained by simple stacking of PP phase (Figs S3¢c—
e, Supporting Information). Another point to note is that, stacking
order maps are dynamic in time as the global network evolves.
Consequently, to qualify our ability to seismically detect a micro-
seism event wherever in the ocean, we adopt simple stacking for the
PP phase to constrain Southern Hemisphere events, and two-step
stacking for the P phase to constrain Northern Hemisphere events.
We reject the results for the regions with the lowest stacking orders,
that is, the Southern Hemisphere for the P backprojection and the
Northern Hemisphere for the PP backprojection (i.e. the regions
where the stacking order is coded in yellow in Figs 3d and 5b).

3 RESULTS

3.1 Correlation coefficient of modelled and observed
backprojection

Our objective is now to evaluate the validity of the ocean model
based on a comparison with seismic data. Following Section 2.1,
synthetic seismograms are derived from the model and compared
to actual data through the backprojection introduced in Section 2.2.
Given the computational effort required for the modelling, we limit
our comparison to 60 time-windows ranging from 2011 to 2020
(approximately six time-windows per year, mostly in January and
August, and a few in September and October), all of which include
at least one significant microseisms event, expecting that to be rep-
resentative. Our conclusions from this comparison are then extrap-
olated to include all duration of the available ocean model. January
and August are periods of active ocean activity in the Northern and
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Figure 5. Backprojection map of 2019 August 9, for (a) P phase by two-step stacking, and corresponding stacking order (b). The beam amplitude is normalized

to 0—1 and the zoom panel in (a) is normalized by values in the zoom range.

Southern Hemispheres (see Section 3.2 below), respectively, and
tropical cyclones form in the Western Pacific and North Atlantic
in September and October. Active oceans and tropical cyclones are
potential microseisms sources. The ocean model used ocean hind-
cast data from 0:00 to 3:00 UTC every day, but modelled seismic
data are limited to 30-min for computational reasons. As mentioned
in Section 2.1, 30-min is sufficient for P and PP propagation. Cor-
responding seismic data for comparison are in the same period, but
the duration time is 3-hr, to ensure the same temporal resolution as
the ocean hindcast data set.

We first use the example of 2019 August 9, to present the results,
as shown in Fig. 6. This is an excellent illustration, of significant
events in both the Northern and Southern Hemispheres. Overall, the
observed and modelled backprojections exhibit a good agreement.
We identified six specific events, as illustrated in Fig. 1(b). For the
P phase, we compare the observed backprojection in Fig. 6(a) to
the modelled backprojection in Fig. 6(c). Events I and II are visible
in both the observed and modelled backprojection maps, with the
modelled map having a higher amplitude. Despite their large dis-
tribution area, events Il and V have weak imprints in the observed
and modelled backprojection maps, which are due to the weak force
at each gridpoint. Event IV has a relatively high magnitude in both
the observed and modelled backprojection maps, which is due not
only to its presence but also to its location, which corresponds to
a lower station order. The higher amplitudes observed throughout
Australia are due to the same reason. Event VI has a weak imprint
in the modelled map, which is not visible in the observed map,
simply because of its low energy. For the PP phase, we compare its
observed backprojection in Fig. 6(b) with the modelled backpro-
jection in Fig. 6(d). Events -V are relatively clear in the modelled
backprojection, whereas in the observed backprojection, only event
Il is very clear, and events I, I1I, IV and V are weak. We find that the
backprojected seismic energy of event 11 is significantly higher than
that of other events. In this case, the ocean model appears to under-
estimate the seismic energy of event II. Event Il is relatively clear
in modelled map for PP phase, implying that it is likely overesti-
mated by the ocean model. Event IV has a relatively high amplitude,

with a contribution from event IV, but the larger contribution comes
from the artefact of event II. Event VI is not visible in either the
observed or modelled maps. There is some incoherent noise in the
modelled backprojection map, which corresponds to the imprint of
stacking order. Modelled waveforms contain not only coherent P or
PP phases but also PcP and PKP phases, which act as incoherent
noise when aligning on P or PP phases.

