
Theoretical Modeling of Secondary Microseisms
Considering Source and Receiver Site Structures, With a
Focus on Ocean‐Bottom Sediment Effects
Zongbo Xu1 , Éléonore Stutzmann1 , Véronique Farra1 , and Wayne C. Crawford1

1Université Paris Cité, Institut de physique du globe de Paris, CNRS, Paris, France

Abstract Opposite‐direction oceanic wave interactions at the ocean surface generate microseisms between
0.1 and ∼0.5 Hz, known as secondary microseisms (SM). SM recordings aid in imaging Earth's crust, but they
also impede monitoring seismic signals due to tectonic activities. Thus, quantification of SM energy would
benefit research in both areas. Previous studies on modeling SM energy have primarily focused on ocean
modulation of SM, neglecting lateral variations in ocean and crustal structures between SM sources and seismic
stations. In this study, we theoretically define source and receiver site coefficients which only depend on the
local velocity model. Using these coefficients, we demonstrate how ocean‐bottom sediments modulate the
excitation and amplification of SM Rayleigh waves. A notable finding is that ocean‐bottom sediments can
amplify SM energy by a factor of 100, also supported by our field observation. We incorporate these modulation
effects into modeling SM power spectral densities. Thanks to these theoretical improvements, our modeling
matches field observations from both ocean‐bottom seismometers and permanent land stations. This study
potentially aids research on ambient seismic noise, ocean waves, and ocean‐bottom seismic monitoring.

Plain Language Summary Ocean waves shake the Earth constantly, generating global low‐
frequency seismic waves. Between 0.1 and 1 Hz, these waves are excited by interactions between ocean waves
traveling in opposite directions and are called “secondary microseisms” (SM). SMs can be used to image the
Earth's crust, but can also mask signals from tectonic events beneath the oceans. Previous studies of SM
amplitudes ignored the effects of sea floor sediments and assumed that the ocean thickness and crustal structure
were the same at the SM sources and the measuring seismic stations. To improve our ability to understand and
model SMs, we calculate how sediments and ocean thickness modulate the excitation of SM Rayleigh waves at
the sources and their amplification at the stations. Our study indicates that ocean‐bottom sediments can amplify
SM energy by a factor up to 100. Incorporating these modulation effects into SM modeling, our synthetic SM
energy matches well field observations from both ocean‐bottom seismometers and permanent land stations. Our
study provides insights into understanding SM energy and should help studies using ambient seismic noise
imaging, ocean‐bottom seismic monitoring, and ocean‐wave modeling.

1. Introduction
In the absence of large earthquakes, global low‐frequency (<1 Hz) seismic waves are predominantly driven by
Earth's oceans. Ocean waves interacting either with the shallow seafloor or with each other generate seismic
waves in two frequency bands: below 0.1 Hz and from 0.1 to approximately 0.5 Hz, respectively. Seismic waves
in the first frequency band are further separated into Earth's hum (below ∼0.05 Hz) and primary microseisms
(from 0.05 to 0.1 Hz) (Ardhuin et al., 2015). In this study, we focus on seismic waves in the frequency band from
0.1 to ∼0.5 Hz, normally known as secondary microseisms (SMs).

Rayleigh waves dominate seismic recordings of SMs. Processing these recordings using seismic interferometry at
land stations (e.g., Bensen et al., 2007; Lin et al., 2008; Shapiro et al., 2005; Shen et al., 2016) or ocean bottom
stations (e.g., Hable et al., 2019) provides Rayleigh‐wave velocities and, sequentially, images of crustal velocity
structures. Furthermore, since the seismic quality factor (Q) is important for understanding crustal thermal states,
there have also been efforts to estimateQ values from SM recordings (e.g., Boschi et al., 2019; Prieto et al., 2009).
However, there is an ongoing debate on whether these Q estimates accurately reflect crustal Q structures (e.g.,
Tsai, 2011; Viens et al., 2017). One way to address this issue is to better understand the input data for Q esti-
mation: the SM amplitudes. Finally, high SM amplitudes impede detection of seismic events, especially when
using ocean‐bottom seismometers to monitor seismic signals from tectonic activities (e.g., Ide et al., 2007;
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Kaneko et al., 2018; Webb, 1998; Webb & Crawford, 2010; Yarce et al., 2019). Theoretical quantification of SM
amplitudes could assist such monitoring studies. It is worth noting that, while we focus on SM Rayleigh waves in
this study, body waves also exist in SM recordings and have been extensively studied (e.g., Farra et al., 2016;
Gerstoft et al., 2008; Gualtieri et al., 2014; Meschede et al., 2017; Nishida & Takagi, 2016).

The SM mechanism was first proposed by Longuet‐Higgins (1950), that is, opposite‐direction ocean gravity wave
interactions generating pressure sources close to the ocean surface and these sources exciting seismic waves
propagating through oceanic/continental crusts to a seismometer. This theory was later validated using SM re-
cordings from permanent land stations (e.g., Ardhuin et al., 2011; Kedar et al., 2008; Stutzmann et al., 2012).
Modeling SM in these studies, referred to as LH‐SM modeling, employs a laterally homogeneous ocean‐crust
model for each source: an ocean layer overlying a solid halfspace. LH‐SM modeling does not account for
ocean‐bottom sediments (Ardhuin et al., 2013; Gimbert & Tsai, 2015) or ocean‐crust lateral heterogeneity,
influencing SM amplitudes.

To address these issues, we theoretically demonstrate that ocean‐bottom sediments significantly modulate
Rayleigh‐wave excitation and reception at the SM source and receiver sites, respectively (Section 2). Our theory
improves LH‐SM modeling, and we detail our implementation in Section 3. A comparison of our modeling results
to field SM observations reveals that, compared to LH‐SM modeling, our modeling better explains SM obser-
vations at both ocean‐bottom seismometers and permanent land stations (Section 4). We also discuss how our
study benefits other topics, such as Q estimation and the inversion of SM source distribution, and we propose
improvements to our modeling (Section 5). Our study would benefit future seismic investigation of Q and seismic
monitoring on the ocean bottom.

2. Methodology
The power spectral density (PSD) of secondary microseisms (SMs) recorded at a station (xr) is written as:

F(xr, f ) =∫
2π

0
∫

π

0
FP (xs, f )∑

i
|Gi

ZZ (xr,xs, f )|
2 R2

E sin ψdλdψ, (1)

where FP is the SM pressure source PSD at seismic‐wave frequency f and is in units of Pa2m2Hz− 1, for ocean‐
surface SM sources at xs (Hasselmann, 1963; Longuet‐Higgins, 1950). For SM Rayleigh waves,Gi

ZZ (xr,xs) is the
ith‐mode Rayleigh‐wave Green's function representing the vertical‐component displacement response at xr due to
a pressure source at xs. We consider fundamental and 1st‐higher mode Rayleigh waves in this study. RE is Earth's
radius, and ψ and λ represent the colatitude and longitude of a potential SM source location; R2

E sin ψdλdψ is the
surface area of this potential source. It is worth noting that this integral is for the entire Earth's ocean surface,
where Fp is nonzero.

