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S U M M A R Y 

Expanding the lower-frequency band of seismic energy sources, particularly below 2.0 Hz, 
is crucial for improving the stability and effectiveness of full waveform inversion (FWI). 
Conventional active sources including airguns are ineffective at generating low-frequency 

wavefields, while ambient seismic wavefields, driven by natural energy sources such as ocean 

waves, offer a promising alternative. Effectively using ambient wavefield energy for seismic 
imaging or inversion analyses, though, requires understanding key physical control factors 
contributing to observations—including ambient source mechanisms and distribution, ocean- 
bottom bathymetry and Earth model heterogeneity—which influence wave-mode excitation 

and par titioning, par ticularly in the context of ocean-bottom ambient seismic interferometr y. 
This study presents a modelling framework for simulating cross-correlation wavefields gen- 
erated by ambient seismic sources for dense ocean-bottom sensor arrays within a coupled 

acoustic–elastic system, without relying on Green’s function retrieval assumptions. We model 
velocity and pressure cross-correlation wavefields to explore the effects of ocean-bottom ve- 
locity structure, ambient source distributions and bathymetric variations on seismic wave 
excitation and propagation in the low- (0.01–2.00 Hz) frequency band. Our results show that 
the distribution of ambient energy source locations, whether at the seabed or sea surface, 
significantly affects excited wave-mode characteristics. Love waves are particularly evident in 

the presence of substantial lateral and vertical bathymetric variations and heterogeneous Earth 

structure. The distribution of azimuthal ambient energy sources also influences Love-wave 
excitation, with the most prominent waves observed in the direction of the highest source 
concentration. Additionally, different particle velocity component and pressure virtual shot 
gathers exhibit varying sensitivity to surface waves. This work improves the understanding of 
low-frequency ambient seismic wavefields in ocean environments, with potential applications 
in long-wavelength structural imaging and elastic velocity model estimation for FWI analysis. 

Key words: Seismic interferometry; Seismic noise; Guided waves; Surface waves and free 
oscillations; Wave propagation. 
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 I N T RO D U C T I O N  

ecent advancements in multicomponent ocean-bottom sensor ar-
ay deployments—including ocean-bottom seismometers (OBSs),
ables (OBCs) and nodes (OBNs)—offer a unique opportunity
or investigating marine ambient wavefield phenomena. When de-
loyed in sparse (4–16 stations per km 

2 ), large-scale ( > 100 km 

2 )
rrays on the seafloor, these instruments enable the extraction and
nalysis of low-frequency (sub-2.0 Hz) wavefield information. Al-
hough primarily designed for active-source seismic exploration,
ontinuous ocean-bottom recordings spanning one to three months
ften capture extensive data below the typical 2.0 Hz low-frequency
ut-off of marine airgun sources, effectively extending into the
C© The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
ange beneath the noise floor of the receivers themselves. Tradition-
lly considered ‘noise’, these seismic data—primarily originating
rom ambient seismic sources such as ocean swell noise (Longuet-
iggins 1950 )—increasingly are being recognized for their poten-

ial to provide valuable surface-wave information through ambient
eismic interferometry analyses. 

As illustrative examples, ver tical–ver tical and radial–radial com-
onents ambient virtual shot gathers (VSGs) derived from OBN
ecordings in the Astero field in the Norwegian North Sea revealed
undamental and first-order Scholte waves, while the transverse–
ransverse component indicated the presence of Love waves (Bus-
at & Kugler 2011 ). Surface wave tomography of these data yielded
cholte-wave group velocity images at frequencies between 0.18
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Table 1. Summary of VSG observations from notable ocean-bottom deployments. V = Vertical, R = Radial, T = Transverse and P = Pressure. 

Study Area Components Wave types Frequency 
investigated reported (Hz) 

Bussat & Kugler ( 2011 ) Astero field, VV, RR, TT Scholte and Love 0.18–0.40 
Norwegian North Sea 

de Ridder & Dellinger ( 2011 ), Valhall field, VV, RR, TT, Scholte and Love 0.35–1.75 
de Ridder & Biondi ( 2013a , b ) Norwegian North Sea TR, VR, VT 

Mordret et al. ( 2013 ) Valhall field, VV, TT Scholte and Love 0.4–2.0 
Norwegian North Sea 

de Ridder & Biondi ( 2015 ) Ekofisk field, PP Scholte 0.35–1.35 
Norwegian North Sea 

Girard et al. ( 2023 ) Gulf of Mexico VV, RR, TT, PP Scholte and guided P 0.2–1.6 
Girard et al. ( 2024 ) Amendment field, VV, PP Scholte and guided P 0.08–1.50 

Gulf of Mexico 
Stewart ( 2006 ) Gulf of Mexico VV, RR, TT, PP Scholte 0.15–2.0 
Ning et al. ( 2024 ) Gulf of Mexico PP Scholte 0.45–2.0 
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and 0.40 Hz, correlating well with known subsurface structures. 
Similarly, permanently deployed OBC arrays at the Valhall field 
in the Norwegian North Sea revealed fundamental and first-order 
Scholte wave modes on ver tical–ver tical VSGs, Love waves on 
the transverse–transverse VSGs, and facilitated near-surface imag- 
ing through Scholte-wave group and phase velocities in the 0.35–
1.75 Hz frequency range using straight-ray tomography (de Rid- 
der & Dellinger 2011 ; Mordret et al. 2013 ; de Ridder & Biondi 
2013a , b ). In the Gulf of Mexico, vertical–vertical, radial–radial 
and pressure–pressure components VSGs from continuous OBN 

array recordings revealed dispersive Scholte- and guided P -wave 
modes within the sub-1.2 Hz frequency band (Girard et al. 2023 , 
2024 ). Stewart ( 2006 ) also demonstrated the presence of Scholte 
waves on vertical–vertical and transverse–transverse VSGs in the 
sub-2.0 Hz frequency band and noted that vertical–vertical particle- 
motion VSGs exhibited the strongest events. Ning et al. ( 2024 ) 
used dispersion estimates derived from pressure–pressure VSGs 
from a sparse Gulf of Mexico OBN array and observed the fun- 
damental Scholte wave mode in the sub-1.2 Hz frequency band. 
1-D Scholte-wave inversion of this data set resulted in shear-wave 
velocity ( vs ) estimates to 3.0 km depth, that exhibited structural 
similarity to the compressional-wave velocity ( vp ) model obtained 
from full waveform inversion (FWI) analysis of active-source seis- 
mic OBN data. Table 1 presents a comprehensive summary of these 
studies. Collectively, they demonstrate the potential of using the 
low-frequency information recorded in ocean-bottom sensor data 
for subsurface investigation, complementing conventional seismic 
exploration analysis. 

In FWI analyses, low-frequency seismic data play a crucial role 
in effectively reducing cycle skipping, leading to faster convergence 
and stability in FWI analyses (Virieux & Operto 2009 ). However, 
obtaining reliable low-frequency information with a high signal-to- 
noise ratio from sub-2.0 Hz field data remains a significant chal- 
lenge. As a result, these low frequencies generally are extrapolated 
from high-frequency active-source seismic data (Li & Demanet 
2016 ). In contrast, ambient oceanic seismic energy is inherently 
rich in low frequencies (0.05–2.00 Hz) (Longuet-Higgins 1950 ; 
Webb 1998 ; Bromirski et al. 2005 ), which are difficult to generate 
with active seismic sources. These low-frequency components po- 
tentially can complement active-source seismic data in FWI anal- 
yses within the corresponding frequency range for ocean-bottom 

acquisitions. However, fully exploiting ocean-bottom ambient data 
for low-frequency elastic model building through FWI requires a 
comprehensive understanding of the physical factors that influence 
cross-correlated wavefield observations. This necessitates interpret- 
ing ambient wavefield data within a marine environment context 
characterized by acoustic and elastic media coupled at the seabed 
and accurately modelling these wavefields within a suitable seis- 
mic interferometry framework that accounts for various physical 
control factors associated with the physical system. Conventional 
assumptions, such as an isotropic distribution of ambient sources—
commonly used to simplify cross-correlations as approximations of 
Green’s functions—are rarely valid in marine environments. Pandey 
et al. ( 2025 ) shows that a low-frequency, homogeneous source dis- 
tribution confined to the ocean surface in a coupled acoustic–elastic 
system—characteristic of a marine environment—fails to recover 
the correct phases of surface-wave modes recorded on OBNs. In 
contrast, a homogeneous surface source distribution in purely elas- 
tic or acoustic cases does recover the correct phases of surface-wave 
modes (e.g. Snieder 2004 ; Halliday & Curtis 2008 ). However, cor- 
rect amplitudes are not recovered in any of these cases. In practice, 
ambient seismic sources are typically more localized or azimuthally 
concentrated than spatially uniform (Ardhuin et al. 2015 ; Nakata 
et al. 2019 ). As a result, to achieve the level of accuracy required by 
FWI analysis, cross-correlated wavefields must be modelled as self- 
consistent observations rather than as approximations of Green’s 
functions. 

Recognizing these limitations, Tromp et al. ( 2010 ) introduced 
a framework for modelling interstation cross-correlations that ac- 
counts for the distribution of ambient energy sources. This frame- 
work has been successfully used for inverting ambient source dis- 
tributions and velocity structures in global seismology (Er mer t 
et al. 2017 ; Sager et al. 2018 ), particularly for the primary mi- 
croseism frequency band (i.e. sub-0.1 Hz), where sources can be 
approximated as acting at the ocean bottom and the effect of the 
water column can be neglected (Longuet-Higgins 1950 ; Nakata 
et al. 2019 ). However, this framework is limited to elastic sys- 
tems and models the ocean layer as a surface load (Komatitsch & 

Tromp 2002b ). This simplification reduces its effectiveness in mod- 
elling and interpreting exploration-scale ambient ocean-bottom sen- 
sor cross-correlation wavefields in the secondary microseism fre- 
quency band (0.1–1.0 Hz) where sources are distributed as pressure 
fluctuations at or near the ocean surface and the effects of ocean 
depth cannot be neglected (Longuet-Higgins 1950 ; Hasselmann 
1963 ; Ardhuin & Herbers 2013 ; Nakata et al. 2019 ). To accurately 
model secondary microseism cross-correlations recorded on ocean- 
bottom sensors and to evaluate how marine physical properties affect 
VSG data, we require cross-correlation representations in a coupled 
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coustic–elastic systems with a fluid–solid interface, characteristic
f ocean-bottom seismology 

To address these challenges, Pandey et al. ( 2025 ) presents com-
rehensive derivations and examples of Green’s function repre-
entations for ocean-bottom seismic interferometry in coupled
coustic–elastic media. However, these representations require am-
ient source distributions and types that are not typically available
n practical scenarios. The study shows that inter-receiver cross-
orrelations recorded on dense OBS arrays, when subjected to real-
stic ambient source distributions, fail to recover the correct phase
nd amplitude of the inter-receiver surface wave Green’s function.
his limitation renders the presented Green’s function representa-

ions ineffective for investigating realistic ambient source distribu-
ions in ocean settings. 