We now study the averaged properties computed on a subset
of 60 time-windows. Fig. 7 depicts the average equivalent force
field (integration of eq. 1 over frequency and area) for the selected
60 time-windows. There are significant high-force sources in the
Southern Ocean, Northwest Pacific and North Atlantic, which al-
low us to assess the accuracy of these force fields in ocean models.
Backprojections of P and PP of the modelled data were then calcu-
lated using two-step and simple stackings, respectively.

To quantify the consistency of observations and simulations sys-
tematically, we calculated the correlation coefficients between ob-
served and modelled beam energy for the 60 time-series at all ocean
positions of the backprojection maps. Fig. 8 depicts the results. The
correlation coefficient value of each point on the ocean in Figs 8(c)
and (d) is the correlation coefficient of the observed backprojection
amplitude trace and the modelled backprojection amplitude trace
on this point. We chose points 1 and 2 to visualize the agreement
between the observations and the models. The backprojection of the
P phase for point 1 has a high correlation, and Fig. 8(a) also shows
the consistency of observed and modelled backprojection ampli-
tude changes. Fig. 7 shows a strong microseisms source activity
at point 1. However, the correlation for backprojection of the PP
phase at this point is poor, which is due to the small station order
of PP at this location (Fig. 3d), and the PP phase is submerged
by incoherent signals such as surface waves. The P phase at point
2 is completely uncorrelated, despite the presence of microseisms
sources there. We can invoke here the same reasoning as for the
low correlation of PP at point 1. PP exhibits a good correlation at
point 2, and the observed and modelled backprojection amplitude
fluctuations agree well (Fig. 8f). Overall, the P phase has a high
correlation in the western and northern Pacific, the eastern seas
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Figure 6. On 2019 August 9, the observed backprojection map (a) and modelled backprojection map (c) for the P phase, and the observed backprojection map

(b) and modelled backprojection map (d) for the PP phase.
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Figure 7. 60 time-windows average force field as modelled from ocean hindcast data.

of the United States, and the North Atlantic (southern Greenland),
which are also the regions where the sources are concentrated in the
Northern Hemisphere (Fig. 7). The PP phase exhibits a very high
correlation over the entire Southern Ocean region from 30° S to 60°
S, which is also the region where the sources are concentrated in
the Southern Hemisphere (Fig. 7).

3.2 Events classification

In areas where ocean storm activity is concentrated, the high cor-
relation coefficient computed over these 60 time-windows between
the model and observations (P or PP) means that we can rely on the

model to define seismically effective microseisms events. To quan-
tify more precisely what should be the equivalent force threshold
above which, when exploring the model, we can expect to isolate a
source in the data side, we further explore continuous seismic data.
We calculated the backprojections of P and PP at 00:00-03:00 of
UTC each day in 2015 and 2020 from observed seismic data and
compared them directly with ocean models (i.e. Fig. 1b, without
synthetic backprojection) for the corresponding period to derive
the observable thresholds for microseisms events in ocean models.
We used the standard level set-based activate contour method (Os-
her & Sethian 1988) to isolate microseisms events from the ocean
model and calculate their equivalent forces. The microseisms events
obtained from the backprojection calculated from the global array
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can be regarded as globally valid, as discussed in the previous sec-
tion. To minimize the impact of the remaining inherent noise in our
global-stacking approach, we calculate the P and PP backprojection
of some regional arrays to add additional constraints.

According to the observability in the backprojection map, we
divide the microseisms events isolated from the ocean model into
five categories of 0 to 4, as shown in Table 1. Backprojection map
examples are presented as supporting information (Figs S4-S7,
Supporting Information). The distributions of the equivalent forces
over time for these five types of events are depicted in Figs 9(a)
and (b). There are more class-4 (strong) events on days 150-250.
This is because it is winter in the Southern Hemisphere, where the
ocean activity is high. The wider ocean in the Southern Hemisphere
makes the strong events more numerous (Figs 9¢ and d). The cor-
responding Northern Hemisphere winters are 0—50 and 300-365
days, with fewer class-4 events. Although strong ocean activity oc-
curs in the Northern Hemisphere winter, it is limited to the Northern
Atlantic and Pacific (Figs 9c and d). The remaining days corre-
spond to spring and fall in the Southern or Northern Hemispheres