2.1. Two Integrants: Pressure Source and Green's Function

The physics of the SM equation (Equation 1) includes two integrants: the SM pressure source PSD (FP) and the
Rayleigh‐wave Green's function (GZZ) . FP is written as (Ardhuin et al., 2011; Farra et al., 2016;
Hasselmann, 1963):

FP (xs, f ) = (2π)2ρ2
wg

2f E2 (xs, f /2)∫
π

0
M(xs,ϕ, f /2)M(xs,ϕ + π, f /2) dϕ, (2)

where ρw is ocean water density, g is Earth's gravity acceleration, f /2 is the frequency of ocean gravity waves,
E2 (xs, f /2) is the sea‐surface‐elevation PSD at xs, and M(xs,ϕ, f /2) is a non‐dimensional ocean gravity‐wave
energy distribution at azimuth ϕ and frequency f /2. E and the integral in Equation 2 can be output from
ocean‐wave hindcasts (e.g., Ardhuin et al., 2011). Details of this equation can be found in Ardhuin et al. (2019).
Note that the SM pressure sources are close to the ocean surface and thus the depth of xs (zs) is the same as sea
level.

We adopt the Rayleigh‐wave Green's function of a multi‐layered and weakly laterally heterogeneous medium
(e.g., Keilis‐Borok, 1989; Woodhouse, 1974). The amplitude part of this function is written as:
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|Gi
ZZ (xr,xs, f )| = [

r2 (zs)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4πf cUI1

√ ]

i

s⏟̅̅̅̅̅⏞⏞̅̅̅̅̅⏟

Source site
coefficient

πf exp[− πf t∗]
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2πki (xr)RE sin(Δ)

√

⏟̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅⏟

Geometricray path

[
r2 (zr)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4πf cUI1

√ ]

i

r⏟̅̅̅̅̅⏞⏞̅̅̅̅̅⏟

Receiver sitecoefficient

(3)

where the superscript i of GZZ indicates that this whole equation is for the fundamental or 1st‐higher mode
Rayleigh wave. r2 denotes the Rayleigh‐wave vertical‐component‐displacement eigenfunction, representing the
amplitude of this component varying with depth (e.g. Aki & Richards, 2002, Chapter 7), and I1 denotes the wave
energy (details of the eigenfunction and I1 are in Appendix A). zs and zr are the source and receiver depths,
respectively. The subscript s (r) means that the whole term inside the bracket is for the source (receiver) site. We

refer to Ci
s = [

r2 (zs)̅̅̅̅̅̅̅̅̅̅̅̅
4πf cUI1

√ ]
i

s
and Ci

r = [
r2 (zr)̅̅̅̅̅̅̅̅̅̅̅̅
4πf cUI1

√ ]
i

r
in Equation 3 as source and receiver site coefficients of ith‐mode

Rayleigh waves, respectively. Note that our definition of these coefficients leads to their values independent of
frequency for a homogeneous halfspace.

We assume that Rayleigh waves propagate along great‐circle paths without mode conversion in such a weakly
laterally heterogeneous medium. Δ is the arc distance in degrees between a SM source and a receiver,
ki = 2πf / ci (xr) is the ith‐mode wavenumber of the receiver site (Tromp & Dahlen, 1992), 1̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2πkiRE sin (Δ)
√ accounts

for geometric spreading in a spherically symmetric Earth (e.g., Snieder & Nolet, 1987; Zhou et al., 2004). ci, Ui

and Qi are the ith‐mode Rayleigh‐wave phase and group velocities and quality factor, respectively. t∗ = ∫ REdΔ
UiQi ,

and exp[− πf t∗] gives the ith mode Rayleigh‐wave attenuation during its propagation. We only adopt the Green's
function amplitude, because its phase is not used in modeling SM PSDs (Equation 1). Equation 3 is based on the
far‐field assumption. Thus, to satisfy this assumption, we remove the sources within 0.5° (55 km) distance from a
receiver.

We refer to Equation 3 as WLHM Green's function in the following, because it corresponds to weakly laterally
heterogeneous media. WLHM Green's function has been benchmarked against a wave‐equation solver in an
industry‐scale study (El Khoury, 2022). To compute source and receiver site coefficients in Equation 3, we
employ eigenfunction theory (e.g., Aki & Richards, 2002, Chapter 7) and three boundary conditions: zero
pressure at the ocean surface, zero shear stress and continuous vertical stress and vertical displacement at the
ocean bottom, and a radiation boundary condition at infinite depth (Biot, 1952). Details of this computation are in
Appendix A. WLHM Green's function yields consistent results (Figures S6d and S7g in Supporting Informa-
tion S1) with the analytical expression of the Rayleigh‐wave Green's function for simplified 2‐layer models
(ocean and half space crust) employed by previous studies (e.g., Ardhuin et al., 2011; Longuet‐Higgins, 1950;
Stutzmann et al., 2012) (Appendix B). We detail how WLHM Green's function contributes to SM modeling in the
following section.

2.2. Advantages of WLHM Green's Function

To illustrate WLHM Green's function (Equation 3), we adopt a simple three‐layer model: an ocean layer over-
lying a sediment layer, over a bedrock half‐space (Figure 1). We compute the source and receiver site coefficients
of this model to quantify how the thicknesses of the ocean and sediment layers affect the Rayleigh‐wave
amplitude. In our computation, we fix the acoustic/body wave velocities and the density of each layer, but we
vary thicknesses of the ocean and sediment layers, based on global model of ocean and ocean‐bottom‐sediment
thicknesses. Hereafter we discuss the source and then the receiver site coefficients.

A higher source site coefficient represents a more efficient excitation of Rayleigh waves. A larger ocean thickness
leads to the excitation peaking at a lower frequency (Figure S4 in Supporting Information S1), and the coefficients
can vary by up to a factor of ∼3 (e.g., at 0.1 Hz in Figure 1b), agreeing with the ocean resonance effect discussed
in previous studies (Longuet‐Higgins, 1950; Stutzmann et al., 2012). Sediments can amplify this excitation
difference by up to a factor of 10 (e.g., at 0.25 Hz for 1,000‐m‐thick sediments in Figure 1b). Sediments beneath a
thin ocean layer also modify the peak/resonance frequency of the source site coefficient (black curves in
Figure 1b). For a thick ocean layer (4,000 m), a thicker ocean‐bottom sediment layer results in a lower resonant
frequency (around or even below 0.1 Hz). For the same ocean thickness, the source site coefficient is relatively

Journal of Geophysical Research: Solid Earth 10.1029/2024JB030767

XU ET AL. 3 of 20

 21699356, 2025, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

030767 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



small at higher frequencies (e.g., >0.25‐Hz blue dashed curves in Figure 1b), because of the low eigenfunction
values at the ocean surface (Figures A1h and A1i). Note that at these frequencies, we need to consider 1st‐higher‐
mode Rayleigh waves contributing to the SM energy (Figures S5–S7 in Supporting Information S1).

