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SUMMARY5

Expanding the lower-frequency band of seismic energy sources, particularly below 2.0 Hz,6

is crucial for improving the stability and effectiveness of full waveform inversion (FWI).7

Conventional active sources including airguns are ineffective at generating low-frequency8

wavefields, while ambient seismic wavefields, driven by natural energy sources such as9

ocean waves, offer a promising alternative. Effectively using ambient wavefield energy10

for seismic imaging or inversion analyses, though, requires understanding key physical11

control factors contributing to observations - including ambient source mechanisms and12

distribution, ocean-bottom bathymetry, and Earth model heterogeneity - which influence13

wave-mode excitation and partitioning, particularly in the context of ocean-bottom am-14

bient seismology interferometry. This study presents a modelling framework for simulat-15

ing cross-correlation wavefields generated by ambient seismic sources for dense ocean-16

bottom sensor arrays within a coupled acoustic-elastic system, without relying on Green’s17

function retrieval assumptions. We model velocity and pressure cross-correlation wave-18

fields to explore the effects of ocean-bottom velocity structure, ambient source distri-19

butions, and bathymetric variations on seismic wave excitation and propagation in the20

low (0.01-2.00 Hz) frequency band. Our results show that the distribution of ambient en-21

ergy source locations, whether at the seabed or sea surface, significantly affects excited22
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wave-mode characteristics. Love waves are particularly evident in the presence of sub-23

stantial lateral and vertical bathymetric variations and heterogeneous Earth structure. The24

distribution of azimuthal ambient energy sources also influences Love-wave excitation,25

with the most prominent waves observed in the direction of the highest source concen-26

tration. Additionally, not all virtual shot-gather components provide unique insights into27

wave-mode excitation and partitioning. This work improves the understanding of low-28

frequency ambient seismic wavefields in ocean environments, with potential applications29

in long-wavelength structural imaging and elastic velocity model estimation from FWI30

analysis.31

Key words: Seismic interferometry; Seismic noise; Surface waves and free oscillations;32

Wave propagation33

1 INTRODUCTION34

Recent advancements in multi-component ocean-bottom sensor array deployments — including ocean-35

bottom seismometers (OBSs), cables (OBCs), and nodes (OBNs) — offer a unique opportunity for in-36

vestigating marine ambient wavefield phenomena. When deployed in sparse (4-16 stations per km2),37

large-scale (> 100 km2) arrays on the seafloor, these instruments enable the extraction and analysis38

of low-frequency (sub-2.0 Hz) wavefield information. Although primarily designed for active-source39

seismic exploration, continuous ocean-bottom recordings spanning one to three months often capture40

extensive data below the typical 2.0 Hz low-frequency cutoff of marine air-gun sources, often extend-41

ing into the range beneath the noise floor of the receivers themselves. Traditionally considered ‘noise’,42

these seismic data — primarily originating from ambient seismic sources such as ocean swell noise43

(Longuet-Higgins 1950) — increasingly are being recognised for their potential to provide valuable44

surface-wave information through ambient seismic interferometry analyses.45

As illustrative examples, ambient virtual shot gathers (VSGs) derived from OBN recordings in46

the Astero field offshore Norway yielded Scholte-wave group velocity images at frequencies between47

0.18-0.40 Hz, correlating well with known subsurface structures (Bussat & Kugler 2011). Similarly,48

permanently deployed OBC arrays at the Valhall field in the Norwegian North Sea facilitated near-49

surface imaging through Scholte-wave group and phase velocities in the 0.50–1.75 Hz frequency50

range using straight-ray tomography (de Ridder & Dellinger 2011; de Ridder & Biondi 2013; Mordret51

et al. 2013). In the Gulf of Mexico, VSGs from continuous OBN array recordings revealed disper-52
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sive surface- and guided P-wave modes within the sub-2.0 Hz frequency band (Stewart 2006; Girard53

et al. 2023, 2024). Ning et al. (2024) used dispersion estimates derived from VSG observations from a54

sparse Gulf of Mexico OBN array for Scholte-wave inversion. The resulting shear-wave velocity (vs)55

model, estimated to 3.0 km depth, exhibited structural similarity to the compressional-wave velocity56

(vp) model obtained from full-waveform inversion (FWI) analysis of active-source seismic OBN data.57

These studies collectively demonstrate the potential of using the low-frequency information recorded58

in ocean-bottom sensor data for subsurface investigation, complementing conventional seismic explo-59

ration analysis.60

In FWI analyses, low-frequency seismic data play a crucial role in effectively reducing cycle61

skipping, leading to faster convergence and stability in FWI (Virieux & Operto 2009). However, ob-62

taining reliable low-frequency information with a high signal-to-noise ratio from sub-2.0 Hz field63

data remains a significant challenge. As a result, these low frequencies generally are extrapolated64

from high-frequency active-source seismic data (Li & Demanet 2016). In contrast, oceanic ambient65

seismic energy is inherently rich in low frequencies (0.05–2.0 Hz) (Longuet-Higgins 1950; Webb66

1998; Bromirski et al. 2005), which are difficult to generate with active seismic sources. These low-67

frequency components potentially can complement active-source seismic data in FWI analyses within68

the corresponding frequency range for ocean-bottom acquisitions. However, fully exploiting ocean-69

bottom ambient data for low-frequency elastic model building through FWI requires a comprehensive70

understanding of the physical factors that influence cross-correlated wavefield observations. This ne-71

cessitates interpreting the ambient wavefield data within a marine environment context characterised72

by acoustic and elastic media coupled at the seabed and accurately modelling these wavefields within73

a suitable seismic interferometry framework that accounts for various physical control factors associ-74

ated with the physical system. Conventional assumptions, such as the isotropic distribution of ambient75

sources — commonly used to simplify cross-correlations as approximations of Green’s functions —76

are rarely valid in marine environments. In fact, ambient seismic sources are typically more localised77

or azimuthally concentrated than spatially uniform (Ardhuin et al. 2015; Nakata et al. 2019). As a78

result, to achieve the level of accuracy required by FWI analysis, cross-correlated wavefields must be79

modelled as self-consistent observations rather than as simplified representations.80

Recognizing these limitations, Tromp et al. (2010) introduced a framework for modelling inter-81

station cross-correlations that accounts for the distribution of ambient energy sources. This framework82

has been successfully used for inverting ambient source distributions and velocity structures in global83

seismology (Ermert et al. 2017; Sager et al. 2018). However, the frameworks developed at present are84

restricted to elastic or acoustic systems and do not encompass coupled acoustic-elastic systems with85
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a fluid-solid interface that are prevalent in ocean-bottom seismology. This limitation renders it less86

effective for investigating the influence of marine physical factors on ocean-bottom sensor VSG data.87