when overall ocean activities are lower. Each event level spreads
significantly in terms of actual force value, with extensive overlap
between the levels. However, as expected, class-4 events correspond
to stronger modelled sources. The equivalent forces for the events
can be roughly divided into three layers, with separation limits of
2 x 10'2 and 6 x 10'' N. Forces greater than 2 x 10'> N correspond
to events with clear teleseismic P wave and are thus of direct in-
terest for deep seismic imaging. Between 2 x 10'> and 6 x 10'' N,
the oceanic events are possibly usable, while below they can be
discarded for use as single events.

We further explore the relationship between detectability with
SNR and site noise level. We take the median absolute devia-
tion (MAD) of the ocean force field as the background force
value, and plot the ratio of the maximum equivalent force to MAD
(MAX/MAD) as the SNR (e.g. Nishida & Takagi 2022) on Figs 9(a)
and (b). The MAX/MAD curves (from ocean models) are consistent
with the class 3 and 4 events (from observed seismic data, see also
Nishida & Takagi 2022). In order to compare our detection with a
proxy of this local noise, we plot the mean squared amplitude (MSA)
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of all the stations as the site noise. As expected in the secondary mi-
croseism frequency range, the MSA curves are lower in the Northern
Hemisphere summer (days 150-200) and higher in winter. This in-
coherent noise, mostly dominated by surface waves in the target
frequency range, decrease the coherence of global stacking.

Figs 9(c) and (d) show the spatial distribution of all events sorted
as a function of their class for both 2015 and 2020. The events
are concentrated in the Southern Ocean, the western and northern
Pacific Ocean, and the North Atlantic. The distribution of events
corresponds to a higher bathymetric coefficient Cp, such as in south-
ern New Zealand and the South Pacific, where events can be seen
along grey traces (high P-wave amplification). Globally, they are
roughly concentrated in the mid-latitudes range of 30°—60°.

YEAR: 2015

Based on this seismic validation of the ocean-based model, we
can now propose a catalogue of microseisms events derived di-
rectly from ocean hindcast data. Fig. 10 depicts every 3-hr event
in 2015 and 2020 with a force greater than 6 x 10'! N. Events in
the Northern Hemisphere peak from January to March and October
to December, while events in the Southern Hemisphere peak from
April to September. Spatially, as in Figs 9(c) and (d), it is concen-
trated in the mid-latitude 30°-60° range. The colour of the dots
represents the evolution of time, highlighting some storm tracks
related to ocean dynamics. For instance, warm-toned dots in the Pa-
cific Ocean off eastern Asia and the Atlantic Ocean offshore of the
east coast of the United States correspond to typhoons or hurricanes
in the Northern Hemisphere summer.

€202 Iudy g1 uo Jasn NSNI SUNO-LSINI Ad 0957202/€€6/2/7€2/a101ue/1B/wod dnoolwapede//:sdpy woly papeojumoq

10" 5.0
4.5
10" 5
40 2
12 g
210 é
10" 3.5 S
Z 610" S
8 30 D
LE 11 B
10 -2.5 0.0010
2.0 E
1010 0.0002 «
%)
1.5 =
10° 1.0 *0.0000
0 50 100 150 200 250 300 350
Day
(b) YEAR: 2020
10" - >0
1
; ; 4.5
13 e Iy . [ o l . % v ; | =
10 : S\'. .s > l‘\‘ lA .»'\ l NS ® Aé‘» 1 v l -409:
e YR SR 2R INT Lo 2
24012 ..d ,4« R FOAS 1200yt o e R ol 3 x4 . 1‘ AT (] 5
2V J i TS T O o ] P W sk 2 Ve BT RS ||
10" oy Do it N )1’ ﬂ%ﬂ"w s R rw' 39 =
Z 610" e i A T, : S
@ ~
g 3.0 E’
LE 11
10 2.5 0.0010
-2.0 E
1010 0.0002 <
%)
*1.5 =
10° L= 1.0 0.0000
0 50 100 150 200 250 300 350
Day