Receiver site coefficient indicates ground motion amplitudes caused by Rayleigh waves. A high correlation exists
between the dominate frequencies of the coefficients and the ocean thickness (Figure S4 in Supporting Infor-
mation S1). Additionally, we also observe a further amplification effect caused by an ocean‐bottom sediment
layer. Such a layer can amplify the ground motion at the ocean bottom by an order of magnitude (i.e., a factor of
10) (e.g., between 0.3 and 0.5 Hz in Figure 1c). We observe such amplification in field observations (Sections 4
and 5.2). Note that it has been reported that OBS recordings of earthquakes present large amplitudes (e.g.,
Nakamura et al., 2014; Takemura et al., 2023) and that Rayleigh‐wave ground motions are amplified in conti-
nental sedimentary basins (Bowden & Tsai, 2017). Given that these studies focus on earthquake ground motions
rather than microseisms, we recommend that readers refer to relevant studies on how these amplification phe-
nomena may bias estimation of earthquake source properties (e.g., Abercrombie, 1997; Kubo et al., 2018;
Nakamura et al., 2014) and may contribute to potential seismic hazards (e.g., Viegas et al., 2010).

Figure 1. Illustration of secondary microseism (SM) source, ocean‐bottom seismometer, and permanent land station (a).
There are three layers on the ocean side: an ocean layer overlying a sediment layer on a crustal halfspace. To demonstrate the
modulation effect of these ocean‐sediment layers, we choose two ocean thickness values and three sediment‐layer thickness
values based on their global distributions (Figure S1 in Supporting Information S1). For each three‐layer model, we compute
the Rayleigh‐wave group and phase velocities and the eigenfunctions (Figure A1, Figures S2 and S3 in Supporting
Information S1). We calculate the fundamental‐mode Rayleigh‐wave source site coefficient at the ocean surface (b) and the
receiver site coefficients at the ocean bottom (c). The coefficients for 1st‐higher mode Rayleigh waves are in Figure S5 in
Supporting Information S1. On the land side, only the halfspace exists and we also compute the receiver site coefficients on
land surface (d). Products of these source and receiver site coefficients are in Figures S6 and S7 in Supporting
Information S1, accounting for both the fundamental and 1st‐higher mode Rayleigh waves. Acoustic/elastic parameters of
these layers are listed in Table S1 in Supporting Information S1.
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2.3. Comparison With the Previous Studies

Previous studies on global‐scale SM modeling have employed an analytical expression of the Rayleigh‐wave
Green's function for a laterally homogeneous two‐layer model (e.g., Ardhuin et al., 2011; Kedar et al., 2008;
Stutzmann et al., 2012). For each SM source, the Green's function corresponds to an ocean layer overlying a
crustal halfspace and represents the ground motion at the ocean bottom (Longuet‐Higgins, 1950). This Green's
function cannot account for the impacts of the ocean‐bottom sediments on the source and receiver site co-
efficients. Therefore, to match SM observations amplified by sediments, this Green's function would lead to an
underestimation of seismic attenuation and/or an overestimation of ocean wave energy (Section 4).

Computation of Rayleigh‐wave Green's function in the regional‐scale SM modeling has been conducted using
wave‐equation solvers (e.g., Le Pape et al., 2021; Ying et al., 2014). Such solvers can incorporate lateral vari-
ations of ocean thicknesses and ocean‐bottom sediments and thus accurately model how these structures affect
SM amplitudes (Gualtieri et al., 2015). However, applying a wave‐equation solver to all potential SM sources
(i.e., the global ocean surface) is almost computationally prohibitive. Indeed, global‐scale numerical simula-
tions typically lack ocean layers (e.g., Ermert et al., 2017; Igel et al., 2021). Employing Equation 3 to model SM
PSDs is more computationally feasible.

3. Implementation of SM PSD Modeling
Combining the SM pressure source PSD and WLHM Green's function improves the SM modeling. We present the
implementation of this new modeling below, and we refer to this new modeling as WLHM modeling.

3.1. Computation of Pressure Source and Green's Function

SM pressure source PSDs (FP in Equation 1) are an output from the WAVEWATCH III pre‐computed ocean
gravity wave hindcast (Wavewatch III Development Group, 2016). FP distributions on Earth's ocean surface over
10 years are available at ftp://ftp.ifremer.fr/ifremer/ww3/HINDCAST/SISMO and are achieved with filenames
ended with “p2l” in an expression (Ardhuin et al., 2011):

Fp2l (xs, f ) = log10[ρ
2
wg

2f E2 (xs, f /2)∫
π

0
M(xs,ϕ, f /2)M(xs,ϕ + π, f /2) dϕ]. (4)

We calculate FP as (2π)210Fp2l . Ocean gravity wave reflection at shorelines is a poorly constrained physical
process that can significantly affect Fp (e.g., Ardhuin & Roland, 2012): we discuss how to address this uncertainty
in Section 3.3.

WLHM modeling also requires the Rayleigh‐wave Green's function including both source and receiver site
coefficients (Equation 3). The source site coefficient is calculated at each potential source site based on a 1D
model of an ocean layer over solid earth layers. We use the same bathymetry map adopted in the hindcast to obtain
global ocean thicknesses (Figure 2a), with the water acoustic velocity and water density values from Longuet‐
Higgins (1950): 1,400 m/s and 1,000 kg/m3, respectively. For the solid layers, such as sediments and bedrocks,
we use the global crustal model CRUST1.0 (Laske et al., 2012). This crustal model divides Earth's surface into a
1‐by‐1‐deg grid, with each grid cell consisting of sediment layers, crustal bedrock layers, and an upper‐mantle
halfspace. We present the source site coefficients of fundamental and 1st‐higher mode Rayleigh waves for the
global ocean in Figure 2 and Figure S9 in Supporting Information S1, respectively. We use these same models to
calculate receiver site coefficients in the ocean areas. In the continental areas, we only use permanent land sta-
tions, normally deployed on bedrocks, and thus we remove sediment layers in CRUST1.0 if they exist. We discuss
the maps of our source and receiver site coefficients in the following subsection. For computational simplicity, in
calculating t∗ (Equation 3), we use a constant value (1,800 m/s) for the fundamental and 1st‐higher mode
Rayleigh‐wave group velocities. Note that calculating t∗ also requires Q values, and we describe how to choose
the values in Section 3.3.