The objective of this study is twofold: (1) to outline a com-
rehensive framework for modelling pressure and (particle) ve-
ocity cross-correlated wavefields for dense ocean-bottom sensor
rray under different ambient source types and spatial distributions
ithin a coupled acoustic–elastic system; and (2) to investigate the

omplementary effects of key first-order physical control factors—
cean-bottom velocity structures, ambient energy source locations,
cean-bottom bathymetric depth and variations and inhomogeneous
mbient energy source distributions—on the excitation and energy
artitioning of surface- and body-wave modes recorded on ocean-
ottom sensors. OBN data potentially allow for 16 cross-component
orrelations derived from pressure and three-component particle ve-
ocity recordings. However, to avoid cross-correlating velocity and
ressure quantities as they have different physical meanings, we
nly model and analyse the pressure-to-pressure and 3 × 3 particle-
elocity VSG tensor cross-cor relations, incor porating both flat and
ariable bathymetry with homogeneous and heterogeneous ambient
ource distributions. Specifically, we address the following ques-
ions: (1) How does the spatial distribution of ambient sources
ffect surface- and body-wave excitation? (2) How does ocean-
ottom depth influence the excitation and energy partitioning of
hese wave modes? (3) Are all cross-correlation components equally
ignificant and, if not, which cross-correlation components best
apture different wave modes? and (4) What conditions are neces-
ary for Love-wave generation and how do inhomogeneous ambient
ource distributions affect their detectability? Finally, we discuss the
bservations made during the investigation of these control factors
n the context of the broader goal of using ambient seismic wavefield
nergy for long-wavelength structural imaging and elastic velocity
odel building in seismic exploration. 

 M O D E L L I N G  A M B I E N T  V I RT UA L  

H O T  G AT H E R S  F O R  O C E A N - B O T T O M  

E N S O R S  

 key goal of most ambient seismic interferometry investigations
s to use a cross-correlation methodology to recover accurate esti-
ates of the Green’s function between pairs of observation points.
owever, numerous experimental factors, such as the unavailabil-

ty of favourable source types and distributions, commonly prevent
SG observations from accurately representing Green’s functions.
erein, we choose not to rely on Green’s function retrieval as-

umptions and instead interpret ambient cross-correlations as self-
onsistent obser vables ter med ‘cross-correlation functions’ (CCFs).
ecause this approach represents a departure from standard prac-

ice, we present a comprehensive derivation of the time-domain
quations for modelling CCFs between ocean-bottom receiver pairs.
he CCF modelling methodology is derived from Tromp et al.
 2010 ) and the work presented here extends this approach to
odelling cross-correlation for ocean-bottom sensors located at

he ocean-bottom coupled acoustic–elastic interface. We refer this
ramework as ‘cross-correlation modelling’ (CCM). 

A continuous velocity CCF tensor, denoted Ci j , of two ambient
avefield recordings vi and v j at respective receiver locations xA =
 x1 , x2 , x3 ]A and xB = [ x1 , x2 , x3 ]B is explicitly given by 

Ci j ( xA , xB , τ ) =
∫ T 

−T 
vi ( xA , t) · v j ( xB , t + τ ) dt 

= vi ( xA , −t) ∗ v j ( xB , t) , 

(1) 

here xA denotes the main receiver or virtual shot point location
t which cross-correlation is performed; xB represents the VSG
eceiver locations; T is the selected correlation window duration;

i and v j are the i and j components of the particle velocity vector
ecorded at receivers xA and xB ; t and τ denote time and the temporal
orrelation lag; and ∗ represents the temporal convolution operator.
hroughout the text, lowercase Latin subscripts take values of 1, 2,
 and x = [ x1 , x2 , x3 ] denotes a Cartesian coordinate vector with
he x3 -axis oriented positive downwards. 

Marine ambient sources typically act either as distributed pres-
ure sources at the ocean surface or as point force sources local-
zed at the seafloor bathymetry (e.g. Longuet-Higgins 1950 ; Has-
elmann 1963 ; Nakata et al. 2019 ). We first derive the CCF ex-
ression for ambient pressure-type sources acting above the ocean
ottom within the ocean’s acoustic layer. We subsequently extend
he analysis to include CCF expressions for force-type ambient
ources acting below the ocean bottom within the underlying elastic
olid. 

A velocity wavefield vi excited by the ambient pressure-type
ource signal N and observed at x can be expressed through the
elocity Green’s function (Aki & Richards 2002 ) as 

i ( x , t) =
∫ [

Gv,q 
i ( x , ξ , t ′ ) ∗ N (ξ , t ′ )

]
( t) dξ , (2) 

here Gv,q 
i ( x , ξ , t ′ ) represents the i component of observed parti-

le velocity v at x due to an impulsive point pressure-type source
acting at spatial location ξ ; and N (ξ , t ′ ) denotes the ambi-

nt pressure-type source signal as a function of location ξ and
ime t ′ . Convolution of time-reversed wavefields vi ( xA , −t) with

j ( xB , t) (eq. 1 ) results in the time-domain velocity CCF tensor
omponent 

i j ( xA , xB ) = 

� {[
Gv,q 

i ( xA , ξ 1 ) ∗ N (ξ 1 )
]

( −t) 

∗ [
Gv,q 

j ( xB , ξ 2 ) ∗ N (ξ 2 )
]

( t)
}

dξ 1 dξ 2 . (3) 

ote that here and below, the temporal lag τ dependence is omitted
rom the expression for brevity. Rearranging the convolution in the
bove equation leads to 

i j ( xA , xB ) = 

� [
Gv,q 

j ( xB , ξ 2 , t) ∗ Gv,q 
i ( xA , ξ 1 , −t)

]
∗ [ N (ξ 1 , −t) ∗ N (ξ 2 , t)] dξ 1 d ξ 2 . (4) 

sually, traces are correlated over a selected time range for a large
umber of windowed subsets of the long-time recording and sub-
equently stacked, which effectively amounts to computing the ex-
ected value of the CCF tensor component. Therefore, we determine
he ensemble-averaged velocity CCF given by 

 Ci j ( xA , xB ) 〉 = 

� [
Gv,q 

j ( xB , ξ 2 , t) ∗ Gv,q 
i ( xA , ξ 1 , −t)

]
∗〈[ N (ξ , −t) ∗ N (ξ , t)] 〉 dξ d ξ , (5) 
1 2 1 2 
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where 〈·〉 denotes an ensemble average. In practical applications, 
it is often assumed that ambient sources are mutually uncorrelated 
(e.g. Weaver & Lobkis 2001 ; Snieder 2004 ; Shapiro et al. 2005 ; 
Wapenaar & Fokkema 2006 ) and the ambient source spectra for all 
sources N (ξ , t) are similar (e.g. Er mer t et al. 2017 ; Xu et al. 2019 ) 
such that 

〈 N (ξ 1 , −t) ∗ N (ξ 2 , t) 〉 = S(ξ , t) δ(ξ − ξ 1 ) δ(ξ − ξ 2 ) , (6) 

where δ(ξ ) is a 2-D spatial delta function, and S(ξ , t) is ambient 
pressure-source autocorrelation function. This assumption simpli- 
fies eq. ( 5 ) to 

〈 Ci j ( xA , xB ) 〉 =
∫ 

Gv,q 
j ( xB , ξ , t) ∗ [

Gv,q 
i ( xA , ξ , −t) ∗ S(ξ , t)

]
dξ . 

(7)

Using the source–receiver reciprocity relationship in a coupled 
acoustic-over-elastic system, where a receiver at ξ in the acous- 
tic medium records pressure p due to a point force source f in the 
i-th direction at xA in the elastic medium (right-hand term in the 
equation below), and conversely, a receiver at xA records the i-th 
component of particle velocity v due to a pressure-type source q at 
ξ (left-hand term in the equation below) (Pandey et al. 2025 ), 

Gv,q 
i ( xA , ξ , t) = − G p, f 

,i (ξ , xA , t) , (8) 

we can rewrite eq. ( 7 ) as 

〈 Ci j ( xA , xB ) 〉 = −
∫ 

Gv,q 
j ( xB , ξ , t) 

∗
[ 
G p, f 

,i (ξ , xA , −t) ∗ S(ξ , t)
] 

dξ . (9) 

The coupled source–receiver reciprocity relation given in eq. ( 8 ) 
is derived in Pandey et al. ( 2025 ). The negative sign is a result of 
the coupling between the acoustic and elastic systems through the 
constitutive equations detailed in Pandey et al. ( 2025 ). 

For a narrow frequency band (e.g. 0.05–1.0 Hz), we partition the 
ambient energy source function S(ξ , t) into its spatial and temporal 
dependences as 

S(ξ , t) = S(ξ ) S( t) , (10) 

where the relative spatial distribution of ambient wavefield energy is 
defined such that S(ξ ) = 0 and S(ξ ) = 1 represent effective sources 
with zero and the highest energy at location ξ , respectively, and 
S( t) denotes the ambient source-time autocorrelation function. With 
these definitions, the time-averaged velocity CCF tensor of eq. ( 9 ) 
becomes 

〈 Ci j ( xA , xB ) 〉 = −
∫ 

Gv,q 
j ( xB , ξ , t) ∗

{ (
G p, f 

,i (ξ , xA , −t) S(ξ )
)

∗ S( t)
} 

dξ . (11) 

Comparing this result with eq. ( 2 ), we can now define the driving 
source (Tromp et al. 2010 ) of the ensemble CCF 〈 Ci j 〉 as 

q(ξ , xA , t) =
(

G p, f 
,i (ξ , xA , −t) S(ξ )

)
∗ S( t) , (12) 

where q represents the pressure-type source injection. Thus, the 
driving source is simply the source-energy-weighted time-reversed 
wavefield recorded at ambient energy locations ξ due to a source 
with source-time function S( t) at the virtual shot point locations xA . 
Velocity CCF tensor components 〈 Ci j 〉 are the ensemble-averaged 
velocity wavefield recorded on ocean-bottom observation locations 
xB due to driving source q at xA . 