The objective of this study is twofold: (1) to outline a comprehensive framework for modelling88

pressure and (particle) velocity cross-correlated wavefields for dense ocean-bottom sensor arrays un-89

der different ambient source types within a coupled acoustic-elastic system; and (2) to investigate the90

complementary effects of key first-order physical control factors — ocean-bottom velocity structures,91

ambient energy source locations, ocean-bottom bathymetric depth and variations, and inhomogeneous92

ambient energy source distributions — on the excitation and energy partitioning of surface- and body-93

wave modes. OBN data potentially allow for 16 cross-component correlations derived from pressure94

and three-component particle velocity recordings. However, to avoid cross-correlating velocity and95

pressure quantities as they have different physical meanings, we only model and analyse the 3 → 396

particle-velocity VSG tensor and pressure-to-pressure cross-correlations, incorporating both flat and97

variable bathymetry with homogeneous and heterogeneous ambient source distributions. Specifically,98

we address the following questions: (1) How does the ambient source distribution affect surface- and99

body-wave excitation? (2) How does ocean-bottom depth influence the excitation and energy par-100

titioning of these wave modes? (3) Are all cross-correlation components equally significant and, if101

not, which cross-correlation components best capture different wave modes? and (4) What conditions102

are necessary for Love-wave generation and how do inhomogeneous ambient source distributions af-103

fect their detectability? Finally, we discuss the observations made during the investigation of these104

control factors in the context of the broader goal of using ambient seismic wavefield energy for long-105

wavelength structural imaging and elastic velocity model building in seismic exploration.106

2 MODELLING LOW-FREQUENCY AMBIENT VIRTUAL SHOT GATHERS FOR107

OCEAN-BOTTOM SENSORS108

A key goal of most ambient seismic interferometry investigations is to use a cross-correlation method-109

ology to recover accurate estimates of the Green’s function between pairs of observation points. How-110

ever, numerous experimental factors, such as the unavailability of favourable source types and distri-111

butions, commonly prevent VSG observations from accurately representing Green’s functions. Herein,112

we choose not to rely on Green’s function retrieval assumptions and instead interpret ambient cross113

correlations as self-consistent observables termed “cross-correlation functions” (CCFs). Because this114

approach represents a departure from standard practice, we present a comprehensive derivation of the115

time-domain equations for modelling CCFs between ocean-bottom receiver pairs. The CCF modelling116

methodology is derived from Tromp et al. (2010) and the work presented here extends this approach to117
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modelling cross-correlation for ocean-bottom sensors located at the ocean-bottom coupled acoustic-118

elastic interface. We refer this framework as “cross-correlation modelling” (CCM).119

A continuous CCF, denoted Cij , of two ambient wavefield recordings vi and vj at respective re-120

ceiver locations x1 = (x1, y1, z1) and x2 = (x2, y2, z2) is explicitly given by:121

Cij(x1,x2, ω) =

∫ T

→T
vi(x1, t) · vj(x2, t+ ω) dt

= [vi(x1,↑t) ↓ vj(x2, t)](ω),

(1)

where x1 denotes the main receiver or virtual shot point location at which cross correlation is per-122

formed; x2 represents the VSG receiver locations; T is the selected correlation window duration; vi123

and vj are the i and j components of the particle velocity vector recorded at receivers x1 and x2; t and124

ω denote time and the temporal correlation lag, respectively; and ↓ represents the temporal convolution125

operator.126

Marine ambient sources typically act either as distributed pressure sources at the ocean surface or127

as point force sources localised at the seafloor bathymetry (e.g., Hasselmann 1963; Nakata et al. 2019).128

We first derive the CCF expression for ambient pressure-type sources acting above the ocean bottom129

within the ocean’s acoustic layer. We subsequently extend the analysis to include CCF expressions for130

force-type ambient sources acting below the ocean bottom within the underlying elastic solid.131

Wavefield vi excited by the ambient pressure-type source signal N , and observed at x can be132

expressed through the velocity Green’s function (Aki & Richards 2002) as133

vi(x, t) =

∫ [
Gv,q

i (x, ω, t↑) ↓N(ω, t↑)
]
(t) dω, (2)

where Gv,q
i (x, ω, t↑) represents the i component of observed particle velocity v at x due to an impulsive134

point pressure-type source q acting at spatial location ω; and N(ω, t↑) denotes the ambient pressure-135

type source signal as a function of location ω and time t↑. Convolution of time-reversed wavefields136

vi(x1,↑t) with vj(x2, t) results in the time-domain CCF137

Cij(x1,x2) =

∫∫ {
[Gv,q

i (x1, ω1) ↓N(ω1)] (↑t) ↓
[
Gv,q

j (x2, ω2) ↓N(ω2)
]
(t)

}
dω1 dω2. (3)

Note that here and below the temporal lag ω dependence is omitted from both sides of the expression138

above for brevity. Rearranging the convolution in the above equation leads to139

Cij(x1,x2) =

∫∫ [
Gv,q

j (x2, ω2, t) ↓G
v,q
i (x1, ω1,↑t)

]
↓ [N(ω1,↑t) ↓N(ω2, t)] dω1 dω2. (4)

Usually, traces are correlated over a selected time range for a large number of windowed subsets of the140

long-time recording and subsequently stacked, which effectively amounts to computing the expected141
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value of the CCF. Therefore, we determine the ensemble-averaged CCF given by142

↔Cij(x1,x2)↗ =
∫∫ [

Gv,q
j (x2, ω2, t) ↓G

v,q
i (x1, ω1,↑t)

]
↓ ↔[N(ω1,↑t) ↓N(ω2, t)]↗ dω1 dω2,

(5)

where ↔·↗ denotes an ensemble average. We assume that ambient sources are mutually uncorrelated143

(Weaver & Lobkis 2001; Snieder 2004; Shapiro et al. 2005; Wapenaar & Fokkema 2006) such that144

↔N(ω1,↑t) ↓N(ω2, t)↗ = S(ω, t) ε(ω ↑ ω1) ε(ω ↑ ω2), (6)

where ε(x) is the Dirac delta function, and S(ω, t) is ambient pressure-source autocorrelation function.145

This assumption simplifies equation 5 to146

↔Cij(x1,x2)↗ =
∫

Gv,q
j (x2, ω, t) ↓ [Gv,q

i (x1, ω,↑t) ↓ S(ω, t)] dω. (7)

Using the coupled source-receiver reciprocity relation (Pandey et al. 2025),147

Gv,q
i (x1, ω, t) = ↑Gp,f

i (ω,x1, t), (8)

where ω is above and x1 is below the ocean bottom, we can rewrite equation 7 as148