3.2. Maps of Source and Receiver Site Coefficients

Our source site coefficient maps are clearly influenced by global ocean thickness. For example, ocean thickness
along a mid‐ocean ridge (MOR), (e.g., in Figure 2a), commonly varies between 3,000 and 4,000 m, smaller than
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the nearby regions (∼5,000 m). Since a thinner ocean layer leads to the source site coefficient peaking at a higher
frequency (Figure 1b), low‐frequency source site coefficients (0.1 Hz, i.e. 10 s period) are lower along a MOR
than in neighboring regions (Figure 2c), whereas the higher frequency coefficients peak at the MORs (Figures 2e
and 2g). We also observe the footprint of offshore sediments in our source site coefficients, for example, in the
equatorial Pacific (white dashed rectangle in Figure 2b) and in offshore sedimentary basins near Brazil (white
dashed square in Figure 2b), because thick sediments reduce the corresponding source site coefficient values at
higher frequencies (e.g., Figure 1b).

Our receiver site coefficients are significantly amplified by offshore sediments, such as continental margin
sediments, sediments in the Gulf of Mexico, the Equatorial Pacific and offshore sedimentary basins near Brazil
(Figure 2h). This amplification is affected not only by the thickness of these sediments but also by their seismic‐
wave velocities (Figure S8 in Supporting Information S1). Ocean thickness also modulates the receiver site
coefficients, especially at low frequencies like 0.1 Hz (Figure 1c). This is why the receiver site coefficient map at
0.1 Hz highlights the shape of the eastern Pacific MOR (Figure 2d).

Because we calculate our source and receiver site coefficient maps from CRUST1.0, artifacts in this model are
inherently reflected in our maps. For example, an almost‐latitudinal contrast exists in the sediment velocity maps
from CRUST1.0 in the region of the Brazil offshore sedimentary basins, and therefore a similar shape exists in our
coefficient maps (Figure S8 in Supporting Information S1). Crustal‐model artifacts like this one may be removed
in future higher‐resolution crustal velocity models, and our maps could then be updated. Because CRUST1.0 is
one of the most commonly used global crustal models, we continue employing it in this study.

Figure 2. Maps of global ocean thickness (a), ocean‐bottom sediment thickness (b), and fundamental mode Rayleigh‐wave
source and receiver site coefficients at three periods (c–h). We plot each coefficient map from 10− 8 to a scale in the top‐right
corner of the subplot. The three source site coefficient maps share a same plotting range: from 10− 8 to 5 ∗ 10− 7. The ocean
thickness values are the ones used in WAVEWATCH III. The sediment thickness values are from CRUST1.0 (Laske
et al., 2012), and the corresponding seismic velocities are in Figure S8 in Supporting Information S1. We present the source and
receiver site coefficients of the 1st‐higher‐mode Rayleigh waves in Figure S9 in Supporting Information S1.
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3.3. Coefficients of Ocean‐Wave Reflection and Seismic Attenuation

Two required physical parameters in modeling SM PSDs are the ocean gravity wave energy reflection coefficient
at shorelines (denoted as R2 and used in ocean‐wave hindcasts) and the Rayleigh‐wave quality factor (i.e., Q) used
in Equation 3. Modeling SM PSDs would benefit from knowledge of the spatial distributions of these two pa-
rameters. However, these two parameters are poorly constrained, and accurate estimates of their spatial distri-
butions are not yet available. To account for the contributions of Q and R2 to the SM energy, we adopt spatially
averaged values of Q and R2 in the modeling, similar to the Q estimation in crustal attenuation studies (e.g.,
Erickson et al., 2004). However, because the SM sources are potentially distributed across the entire Earth's ocean
surface, these two model parameters do not correspond to certain seismic paths or geological regions. We choose
these two parameters from reasonable ranges so that they best explain the SM observations (see details in the next
paragraph and field examples in Section 4). Even so, a trade‐off exists between these two parameters (Stutzmann
et al., 2012). A higher R2 value results in greater ocean‐wave reflection amplitudes, leading to stronger in-
teractions between reflected and incident ocean gravity waves, thereby increasing SM source intensities and PSD
values. A larger Q indicates less Rayleigh‐wave energy attenuated along its propagation paths, thus increasing
SM PSD values. Therefore, an increase/decrease in SM‐PSD amplitude could be caused by a larger/smaller value
of either R2 or Q.

We search for an optimal combination of R2 and Q, so that our synthetic results match the SM‐PSD field ob-
servations, following previous SM PSD modeling (Stutzmann et al., 2012). We vary Q from 100 to 400, with a
step size of 30. For each Q value, we loop through possible R2 values. We conduct WLHM modeling using SM
pressure source PSDs based on two sets of WAVEWATCH III hindcasts. In one hindcast setting, R2 = 0, that is,
no ocean gravity wave reflections occur at shorelines. In the other setting, R2 is varied spatially according to three
types of shoreline environments: 40% for the nearly vertical sides of icebergs, 20% for the shorelines of islands
smaller than 0.5 deg in latitude and longitude, and 10% for the shorelines of continents and larger islands (Ardhuin
et al., 2011). These two hindcast settings serve as end members for ocean‐wave modeling scenarios due to R2

variation (Ardhuin et al., 2011). We compute the SM synthetics for these 2 hindcast settings and a range of Q
values, then use a linear interpolation between the end member synthetics to compute synthetics for varying R2

coefficients (keeping the fixed proportionality for iceberg, small island, and continental shorelines). We then
define our misfit function between our synthetic and field spectrograms as

χ =
1
N
∑

tN

t1

|
̅̅̅̅
Is

√
−

̅̅̅̅
Io

√
|

̅̅̅̅
Io

√ (5)

=
1
N
∑

tN

t1

⃒
⃒
⃒
⃒

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∫ f1
f2Fs( f )df

√

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∫ f1
f2Fo( f )df

√ ⃒
⃒
⃒
⃒

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∫ f1
f2Fo( f )df

√ (6)

where Is and Io are integrals of the synthetic (s) and observed (o) SM displacement PSDs from frequency f1 to f2
(i.e., SM energy). In this study, we adopt f1 = 0.1 Hz and f2 = 0.33 Hz. We stop at 0.33 Hz, because Rayleigh
waves at this frequency (or at a higher one) would behave like Scholte waves (Scholte, 1958) in extreme cases
where both a thick ocean and a thick sediment layer are present (Figure A1i). The summation in Equation 6 is over
all time windows used to compute SM PSDs. Fs is WLHM modeling of SM PSD (Equation 1). When computing
observed PSDs (Fo) , we use a time window length of 1 hr, and we use all available data of one station over 1 year.
We exclude time windows presenting PSD amplitudes 10 thousand times larger than the median of PSDs across
all time windows, to avoid transient events (such as earthquakes or glitches) from biasing our estimate of Fo. We
choose displacement over acceleration in our misfit function, because an acceleration PSD equals ω4 times the
corresponding displacement PSD, and thus higher‐frequency content would dominate both the acceleration PSD
integrals and the misfit function. Note that we compute one‐sided PSDs.