For ambient sources acting as point forces on local bathymetry 
or within elastic solid, a similar expression for 〈 Ci j 〉 can be written: 

〈 Ci j ( xA , xB ) 〉 =
∫ 

Gv, f 
j,n ( xB , ξ , t) ∗

{ (
Gv, f 

n,i (ξ , xA , −t) S(ξ )
)

∗ S( t)
} 

dξ . (13) 
Similar to the case of pressure-type ambient sources, the above 
equation assumes that two ambient force sources—one acting in 
the n -direction at ξ 1 and the other in the m -direction at ξ 2 —are 
uncorrelated and share common spectra, that is, 

〈 Nn (ξ 1 , −t) ∗ Nm 

(ξ 2 , t) 〉 = Snm 

(ξ , t) δ(ξ − ξ 1 ) δ(ξ − ξ 2 ) , (14) 

where Snm 

(ξ , t) is the force source autocorrelation function, which 
simplifies to Snm 

(ξ , t) = S (ξ ) S ( t) δnm 

for a narrow frequency band. 
Here, S (ξ ) and S ( t) have the same definitions as in the pressure case, 
but correspond to an ambient force source. Eq. ( 13 ) follows from 

applying elastic domain source–receiver reciprocity (Wapenaar & 

Fokkema 2006 ) 

Gv, f 
i,n ( xA , ξ , t) = Gv, f 

n,i (ξ , xA , t) . (15) 

Note that in all instances of repeated subscripts in this paper, the 
summation convention applies. This implies that the right-hand side 
term in eq. ( 13 ) must be computed for n = 1 , 2 , 3 to account for all
ambient force components when evaluating 〈 Ci j 〉 : 

〈 Ci j ( xA , xB ) 〉 = 

∫ 
Gv, f 

j, 1 ( xB , ξ , t) ∗
{ (

Gv, f 
1 ,i (ξ , xA , −t) S(ξ )

)
∗ S( t)

} 
dξ

+ 

∫ 
Gv, f 

j, 2 ( xB , ξ , t) ∗
{ (

Gv, f 
2 ,i (ξ , xA , −t) S(ξ )

)
∗ S( t)

} 
dξ

+ 

∫ 
Gv, f 

j, 3 ( xB , ξ , t) ∗
{ (

Gv, f 
3 ,i (ξ , xA , −t) S(ξ )

)
∗ S( t)

} 
dξ . (16) 

For pressure CCFs, represented as a scalar quantity C, and due to 
ambient force sources, an expression analogous to eq. ( 13 ) can be 
written using the coupled source–receiver reciprocity of eq. ( 8 ) as 

〈 C( xA , xB ) 〉 = −
∫ 

G p, f 
,n ( xB , ξ , t) 

∗ {(
Gv,q 

n (ξ , xA , −t) S(ξ )
) ∗ S( t)

}
dξ , (17) 

and for ambient pressure sources, an expression similar to eq. ( 11 ) 
can be written using the acoustic-domain source–receiver reci- 
procity (Wapenaar & Fokkema 2006 ): 

G p,q ( xA , ξ , t) = G p,q (ξ , xA , t) , (18) 

as 

〈 C( xA , xB ) 〉 = 

∫ 
G p,q ( xB , ξ , t) 

∗ { ( G p,q (ξ , xA , −t) S(ξ )) ∗ S( t)} dξ . (19) 

Eqs ( 11 ), ( 13 ), ( 17 ) and ( 19 ) provide the basis for the forward mod-
elling of all velocity and pressure CCFs for dense ocean-bottom 

sensor arrays for different ambient source types, locations and con- 
figurations. When CCFs are assembled for multiple receivers rela- 
tive to a main receiver acting as a virtual shot point, the resulting 
gather is referred to as a VSG. 

2.1.1 Ambient CCFs forward modelling workflow 

Modelling ensemble cross-correlation functions under the CCM 

framework differs from active-shot modelling in exploration seis- 
mology because it requires two passes of forward 3-D elastic wave 
propagation for each ambient sources component. The first pass 
computes the driving source (eq. 12 ), which depends on the ambient 
source-energy distribution S(ξ ) and the ambient wavefield source- 
time autocorrelation function S( t) . The distribution S(ξ ) can be 
estimated using real data through back-projection or beamforming 
techniques, while S( t) is a zero-phase wavelet with a duration equal 
to the simulation time or 2 n − 1 time steps, where n represents 
the number of causal time steps. The magnitude spectrum of S( t) 
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orresponds to the ensemble-averaged power spectrum of ambient
ources. The second pass evaluates the ensemble CCFs 〈 Ci, j 〉 or 〈 C〉
eqs 11 , 13 , 17 or 19 ) resulting from the driving source calculated
uring the first forward pass. 

We model a velocity-component VSG for receivers located
eneath the seafloor with a virtual shot point located at xA =
 x1 , x1 , x3 ] and for ambient sources acting as pressure sources on
he ocean surface (eq. 11 ) using a numerically coupled acoustic–
lastic wave propagation solver by performing the following
teps: 

(i) Characterize the spatial distribution of the ensemble-averaged
mbient wavefield energy S(ξ ) . 

(ii) For i = 1 , 2, or 3 velocity component, inject a force source
ith the source-time function S( t) in the i direction at the virtual

hot point location xA . 
(iii) Record the pressure-component wavefield at ambient source

ocations ξ due to the source implemented in Step 2 (see
G p, f 

i (ξ , xA , −t) in eq. 11 ). 
(iv) Time-reverse the recorded pressure wavefield and scale it by

he ensemble-averaged ambient wavefield energy S(ξ ) to generate
he corresponding driving source q needed to model the ensemble
CFs. 
(v) Inject explosive sources at ambient source locations ξ with

he source-time function as q . Sample the velocity wavefield com-
onents (i.e. particle velocity in j = 1 , 2, or 3 directions) at other
BN locations xB , and multiply by −1 to compute the desired
CFs. 

If using i = 3 in Step 2 (i.e. injecting a vertical force source)
nd sampling the j = 3 component of the velocity wavefield in
tep 5, the modelled CCFs would correspond to a vertical–vertical
utocomponent velocity VSG 〈 C33 〉 . Similarly, if using i = 1 in
tep 2 (i.e. injecting a horizontal force source) and sampling the

j = 2 component of the velocity wavefield in Step 5, the mod-
lled CCFs would correspond to a horizontal–horizontal cross-
omponent VSG 〈 C12 〉 . The modelling equations for generating
elocity CCFs due to ambient force sources (eq. 13 ) and pres-
ure CCFs (eqs 17 and 19 ) are implemented through similar
orkflows. 
In the following sections, for clarity and intuitiveness, we switch

rom the Cartesian coordinate vector notation x = [ x1 , x2 , x3 ] to
 = [ x , y , z] or [ r, t, v] . Here, x points East, y points North and z is
riented positive downwards. The symbols r and t represent the ra-
ial and transverse directions in the x –y plane, while v corresponds
o the vertical direction z. We previously avoided this notation be-
ause Latin subscripts were used generically to imply summation
ver repeated indices, whereas x , y and z refer to fixed coordinate
xes. 

 N U M E R I C A L  E X P E R I M E N T S  

e now simulate the low-frequency vertical-component velocity
ross-correlation wavefield recorded on ocean-bottom sensors us-
ng CCM approach for different offshore Earth model scenarios. We
egin with a flat seafloor and 1-D vp ( z) and vs ( z) velocity profiles
eneath the ocean bottom. To study the different wave modes in the
odelled cross-correlation wavefields and the associated dispersion

haracteristics, we use two groups of ocean-bottom velocity mod-
ls: (1) a soft bottom (SB) with vs at the seafloor being much slower
han the acoustic fluid velocity v f ; and (2) a hard bottom (HB)
ith vs at the seafloor slightly faster than v f . Table 2 presents the
cean-bottom model elastic properties where the vp , vs and ρ are
efined at the ocean bottom and increase with depth according to the
isted velocity gradients. Physical properties remain constant below
1 km beneath the ocean bottom. The acoustic velocity, v f , and
ensity, ρ f , of the homogeneous water layer are respectively set to
500 m s−1 and 1000 kg m−3 . Seismic attenuation is not considered,
s attenuation properties at these frequencies are largely unknown.
e simulate forward wave propagation using SPECFEM3D Carte-

ian 4.1.0 (Komatitsch & Tromp 2002a , b ; Komatitsch et al. 2023 )
ublished under the GPL3 license. The open-source software im-
lements the 3-D spectral element method (Komatitsch et al. 2000 )
or wave-propagation modelling. We note throughout that: (1) only
he causal part of VSGs and their associated dispersion spectra
f phase velocities—herein referred to as dispersion panels—are
lotted; and (2) the relative amplitudes between VSGs are not
reserved. However, a scale factor relative to the ver tical–ver tical
elocity CCF, Cvv , is indicated at the bottom of the plots where
ppropriate. 

The extents of the synthetic 3-D models used in different sec-
ions of this paper are listed in Table 3 . For flat ocean-bottom
cenarios (Sections 3.1 , 3.2 and 3.3.1 ), a regular grid spacing
f 0.4 km × 0.4 km × 0.25 km ( dx × dy × dz) is used. For
he variable bathymetry models (Sections 3.3.2 and 3.4 ), the grid
pacing in the x and y directions remains the same, while the
pacing in the z-direction is adjusted to conform to the bathy-
etric profile. The ambient source-time autocorrelation func-

ion S( t) used in all simulations is a zero-phase Ricker wavelet
ith a 0.35 Hz central frequency. We use a free-surface top
oundary with all other sides defined as absorbing boundary
ayers. 

To estimate reliable dispersion curves, an interstation spacing
f at least 3.0 wavelengths is needed (i.e. � > 3 λ) (Bensen et al.
007 ) or equivalently, a minimum reliable frequency fmin = 3 c/� ,
here � is the interstation spacing, c is the phase velocity and

f is the frequency. For a maximum observed phase velocity
f 3.0 km s−1 and a maximum interstation spacing of 100 km
ith available measurements in our simulations, this results in
 minimum reliable frequency of fmin = 0 . 09 Hz for our anal-
sis. To compute the dispersion panels, we used an in-house C
ode that implements the phase-shift method (Park et al. 1999 ),
hich employs a phase coherency measure for surface-wave dis-
ersion analysis. This code is adapted from the MATLAB im-
lementation provided by Ólafsdóttir et al. ( 2018 ). Note that in
he algorithm, Fourier transform is applied to each trace of the

ultichannel record providing its frequency-domain representa-
ion. Subsequently, the amplitude of the transformed record is
ormalized on the unit interval in both the offset and the fre-
uency dimensions, with each panel normalized independently.
herefore, relative amplitudes between dispersion panels are not
reserved. 

.1 Uniform ambient source distribution at different 
epths in ocean-water layer 

t frequencies below 1.0 Hz, the observed ambient wavefield energy
s primarily generated by ocean waves driven by two main mecha-
isms: (1) a primary microseism caused by the interference of ocean
aves with bottom topography, which generates dominant energy

n the 0.05–0.10 Hz range; and (2) a secondary microseism pro-
uced by the interference of pairs of ocean wave trains on the ocean
urface, generating dominant energy in the 0.10–1.00 Hz frequency
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Table 2. Model parameters of the SB and HB models. 

Ocean-bottom Ocean-bottom Ocean-bottom vp gradient vs gradient 
P -wave velocity S -wave velocity Density below ocean bottom below ocean bottom 

Model vp (m s−1 ) vs (m s−1 ) ρ (kg m−3 ) (km/s per km) (km/s per km) 

SB 1800 600 2100 0.40 0.23 
HB 3400 1600 2100 0.40 0.23 

Table 3. 3-D synthetic model settings used in different sections and corresponding figures. 