↔Cij(x1,x2)↗ = ↑
∫

Gv,q
j (x2, ω, t) ↓

[
Gp,f

i (ω,x1,↑t) ↓ S(ω, t)
]
dω. (9)

For a narrow frequency band (e.g., 0.05-1.0 Hz), we partition the ambient energy source function149

S(ω, t) into its spatial and temporal dependencies as150

S(ω, t) = S(ω)S(t), (10)

where the relative spatial distribution of ambient wavefield energy is defined such that S(ω) = 0 and151

S(ω) = 1 represent effective sources with zero and the highest energy at location ω, respectively; and152

S(t) is the ambient source-time autocorrelation function. With these definitions, the CCF becomes153

↔Cij(x1,x2)↗ = ↑
∫

Gv,q
j (x2, ω, t) ↓

{(
Gp,f

i (ω,x1,↑t)S(ω)
)
↓ S(t)

}
dω. (11)

Comparing this result with equation 2, we can now define the driving source (Tromp et al. 2010) of154

the ensemble CCF ↔Cij↗ as155

q(ω,x1, t) =
(
Gp,f

i (ω,x1,↑t)S(ω)
)
↓ S(t), (12)

where q represents the pressure-type source injection. Thus, the driving source is simply the source-156

energy-weighted time-reversed wavefield recorded at ambient energy locations ω due to a source with157

source-time function S(t) at the virtual shot point locations x1. CCFs ↔Cij↗ are the ensemble-averaged158

wavefield recorded on ocean-bottom observation locations due to driving source q.159

For ambient sources acting as point forces on local bathymetry or within elastic solid, a similar160
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expression can be written:161

↔Cij(x1,x2)↗ =
∫

Gv,f
j,n (x2, ω, t) ↓

{(
Gv,f

n,i (ω,x1,↑t)S(ω)
)
↓ S(t)

}
dω. (13)

Note that in all instances of repeated subscripts in this paper, the summation convention applies. This162

implies that the right-hand side term in the above equation must be computed for n = 1, 2, 3 to account163

for all force components when evaluating ↔Cij↗:164

↔Cij(x1,x2)↗ =
∫

Gv,f
j,1 (x2, ω, t) ↓

{(
Gv,f

1,i (ω,x1,↑t)S(ω)
)
↓ S(t)

}
dω

+

∫
Gv,f

j,2 (x2, ω, t) ↓
{(

Gv,f
2,i (ω,x1,↑t)S(ω)

)
↓ S(t)

}
dω

+

∫
Gv,f

j,3 (x2, ω, t) ↓
{(

Gv,f
3,i (ω,x1,↑t)S(ω)

)
↓ S(t)

}
dω.

(14)

For pressure CCFs, Cpp, due to ambient force sources, the expression similar to equation 11 is165

↔Cpp(x1,x2)↗ = ↑
∫

Gp,f
n (x2, ω, t) ↓ {(Gv,q

n (ω,x1,↑t)S(ω)) ↓ S(t)} dω, (15)

and for ambient pressure sources, an expression similar to equation 13 can be written as166

↔Cpp(x1,x2)↗ =
∫

Gp,q(x2, ω, t) ↓ {(Gp,q(ω,x1,↑t)S(ω)) ↓ S(t)} dω. (16)

Equations 11 and 13-16 provide the basis for the forward modelling of all velocity and pressure CCFs167

for dense ocean-bottom sensor arrays for different ambient source types, locations, and configurations.168

When CCFs are assembled for multiple receivers relative to a main receiver acting as a virtual shot169

point, the resulting gather is referred to as a virtual shot gather (VSG).170

2.0.1 Ambient CCFs forward modelling workflow171

Modelling ensemble CCFs under the CCM framework differs from active-shot modelling in explo-172

ration seismology because it requires two passes of forward 3-D elastic wave propagation for each am-173

bient sources component. The first pass computes the driving source (equation 12), which depends on174

the ambient source-energy distribution S(ω) and the ambient wavefield source-time auto-correlation175

function S(t). The distribution S(ω) can be estimated using real data through back-projection or beam-176

forming techniques, while S(t) is a zero-phase wavelet with a duration equal to the simulation time177

or 2n↑ 1 time steps, where n represents the number of causal time steps. The magnitude spectrum of178

S(t) corresponds to the ensemble-averaged power spectrum of ambient sources. The second pass eval-179

uates the ensemble CCFs ↔Ci,j↗ (equations 11, 13, 15, 16) resulting from the driving source calculated180

during the first forward pass.181

We model a velocity-component virtual shot gather (VSG) for receivers located beneath the182

seafloor with a virtual shot point located at x1 = [x1, y1, z1] and for ambient sources acting as pres-183
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sure sources on the ocean surface (equation 11) using a numerically coupled acoustic-elastic wave184

propagation solver by performing the following steps:185

(1) Characterize the spatial distribution of the ensemble-averaged ambient wavefield energy S(ω).186

(2) For i = x, y, or z velocity component, inject a force source with the source-time function S(t)187

in the i direction at the virtual shot point location x1.188

(3) Record the pressure-component wavefield at ambient source locations ω due to the source im-189

plemented in Step 2 (see Gp,f
i (ω,x1,↑t) in equation 11).190

(4) Time-reverse the recorded pressure wavefield and scale it by the ensemble-averaged ambient191

wavefield energy S(ω) to generate the corresponding driving source q needed to model the ensemble192

CCFs.193

(5) Inject explosive sources at ambient source locations ω with the source-time function as q. Sam-194

ple the velocity wavefield components (i.e., particle velocity in j = x, y, or z directions) at other OBN195

locations x2, and multiply by ↑1 to compute the desired CCFs.196

If using i = z in Step 2 (i.e., injecting a vertical force source) and sampling the j = z component197

of the velocity wavefield in Step 5, the modelled CCFs would correspond to a ↔Czz↗ auto-component198

velocity VSG. Similarly, if using i = x in Step 2 (i.e., injecting a horizontal force source) and sampling199

the j = y component of the velocity wavefield in Step 5, the modelled CCFs would correspond to a200

↔Cxy↗ cross-component VSG. The modelling equations for generating velocity CCFs due to ambient201

force sources (equation 13) and pressure CCFs (equations 15 and 16) are implemented through similar202

workflows.203

3 NUMERICAL EXPERIMENTS204

We now simulate the low-frequency vertical-component velocity cross-correlation wavefield recorded205

on ocean-bottom sensors using CCM approach for different offshore Earth model scenarios. The syn-206

thetic 3-D model is 190 km → 80 km → 16.5 km (x → y → z) with a regular grid spacing of 0.4 km207