4. Modeling of SM PSD
We present in this section that our WLHM modeling better explains the field observations at both ocean‐bottom
seismometers (OBSs) and permanent land stations, compared to the LH‐SM modeling in previous studies.
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Because OBS recordings are generally noisy, we select OBSs whose data quality has been validated as high by
previous studies (Figure 3a, Table 1). Note that PSDs of the permanent land stations are indeed comparable to
those of OBSs in magnitude between 0.1 and 0.15 Hz (between ∼7 and 10 s period). However, the OBS PSD
values are significantly higher than those of the land stations at frequencies over 0.15 Hz (Figure 3b). At 0.25 Hz,
the PSDs of all the OBSs (except X09) are approximately 100 times (20 dB) greater than those of the land stations.

4.1. OBS Recordings

We use OBS stations located in various regions: the southern Indian Ocean (RR31), the western Pacific Ocean
(OJ06, A02W), the northeastern Pacific Ocean (MOBB), and the northwestern Atlantic Ocean (X09). The ocean
thickness at these stations ranges from ∼800 to ∼4500 m. The ocean‐bottom sediments beneath these stations
vary in thickness, from ∼300 to ∼4000 m. In this section, we focus on stations OJ06, A02W, and RR31
(Figure 4); we discuss stations X09 and MOBB in Section 5. Although a new velocity model is available beneath
A02W (Zha & Webb, 2016), we still use model parameters from CRUST1.0, to maintain consistency.

In matching the field SM data of these stations, the WLHM modeling provides not only a good match to the
seasonal variation of the PSD values (Figure 4), thanks to the SM pressure source modeling, but also good
agreement with the SM displacement integrals (Figures 6a–6c). The misfits between our synthetic results and the
corresponding field observations are smaller than 0.35 (Table 1). As a comparison, to reach this misfit level, the
LH‐SM modeling requires the upper bounds of R2 and Q, while the synthetic spectra are still substantially lower

Figure 3. Location (a), one‐sided power spectral densities (PSDs, b), and fundamental mode Rayleigh‐wave receiver site
coefficients (c) of seismic stations used in our study (Table 1). The coefficients for 1st‐higher‐mode Rayleigh waves are in
Figure S10 in Supporting Information S1. MOBB and PACP are spatially close, so their symbols overlap on the map, though
MOBB is an OBS and PACP is on the US continent (a). The dashed gray curves (b) are the high and low noise models from
Peterson (1993). PSD of every station is the median of the corresponding observed acceleration spectrogram at each
frequency (Figures 4 and 5, Figure S11 in Supporting Information S1).
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Table 1
Information of Seismic Stations in Our Study

Station Network Ocean thickness (m) Sediment thickness (m)/VS (m/s)

Spatially averaged

Misfit Quality check reports
Q R2

(100–400) (0 − 10%)

OBS

OJ06 PS 1,879 950/900 130 (400) 9.0% (10.0%) 0.24 (0.26) Suetsugu et al. (2018)

A02W YL 2,019 290/340 130 (400) 6.0% (10.0%) 0.26 (0.37) Zha and Webb (2016)

RR31 YV 2,796 760/550 100 (400) 10.0% (10.0%) 0.27 (0.28) Stähler et al. (2016)

X09 YO 4,587 3,750/1,110 100 (250) 6.5% (8.5%) 0.32 (0.25) Lynner et al. (2020)

MOBB BK 832 1,050/550 100 (400) 1.0% (10.0%) 0.48 (0.42) Romanowicz et al. (2006)

Permanent Land stations

SSB G 0 0 160 (190) 0.5% (2.0%) 0.47 (0.32)

CAN G 0 0 130 (100) 2.0% (10.0%) 0.27 (0.25)

PACP BK 0 0 100 (100) 1.0% (3.0%) 0.43 (0.46)

Note. The ocean thickness values are the ones used in WAVEWATCH III. The ocean‐bottom sediment thicknesses of OBSs and the corresponding shear‐wave velocity
(VS) are retrieved from CRUST1.0 (Laske et al., 2012). The spatially averaged values of Q and R2 are obtained by minimizing the misfit (Equation 6) between WLHM
modeling and the field observations (Figure 6 and Figure S12 in Supporting Information S1). We also present Q and R2 from the LH‐SM modeling in parenthesis next to
the values from WLHM modeling. We present the modeling for all stations in Section 4 except for MOBB, which is in Section 5.2.

Figure 4. Observed and synthetic acceleration spectrograms of OBS stations OJ06, A02W, and RR31. For each station, the
first row (a, d, g) corresponds to the observation, and the second (b, e, h) and third (c, f, i) rows are modeling results from the
WLHM modeling and the LH‐SM modeling, respectively. Note that each station's observations are from different years:
2015, 2010, and 2013.

Journal of Geophysical Research: Solid Earth 10.1029/2024JB030767

XU ET AL. 9 of 20

 21699356, 2025, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

030767 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



in amplitude than the corresponding field observations above 0.2 Hz (Figures 4c, 4f, and 4i). These all support the
superiority of WLHM modeling in explaining OBS recordings.

The LH‐SM modeling requires the highest bounds of Q and R2, to generate the highest possible SM Rayleigh‐
wave energy. This is partly due to the high receiver site coefficients at the OBS sites (Figure 3c). Without
considering this amplification, achieving the same PSD values using LH‐SM modeling requires larger values ofQ
and R2, leading to overestimation of these parameters. Matching WLHM modeling to the field data provides
estimates of Q and R2 within reasonable ranges.

Our Q and R2 estimates reflect spatially averaged values, rather than the R2 of a specific shoreline or the Q of a
certain Rayleigh‐wave propagation path. We discuss how to further constrain Q in Section 5.3. Interpretations of
these estimates are beyond the scope of our study, which is focused on improving our understanding of SM
amplitudes.

4.2. Permanent Land Stations

We use land stations located in France (SSB), eastern Australia (CAN), and the west coast of the USA (PACP).
The SM recordings from these stations are explained using the WLHM modeling as well as the LH‐SM modeling
(Figure 6, Figure S11 in Supporting Information S1). The estimates ofQ from the WLHM modeling are also close
to those from the LH‐SM modeling (Table 1). However, the R2 estimates from the LH‐SM modeling are 3 or 4
times as large as ours. Even so, both models agree that the R2 values for CAN and PACP are larger than that for
SSB, indicating the ocean gravity wave reflection for CAN and PACP is stronger compared to that for SSB. This
relationship between CAN and SSB has been shown in previous studies (e.g., Stutzmann et al., 2012). PACP is
∼40 km from Monterey Bay in California, and R2 along the Californian shoreline exhibits a wide variation,
ranging between 1% and 36%, based on buoy data (Ardhuin & Roland, 2012). Thus, it is not surprising that
the R2 estimates from the WLHM and the LH‐SM models are within this range. We discuss why the LH‐SM
modeling could match SM observation of permanent land stations in Section 5.4.