Section Model size (km) Source distribution Ocean bottom Figures and 
x × y × z corresponding model 

3.1 190 × 80 × 16.5 Homogeneous at depths: Flat at 1.50 km Fig. 1 (SB), 
(a) 0.00 km, (b) 0.50 km, Fig. 2 (HB) 
(c) 1.00 km, (d) 1.49 km 

3.2 190 × 80 × Homogeneous at surface Flat at Fig. 7 (SB), 
(a) 15.25, (b) 15.75, (a) 0.25 km, (b) 0.75 km, Fig. 8 (HB) 
(c) 16.50, (d) 17.25 (c) 1.50 km, (d) 2.25 km 

3.3.1 200 × 160 × 16.5 Homogeneous at surface Flat at 0.75 km Figs 10 , 11 , 12 (SB) 
Figs 13 , 14 , 15 (HB) 

3.3.2 160 × 120 × 16.5 Inhomogeneous at surface Variable bathymetry Figs 17 , 18 , 19 , 20 (SB) 
Figs 21 , 22 , 23 (HB) 

3.4 150 × 150 × 16.5 Inhomogeneous at surface Variable bathymetry Fig. 24 (SB) 
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range (e.g. Longuet-Higgins 1950 ; Hasselmann 1963 ; Ardhuin & 

Herbers 2013 ). For the former, the seismic source can be described 
as a combination of tangential and vertical forces acting on the local 
bathymetry, while in the latter, the source is a distributed pressure 
field acting on or just below the ocean surface (Nakata et al. 2019 ). It 
should be noted that, because a Ricker wavelet with a 0.35 Hz central 
frequency is used in all simulations presented herein, some energy 
extends above 1.0 Hz and below 0.1 Hz. However, the dominant 
energy remains confined to the secondary microseism frequency 
band of 0.1–1.0 Hz. 

To investigate the excitation of different wave modes and their 
characteristics arising from variations in the locations of ambi- 
ent wavefield energy sources, we uniformly distributed ambient 
pressure-type sources at each grid point at four different depths 
within the ocean-water layer, treating each depth as a separate case. 
Table 3 presents the model settings. The ocean-bottom interface 
was held constant at 1.50 km depth, and the receivers were posi- 
tioned just below the ocean bottom at 1.51 km depth at each grid 
point along the x-axis, forming a single line covering 100 km off- 
set. The virtual shot point is located at one end of the array at 
[ x1 , y1 , z1 ] = [48 . 00 , 40 . 00 , 1 . 51] km. 

Figs 1 and 2 depict the VSGs (left column) and corresponding dis- 
persion panels (right column) for the SB and HB model scenarios, 
respectively, with ambient energy sources at the following depths: 
(a,b) 0.00 km, (c,d) 0.50 km, (e,f) 1.00 km and (g,h) 1.49 km. 
Although ambient sources do not physically exist throughout the 
ocean column, placing them at different depths in a controlled mod- 
elling framework provides insight into the excitation of various 
wave modes and energy partitioning. Cases where sources are lo- 
cated near the ocean bottom (i.e. 1.49 km) are modelled as pressure 
sources with the full frequency band. However, in reality, such am- 
bient sources are typically associated with primary microseisms and 
act as force sources on the seafloor. 

From the SB and HB cases, respectively, shown in Figs 1 and 2 , 
we observe two types of dispersive seismic waves in this marine 
setting: Scholte waves and guided P waves (also referred to as 
acoustic guided waves). These wave modes are identified with the 
help of theoretical P –SV wave dispersion curves, computed us- 
ing the Computer Programs in Seismology package (Herrmann 
2013 ), and overlain on the calculated dispersion panels shown in 
Fig. 3 . 

Fig. 4 shows formation of Scholte and guided waves at ocean- 
bottom from an airgun source. As described by Klein ( 2003 ) and 
Klein et al. ( 2005 ), both wave types are eigenmodes of wave prop- 
agation in a medium with purely depth-dependent properties. From 

a theoretical perspective, these wavefields correspond to solutions 
of the boundary value problem for the P –SV polarized seismic dis- 
placement field. Scholte-wave solutions exist only for a discrete 
set of real wavenumbers at a given real frequency. In contrast, 
guided P waves are characterized by complex-valued wavenum- 
bers, where the real and imaginary components represent wave 
slowness (or phase velocity) and wave attenuation (i.e. energy leak- 
age), respectively (e.g Aki & Richards 2002 ). Whether defined 
by real or complex wavenumbers, these waves are aligned along 
continuous dispersion curves in the frequency–phase velocity do- 
main. Each dispersion curve corresponds to a distinct solution 
‘mode’ (see Fig. 3 ). The observed wavefields can be interpreted 
in terms of physical characteristics such as phase velocity, mode 
number and group velocity, and identified as Scholte or guided P 

waves generally depending on the associated frequency and mode 
characteristics. 

In the context of a marine setting, we refer to a wave as a guided 
P wave when its energy is concentrated within the water column 
and decays exponentially with depth into the underlying elastic 
medium. Physically, this wave type can be understood as the con- 
structive interference of P -wave energy that is post-critically re- 
flected and refracted at the seafloor, reverberating within the water 
layer or becoming trapped in shallow, unconsolidated ocean-bed 
sediments (Pekeris 1948 ; Klein et al. 2005 ). In Fig. 4 , when the in- 
cident angle exceeds the critical angle θc at the ocean bottom, total 
reflection and refraction occur and the resulting energy becomes 
confined within the waveguide formed by the free surface and the 
strong impedance discontinuity at the seafloor. After repeatedly 
bouncing between the top and bottom boundaries, these reflections 
and refractions superimpose and interfere to form guided P -waves. 
These waves exhibit frequency-dependent (dispersive) behaviour 
and possess phase velocities that exceed the acoustic velocity of 
water (Shtivelman 2004 ). Due to their relatively high amplitudes 
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Figure 1. Vertical-component VSGs (left column) with corresponding dispersion panels (right column) for the SB model (see Table 2 ) with a constant 1.50 km 

water depth. Ambient energy sources are uniformly distributed at the following depths within ocean-water layer: (a, b) 0.00 km, (c, d) 0.50 km, (e, f) 1.00 km 

and (g, h) 1.49 km. Scholte and guided P -wave modes are highlighted by white and yellow arrows, respectively. The vertical dotted line in panel (b) highlights 
the mode-truncation effect: the high-frequency band and the dispersive higher-mode energy of the Scholte waves are suppressed by the strong, dispersive 
guided P waves. 
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Figure 2. Vertical-component VSGs (left column) with corresponding dispersion panels (right column) for the HB model (see Table 2 ) with a constant 1.50 km 

water depth. Ambient energy sources are uniformly distributed at the following depths within ocean-water layer: (a, b) 0.00 km, (c, d) 0.50 km, (e, f) 1.00 km 

and (g, h) 1.49 km. Scholte and guided P -wave modes are highlighted by white and yellow arrows, respectively. The vertical dotted line in panel (b) highlights 
the mode-truncation effect. 
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Figure 3. Theoretical complete P –SV wave dispersion curves overlaid on the dispersion panels for (a) the SB model case from Fig. 1 (b) and (b) the HB 

model case from Fig. 2 (b). Theoretical Scholte modes are labelled as Sc (solid curves) and leaky modes as � (dotted curves), with superscript 0 denoting the 
fundamental mode and higher indices indicating higher-order modes. In panel (a), the mode kissing phenomenon (Sun et al. 2017 ) is highlighted with circles, 
following the trajectory of the guided P -wave dispersion energy, labelled as m0 − m4 . In panel (b), the leaky modes follow the guided P -wave dispersion 
energy. 

Figure 4. A schematic showing the formation of Scholte and guided P waves at the ocean bottom from an airgun source. 
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nd efficient propagation within the waveguide with minimal en-
rgy loss, guided P waves can obscure surface-wave modes and
eeper seismic reflections. However, they concentrate along the
nterface, interact with the seabed and are therefore sensitive to
ear-surface elastic properties and carry useful shallow subsur-
ace information that cannot be obtained from the reflected and
efracted wave (Klein et al. 2005 ; Sun et al. 2021 ; Kennett 2023 ;
ao et al. 2025 ). 
In shallow marine environments, when the ocean depth d is small

ompared to the dominant seismic wavelength, the influence of the
ater layer on wave energy is minimal at low frequencies. How-

ver, at higher frequencies, the amplitudes of the P –SV polarized
avefield are greatest near the fluid–solid interface. Such waves,
ommonly referred to as Scholte waves, propagate along the water–
ediment interface in marine settings and are analogous to terrestrial
ayleigh waves (Scholte 1947 ). Scholte waves are highly dispersive
nd exhibit particle motion polarized in the vertical–radial ( P –SV )
lane. The transverse surface-wave component is known as a Love
ave (Love 1911 ). 
To address the distinction between Scholte and Rayleigh waves

n the context of oceanic surface waves, we present in Figs 5 and 6 .
erein, we refer to a P –SV polarized surface wave as a Scholte wave
hen its vertical displacement is concentrated near the fluid–solid

nterface (black curve in Fig. 5 , and labelled Scholte in Fig. 6 ).
hese waves typically occur in the presence of thick oceanic sedi-
ents between the ocean bottom and the crust. In contrast, Rayleigh

art/ggaf351_f3.eps
art/ggaf351_f4.eps
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Figure 5. Vertical displacement eigenfunctions for fundamental mode 
Scholte/Rayleigh wave for a simple two-layer ocean model. For the black 
curve, the second layer is a sediment layer, and for the red curve, the sec- 
ond layer is a crustal layer. In our analysis, we refer to the black curve as 
representing Scholte waves, characterized by displacement concentrated at 
the water–sediment interface. The red curve corresponds to the water–crust 
model and is generally referred to as a Rayleigh wave in the literature, with 
vertical displacement more concentrated at the sea surface. 
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waves exhibit vertical displacement concentrated more at the sea 
surface (red curve in Figs 5 ) and typically arise when the crust lies 
directly beneath the ocean bottom or when the sediment thickness 
between the seabed and crust is negligible relative to the dominant 
wavelength. Therefore, in the presence of sediment between the 
seabed and the crust, the depth-dependent pattern of displacement 
and stress (i.e. the eigenfunction), or the transition from Rayleigh 
to Scholte wave behaviour, evolves not only with frequency but 
also with variations in water depth, sediment thickness and velocity 
structure (Ruan et al. 2014 ; Gualtieri et al. 2015 ; Xu et al. 2025 ). 
In all models presented in this study, sediments extend to approxi- 
mately 12.0 km depth below the ocean bottom in the SB case and 
8.0 km in the HB case before the P - and S -wave velocities reach 
crustal values (i.e. about 6.8 and 3.2 km s−1 , respectively). Thus, 
the P –SV polarized surface wave mode we observe is referred to as 
a Scholte wave. 

From Figs 1 and 2 , we note that ambient energy sources located 
at or near the ocean surface (Figs 1 a and 2 a) generate the strongest 
dispersive guided P -wave amplitudes (yellow arrows) relative to 
dispersive Scholte waves (white arrows) in their corresponding pan- 
els. The number of observed guided P -wave modes (e.g. m0 − m4 

in Fig. 2 b) decreases as the ambient energy sources approach the 
seabed as evident from the dispersion panels in Figs 1 and 2 . When 
ambient energy sources are near the seabed, the guided P waves 
are nearly absent in the VSGs and corresponding dispersion panels 
(Figs 1 g, h and 2 g, h) because of the high efficiency of source-energy 
conversion to surface-wave modes. 