→ 0.4 km → 0.25 km (dx → dy → dz). We begin with a flat seafloor and 1-D vp(z) and vs(z) velocity208

profiles beneath the ocean bottom. To study the different wave modes in the modelled cross-correlation209

wavefields and the associated dispersion characteristics, we use two groups of ocean-bottom velocity210

models: (1) a soft bottom (SB) with vs at the seafloor being much slower than the acoustic fluid veloc-211

ity vf ; and (2) a hard bottom (HB) with vs at the seafloor slightly faster than vf . Table 1 presents the212

ocean-bottom model elastic properties where the vp, vs and ϑ are defined at the ocean bottom and in-213

crease with depth according to the listed velocity gradients. The acoustic velocity, vf , and density, ϑf ,214

of the homogeneous water layer are respectively set to 1500 m/s and 1000 kg/m3. The ambient source-215
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Table 1. Model parameters of the soft-bottom (SB) and hard-bottom (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) vs (m/s) ϑ (kg/m3) (km/s per km) (km/s per km)

SB 1800 600 2100 0.40 0.23

HB 3400 1600 2100 0.40 0.23

time autocorrelation function S(t) used for simulations is a zero-phase Ricker wavelet with a 0.35 Hz216

central frequency. We use a free-surface top boundary with all other sides defined as absorbing bound-217

ary layers. We simulate forward wave propagation using SPECFEM3D Cartesian 4.1.0 (Komatitsch &218

Tromp 2002a,b; Komatitsch et al. 2023) published under the GPL3 license. The open-source software219

implements the 3-D spectral element method (Komatitsch et al. 2000) for wave-propagation mod-220

elling. We note throughout that: (1) only the causal part of VSGs and their associated phase velocity221

frequency (PVF) are plotted; (2) the relative amplitudes between VSGs are not preserved; and (3) all222

individual VSGs are first normalised to unity prior to PVF calculation.223

3.1 Uniform ambient source distribution at different depths in ocean water layer224

At frequencies below 1.0 Hz, the observed ambient wavefield energy is primarily generated by ocean225

waves driven by two main mechanisms: (1) a primary microseism caused by the interference of ocean226

waves with bottom topography; and (2) a secondary microseism generated by the interference of pairs227

of ocean wave trains (e.g., Longuet-Higgins 1950; Hasselmann 1963; Ardhuin & Herbers 2013). For228

the former the seismic source can be described as a combination of tangential and vertical forces acting229

on the local bathymetry, while in the latter the source is a distributed pressure field acting on the ocean230

surface (Nakata et al. 2019).231

To investigate the excitation of different wave modes and their characteristics arising from varia-232

tions in the locations of ambient wavefield energy sources, we uniformly distributed ambient pressure-233

type sources at each grid point at various depths within the ocean water layer. The ocean-bottom in-234

terface was held constant at 1.50 km depth, and the receivers were positioned just below the ocean235

bottom at 1.51 km depth at each grid point along the x-axis, forming a single line covering 100 km236

offset. The virtual shot point is located at one end of the array at [x1, y1, z1] = [48.00, 40.00, 1.51] km.237

Figures 1 and 2 depict the VSGs (left column) and corresponding PVF plots (right column) for the238

SB and HB model scenarios, respectively, with ambient energy sources at the following depths: (a-b)239

0.00 km, (c-d) 0.50 km, (e-f) 1.00 km, and (g-h) 1.49 km.240
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Figure 1. Vertical-component VSGs (left column) with corresponding PVFs (right column) for the SB model

(see Table 1) 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 (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 PVFs (right column) for the HB model

(see Table 1) 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 (b) highlights the mode-truncation effect.
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From the SB and HB cases shown respectively in Figures 1 and 2, we observe that ambient en-241

ergy sources located at or near the ocean surface (Figures 1a and 2a) generate the strongest dispersive242

guided P-wave amplitudes (yellow arrows) relative to dispersive surface waves (white arrows) in their243

corresponding panels. Guided P waves are acoustic energy that travels sub-horizontally like refracted244

waves in subsurface sediments and reaches the receivers after reflecting repeatedly within the water245

column; therefore, they are also termed refracted reflections. The number of observed guided P-wave246

modes in the VSGs decreases as the ambient energy sources approach the seabed. When ambient en-247

ergy sources are near the seabed the guided P waves are nearly absent in the VSGs and corresponding248

PVF plots (Figures 1g and 2g) because of the high efficiency of source-energy conversion to surface-249

wave modes.250

The PVF plots exhibit a clear truncation effect when guided P-wave modes are present: the high-251

frequency band and the high-mode dispersion energy of the Scholte wave modes are suppressed by the252

strong, dispersive guided P-wave modes. The truncation frequency of the Scholte waves corresponds253

to the low cutoff frequency of the guided P-wave mode, as indicated by the white vertical lines in254

Figures 1b and 2b. As guided P-wave modes decrease in number and amplitude with increasing source255

depth the PVFs show that the fundamental Scholte wave mode (S0
c ) and its first overtone (S1

c ) exhibit256

a broader frequency bandwidth due to the reduced truncation effect.257

3.2 Effect of ocean-water depth on Scholte and guided P-wave excitation258

To illustrate the effects of water depth on the partitioning of Scholte and guided P-wave energy, we259

consider the SB and HB model properties of Table 1 with constant elastic layer thickness of 15 km but260

with different water depths and a flat seabed configuration. The ambient energy sources are uniformly261

distributed as pressure-type sources over the ocean surface at each grid point and the receivers are262

positioned 10 m below the ocean floor. Figures 3 and 4 show the vertical-component VSGs (left263

column) and associated PVF plots (right column) for the SB and HB model scenarios, respectively,264

with ocean water depths of: (a-b) 0.25 km, (c-d) 0.75 km, and (e-f) 1.50 km, and (g-h) 2.25 km.265

We observe that the guided P-wave energy (yellow arrows) becomes increasingly dominant with266

greater water depth, extending further into the lower-frequency range. This results in the truncation267

of the high-frequency end and the suppression of higher-order Scholte wave modes (white arrows),268

thereby narrowing the Scholte wave frequency band. Furthermore, as the water depth increases, a269

progressively larger portion of the source energy transitions into guided P-wave modes, leading to a270

significant weakening of Scholte wave modes (see Figure 3 and 4 VSGs).271

As illustrated in Figures 3g and 4g for the SB and HB models, respectively, the fundamental272

Scholte mode, S0
c , weakens significantly with increasing depths. The corresponding PVF panels in273
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Figure 3. Vertical-component VSGs (left column) with corresponding PVFs (right column) for the SB model