The Q estimates for PACP from both the WLHM and the LH‐SM modeling are at the lower bound of the Q range.
A similarly low Q value has been invoked before to explain field observations from another permanent station
(BKS) in California, using the LH‐SM modeling (Ardhuin et al., 2011). We emphasize that the Q estimates
from either WLHM or LH‐SM modeling represent a spatially averaged Q between all SM sources and a
station. Furthermore, this Q estimate for land stations is also influenced by the energy loss during Rayleigh
waves propagating from the oceanic crust to the continental crust, and neither WLHM modeling nor LH‐SM

Figure 5. Observed and synthetic acceleration spectrograms of OBS stations X09 and MOBB. All plotting parameters match
those in Figure 4.

Journal of Geophysical Research: Solid Earth 10.1029/2024JB030767

XU ET AL. 10 of 20

 21699356, 2025, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

030767 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



modeling considers this energy loss, leading to an underestimation of Q values. Therefore, a physical interpre-
tation of these Q estimates requires further work, as we discuss in Section 5.3.

5. Discussion
The field examples above demonstrate that WLHM modeling can explain SM field observations in different
environments (at the ocean bottom or on land) and across various regions. Hereafter we discuss two examples
where WLHM modeling and LH‐SM modeling give similar misfits (Section 5.1, 5.2, 5.3). We also present, based
on our theory, why LH‐SM modeling can match SM observations within a specific frequency band (Section 5.4)
and how our study can benefit other research areas (Sections 5.5 and 5.6).

5.1. The Apparent Paradox of OBS Station X09

Among all of our OBS stations, station X09 overlies the thickest sediments (Table 1), yet has the lowest PSD
value between 0.12 and 0.4 Hz (Figure 3b). The reason for this apparent paradox is two‐fold. First, the receiver

Figure 6. Comparison of the displacement integral between 0.1 and 0.33 Hz among the 8‐station observation and the
corresponding synthetics from our WLHM modeling and the LH‐SM modeling. Misfits of these modelings are presented in
Figure S12 in Supporting Information S1 and Table 1.
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site coefficient at X09 is comparable to, rather than lower than, at the other sites, because of relatively large
sediment shear‐wave velocity values (VS) beneath X09 (>1,000 m/s). For comparison, the VS values of the
sediment layers beneath the other OBSs are 900 m/s (OJ06), 550 m/s (RR31), and 340 m/s (A02W).

Second, the shoreline reflectivity near X09 is comparable or lower than at the other three sites (OJ06, A02W, and
RR31). It has already been noted that ocean gravity wave reflections are generally weak along the east coast of the
US (Ardhuin & Roland, 2012). We attribute X09's low PSD values to its small SM pressure source PSDs
contributed by the weak ocean gravity wave reflection. This hypothesis could be examined by future buoy
measurements along this shoreline.

5.2. Large Site Amplification Energy Ratio at OBS Sites

Our theory reveals that the OBS site amplification energy ratio can be up to 100 with respect to permanent land
stations, agreeing with the observations in Section 4 (Figure 3b). However, because our stations are located in
various regions, the SM sources impacting each station may vary. To demonstrate this amplification more
rigorously, we compare SM recordings at land station PACP with those of a nearby OBS station, MOBB,
deployed in the California nearshore. The distance between these two stations is 86 km. Thus, the SM sources
contributing to the observations at these two stations are likely similar or even identical. Rayleigh‐wave atten-
uation in the SM frequency band over this distance is much smaller than the amplification energy ratio. For
example, if we assume Q = 100 and a 1.8 km/s group velocity, 0.1 and 0.33 Hz Rayleigh‐wave energy would
lose 26% and 60%, respectively, when propagating from MOBB to PACP. Therefore, any SM PSD difference
between these two station that is larger than a factor of 2–3 is mainly due to different receiver site coefficients. The
MOBB station has been active for about 15 years, providing a rare long‐duration OBS observation that allows us
to evaluate the site amplification effect over multiple years.

We estimate the MOBB site amplification using the data from MOBB and PACP between 2012 and 2014. For the
data in each year, we compute spectrograms of these two stations using one‐hour‐long time windows, calculate
the PSD ratios of each time window, and then extract the values corresponding to three statistical percentiles:
25%, median, and 75% (Figure 7). These statistical values provide a frequency‐dependent MOBB site amplifi-
cation, relative to PACP, which is statistically the same in each of the 3 years.

We calculate the theoretical value as the square of the ratio of the theoretical fundamental‐mode receiver site
coefficients at the two sites: (CMOBB

r /CPACP
r )

2 (Figure 7). The theoretical ratio has a similar frequency‐
dependence as the measured ratio but it is more extreme, with values close to the 25th percentile of the
measured ratio between 0.1 and 0.13 Hz, and close to the 75th percentile between 0.18 and 0.3 Hz. In the higher
frequency band, our theory overestimates the site amplification. This overestimation could be due to an inaccurate

Figure 7. Theoretical (red) and observed (black, gray) receiver site amplification of MOBB relative to PACP. We plot 25th,
50th (i.e., median), and 75th percentiles across the PSD ratios from the field observations in 2012, 2013, and 2014.
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velocity model beneath MOBB. This overestimation also leads to our synthetic spectrum amplitudes being higher
than the observed values.

Optical‐fiber‐based subsurface investigations have been conducted near MOBB (e.g., Cheng et al., 2021; Lindsey
et al., 2019). An accurate characterization of the crustal structure using these data is promising (Romanowicz
et al., 2023) and could provide more reliable receiver site coefficients at MOBB.

5.3. Future Improvements

One assumption in using WLHM Green's function is that no Rayleigh‐wave reflection or mode conversion occurs
when the waves propagate across shorelines. This assumption clearly simplifies this complex physics process, in
which both reflection and mode conversion could occur (e.g., Gualtieri et al., 2015; Le Pape et al., 2021; Noguchi
et al., 2016). These phenomena could cause the waves to be back‐scattered into the ocean, therefore reducing SM
energy recorded at land stations (Section 4.2). To quantify this back‐scattered energy, a comprehensive study of
Rayleigh waves propagating through shorelines would be needed, taking into consideration 3D wave propagation
and shoreline geometry. Based on our knowledge, such a study is absent to date.

The Rayleigh‐wave propagation in our modeling could also be more sophisticated. We assume that Rayleigh
waves propagate along great‐circle paths, which avoids ray tracing and simplifies the computation of the geo-
metric ray path term in Equation 3. Sharp lateral heterogeneities will make Rayleigh waves propagate off of the
great‐circle paths or even propagate on multiple paths (Cotte et al., 2000; Pavlis & Mahdi, 1996; Woodhouse &
Wong, 1986; Xia et al., 2018). Incorporating these propagation phenomena into WLHM modeling would require
ray tracing for all potential SM sources (the global ocean surface), improving propagation modeling at the cost of
computational speed. Ray tracing would also allow us to incorporate the spatial variation of the Rayleigh‐wave
group velocity (U), leading to a more accurate computation of t∗ (Equation 3) and better constraining Rayleigh‐
wave attenuation in WLHM modeling.