The dispersion panels exhibit a clear truncation effect when 
guided P -wave modes are present: the high-frequency band and 
the high-mode dispersion energy of the Scholte wave modes are 
visually suppressed by the strong, dispersive guided P -wave modes. 
The higher Scholte modes are difficult to identify due to the 
strong dispersion energy of the guided P modes. The truncation 
frequency—defined as the frequency around which energy tran- 
sitions smoothly from the Scholte mode to the guided P -wave 
mode—is indicated by the white vertical lines in Figs 1 (b) and 2 (b). 
As guided P -wave modes decrease in number and amplitude with 
increasing source depth, the dispersion panels show that the fun- 
damental Scholte wave mode ( S0 

c ) and its first overtone ( S1 
c ) ex- 

hibit a broader frequency bandwidth due to the reduced energy 
of strongly dispersive guided P modes. However, in cases where 
the Scholte wave modes are strongly truncated in the dispersion 
panels (e.g. Figs 1 b and 1 d), suppressing or muting the guided P 

waves prior to extracting the dispersion spectrum can extend the 
observable dispersive behaviour of the Scholte wave modes and 
increase their usable frequency range in the resulting dispersion 
panel. 

3.2 Effect of ocean-water depth on Scholte and guided 

P -wave excitation from secondary microseism sources 

To illustrate the effects of water depth on the partitioning of Scholte 
and guided P -wave energy recorded on ocean-bottom sensors from 

secondary microseism sources, we consider the SB and HB model 
properties of Table 2 with constant elastic layer thickness of 15 km 

but with different water depths and a flat seabed configuration. 
Table 3 presents the model settings. The ambient energy sources 
are uniformly distributed as pressure-type sources over the ocean 
surface at each grid point and the receivers are positioned 10 m 

below the ocean floor. Figs 7 and 8 show the vertical-component 
VSGs (left column) and associated dispersion panels (right column) 
for the SB and HB model scenarios, respectively, with ocean-water 
depths of: (a, b) 0.25 km, (c, d) 0.75 km, (e, f) 1.50 km and (g, h) 
2.25 km. 

From the dispersion panels presented in Figs 7 and 8 , we observe 
that the guided P -wave energy (yellow arrows) becomes increas- 
ingly dominant with increasing water depth, extending further into 
the lower-frequency range. This results in the truncation of the 
high-frequency end and the suppression of higher-order Scholte 
wave modes (white arrows), thereby narrowing the Scholte-wave 
frequency band. Fur ther more, as the water depth increases, a pro- 
gressively greater portion of the source energy transitions to guided 
P -wave modes, leading to a significant weakening of Scholte wave 
modes (see Figs 7 and 8 VSGs). 

As illustrated from VSGs in Figs 7 (g) and 8 (g) for the SB and 
HB models, respectively, the fundamental Scholte mode, S0 

c , weak- 
ens significantly with increasing depths. The corresponding dis- 
persion panels in Figs 7 (h) and 8 (h) show that this mode exhibits 
a much narrower frequency bandwidth at deeper ocean bottoms. 
Specifically, in the SB model, the bandwidth reduces to below 

0.2 Hz, while in the HB model, it falls below 0.4 Hz at a depth 
of 2.25 km. This narrowing contrasts with the broader bandwidth 
observed at shallower depths of 0.25 km as shown in Figs 7 (b) 
and 8 (b). 

The results presented in Figs 7 and 8 suggest a complex inter- 
play between ocean-bottom depth and the source frequencies in 
controlling the expressions of Scholte and guided P -wave modes. 
Specifically, when the ocean depth, d is small compared to the seis- 
mic wavelength, λ (e.g. Figs 7 a, b and 8 a, b), the entire acoustic–
elastic system behaves as a single elastic system, as the effect 
of the water layer becomes negligible at such low source fre- 
quencies. Under these conditions (i.e. d << λ), the influence of 
the ocean layer on seismic wave propagation can be accounted 
for as a load (Komatitsch & Tromp 2002b ), and the Scholte 

art/ggaf351_f5.eps
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Figure 6. Surface and body wave modes in a water–homogeneous elastic half-space model excited by a low-frequency (0.6 Hz Ricker) source located just 
above the water–solid interface (indicated by a star). The surface wave mode is a Scholte wave, with displacement concentrated along the water–sediment 
boundary. 
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ave velocities tend to approach those of the Rayleigh wave de-
ermined by the sub-bottom elastic layer properties (Abrahams
t al. 2023 ). In this scenario, a Scholte wave can be regarded as
 Rayleigh wave (Klein 2003 ; Bohlen et al. 2004 ). Guided P -
ave modes are either absent or are only weakly excited in this

cenario. 
When the ocean depth is large compared to the seismic wave-

ength (i.e. d >> λ), though, this approximation no longer holds
e.g. Figs 7 c–h and 8 c–h). The propagation of P waves within
he water layer exerts a non-negligible effect on other wave
odes and has a dominant effect on the pressure field through-

ut the ocean (Longuet-Higgins 1950 ). In this scenario, the
ources of secondary microseisms are located at or just below
he ocean surface. The P waves generated at these source loca-
ions are multiply reflected between the ocean surface and the
eafloor forming guided P waves, causing energy partitioning
nd truncation of Scholte-wave energy, as observed in the above
xamples. 

.3 Cross-correlation tensor components and bathymetric 
ffects 

he previous sections examined the modal content of vertical–
ertical component CCFs to illustrate the effects of bathymetry and
mbient source distributions. However, horizontal–horizontal and
orizontal–vertical component CCFs also can provide relevant and
qually valuable information not captured by vertical–vertical com-
onent CCFs. Accordingly, we now perform simulations to model
he auto- and cross-component velocity VSGs, forming a 3 × 3 VSG
ensor and a pressure–pressure component VSG. These simulations
imilarly assume uniform pressure-like sources at the ocean surface
ith source-time function as a Ricker wavelet of 0.35 Hz central

requency, accounting for interactions between oceanic waves at
he ocean surface in the secondary microseism frequency band. We
nvestigate the role of variable bathymetry and 3-D Earth struc-
ure in generating different wave modes, specifically focusing on
ove-wave energy. 
Because it is challenging to assess the polarization patterns of

ifferent wave modes in a Cartesian coordinate system defined
y x , y and z components—due to the azimuthal dependence of
adiation polarization pattern for the horizontal components—we
eorient the recordings to radial ( r ), transverse ( t) and vertical com-
onents ( v) in a virtual-source-centric cylindrical coordinate sys-
em. For a receiver line oriented along the x-axis (see Fig. 9 ), the
x-direction becomes the radial direction, while the y-direction be-
omes the transverse direction. This nomenclature aligns the wave
odes with the azimuth between each virtual source and receiver

air, allowing for a more natural representation of VSGs in terms
f Love waves, as well as fundamental and higher-order Scholte
aves. Note that in cases with bathymetric variations, such as in
ection 3.3.2 , the radial and transverse directions remain horizontal
i.e. in x –y plane), and the v-component remains aligned with z. The
adial and transverse directions are not necessarily aligned parallel
o, and the vertical direction perpendicular to, the local bathymetric
radient. 

.3.1 Flat ocean-bottom bathymetry and 3-D model with 1-D 

elocity structure 

e first model a flat seafloor at 0.75 km depth and simulate results
or 3-D SB and HB Earth models with the 1-D velocity structure
i.e. a v( z) velocity gradient) as detailed in Table 2 . The lateral
elocities do not change. Fig. 9 (a) shows the geometry of the sec-
ndary microseism sources, OBNs, and location of virtual shot
oint. The pressure-type sources are uniformly distributed over the
cean surface. Table 3 presents the model settings. Given the as-
umptions of a flat seafloor and an isotropic source distribution
elative to the receiver line, the velocity VSG tensor will be sym-
etric; thus, we present only the lower triangular elements of the
atrix. 
Fig. 10 shows the velocity VSG tensor components, while their

orresponding dispersion panels are presented in Fig. 11 for the
B model scenario. The pressure–pressure component VSG and

he associated dispersion panel for the SB model are displayed in
igs 12 (a) and (b), respectively. The relative scale factor, represent-

ng the ratio of the maximum amplitudes relative to the vertical-
o-vertical component VSG Cvv , is noted at the bottom of each
ndividual VSG in Fig. 10 . 

From Figs 10 and 11 , the vertical-to-radial ( Cvr ) and vertical-to-
ertical ( Cvv ) components exhibit dispersive modes of both funda-
ental and higher-order Scholte waves, as well as guided P -wave
odes, with their lower frequencies travelling faster than higher

requencies. Due to their dispersive nature, the lower-frequency
odes of these waves, characterized by longer wavelengths, pen-

trate deeper into the subsurface. Because the deeper layers have
igher seismic velocities compared to the shallower layers, this
auses the lower-frequency waves to propagate faster as they sam-
le regions of higher velocity. Among the Scholte- and guided
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Figure 7. Vertical-component VSGs (left column) with corresponding dispersion panels (right column) for the SB model (see Table 2 ) with water depths of: 
(a, b) 0.25 km, (c, d) 0.75 km, (e, f) 1.50 km and (g, h) 2.25 km. Scholte and guided P -wave modes are highlighted by white and yellow arrows, respectively. 
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P -wave modes in Cvr and Cvv VSG, the fundamental-mode Scholte 
wave is the most dominant. At least two overtones of Scholte waves 
are also visible, although they appear to be weaker than the funda- 
mental mode as indicated by their corresponding dispersion panels 
(Figs 11 d and f). 
The radial-to-radial ( Crr ) VSG, shown in Fig. 10 (a), exhibits in- 
triguing behaviour. In particular, the higher-order Scholte wave 
modes are more pronounced than the fundamental mode ( S0 

c ), 
with at least three overtones ( S1 

c , S2 
c , S3 

c ) clearly visible in the 
corresponding dispersion panel (Fig. 11 a). Observations of Scholte 
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First-order controls for ambient OBN seismology 13

Figure 8. Vertical-component VSGs (left column) with corresponding dispersion panels (right column) for the HB model (see Table 2 ) with water depths of: 
(a, b) 0.25 km, (c, d) 0.75 km, (e, f) 1.50 km and (g, h) 2.25 km. Scholte and guided P -wave modes are highlighted by white and yellow arrows, respectively. 
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aves from four-component OBS recordings using a towed airgun
ource (e.g. Ritzwoller & Levshin 2002 ; Du et al. 2020 ; Wang et al.
020 , 2022 ; Shi et al. 2023 ) have commonly revealed an uneven
istribution of dispersive energy across the four components of the
cholte wavefield. The radial-component recording contains more
nergy from higher-order Scholte wave modes, while the vertical
omponent is dominated by dispersive energy from the fundamental
ode. This suggests that the fundamental mode is approximately

art/ggaf351_f8.eps


14 A. Pandey, J. Shragge and A.J. Girard

Figure 9. Secondary microseism sources, OBNs and virtual shot point location for (a) flat bathymetry, (b) variable bathymetric profile and (c) plane view of the 
variable bathymetry shown in panel (b). Dotted line in panel (c) corresponds to the velocity model cross-section shown in Fig. 16 . The secondary microseism 

sources (blue dots) are uniformly distributed as pressure sources over the sea surface. 
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vertically polarized, whereas the higher modes tend to exhibit hor- 
izontal polarization. Consequently, as observed here, the Cvv com- 
ponent contains more fundamental-mode contributions, while the 
Crr component contains more higher-mode contributions. 