Figure 9. (a) and (b) Equivalent forces of five categories of microseisms events for 2015 and 2020. The light blue curves are SNR (log1o(MAX/MAD)) of
the ocean force fields, and the red curves are the MSA of the station (because the value of MSA varies widely, we limit it to 0-0.001). (¢) and (d) Spatial
distribution of five different classes of microseisms events in the ocean for 2015 and 2020. The background ocean map is the average of the P-wave bathymetric
coefficients over 3—10 s.
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Figure 9. Continued.

Table 1. Five categories of microseisms events based on the observation.

Events 0 1 2 3 4
Descriptions Not Weak Not detectable Weak in the global Obvious in the
of the back detectable from on the global map, but confirmed backprojection
projection regional map, but clear with the ocean wave map of global
arrays for at least a model stations

regional array

4 DISCUSSION AND CONCLUSIONS

We build a catalogue of microseisms events, which are defined by
the production of teleseismic P-wave energy. We anticipate that
such a catalogue will be of interest for interferometric applications,
particularly deep Earth imaging. Modelled ocean seismic forcing

is directly used to infer the catalogue following quantitative valida-
tion with seismic data. When compared using our backprojection
approach on a set of selected dates spread over several years, the
overall dynamics of the ocean model fit very well with seismic
data. Furthermore, we defined a daily-based comparison for two
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Figure 10. All microseisms events with force greater than 6 x 10'! N in 2015 and 2020.

different years, allowing us to define a threshold value for the mod-
elled microseisms force for which we can expect to detect significant
P waves at long distances. With this threshold force, we explore the
available microseisms model from 1994 to 2020 with a 3-hr tempo-
ral resolution. As expected, we verified that microseisms events are
always more active in winter and are roughly concentrated in the
mid-latitude range of 30°—60° in the ocean.

Regarding the seismic data-based validation of the model, a
global station distribution gives better results than a selection of
small aperture arrays (Fig. S8 (Supporting information) shows re-
sults for small aperture arrays, which are limited by detection range
and resolution). The spatial resolution of the global station’s back-
projection is very high in most regions of the world when looking
for teleseismic P-wave ray parameters in the secondary microseisms
frequency band. In this study, we did not introduce traveltime cor-
rection factors as it was done for earthquake backprojections (Ishii
et al. 2005; Kiser & Ishii 2017). As a result, there are inevitably
travel time errors, especially for long-distance PP waves (Nishida
& Takagi 2022). Globally distributed stations have an averaging ef-
fect, and the participation of multiple propagation paths will weaken
the traveltime anomaly. To avoid shadow zones caused by uneven
station distribution around the world (or at least regions with low
SNR backprojections), we use the PP phase to extend the backpro-
jection range to 180°. High-precision global coverage comparison
of the model and data is achieved through the combination of the
P phase (to constrain sources in the Northern Hemisphere) and the

PP phase (to constrain sources in the Southern Hemisphere). How-
ever, it is also important to note that some events are still detected
in some regions despite inherent low stacking orders. The auto-
focusing method developed by Nishida & Takagi (2022) uses the
curvature of the wavefronts to account for and distinguish P and PP.
An interesting perspective could be to adapt such an auto-focusing
beamformer to a global stacking approach to both tackle the P
and PP ambiguity and the inherent lack of coverage and resolution
limits of a regional array. The unbalanced distribution stations and
their effect on the stacking order for the P wave are mitigated by
a two-step stacking approach. This is crucial when accounting for
large differences in the noise field spatially, and especially when
considering the possibility of energetic surface waves originating
from the vicinity of some stations. We could further extend these to
the horizontal components and possibly study the generation of S
waves from ocean forcing on a global scale (Liu ez al. 2016; Nishida
& Takagi 2016; Retailleau & Gualtieri 2021).