(see Table 1) with water depths of: (a-b) 0.25 km, (c-d) 0.75 km, and (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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Figure 4. Vertical-component VSGs (left column) with corresponding PVFs (right column) for the HB model

(see Table 1) with water depths of: (a-b) 0.25 km, (c-d) 0.75 km, and (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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Figures 3h and 4h show that this mode exhibits a much narrower frequency bandwidth at deeper274

ocean bottoms. Specifically, in the SB model, the bandwidth reduces to below 0.2 Hz, while in the275

HB model, it falls below 0.4 Hz at a depth of 2.25 km. This narrowing contrasts with the broader276

bandwidth observed at shallower depths of 0.25 km as shown in Figures 3b and 4b.277

The results presented in Figures 3 and 4 suggests a complex interplay between ocean-bottom278

depth and the source frequencies in controlling the expressions of Scholte and guided P-wave modes.279

Specifically, when the ocean depth d is small compared to the seismic wavelength (ϖ), the entire280

acoustic-elastic system behaves as a single elastic system, as the effect of the water layer becomes281

negligible at such low source frequencies. Under these conditions (i.e., d << ϖ), the influence of282

the ocean layer on seismic wave propagation can be accounted for as a load (Komatitsch & Tromp283

2002b), and the Scholte wave velocities tend to approach those of the Rayleigh wave determined by284

the sub-bottom elastic layer properties (Abrahams et al. 2023). Guided P modes are apparently not285

excited in this scenario.286

When the ocean depth is large compared to the seismic wavelength (i.e., d >> ϖ), though, this287

approximation no longer holds. The propagation of P waves within the water layer exerts a non-288

negligible effect on other wave modes. For the case of secondary microseisms, whose sources are289

located at the ocean surface, the P waves generated at these source locations are multiply reflected290

between the ocean surface and the seafloor, causing energy partitioning and truncation of Scholte291

wave energy, as observed in the aforementioned examples.292

3.3 Cross-correlation tensor components and bathymetric effects293

In the previous sections, we examined the modal content of vertical-component CCFs to illustrate294

the effects of bathymetry and ambient source distributions. However, horizontal-component CCFs295

also can provide relevant and equally valuable information not captured by vertical-component CCFs.296

Accordingly, we now perform simulations to model the auto- and cross-component velocity VSGs,297

forming a 3 → 3 VSG tensor and a pressure-component VSG. These simulations similarly assume298

uniform pressure-like sources at the ocean surface with source-time function as a Ricker wavelet of299

0.35 Hz central frequency, accounting for interactions between ocean gravity waves at the ocean sur-300

face in the secondary microseism frequency band. We investigate the role of variable bathymetry and301

3-D Earth structure in generating different wave modes, specifically focusing on Love-wave energy.302

Because it is challenging to assess the polarisation patterns of different wave modes in a Carte-303

sian coordinate system defined by the x, y, and z components – due to the azimuthal dependence of304

radiation polarisation for the horizontal components – we reorient the recordings to radial (r), trans-305

verse (t), and vertical components (v) in a virtual-source-centric cylindrical coordinate system. For306
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Figure 5. 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 (b). The sources (blue

dots) are uniformly distributed over the sea surface.

a receiver line oriented along the x-axis (see Figure 5), the x-direction becomes the radial direction,307

while the y-direction becomes the transverse direction. This nomenclature aligns the wave modes with308

the azimuth between each virtual source and receiver pair, allowing for a more natural representation309

of VSGs in terms of Love waves, as well as fundamental and higher-order Scholte waves.310

3.3.1 Flat ocean-bottom bathymetry and 3-D Earth model with a constant vertical velocity gradient311

We first model a flat seafloor at 0.75 km depth and simulate results for 3-D SB and HB Earth mod-312

els with the 1-D velocity structure (i.e., a v(z) velocity gradient) as detailed in Table 1. The lateral313

velocities do not change. Figure 5a shows the geometry of the secondary microseism sources, OBNs,314

and location of virtual shot point. The sources are uniformly distributed over the ocean surface. Given315

the flat seafloor assumption and the isotropic source distribution relative to the receiver line, the VSG316

tensor will be symmetric; thus, we present only the lower triangular elements of the matrix.317
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Figure 6. VSG Tensor components: (a) Crr, (b) Ctr, (c) Ctt, (d) Cvr, (e) Cvt and (f) Cvv for the SB model

(see Table 1) 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 intermodal cross 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.

Figure 7. PVF plots for VSGs in Figure 6. (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.
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Figure 6 shows the velocity VSG tensor components, while their corresponding PVF plots are318

presented in Figure 7 for the SB model scenario. The pressure component VSG and the associated319

PVF plot for the SB model are displayed in Figures 8a and 8b, respectively. The relative scale factor,320

representing the ratio of the maximum amplitudes relative to the vertical-to-vertical component VSG321

Cvv, is noted at the bottom of each individual VSG in Figure 6.322

From Figure 6 and Figure 7, the vertical-to-radial (Cvr) and vertical-to-vertical (Cvv) components323

exhibit dispersive modes of both fundamental and higher-order Scholte waves, as well as guided P-324

wave modes, with their lower frequencies travelling faster than higher frequencies. Due to their disper-325

sive nature, the lower-frequency modes of these waves, characterised by longer wavelengths, penetrate326

deeper into the subsurface. Because the deeper layers have higher seismic velocities compared to the327

shallower layers, this causes the lower-frequency waves to propagate faster as they sample regions of328

higher velocity. Among the Scholte- and guided P-wave modes in Cvr and Cvv VSG, the fundamental-329

mode Scholte wave is the most dominant. At least two overtones of Scholte waves are also visible,330

although they appear to be weaker than the fundamental mode as indicated by their corresponding331

PVFs (Figures 7d and 7f).332

The radial-to-radial (Crr) VSG, shown in Figure 6a, exhibits intriguing behaviour. In particular,333

the higher-order Scholte wave modes are more pronounced than the fundamental mode (S0
c ), with at334

least three overtones (S1
c , S2

c , S3
c ) clearly visible in the corresponding PVF plot (Figure 7a). Among335

the various component VSGs, the guided P-wave modes are strongest in the Crr component relative to336

the Scholte modes in their respective panels. This is also evident from the Crr PVF plot in Figure 7a337

when compared to the PVF plots of other components shown in Figure 7.338

Because the source distribution is perfectly symmetric in the transverse direction relative to the339

receiver line (see Figure 5a), the guided P- and Scholte-wave energy cancels out entirely in the trans-340

verse component recordings due to summation over this isotropic source distribution. Additionally, no341