Because the source distribution is perfectly symmetric in the 
transverse direction relative to the receiver line (see Fig. 9 a), the 
guided P - and Scholte-wave energy cancels out entirely in the 
transverse component recordings due to summation over this 
isotropic source distribution. Additionally, no Love waves are ob- 
served in any of the simulated transverse component VSGs shown 
in Fig. 10 , as they are not excited in a perfectly horizontal, lay- 
ered and isotropic medium with an isotropic secondary microseism 

source distribution (Gualtieri et al. 2020 ), as is the case here. As 
a result, the VSGs and dispersion panels presented in Figs 10 
and 11 involving transverse component recordings—transverse-to- 
radial ( Ctr ), transverse-to-transverse ( Ctt ) and vertical-to-transverse 
( Cvt )—exhibit negligible energy, with no clear transversely polar- 
ized arrivals. Notable behaviour is also observed in the pressure-to- 
pressure Cpp VSG (Fig. 12 a) for the SB model when compared with 
velocity VSGs in Fig. 10 . The Scholte-wave energy is distributed un- 
evenly between the velocity and pressure components. The velocity 
components exhibit stronger Scholte-wave energy than the pressure 
component. The fundamental and higher-order Scholte modes are 
visibly absent in Figs 9 (a) and (b), while the guided P waves appear 
strong. A weak S0 

c wave mode is discernible in the correspond- 
ing pressure dispersion panel in Fig. 12 (b), though it is otherwise 
difficult to identify. A similar observation was reported by Wang 
et al. ( 2022 ) in the Yellow Sea, China, where active-source Scholte- 
wave data recorded by multicomponent ocean-bottom seismometers 
on a soft ocean bottom using an airgun source showed stronger en- 
ergy in the velocity than the pressure component. More recently, 
VSGs and dispersion panels presented by Girard et al. ( 2023 ) from 

the Mississippi Canyon area in the Gulf of Mexico demonstrated 
the same behaviour. As shown by the Scholte-wave eigenfunctions 
in Klein ( 2003 ) and Shi et al. ( 2023 ), this phenomenon may be at- 
tributed to the exponential decay of the fundamental Scholte-wave 
amplitude with increasing distance from the seafloor interface into 
the water column, with higher frequencies decaying more rapidly. 
Higher-order Scholte modes decay even faster than the fundamental 
mode as the distance from the interface increases within the water 
layer. 

The black arrows in the Crr VSG in Fig. 10 (a) highlight several 
cross-mode terms resulting from the correlation between different 
surface-wave modes and/or guided P modes, which would otherwise 
be absent if the conditions for Green’s function retrieval through 
ambient seismic interferometry were satisfied (Pandey et al. 2025 ). 
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Figure 10. VSG Tensor components: (a) Crr , (b) Ctr , (c) Ctt , (d) Cvr , (e) Cvt and (f) Cvv for the SB model (see Table 2 ) and a flat bathymetry with constant 
0.75 km water depth. Scholte and guided P -wave modes are highlighted by white and yellow arrows, respectively. Black arrows represent cross-mode terms. 
The relative amplitudes between VSGs are not preserved; however, the scaling of each panel relative to Cvv is shown at the bottom of each panel. 
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hese cross-mode terms are less prominent in the Cvr VSG and are
east evident in the Cvv VSG (Fig. 10 ). This is because the guided
 and Scholte waves in radial–radial component VSGs have lower
nergy due to their partial cancellation in radial direction, caused by
he isotropic source distribution. As a result, the cross-mode terms
n the horizontal components are present with energy levels com-
arable to the fundamental and higher-order Scholte and guided P
odes. Conversely, in the ver tical–ver tical component VSG, wave-
ode energy combines constructively, significantly weakening the

ross-mode terms compared to the fundamental and higher-order
cholte and guided P modes. 
Fig. 13 shows the velocity VSG tensor components, while Fig. 14

resents the corresponding dispersion panels for the HB model
cenario. Figs 15 (a) and (b), respectively, display the pressure-
omponent VSG and the associated dispersion panel for the HB
odel. The HB model case velocity VSGs in Fig. 13 and corre-

ponding dispersion panels in Fig. 14 show similar behaviour to
hat observed in the SB model case, except for the lack of higher-
rder Scholte wave modes that were present in the SB case. The

pp VSG (Fig. 15 a) also shows the presence of Scholte waves,
s opposed to their notable absence in Cpp VSG in the SB case
Fig. 12 a). This feature is consistent with observations from the
ulf of Mexico Amendment OBN array, where the ocean bottom—

s sensed by low-frequency ambient wavefield—appears hard, and
cholte waves are clearly discernible in both the Cpp VSG and the
ssociated dispersion panel (Girard et al. 2024 ). Scholte-wave ve-
ocities in the HB model are significantly faster ( ≈1.45 km s−1 

t 0.6 Hz, as seen in the Cvv dispersion panel in Fig. 14 f), com-
ared to the SB case ( ≈0.6 km s−1 at 0.6 Hz, as seen in the Cvv 
ispersion panel in Fig. 11 f), due to the higher vs at and below
he ocean bottom (see Table 2 ). The Cvr , Cvv and Crr components
how dispersive fundamental Scholte and guided P -wave modes.
o Scholte-wave overtones are present, as evident in the disper-

ion panels presented in Fig. 14 . Guided P -wave modes are most
ronounced in the Crr VSG, with black arrows highlighting the
ross-mode events. 

.3.2 3-D model with variable bathymetry and smoothly varying 
ertical and horizontal velocities 

e next assess the impact of variable bathymetry and 3-D veloc-
ty structure on ocean-bottom cross-correlations, with a particular
ocus on generating and recording of Love waves due to secondary
icroseism sources acting on the ocean surface. The mesh configu-

ation for this synthetic model was adapted to follow the bathymetric
rofile shown in Fig. 9 (b). The velocity models, using parameters
isted in Table 2 , were initially generated with flat bathymetry and
egular grid spacing. It was subsequently adjusted to conform to
he bathymetric profile, introducing smoothly varying horizontal
elocities, as shown in Fig. 16 . 

Primary microseisms, resulting from the direct interaction of
cean waves with the seafloor at longer periods, can generate
ove waves through coupling with the seafloor (Fukao et al.
010 ; Saito 2010 ). However, secondary microseisms, character-
zed by pressure-like sources acting at the ocean surface, cannot
irectly explain the presence of Love waves in cross-correlations
f horizontal-component ocean-bottom recordings. Two main hy-
otheses have been proposed to account for the generation of Love
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Figure 11. Dispersion panels for VSGs in Fig. 10 . (a) Crr , (b) Ctr , (c) Ctt , (d) Cvr , (e) Cvt and (f) Cvv components. Scholte and guided P -wave modes are 
highlighted by white and yellow arrows, respectively. 

Figure 12. Pressure-to-pressure Cpp (a) VSG and (b) dispersion panel for SB model parameters in Table 2 with constant 0.75 km bathymetry. Scholte and 
guided P -wave modes are highlighted by white and yellow arrows, respectively. 
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waves from secondary microseism sources.The first hypothesis sug- 
gests that bathymetric variations in the source regions play a key 
role. Such variations can partition the vertical second-order pres- 
sure force into two components: one perpendicular to the local 
bathymetric slope, and being responsible for Scholte waves, the 
other tangent to the slope and being responsible for Love waves. The 
second hypothesis attributes the generation of Love waves to lat- 
eral heterogeneity within the Earth, which can cause scattering and 

art/ggaf351_f11.eps
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Figure 13. VSG Tensor components: (a) Crr , (b) Ctr , (c) Ctt , (d) Cvr , (e) Cvt and (f) Cvv for the HB model parameters in Table 2 and a flat bathymetry with constant 
water depth of 0.75 km. Scholte and guided P -wave modes are highlighted by white and yellow arrows, respectively. Black arrows represent cross-mode terms. 
The relative amplitudes between VSGs are not preserved; however, the scaling of each panel relative to Cvv is shown at the bottom of each panel. 

f  

G  

t  

c  

w  

A  

a  

b  

e  

a  

v  

w
 

e  

(  

n  

D  

×  

i  

a  

d  

c  

i  

(  

t  

g
 

c  

a  

a  

o  

t  

m  

o
 

F  

n  

c  

a  

i  

e  

t  

p  

p  

m  

s  

g  

t  

C  

s  

r  

d  

f  

l  

s  

e  

e  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/243/2/ggaf351/8249297 by C

olorado School of M
ines user on 23 Septem

ber 2025
ocusing/defocusing effects (Iyer 1958 ; Haubrich & McCamy 1969 ;
ualtieri et al. 2020 ; Le Pape et al. 2021 ). Additionally, Rayleigh-

o-Love wave conversion at ocean–continent boundaries may also
ontribute, though only a small percentage of incident Rayleigh-
ave energy is converted into Love-wave energy (Gregersen &
lsop 1976 ). In contrast, in the absence of bathymetric variations

nd at low frequencies relative to ocean depth, each pressure source
ehaves like a vertical point force acting on a flat surface (Gualtieri
t al. 2013 ). For a 1-D Ear th model with only ver tical velocity vari-
tions and flat bathymetry, as considered in the previous section, a
ertical force will not generate shear motion and thus Love waves
ere not observed in any VSG simulation. 
To incorporate these considerations, we employ velocity mod-

ls that vary smoothly in both horizontal and vertical directions
Fig. 16 ) and include a high-resolution bathymetry profile from the
or ther n Gulf of Mexico. The bathymetric profile, displayed in 3-
 in Fig. 9 (b) and in 2-D in Fig. 9 (c), spans an area of 160 km
120 km ( x × y). The profile has a shallowest depth of approx-

mately 0.5 km in the nor theaster n cor ner and a deepest depth of
pproximately 1.5 km in the southwester n cor ner of the grid. This
etailed bathymetric grid was generated from 3-D seismic surveys
onducted in the Nor ther n Gulf of Mexico deep water region and
s publicly available from Bureau of Ocean Energy Management
BOEM) ( 2014 ). We again consider the SB and HB scenarios with
he velocities and densities at the ocean bottom for the two models
iven in Table 2 . 