The crustal velocity model used in WLHM modeling affects source and receiver site coefficients and therefore
our synthetic result, as discussed in Sections 3.2 and 5.2. To improve the crustal model beneath an OBS station
and better characterize the site amplification (Section 5.2), one could use inversions of compliance due to ocean
gravity wave below 0.1 Hz (e.g., Crawford et al., 1991) and/or of admittance due to SM Rayleigh‐wave prop-
agation (e.g., Ruan et al., 2014). Note that velocity models obtained from these inversions should also align with
petrophysical knowledge of sediments and rocks in oceanic environments.

WLHM modeling could be applied to studying short‐period (<3 s) microseisms (e.g., Ardhuin et al., 2013;
Gimbert & Tsai, 2015). To achieve this, besides of the aspects mentioned above in this subsection, we also need to
consider conversion between Scholte waves and Rayleigh waves during their propagation, especially where thick
ocean‐bottom sediments are present like near‐shore regions (e.g., Gualtieri et al., 2015). Meanwhile, local winds
may lead to short‐period ocean gravity waves. These waves are not the focus of global‐scale ocean wave hindcast
like WAVEWATCH III. Thus, incorporating these waves into SM modeling requires a regional ocean gravity
hindcast, such as Booij et al. (1996) and/or reparameterization of WAVEWATCH III (Alday & Ardhuin, 2023;
Romero, 2019).

5.4. Why Does LH‐SM Modeling Work in a Narrow Frequency Band?

LH‐SM modeling, based on a simple two‐layer model of an ocean layer overlying a crustal halfspace, has been
shown to match PSD observations at permanent land stations for frequencies between 0.1 and 0.2 Hz (5–10 s
period). Based on our Green's function computations and the fact that the majority of global ocean thicknesses are
around 4,000 m, the source site coefficients in this frequency band are approximately the same (∼3 ∗ 10− 7 in
Figure 1b) for ocean‐bottom sediment thicknesses from 0 to 1,000 m. In addition, the reported LH‐SM models
only use seismic recordings from permanent land stations, normally deployed on crustal bedrock whose receiver
site coefficients have the same order of magnitude (10− 7, Figure 3c) in this frequency band. These two aspects
explain why the modeling can match the SM PSDs between 0.1 and 0.2 Hz.

5.5. Improving Q Estimation Based on Seismic Interferometry

The accuracy of applying seismic interferometry (SI) to SM recordings to estimate Q has been in debate. This
estimation is based on the 1D‐structure assumption and relies on SM amplitudes as an input. Notably, our study
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clearly demonstrates how local sediments beneath a seismometer amplify SM amplitudes, especially for ocean‐
bottom seismometers. Thus, in future studies regarding this estimation, frequency‐dependent site amplification
needs to be considered both theoretically and in practice (e.g., Bowden et al., 2017).

5.6. Implications for the Calculation of SM Source Distributions

Our study directly incorporates SM pressure sources (Equation 1) derived from ocean wave hindcasts. Other
studies invert field observations of SM to calculate the SM source distribution, using the Green's functions
determined from numerical simulations (Ermert et al., 2016; Igel et al., 2021, 2023). In these simulations, the
sources are typically positioned at the ocean bottom, rather than at the ocean surface as indicated by the SM
mechanism, because it is computationally expensive to incorporate ocean layers. The inversion results are
therefore hypothetical forces at the ocean bottom which generate SM recordings similar to those of the true SM
pressure sources at the ocean surface (e.g., Igel et al., 2021). Furthermore, if these studies do not consider ocean‐
bottom sediments, their estimates might be biased in intensity and location.

Our source site coefficients could mitigate the bias caused by the lack of water and sedimentary layers in their
seismic‐wave numerical simulations. Our analytical Rayleigh‐wave Green's function could also be applied to
invert for the SM source distribution, similar to Xu et al. (2020), and to assess the uncertainty in this inversion (Xu
& Mikesell, 2022).

6. Conclusion
We improve the modeling of secondary microseism (SM) PSDs by including lateral variations of ocean thickness
and crustal structure. By incorporating source and receiver site 1D structures, including ocean, sediment, and
crustal rocks, into our theoretical modeling, we are able to model important modulation effects of ocean‐bottom
sediments on exciting Rayleigh waves at the source sites and amplifying them at the receiver sites. Our WLHM
modeling results agree well with field observations from ocean‐bottom seismometers (OBSs) and permanent land
stations, and this modeling is significantly more accurate than LH‐SM modeling. Our methodology can provide
predictions of SM energy levels at the global ocean bottom, thus aiding future seismic monitoring. It would
benefit both seismic imaging of Earth's crust and research into the mechanical interactions between ocean gravity
waves and shorelines.

Appendix A: Computation of Source and Receiver Site Coefficients Using
Eigenfunction Theory
We assume a 1D structure—an ocean layer overlying a multiply layered crust—at a SM source and a receiver site.
Rayleigh waves are assumed to propagate as plane waves in this structure as

⎡

⎢
⎢
⎢
⎢
⎣

r1
r2
r3
r4

⎤

⎥
⎥
⎥
⎥
⎦

exp[iω(t − x/c)], (A1)

where r1 and r2 represent the eigenfunctions of the horizontal‐ and vertical‐component displacements, respec-
tively; r3 and r4 are the eigenfunction of the shear and normal stresses, respectively (Aki & Richards, 2002). i is
the imaginary unit. ω, t, x, and c are the angular frequency, the time, the horizontal distance, and Rayleigh‐wave
phase velocity, respectively. Full expressions of the horizontal and vertical displacements are written as
ir1 exp[iω(t − x/c)] and r2 exp[iω(t − x/c)], respectively. Note that both the two displacement eigenfunctions
and the corresponding phase and group velocities are required in computing source and receiver site coefficients
(Equation 3).