The modelled microseisms data preserves the initial ocean
model’s relative frequency information. On average, we observe
a good fit between the modelled source spectra and the spectra we
obtain at any source location after backprojection over the ocean’s
surface (Fig. S9a, Supporting Information). For a single station
observation (no backprojection, Figs S9b and ¢, Supporting Infor-
mation) some discrepancies appear that are related to our decision to
only simulate for P wavefield when real seismic records are mostly
dominated by Rayleigh waves; plus all complexity resulting from
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the 3-D structure seen as deviations in the real data from the 1-D
velocity model that we use as an input in our workflow (Fig. 2).

The Southern Ocean, without continental barriers, experiences
intense winter storm activity, which triggers widespread micro-
seisms events. However, this spread tended to decrease our ability to
seismically detect them. Not only are P waves excited in this range,
but also surface waves (Rayleigh and Love waves; e.g. Stutzmann
et al. 2012; Reading et al. 2014; Gal et al. 2015; Gualtieri et al.
2021). This mid-latitude range with prominent secondary micro-
seisms corresponds to the Ferrel cell in the atmospheric circulation,
where the prevailing westerlies are the main driving force for ocean
current movement (Stommel 1957; Harman 1987; Nishida 2017).
Tropical cyclones (typhoons and hurricanes) move from low to high
latitudes along the west coast of the Pacific Ocean and the Atlantic
Ocean in a southwest-northeast direction. The distribution areas
of the corresponding seismic sources are relatively concentrated.
The tropical cyclone enters the mid-latitudes and transforms into
extratropical, and its intensity may not decrease under the action
of the westerlies (Klein et al. 2000; Retailleau & Gualtieri 2021).
The overall number of events has not changed significantly over the
years (Fig. S10a, Supporting Information). We also investigated the
relationship between the force and the cumulative number of events
(Fig. S10b, Supporting Information). We believe that interpreting
such statistics as a Gutenberg—Richter power law for earthquakes is
difficult in this context. The main problem arises from the spatiotem-
poral definition of the ocean event. In our analysis, for instance, a
large event can easily splinter into several smaller ones, making
it difficult to determine an equivalent b-value; however, this is not
the case for earthquake detection. Further analysis, such as using
a refined temporal mesh for the ocean hindcast data, may aid in
understanding the scaling laws for microseisms sources.

Furthermore, a detailed exploration of source geometry (local-
ized, spread and all types) should be conducted for interferometric
applications; thus, we decide not to restrict the catalogue to a partic-
ular geometry and instead rely on spatially integrated forces. Larger
forces tend to imply a larger area (Fig. S10c, Supporting Infor-
mation), which may be damaging to interferometric imaging when
focusing on single events. For this purpose, we recommend focus-
ing on events that generate larger forces over moderate or smaller
areas (events in the grey dashed box in Fig. S10d, Supporting In-
formation). Bathymetric effects contribute significantly to source
excitation, especially between Greenland and Iceland, southeastern
New Zealand, and around the Kerguelen Islands. Intense sources
often appear in these regions. In the first approximation, our knowl-
edge of the bathymetry appears sufficient compared to the seismic
resolution and inherent diffraction limit in this frequency range for
the P wave.

Quantification of event detectability is influenced by several pa-
rameters. As previously discussed, the two main parameters are
stacking order (controlled by the number and the distribution of
stations) and equivalent forces of events. Influencing parameters
also include noise levels near seismic stations (everything that do
not correspond to ocean generated P waves), the size of events
and global noise level. For these reasons, a constant detectabil-
ity threshold that would be consistent anywhere at any time can-
not be defined. For simplicity, we rather focus on an ad hoc de-
tectability parameter based on the ocean model and the equivalent
forces; We argue that forces greater than 6 x 10" N can be ob-
served by local arrays, and forces greater than 2 x 10'? N can be
observed by global stations. This question of a full, data-based,
spatiotemporal, definition of detectability, would require further
investigations.