As in previous sections, the receivers for velocity and pressure
ross-correlation simulations are positioned 10 m below and 10 m
bove the bathymetric surface, respectively. These receivers are
ligned along a single line parallel to the x-axis and span an 80 km
ffset. The pressure-type sources are distributed isotropically across
he ocean surface (see Figs 9 a and b). Table 3 presents this synthetic
odel settings. The virtual shot point is located at the nearest end

f the receiver array, as indicated by the stars in Figs 9 (a) and (b). 
Fig. 17 illustrates the velocity VSG tensor components, while

ig. 18 shows the corresponding dispersion panels for the SB sce-
ario. The first three theoretical Scholte mode dispersion curves,
alculated using the 1-D velocity model at the virtual shot location,
re also shown in Fig. 18 (g) as dashed curves. Because the veloc-
ty CCF tensor is now asymmetric due to bathymetric variations,
ven though the source distribution is isotropic, we present all of
he 3 × 3 VSG tensor components and the associated dispersion
anels. In all VSG components shown in Fig. 17 , we observe dis-
ersive fundamental and higher-order Scholte and guided P -wave
odes, although with varying energy, similar to the flat bathymetry

cenario. Scholte wave modes are indicated by white arrows, while
uided P modes are marked by yellow arrows in Fig. 17 (a). VSGs
hat include transverse recording as one of their components—Crt ,

tr , Ctt , Ctv , Cvt —exhibit significantly lower energy with relative
cale factors exceeding 100, (see Fig. 17 ) compared to VSGs with
adial and vertical components—Crr , Crv , Cvr and Cvv . This is again
ue to the summation over the source distribution, which is per-
ectly symmetric in the transverse direction relative to the receiver
ine (Fig. 9 b). However, in the presence of variable bathymetry, this
ymmetry does not result in the perfect cancellation of wave-mode
nergy in the transverse component recordings, resulting in the pres-
nce of residual energy. Consequently, VSGs that include transverse
omponent recordings exhibit lower energy compared to those with
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Figure 14. Dispersion panels for VSGs in Fig. 13 . (a) Crr , (b) Ctr , (c) Ctt , (d) Cvr , (e) Cvt and (f) Ctt components. Scholte and guided P -wave modes are 
highlighted by white and yellow arrows, respectively. 

Figure 15. Pressure-to-pressure component Cpp (a) VSG and (b) dispersion panel for HB model parameters in Table 2 and a flat bathymetry with constant 
water depth of 0.75 km. Scholte and guided P -wave modes are highlighted by white and yellow arrows, respectively. 
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radial and vertical components. As a result, residual Scholte wave 
and guided P energy appears in the transverse component VSGs as 
well, as indicated by the white and yellow arrows, respectively, in 
Figs 17 (b), (e) and (h) and their corresponding dispersion panels 
in Figs 18 (b), (e) and (h). 

Higher-order Scholte modes are again more prominently ob- 
served in the Crr and Ctt components compared to the fundamental 
Scholte mode, as evident from the associated dispersion panels in 
Fig. 18 . The dispersion panels in Fig. 18 also highlight the more 
complex nature of guided P modes in the variable bathymetry case 
compared to the flat bathymetry scenario dispersion panels shown 
in Fig. 11 . 

As expected, we observe Love waves in VSGs with transverse 
component recording as other receivers—Crt , Ctt and Cvt . These Love 
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Figure 16. Cross-section of the vs model down to 15 km depth, extracted 
along the dotted line in Fig. 9 (c) and used for modelling in Section 3.3.2 . 
Axes are not to scale; the vertical axis is exaggerated by a factor of 10 to 
highlight the subtle horizontal velocity variations, which broadly follow the 
seafloor bathymetry down to approximately 10 km depth. 
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aves are marked in Figs 17 (b) ( Crt VSG), 17 (e) ( Ctt VSG) and 17
h) ( Cvt VSG) with their most prominent appearance in the Cvt com-
onent. The Love waves travel at slightly higher velocities than
he fundamental Scholte waves, as evident from comparing arrival
imes at the far end of the time axis of the VSG panels of Fig. 17 (h)
containing Love waves) and Fig. 17 (i) (containing fundamental-
ode Scholte waves). This distinction is more apparent in the

oomed-in section of the bottom-row dispersion panels between
hase velocities of 0.5–0.8 km s−1 in Fig. 18 , as shown in Fig. 19 ,
hich highlights a faster Love wave mode with a phase velocity of
.70 km s−1 at 0.4 Hz, compared to the fundamental Scholte wave
ode with a phase velocity of 0.62 km s−1 at the same frequency.
his is further confirmed by the theoretical Love wave dispersion
urve, shown as dotted curves and calculated using the 1-D veloc-
ty model at the virtual shot location, overlain on the dispersion
anel in Fig. 18 (h). Real ambient seismic cross-correlation exam-
les above 0.1 Hz over a hydrocarbon reservoir in the Norwegian
orth Sea, as presented in Bussat & Kugler ( 2011 ), also show the
resence of Love waves in the Ctt VSG component; however, no
ross-component VSGs are presented therein. Similarly, de Ridder
 Biondi ( 2013a ) reported the presence of Love waves in the Ctt 

SG between 0.18 and 1.75 Hz over the Valhall oil field offshore
orway. They fur ther obser ved that the transverse–vertical and

ransverse–radial VSGs are significantly weaker than the others—an
bservation consistent with the cross-component VSGs discussed
bove. 

Because we have oriented ambient sources in the transverse ( + y )
irection to the receiver line (see Fig. 9 ), they should ideally ex-
ite Love waves in the radial direction. In theory, these Love waves
ould cancel out due to a symmetric source in the opposite trans-
erse (–y ) direction. However, due to variable bathymetry, and be-
ause our transverse and radial components are aligned with the
orizontal plane rather than the local bathymetric slope—and the
ertical ( v) direction is not perpendicular to the slope—we expect
ome residual Love wave energy to leak into the radial and verti-
al components. These residual Love waves are indicated by green
rrows in the Crv and Cvv VSGs in Figs 17 (c) and (e), respectively.
e do not detect them in other VSGs involving radial and verti-

al component recordings (e.g. Crr in Fig. 17 a and Cvr in Fig. 17 g)
ikely because their amplitudes are too weak. The black arrow in
ig. 17 (h) marks a strong cross-mode term, identified by its non-
ero crossing. Red arrows in Figs 17 (c) and (i) indicate numerical
oise caused by Scholte-wave boundary reflections due to imperfect
MLs. 
The pressure–pressure VSG and associated dispersion panel are

isplayed in Figs 20 (a) and (b), respectively. The pressure VSG,

pp , is dominated by guided P waves. The fundamental and higher-
rder overtones Scholte waves are notably absent. Although very
eak fundamental Scholte mode energy is present in the Cpp dis-
ersion panel in Fig. 12 (b), it is otherwise difficult to identify in the
ssociated VSG. 

Fig. 21 shows the velocity VSG tensor components for the HB
cenario, while their corresponding dispersion panels are presented
n Fig. 22 . The theoretical fundamental Scholte mode dispersion
urve, calculated using the 1-D velocity model at the virtual shot
ocation, is also shown in Fig. 22 (g) as dashed curve. The pressure
SG and the associated dispersion panel are displayed in Figs 23 (a)

nd (b), respectively. Similar to the observations described above for
he SB case, Fig. 21 reveals dispersive Scholte and guided P -wave

odes, marked in Fig. 21 (a), but no overtones of Scholte waves
re present. These modes are more coherent in VSGs involving ra-
ial and vertical components—Crr , Crv , Cvr and Cvv —as indicated
y the corresponding dispersion panels in Fig. 22 . In contrast, the
nergy in VSGs involving transverse components—Crt , Ctr , Ctt , Ctv 

nd Cvt —is significantly lower (see scale factors in Fig. 21 ). Love
aves are identified in the Crt , Ctt and Cvt VSGs and in the corre-

ponding dispersion panels, with their most prominent presence in
he Cvt component, consistent with the SB case. The presence of
ove waves is fur ther confir med by the theoretical Love wave dis-
ersion curve overlain as a dotted curve on the dispersion panel in
ig. 22 (h). 
In contrast to the SB scenario, Cpp for HB case (Fig. 23 a) exhibits

learly identifiable fundamental-mode Scholte-wave energy. Guided
 modes also are present and clearly visible in the Cpp dispersion
anel presented in Fig. 23 (b). The pressure and vertical-velocity
SGs and their dispersion panels from this HB scenario bear a

trong resemblance to those observed from the Gulf of Mexico
mendment OBN array ambient seismic data (Girard et al. 2024 ). In

hat study, the ocean bottom, interpreted using low-frequency (sub-
 Hz) S0 

c waves, is hard with average near-seafloor shear velocities
xceeding 1.5 km s−1 . 

The black arrows in the Crr VSG in Fig. 17 (a) and the Ctr VSG
n Fig. 21 (d) highlight several spurious cross-mode terms. These
re present in nearly all VSGs in Figs 17 and 21 , albeit with vary-
ng amplitudes and being more pronounced in some cases than in
thers. 

.4 Inhomogeneous ambient source distribution 

he distribution of ambient source energy, as determined through
ata back projection or beamforming in recent surface-wave stud-
es, reveals that ambient energy is typically neither isotropic nor
tationary. Instead, ambient source energy distributions often ex-
ibit significant azimuthal and temporal variations (Stehly et al.
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Figure 17. VSG tensor components: (a) Crr , (b) Crt , (c) Crv , (d) Ctr , (e) Ctt (f) Ctv , (g) Cvr , (h) Cvt and (i) Cvv for the 3-D velocity structure with soft ocean 
bottom and variable bathymetry. Scholte and guided P -wave modes are highlighted by white and yellow arrows, respectively, while Love waves are denoted by 
green ar rows. Black ar rows represent cross-mode terms. Red arrows indicate numerical noise caused by Scholte-wave boundary reflections due to imperfect 
PMLs. The relative amplitudes between VSGs are not preserved; however, the scaling of each panel relative to Cvv is shown at the bottom of each panel. 
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2006 ; Yang & Ritzwoller 2008 ; Yao et al. 2009 ). These azimuthal 
source strength variations can markedly affect not only the energy 
of different wave modes but also their excitation, particularly for 
Love waves. 

To illustrate this, we consider an example of an inhomoge- 
neous secondary-microseism source distribution, with the maxi- 
mum source strength oriented at a northwesterly azimuth of 135◦, 
as shown in Fig. 24 (a). For this case, we focus on the Cvt component 
VSG, as Love waves are observed most prominently on this compo- 
nent, as demonstrated in the previous section. We use a 3-D model 
with a soft bottom, variable bathymetry and OBNs positioned 10 m 

below the seafloor. 
Figs 24 (b)–(d) present the Cvt VSGs with relative amplitude scal- 

ing for OBN lines A, B and C, respectively, as indicated in Fig. 24 (a). 
OBN line A is oriented along the direction of maximum source 
strength, line B is at a 45◦ angle and line C is orthogonal to the 
maximum source strength direction. When sources are aligned with 
the receiver line, as with line A, the Love waves are strongest, as 
shown in Fig. 24 (b). For the receiver lines at 45◦ (line B) and or- 
thogonal (line C), the Love waves are more weakly observed, as 
seen in Figs 24 (c) and (d), than when compared to line A data in 
Fig. 24 (b). This occurs because, for line A, the strong sources lie 
within the stationary phase region (Snieder 2004 ) and contribute to 
constructive interference. In contrast, for lines B and C, the sources 
contribute less effectively to the stationary phase integral. Residual 
fundamental Scholte mode is indicated by white arrow in Fig. 24 (b). 
The black arrows in Figs 24 (b)–(d) represent cross-modal terms. 
Note that these spurious arrivals are stronger in line C compared 
to line A due to their incomplete destructive interference, resulting 
from strong sources in the non-stationary phase region and their 
uneven distribution relative to the receiver line (Snieder et al. 2006 ; 
Halliday & Curtis 2008 ). 