Love waves are observed in any of the simulated transverse component VSGs shown in Figure 6, as342

they are not excited in a perfectly layered and isotropic medium with an isotropic secondary micro-343

seism source distribution (Gualtieri et al. 2020), as is the case here. As a result, the VSGs and PVFs344

presented in Figure 6 and Figure 7 involving transverse component recordings – transverse-to-radial345

(Ctr), transverse-to-transverse (Ctt), and vertical-to-transverse (Cvt) – exhibit negligible energy, with346

no clear transversely polarised arrivals. Notable behaviour is also observed in the pressure-to-pressure347

Cpp VSG,(Figure 8a) for the SB model. The fundamental and higher-order Scholte modes are visibly348

absent, while the guided P waves appear strong. A weak S0
c wave mode is discernible in the corre-349

sponding PVF in Figure 8b, though it is otherwise difficult to identify.350

The black arrows in the Crr VSG in Figure 6a highlight several intermodal cross-terms resulting351
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Figure 8. Pressure-to-pressure Cpp (a) VSG and (b) PVF for SB model parameters in Table 1 with constant

0.75 km bathymetry. Scholte and guided P-wave modes are highlighted by white and yellow arrows, respectively

from interactions between different wave modes. These cross-terms are less prominent in the Cvr VSG352

and are least evident in the Cvv VSG (Figure 6). These cross-terms arise because the P-wave modes in353

the horizontal component VSGs have lower energy due to partial cancellation of their contributions,354

caused by the isotropic source distribution. As a result, the cross-terms in the horizontal components355

are present with energy levels comparable to the main modes. Conversely, in the vertical component356

VSG, primary wave-mode energy combines constructively on the vertical-component recording, sig-357

nificantly weakening the cross-terms in comparison to the main modes.358

Figure 9 shows the velocity VSG tensor components, while Figure 10 presents the correspond-359

ing PVF plots for the HB model scenario. Figures 11a and 11b respectively display the pressure-360

component VSG and the associated PVF plot for the HB model. The HB model case velocity VSGs361

in Figure 9 and corresponding PVFs in Figure 10 show similar behaviour to that observed in the SB362

model case, except for the lack of higher-order Scholte wave modes that were present in the SB case.363

The Cpp VSG (Figure 11a) also shows the presence of Scholte waves, as opposed to their notable ab-364

sence in Cpp VSG in SB case (Figure 8a). Scholte-wave velocities are significantly faster (>1.4 km/s)365

compared to the SB case, due to the hard ocean bottom in the HB model. The Cvr, Cvv, and Crr compo-366

nents show dispersive fundamental Scholte and guided P-wave modes. No Scholte-wave overtones are367

present, as evident in the PVFs presented in Figure 10. Guided P-wave modes are most pronounced in368

the Crr VSG, with black arrows highlighting the cross-mode events.369

3.3.2 3-D model with variable bathymetry and varying vertical and horizontal velocity gradients370

We next assess the impact of variable bathymetry and 3-D velocity structure on ocean-bottom cross371

correlations, with a particular focus on generating and recording of Love waves due to secondary372
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Figure 9. VSG Tensor components: (a) Crr, (b) Ctr, (c) Ctt, (d) Cvr, (e) Cvt and (f) Cvv for the HB model

parameters in Table 1 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 intermodal cross terms.

Figure 10. PVF plots for VSGs in Figure 9. (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.
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Figure 11. Pressure-to-pressure component Cpp (a) VSG and (b) PVF for HB model parameters in Table 1 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.

microseism sources acting on the ocean surface. Primary microseisms, resulting from the direct inter-373

action of ocean waves with the seafloor at longer periods, can generate Love waves through coupling374

with the seafloor (Fukao et al. 2010; Saito 2010). However, secondary microseisms, characterised by375

pressure-like sources acting at the ocean surface, cannot directly explain the presence of Love waves376

in cross correlations of horizontal-component ocean-bottom recordings.377

Two main hypotheses have been proposed to account for the generation of Love waves from378

secondary microseism sources.The first hypothesis suggests that bathymetric variations in the source379

regions play a key role. Such variations can partition the vertical second-order pressure force into380

two components: one perpendicular to the local bathymetric slope, and being responsible for Scholte381

waves, the other tangent to the slope and being responsible for Love waves. The second hypothesis382

attributes the generation of Love waves to lateral heterogeneity within the Earth, which can cause scat-383

tering and focusing/defocusing effects (Iyer 1958; Haubrich & McCamy 1969; Gualtieri et al. 2020).384

Additionally, Rayleigh-to-Love wave conversion at ocean–continent boundaries may also contribute,385

though only a small percentage of incident Rayleigh-wave energy is converted into Love-wave energy386

(Gregersen & Alsop 1976). In contrast, in the absence of bathymetric variations and at low frequen-387

cies relative to ocean depth, each pressure source behaves like a vertical point force acting on a flat388

surface (Gualtieri et al. 2013). For a 1-D Earth model with only vertical velocity variations and flat389

bathymetry, as considered in the previous section, a vertical force will not generate shear motion and390

thus Love waves were not observed in any VSG simulation.391

To incorporate these considerations, we employ velocity models that vary smoothly in both hor-392

izontal and vertical directions and include a high-resolution bathymetry profile from the northern393
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Gulf of Mexico. The bathymetric profile, displayed in 3-D in Figure 5b and in 2-D in Figure 5c,394

spans an area of 160 km → 120 km (x → y). The profile has a shallowest depth of approximately395

0.5 km in the northeastern corner and a deepest depth of approximately 1.5 km in the southwest-396

ern corner of the grid. This detailed bathymetric grid was generated from 3-D seismic surveys con-397

ducted in the Northern Gulf of Mexico deepwater region and is publicly available from the Bureau398

of Ocean Energy Management (BOEM) (www.boem.gov/oil-gas-energy/mapping-and-data/399

map-gallery/northern-gom-deepwater-bathymetry-grid-3d-seismic). We again consider400

the SB and HB scenarios with the velocities and densities at the ocean bottom for the two models401

similarly given in Table 1.402

As in previous sections, the receivers for velocity and pressure cross-correlation simulations are403

positioned 10 m below and 10 m above the bathymetric surface, respectively. These receivers are404

aligned along a single line parallel to the x-axis and span an 80 km offset. The pressure-type sources405

are distributed isotropically across the ocean surface (see Figures 5b and 5c). The virtual shot point is406

located at the nearest end of the receiver array, as indicated by the stars in Figures 5b and 5c.407

Figure 12 illustrates the velocity VSG tensor components, while Figure 13 shows the correspond-408

ing PVF for the SB scenario. The pressure VSG and associated PVF plot are displayed in Figures 14a409

and 14b, respectively. Because the PVF tensor is now asymmetric due to bathymetric variations, even410

though the source distribution is isotropic, we present all of the 3 → 3 VSG tensor components and411

the associated PVF plots. In all VSG components shown in Figure 12, we observe dispersive funda-412

mental and higher-order Scholte and guided P-wave modes, although with varying energy, similar to413

the flat bathymetry scenario. Fundamental Scholte modes are indicated by white arrows, while guided414