P-wave microseisms events 945

Our catalogue includes significant events that occurred simulta-
neously in different regions. We can already advance the hypothesis
that it could be an issue when a single source is targeted for inter-
ferometric applications. A synchronous source that is not properly
unaccounted for would result in significant bias in the correlo-
grams (e.g. Liu er al. 2019 for surface wave case). Furthermore,
synchronous sources, such as spread ones, may not be a particular
issue if properly accounted for when interpreting correlograms (e.g.
Sager et al. 2022 at a smaller scale). A simple investigation of the
catalogue reveals that it is rare to have only one dominant source at
any given time. Generally, we believe that a more detailed investiga-
tion of sources between Greenland and Iceland during the Northern
Hemisphere winter would be beneficial for imaging purposes. As
discussed in numerous other seismological studies, this area can
be generally considered a major source on Earth. For the Southern
Ocean, dominant sources are often spatially broad and synchronous
with each other, making event-based seismic interferometry more
difficult.
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SUPPORTING INFORMATION
Supplementary data are available at GJI online.

Figure S1. (a) Slowness of P and PP phases. (b) PP backprojection
of single pixel source modelled data. Modelled data are synthetized
as depicted in Fig. 2, but with only one pixel source at (45° S, 40° E).
Yellow curve is the great circle from the source to North America. In
the middle of the curve (red box), the higher amplitude is an artefact
caused by P phase when performing PP phase backprojection for
North American stations.

Figure S2. Backprojection and stacking order maps for different
distance interval and triangle area configurations.

Figure S3. (a) Events that cannot be detected in the PP backprojec-
tion shadow zones of the eastern United States and western Europe,
but which can be detected by the P backprojection. (b) The strong
events in the south of Greenland and Iceland are very clear in the
P backprojection maps, but indistinguishable on the PP backpro-
jection map. (c) The observability of event in south of Africa for
P backprojection is even stronger than for PP backprojection. (d)
Strong events in the southern Pacific can be detected by both P and
PP backprojections. (¢) Event in the south of Australia and New
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Zealand is clearly visible in PP backprojection map. But it cannot
be distinguished in the P backprojection map.

Figure S4. Class-4 events on the global backprojection map. (a) and
(b) The sources in the red boxes are obvious in the backprojection
map of global stations. Their corresponding microseism events in
(c) and (d) red boxes are defined as class-4.

Figure S5. Class-3 events on the global backprojection map, local
arrays map. (a) P backprojection and (b) PP backprojection for
global stations. P backprojection for arrays (c) CI, (d) YS and
(e) YY. The microseism events in the red boxes of force field (f)
are defined as class-3. These events have some imprints visible
in the global PP backprojection but are not obvious. They can be
confirmed with ocean wave model (f). In addition, they are clearly
visible for the individual arrays.

Figure S6. Class-2 event on the local arrays backprojection map.
(a) P backprojection and (b) PP backprojection for global stations.
P backprojection for arrays (c¢) CI, (d) YS and (e) YY. The event
is not detectable in the global backprojection map, but is clearly
detectable for both the YS and Y'Y arrays.

Figure S7. Class-1 events on the local arrays backprojection map.
(a) P backprojection and (b) PP backprojection for global stations.
P backprojection for arrays (c) CI, (d) YS and (e) YY. This event is
weak for a single array Y'Y.

Figure S8. Synthetic data backprojection maps of P phase for (a)
network CI, (c¢) network IV and (e) network CI + IV. Synthetic data
backprojection maps of PP phase for (b) network CI, (d) network
IV and (f) network CI + IV.

Figure S9. Comparison of spectra of synthetic and observed wave-
form on 2019 August 9. (a) Spectra of beam trace. Delay and sum
of all traces for point (45° S, 37.5° E). Spectra of single station (b)
GR-GRAI and (c) IC-LSA.

Figure S10. (a) Number of events with force > 2 x 10'2 N. (b)
Relation between the forces and cumulative number of events from
1994 to 2020. (¢) Forces and surface areas of five classes microseism
events of 2015 and 2020. The colour scale is the same as in Fig. 9.
(d) Forces and surface areas of all the events from 1994 to 2020.
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