The presence of strong Love waves along the receiver line aligned 
with the direction of strong secondary microseism sources in this 
example, is consistent with the observations presented in Gualtieri 
et al. ( 2020 ). One hypothesis regarding the generation of Love waves 
from secondary microseisms states that Love waves with significant 
magnitude are generated in source regions with significant pressure 
power spectral density, provided there are bathymetric variations in 
the source region. In this scenario, the observed wave direction will 
point towards the strongest concentration of sources. Although Love 
waves cannot be generated at the source itself, the conversion from 

Rayleigh to Love waves occurs at depth due to heterogeneous Earth 
structure within the same geographic region where the strongest 
sources are located. Therefore, when looking for the strongest Love 
waves in the ocean-bottom sensor cross-correlation data, it is judi- 
cious to focus on the vertical-to-traverse component VSGs Cvt in the 
direction of the strongest ambient sources derived through backpro- 
jection or beamforming for the low-frequency ocean-bottom sensor 
data. 

4  D I S C U S S I O N  

We now discuss the implications of the observations made during 
the analysis of the controlling factors for using ambient seismic 
wavefields in long-wavelength structural imaging and elastic model 
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Figure 18. Dispersion panels for the VSGs shown in Fig. 17 . (a) Crr , (b) Crt , (c) Crv , (d) Ctr , (e) Ctt (f) Ctv , (g) Cvr , (h) Cvt and (i) Cvv components. Scholte and 
guided P -wave modes are highlighted by white and yellow arrows, respectively, while Love waves are denoted by green arrows. The theoretical Scholte modes 
(dashed curves) are plotted in panels (g) and (h), and the Love wave mode (dotted curve) is plotted in panel (h). 

Figure 19. Zoomed-in section of the bottom-row dispersion panels between phase velocities of 0.5–0.8 km s−1 in Fig. 18 , highlighting a faster Love wave 
mode compared to the fundamental Scholte wave mode. (a) Cvr , (b) Cvt and (c) Cvv . 
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uilding. A key observation concerns the impact of guided P -wave
odes on Scholte-wave frequency content due to truncation effects.
he usable ambient frequency range typically recorded on ocean-
ottom sensors spans from as high as 2.0 Hz to as low as 0.1 Hz
de Ridder & Biondi 2013a ; Mordret et al. 2013 ; Girard et al. 2023 ,
024 ). The dominant ambient energy between 0.1 and 1.0 Hz fre-
uencies is generally generated by secondary microseism sources
cting at the ocean surface. In shallow water where the ocean depth
s much smaller than the wavelength corresponding to the source
requencies, guided P waves have a negligible effect on Scholte
aves. This condition allows for broader frequency coverage and

nergy partitioning across the fundamental Scholte wave and higher-
rder modes whenever excited. In contrast, in deeper water where
he wavelength is short compared to the ocean depth, P -wave prop-
gation within the water layer significantly affects Scholte wave
ode generation and the associated frequency content. Guided
 waves, generated by secondary microseism sources, undergo
ultiple reflections between the ocean surface and the sea floor.
his phenomenon leads to their strong dispersion energy and the
ppearance of multiple modes in VSGs observations. Consequently,
he Scholte-wave frequency range narrows due to high-frequency
runcation in dispersion spectra and higher-order modes are visually
uppressed. 

This phenomenon is critical for surface-wave inversion using
ispersion images. In surface-wave inversion, the modal structure
nd frequency bandwidth of extracted dispersion curves signifi-
antly influence both the accuracy and the maximum depth of the
nversion. Incorporating higher-order modes into the inversion pro-
ess can substantially enhance accuracy, improve model resolution,
educe non-uniqueness, facilitate convergence and enable deeper
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Figure 20. Pressure-to-pressure Cpp (a) VSG and (b) dispersion panel for the 3-D velocity structure for the SB model and variable bathymetry. Scholte and 
guided P -wave modes are highlighted by white and yellow arrows, respectively. 

Figure 21. VSG Tensor components: (a) Crr , (b) Crt , (c) Crv , (d) Ctr , (e) Ctt (f) Ctv , (g) Cvr , (h) Cvt and (i) Cvv for the 3-D velocity structure with hard ocean 
bottom and variable bathymetry. Scholte and guided P -wave modes are highlighted by white and yellow arrows, respectively, while Love waves are denoted by 
green arrows. Black arrows represent cross-mode terms. The relative amplitudes between VSGs are not preserved; however, the scaling of each panel relative 
to Cvv is shown at the bottom of each panel. 
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subsurface investigations (Xia et al. 2003 ; Luo et al. 2007 ; Wu et al. 
2020 ). However, the excitation of guided P waves—arising from 

variations in ambient source locations or bathymetr y—tr uncates 
Scholte waves, thereby affecting their bandwidth and modal content. 
Suppressing or muting them prior to extracting the dispersion spec- 
trum can extend the observable dispersive behaviour of the Scholte 
wave modes and increase their usable frequency range for inversion 
through dispersion images. As observed in the examples presented 
above, the Scholte-wave dispersion spectra calculated from multi- 
component cross-correlations can recover additional higher-order 
modes. Specifically, the Crr component captures more energy from 

higher-order Scholte wave modes, while the Cvv from fundamental 
mode. Wang et al. ( 2022 ) demonstrated that the joint inversion of 
four-mode dispersion curves obtained from active-source (airgun), 
multicomponent OBN Scholte wave data can reduce the maximum 

inversion error by a factor of 16 compared to inversion using only 

art/ggaf351_f20.eps
art/ggaf351_f21.eps


First-order controls for ambient OBN seismology 23

Figure 22. Dispersion panels for VSGs in Fig. 21 . (a) Crr , (b) Crt , (c) Crv , (d) Ctr , (e) Ctt (f) Ctv , (g) Cvr , (h) Cvt and (i) Cvv components. Scholte and guided 
P -wave modes are highlighted by white and yellow arrows, respectively, while Love waves are denoted by green arrows. The theoretical fundamental Scholte 
mode (dashed curve) is plotted in panels (g) and (h), and the Love wave mode (dotted curve) is plotted in panel (h). 

Figure 23. Pressure-to-pressure component Cpp (a) VSG and (b) Dispersion panel for the 3-D velocity structure with soft ocean bottom and variable bathymetry. 
Scholte and guided P -wave modes are highlighted by white and yellow arrows, respectively. 
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he fundamental mode. Compared to fundamental-mode-only inver-
ion, joint inversion with higher-order modes effectively increases
oth the inversion depth and resolution. Multicomponent ambient
ross-correlations recorded on OBNs provide a practical means to
apture multiple Scholte wave modes for joint inversion to build
ow-frequency offshore elastic Earth models. These models can
elp accelerate convergence in FWI analyses of higher-frequency
BN data. In low-frequency surface-wave FWI applications, incor-
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Figure 24. (a) Inhomogeneous secondary-microseism source distribution. Cvt VSG recorded on receiver line (b) A, (c) B and (d) C, as shown in panel (a). The 
amplitudes in the VSGs are relative. 
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porating guided P -wave modes—due to their interaction with the 
seabed and ability to carry shallow subsurface information—can 
improve resolution near the ocean bottom. 

Another key observation is that not all VSG components 
are equally important. While OBN data theoretically can 
provide 16 different VSGs derived from pressure and three ve- 
locity components for each virtual shot point, not all components 
yield distinct information useful for inversion. VSGs with trans- 
verse components are particularly effective for Love waves, which 
are most prominently observed on the Cvt VSG. The Crr VSG records 
higher-order Scholte modes most prominently, while Cvv and Cpp 

provide comprehensive observations of fundamental Scholte mode 
and guided P waves. Energy in the VSG components correspond- 
ing to the middle row and middle column of the VSG tensor—
Crt , Ctr , Ctt , Ctv and Cvt —is generally significantly weaker than in the 
others. Collectively, VSGs with vertical components—Cvr , Cvt and 
Cvv —along with Crr VSG, effectively capture all wave modes 
recorded on dense ocean-bottom sensors due to secondary micro- 
seismic sources. 

5  C O N C LU S I O N S  

We present a CCM methodology for ambient seismic wavefields 
recorded on dense arrays of ocean-bottom sensors. This CCM ap- 
proach differs from traditional ambient wavefield cross-correlation 
modelling, which relies on Green’s function retrieval assumptions, 
by offering a more flexible and accurate framework. Using this 
method, we simulate the cross-correlation wavefields for veloc- 
ity and pressure components using 3-D Earth models and exam- 
ine the impact of key first-order control factors within the context 
of ocean-bottom ambient seismology interferometric observations. 
These factors include the nature of the ocean bottom (i.e. soft 
versus hard), ambient source depth, ocean water column height, 
ocean-bottom bathymetric variations and inhomogeneous ambient 
source distributions. These control factors influence the generation, 
propagation and energy partitioning of seismic waves, particularly 
surface waves (Scholte and Love waves) and guided P -wave modes 
at sub-1.0 Hz frequencies. 

In the absence of ocean-bottom bathymetric variations and with 
only vertical velocity gradients in the 3-D Earth model, we iden- 
tify two primary dispersive wave types in VSGs: Scholte waves 
and guided P -waves; Love waves are typically absent. Synthetic 
experiments reveal distinct differences in wave signatures depend- 
ing on the location of the ambient energy sources and the ocean- 
water depths. Notably, the presence and dominance of guided P - 
wave modes increase with greater water depths, affecting the en- 
ergy distribution and frequency content of Scholte waves. In con- 
trast, when considering a vertically and laterally heterogeneous 3-D 

Earth model with significant bathymetric variations, Love waves are 
clearly observed with a more prominent presence in the Cvt VSG 

components. By examining the 3 × 3 velocity VSG tensor in soft 
ocean bottom scenarios, we find that higher-order Scholte modes are 
more prominently observed in the Crr and Ctt VSG components. No 
higher-order Scholte modes are observed with a hard ocean bottom. 
Ambient energy sources near the ocean surface, typically associated 
with secondary microseism sources, generate significant guided P 

modes when the ocean-water depth exceeds the wavelength corre- 
sponding to the source frequency. In contrast, sources located near 
the seabed, characteristic of primary microseism sources, excite 
minimal guided P modes. Instead, the majority of source energy is 
concentrated in surface waves. 

We also explore the effects of the heterogeneous distribu- 
tion of secondary microseism sources in the presence of vari- 
able bathymetry and a heterogeneous Earth model on wave-mode 
excitation. The directional nature of the ambient source field—
often characterized by azimuthal variations—strongly influences 
the amplitudes and characteristics of the resulting Love waves. 
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his is particularly evident in the VSGs derived from ocean-
ottom receiver lines aligned along different azimuthal orien-
ations relative to the source distribution. Strong Love waves
re observed when the receiver lines align with the strongest
ource azimuthal orientation, supporting the hypothesis that Love
aves are strongly generated in the source region through
ayleigh-to-Love wave conversion, especially in the presence of
cean-bottom bathymetric variations and lateral Earth structural
eterogeneity. 

Overall, these observations provide a deeper understanding of the
omplex ambient seismic wavefield in the ocean. They emphasize
he importance of considering the effects of the various key control
actors explored in this study when interpreting ocean-bottom am-
ient cross-correlation data. Ultimately, this enables the accurate
odelling and inversion of low-frequency ambient data recorded

n ocean-bottom sensors for low-frequency elastic velocity model
uilding. 
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