P modes are marked by yellow arrows in Figure 12a. VSGs that include transverse recording as one415

of their components – Crt, Ctr, Ctt, Ctv, Cvt – exhibit significantly lower energy (with relative scale416

factors exceeding 100, see Figure 12) compared to VSGs with radial and vertical components – Crr,417

Crv, Cvr, Cvv. This is again due to the summation over the source distribution, which is perfectly sym-418

metric in the transverse direction relative to the receiver line (Figure 5b). However, in the presence of419

variable bathymetry, this symmetry does not result in the perfect cancellation of wave-mode energy420

in the transverse component recordings, resulting in the presence of residual energy. Consequently,421

VSGs that include transverse component recordings exhibit lower energy compared to those with ra-422

dial and vertical components. Higher-order Scholte modes are more prominently observed in the Crr423

and Ctt components compared to the fundamental Scholte mode, as evident from the associated PVFs424

in Figure 13. The PVFs in Figure 13 also highlight the more complex nature of guided P modes in the425

variable bathymetry case compared to the flat bathymetry scenario PVFs shown in Figure 7.426

As expected, we observe Love waves in VSGs with transverse component recording as other re-427

www.boem.gov/oil-gas-energy/mapping-and-data/map-gallery/northern-gom-deepwater-bathymetry-grid-3d-seismic
www.boem.gov/oil-gas-energy/mapping-and-data/map-gallery/northern-gom-deepwater-bathymetry-grid-3d-seismic
www.boem.gov/oil-gas-energy/mapping-and-data/map-gallery/northern-gom-deepwater-bathymetry-grid-3d-seismic
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Figure 12. 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 arrows.

Black arrows represent intermodal cross terms.

Figure 13. PVF plots for VSGs in Figure 12. (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.
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Figure 14. Pressure-to-pressure Cpp (a) VSG and (b) PVF 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

ceivers – Crt, Ctt, and Cvt. These Love waves are marked in Figures 12a (Crt VSG), 12e (Ctt VSG),428

and 12h (Cvt VSG) with their most prominent appearance in the Cvt component. The Cvt component429

PVF plot shown in Figure 13h confirms this observation. The Love waves travel at slightly higher ve-430

locities than the fundamental Scholte waves, as evident from comparing the VSG panels of Figure 12h431

(containing Love waves) and Figure 12i (containing fundamental-mode Scholte waves).432

The pressure VSG, Cpp, shown in Figure 14a, is dominated by guided P waves. The fundamen-433

tal and higher-order overtones Scholte waves are notably absent. Although very weak fundamental434

Scholte mode energy is present in the Cpp PVF in Figure 8b, it is otherwise difficult to identify in435

the associated VSG. This observation aligns with field data examples of Cpp VSG from the Missis-436

sippi Canyon area in the Gulf of Mexico, as reported in Girard et al. (2023), where the ocean bot-437

tom, as sensed by low-frequency S0
c waves, is soft with average near-seafloor vs of approximately438

0.5–0.6 km/s.439

Figure 15 shows the velocity VSG tensor components for the HB scenario, while their corre-440

sponding PVF plots are presented in Figure 16. The pressure VSG and the associated PVF plot are441

displayed in Figures 17a and 17b, respectively. Similar to the observations described above for the SB442

case, Figure 15 reveals dispersive Scholte and guided P-wave modes, marked in Figure 15a, but no443

overtones of Scholte waves are present. These modes are more coherent in VSGs involving radial and444

vertical components – Crr, Crv, Cvr, and Cvv – as indicated by the corresponding PVFs in Figure 16. In445

contrast, the energy in VSGs involving transverse components – Crt, Ctr, Ctt, Ctv, and Cvt – is signif-446

icantly lower (see scale factors in Figure 15). Love waves are identified in the Crt, Ctt, and Cvt VSGs447

and in the corresponding PVFs , with their most prominent presence in the Cvt component, consistent448
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with the SB case. However, unlike the SB model, Love waves in this case potentially exhibit multiple449

modes, as suggested by the PVFs in Figures 16b, 16e, and 16h.450

In contrast to the SB scenario, Cpp for HB case (Figure 17a) exhibits clearly identifiable fundamental-451

mode Scholte wave energy. Guided P modes also are present and clearly visible in Cpp PVF plot in452

Figure 17b. The pressure and velocity VSGs and PVFs from this HB scenario bear a strong resem-453

blance to those observed from the Gulf of Mexico Amendment OBN array ambient seismic data Girard454

et al. (2024). In that study, the ocean bottom, interpreted using low-frequency (sub-0.5 Hz) S0
c waves,455

is hard with average near-seafloor shear velocities exceeding 1.5 km/s.456

The black arrows in the Crr VSG in Figure 12a and the Ctr VSG in Figure 15d highlight several457

spurious cross-terms. These are present in nearly all VSGs in Figures 12 and 15, albeit with varying458

amplitudes and being more pronounced in some cases than in others.459

3.4 Inhomogeneous ambient source distribution460

The distribution of ambient source energy, as determined through data back-projection or beamform-461

ing in recent surface-wave studies, reveals that ambient energy is typically neither isotropic nor sta-462

tionary. Instead, ambient source energy distributions often exhibit significant azimuthal and temporal463

variations (Stehly et al. 2006; Yang & Ritzwoller 2008; Yao et al. 2009). These azimuthal source464

strength variations can markedly affect not only the energy of different wave modes but also their465

excitation, particularly for Love waves.466

To illustrate this, we consider an example of an inhomogeneous secondary-microseism source467

distribution, with the maximum source strength oriented at a northwesterly azimuth of 135→ , as shown468

in Figure 18a. For this case, we focus on the Cvt component VSG, as Love waves are observed most469

prominently on this component, as demonstrated in the previous section. We use a 3-D model with a470

soft bottom, variable bathymetry, and OBNs positioned 10 m below the seafloor.471

Figures 18b-18d present the Cvt VSGs with relative amplitude scaling for OBN lines A, B, and C,472

respectively, as indicated in Figure 18a. OBN line A is oriented along the direction of maximum source473

strength, line B is at a 45
→ angle, and line C is orthogonal to the maximum source strength direction.474

When sources are aligned with the receiver line, as with line A, the Love waves are strongest, as475

shown in Figure 18b. For the receiver lines at 45→ (line B) and orthogonal (line C), the Love waves476

are more weakly observed, as seen in Figures 18c and 18d, than when compared to line A data in477

Figure 18b. This occurs because, for line A, the strong sources lie within the stationary phase region478

(Snieder 2004) and contribute to constructive interference. In contrast, for lines B and C, the sources479

contribute less effectively to the stationary phase integral. The black arrows in Figures 18b, 18c, and480

18d represent cross-modal terms. Note that these spurious arrivals are stronger in line C compared481
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Figure 15. 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 intermodal cross terms.