We solve the Rayleigh‐wave phase velocity by calculating the eigenfunctions for the ocean layer and the un-
derlying crust separately. We set the origin at the ocean surface, defining the positive vertical direction as
downward. We assume this ocean layer to be homogeneous, with density (ρw), acoustic‐wave speed (αw), water
thickness (H), and zero shear modulus. Thus, in this layer, r3 = 0, and we need only compute the other three
eigenfunctions. For a trial phase velocity value (c0) at a given frequency ( f ), this homogeneous‐ocean‐layer

Journal of Geophysical Research: Solid Earth 10.1029/2024JB030767

XU ET AL. 14 of 20

 21699356, 2025, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

030767 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



assumption indicates that only upgoing and downgoing acoustic waves can exist. This acoustic wavefield in a 2D
Cartesian coordinate system is written as

p(x,ω) = Ad exp ( iωt − ikxx − ikzz) + Au exp ( iωt − ikxx + ikzz), (A2)

= P(z)exp(iωt − ikxx), (A3)

where p represents the pressure, and Ad and Au are the amplitudes of the downgoing and upgoing waves,
respectively. kx accounts for the horizontal wavenumber and is equal to ω/ c0. We can write the variation of this
pressure field in the vertical direction as

Figure A1. The Rayleigh‐wave eigenfunctions for the velocity models with a 4,000‐m‐thick ocean layer as in Figure 1. The
zero depth value represents the ocean surface. The eigenfunction values of each model at each frequency are normalized by
the corresponding

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4πf cUI1

√
. The unit of normalized r4 is Pa s3/2/(m kg1/2). Dashed horizontal lines indicate the ocean

bottom and the sediment layer bottom if this layer present. The eigenfunctions for a 1,000‐m‐thick ocean layer overlying the
same crustal structure are displayed in Figure S3 in Supporting Information S1.
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P(z) = Ad exp (− ikzz) + Au exp ( ikzz), (A4)

where kz is the vertical wavenumber and is defined as
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ω/αw)
2 − k2

x

√

. Note that in our coordinate system, the
ocean surface and bottom correspond to z = 0 and z = H, respectively. We rewrite ikz as γ, where

γ = ω
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1/ c2
0 − 1/α2

w

√

following Aki and Richards (2002, Chapter 7). To ensure that this wavefield satisfies the

zero‐pressure boundary condition at the ocean surface (z = 0), we choose a specific combination of Ad and Au,
such that:

P(z) = exp(− γz) − exp(γz). (A5)

Note that r4 = − P, because the positive directions of the acoustic pressure and normal stress are opposite at the
ocean bottom boundary. According to Euler's equation:

− [
∂x

∂z
] p = − ρwω2[

ir1
r2
] exp[iω(t − x/c)], (A6)

where ∂x and ∂z denote the partial derivatives with respect to the directions of x and z, respectively, the two
eigenfunctions are:

r1 = −
kxP
ρwω2 , (A7)

r2 =
∂zP
ρwω2 . (A8)

This whole derivation is similar to the one in Xu et al. (2022).

We compute the eigenfunctions in the crust using the propagation matrix approach in Aki and Richards (2002,
Chapter 7). These eigenfunctions need to satisfy two boundary conditions: zero shear stress at the top of the crust
(i.e., the ocean bottom) and the radiation boundary condition at infinite depth. We adopt this approach and a trial
phase velocity (c0) as input to compute a wavefield satisfying these two boundary conditions (Xu & Log-
nonné, 2024). If c0 is a correct phase velocity solution, the vertical compliance (r2/ r4) at the ocean bottom should
match − r2/P at the bottom of the ocean layer (Biot, 1952). Note that if an ocean‐bottom sediment layer exists and
its VS value is lower than the acoustic‐wave velocity of the ocean layer above, a guided Rayleigh wave would
occur at a high frequency (i.e., 3 s period in Figure A1i), known as Scholte waves (Scholte, 1958).

The Rayleigh‐wave phase velocity (c) at frequency f ensures the computation of r1 and r2 along the vertical
direction. Subsequently, we compute the Rayleigh‐wave energy (I1) following:

I1( f ) =
1
2
∫

+∞

0
ρ( r21 + r22) dz, (A9)

where this integral range is from the ocean surface (zs) to infinite depth. We also compute the group velocity (U)
as dω/dkx, where kx = ω/c, using the phase velocities across a frequency band (Figure S2 in Supporting In-
formation S1). Next, we calculate the source site coefficient as the ratio between r2 at the ocean surface and
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4πf cUI1

√
. The receiver site coefficient for OBS is the ratio between r2 at the ocean bottom and

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4πf cUI1

√
. For a

land station, the receiver site coefficient is computed similarly to the above, and the corresponding computation of
phase velocity and eigenfunction is identical to the classical Rayleigh‐wave method (e.g., Aki & Richards, 2002).
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Appendix B: Understanding Longuet‐Higgins’ Coefficients
Longuet‐Higgins (1950) analytically computed the Green's function of a laterally homogeneous two‐layer model,
an ocean layer overlying a halfspace, and framed the amplitude as

W(X,ω) =
̅̅̅̅
ω

√

ρhβ
5/2
h

̅̅̅̅̅̅̅̅̅
2πX

√
̅̅̅̅̅̅̅̅̅̅̅
∑
i
c2
i

√
, (B1)

where ρh and βh denote the density and shear‐wave velocity in this halfspace, respectively. X is the horizontal
distance between the source and receiver in the 2D Cartesian coordinate system. ci are unitless coefficients,
corresponding to the i‐th mode Rayleigh waves. The ci values in Longuet‐Higgins (1950) are computed from
certain elastic model parameters (Table B1) and must be recalculated for different models.

The ci coefficient has been interpreted as representing the SM source excitation (e.g., Ardhuin et al., 2015;
Gualtieri et al., 2014; Igel et al., 2021; Stutzmann et al., 2012), but this interpretation does not reflect the entire
physical meaning of the coefficient or the equation. For two‐layer models (Table B1), the results of this equation
align well with those of WLHM Green's function (Equation 3), as shown in Figure B1. This confirms that the ci
coefficient represents the product of the source and receiver site coefficients.

Figure B1. Computation results of Equation B1 (LH, Equation 186 in Longuet‐Higgins (1950)) and Equation 3 for a two‐
layer model (curves). The ocean thickness is 1,000 or 4,000 m. This figure presents both the fundamental and 1st‐higher
mode Rayleigh‐wave Green's function amplitude without the term:

̅̅̅̅
X

√
(flat earth) or

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
RE sin(Δ)

√
(spherical earth).

Table B1
The Two‐Layer Model Parameters

Layer name VP (m/ s) VS (m/ s) Density (kg/m3) Thickness (m)

Ocean 1,400 0 1,000 1,000/4,000

Halfspace 4,850 2,800 2,500 ∞

Note. The acoustic/elastic parameters are from Longuet‐Higgins (1950).
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Data Availability Statement
We retrieve the CRUST1.0 model from https://doi.org/10.17611/DP/emccrust10. The computation code of
source and receiver site coefficients is revised from Xu et al. (2022) and Xu and Lognonné (2024) and is available
at Xu (2025). The SM pressure source PSD files are available at ftp://ftp.ifremer.fr/ifremer/ww3/HINDCAST/
SISMO (Ardhuin et al., 2011). The seismic data used in this study are available through the IRIS Data Man-
agement Center (IRIS DMC) via Barruol et al. (2017) and Northern California Earthquake Data Center (2014),
through European Plate Observing System France (EPOS‐France) via Barruol et al. (2017) and Institut de
physique du globe de Paris (IPGP) and Ecole et Observatoire des Sciences de la Terre de Strasbourg
(EOST) (1982), through Ocean Hemisphere Project Data Management Center (OHPDMC) via Suetsugu
et al. (2018).
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