Figure 16. PVF plots for VSGs in Figure 15. (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.
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Figure 17. Pressure-to-pressure component Cpp (a) VSG and (b) PVF 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.

to line A due to their incomplete destructive interference, resulting from strong sources in the non-482

stationary phase region and their uneven distribution relative to the receiver line (Snieder et al. 2006;483

Halliday & Curtis 2008).484

The presence of strong Love waves along the receiver line aligned with the direction of strong sec-485

ondary microseism sources in this example, is consistent with the observations presented in Gualtieri486

Figure 18. (a) Inhomogeneous secondary-microseism source distribution. Cvt VSG recorded on receiver line

(b) A, (c) B, and (d) C, as shown in (a). The amplitudes in the VSGs are relative.
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et al. (2020). One hypothesis regarding the generation of Love waves from secondary microseisms487

states that Love waves with significant magnitude are generated in source regions with significant488

pressure power spectral density, provided there are bathymetric variations in the source region. In this489

scenario, the observed wave direction will point toward the strongest concentration of sources. Al-490

though Love waves cannot be generated at the source itself, the conversion from Rayleigh to Love491

waves occurs at depth due to heterogeneous Earth structure within the same geographic region where492

the strongest sources are located. Therefore, when looking for the strongest Love waves in the ocean-493

bottom sensor cross-correlation data, it is judicious to focus on the vertical-to-traverse component494

VSGs Cvt in the direction of the strongest ambient sources derived through backprojection or beam-495

forming for the low-frequency ocean-bottom sensor data.496

4 DISCUSSION497

We now discuss the implications of the observations made during the analysis of the controlling fac-498

tors for using ambient seismic wavefields in long-wavelength structural imaging and elastic model499

building. A key observation concerns the impact of guided P-wave modes on Scholte-wave frequency500

content due to truncation effects. The ambient frequency range typically recorded on ocean-bottom501

sensors spans from as high as 2.0 Hz to as low as 0.01 Hz. These frequencies generally are generated502

by secondary microseism sources acting at the ocean surface. In shallow water where the ocean depth503

is much smaller than the wavelength corresponding to the source frequencies, guided P waves have504

a negligible effect on Scholte waves. This condition allows for broader frequency coverage and en-505

ergy partitioning across the fundamental Scholte wave and higher-order modes whenever excited. In506

contrast, in deeper water where the wavelength is short compared to the ocean depth, P-wave prop-507

agation within the water layer significantly affects Scholte wave mode generation and the associated508

frequency content. Guided P waves, generated by secondary microseism sources, undergo multiple re-509

flections between the ocean surface and the sea floor. This phenomenon leads to their dominance and510

the appearance of multiple modes in VSGs observations. Consequently, the Scholte-wave frequency511

range narrows due to high-frequency truncation, and higher-order modes are suppressed, as evidenced512

by the presented examples.513

This phenomenon is critical for surface-wave inversion using dispersion images as well as for514

FWI applications. In surface-wave inversion, the modal structure and frequency bandwidth of ex-515

tracted dispersion curves significantly influence both the accuracy and the maximum depth of the516

inversion. Incorporating higher-order modes into the inversion process can substantially enhance ac-517

curacy, improve model resolution, reduce non-uniqueness, facilitate convergence, and enable deeper518

subsurface investigations (Xia et al. 2003; Luo et al. 2007; Wu et al. 2020). However, the excitation519
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of guided P waves — arising from variations in ambient source locations or bathymetry — truncates520

Scholte waves, thereby affecting their bandwidth and modal content. In FWI, the truncation of the521

higher-frequency end of Scholte wave spectra by guided P waves could result in reduced resolution522

due to the loss of higher frequency surface-wave data, particularly in shallow areas. Because guided523

P-wave modes travel sub-horizontally within the vicinity of the ocean-bottom interface, their inclu-524

sion alongside surface waves in inversion processes can enhance resolution in the near-ocean-bottom525

region.526

Another key observation is that not all VSG components are equally important. While OBN data527

theoretically can provide 16 different VSGs derived from pressure and three velocity components for528

each virtual shot point, not all components yield distinct information useful for inversion. VSGs with529

transverse components are particularly effective for Love waves, which are most prominently observed530

on the Cvt VSG. The Crr VSG records higher-order Scholte modes most prominently, while Cvv and531

Cpp provide comprehensive observations of fundamental Scholte mode and guided P waves. Collec-532

tively, VSGs with vertical components — Cvr, Cvt, Cvv — along with Crr VSG, effectively capture all533

wave modes excited in OBN data by ambient sources.534

5 CONCLUSIONS535

We present a cross-correlation modelling (CCM) methodology for ambient seismic wavefields recorded536

on dense arrays of ocean-bottom sensors. This CCM approach differs from traditional ambient wave-537

field cross-correlation modelling, which relies on Green’s function retrieval assumptions, by offering a538

more flexible and accurate framework. Using this method, we simulate the cross-correlation wavefields539

for velocity and pressure components and examine the impact of key first-order control factors within540

the context of ocean-bottom ambient seismology interferometric observations. These factors include541

the nature of the ocean bottom (i.e., soft versus hard), ambient source depth, ocean water column542

height, ocean-bottom bathymetric variations, and inhomogeneous ambient source distributions. We543

use 3-D Earth models that account for both vertical and horizontal velocity variations. These control544

factors influence the generation, propagation, and energy partitioning of seismic waves, particularly545

surface waves (Scholte and Love waves) and guided P-wave modes at sub-1.0 Hz frequencies.546

In the absence of ocean-bottom bathymetric variations and with only vertical velocity gradients547

in the 3-D Earth model, we identify two primary dispersive wave types in VSGs: Scholte waves and548

guided P-waves; Love waves are typically absent. Synthetic experiments reveal distinct differences in549

wave signatures depending on the location of the ambient energy sources and the ocean-water depths.550

Notably, the presence and dominance of guided P-wave modes increase with greater water depths, af-551

fecting the energy distribution and frequency content of Scholte waves. In contrast, when considering552
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a vertically and laterally heterogeneous 3-D Earth model with significant bathymetric variations, Love553

waves are clearly observed with a more prominent presence in the Cvt VSG components. By examin-554

ing the 3 → 3 velocity VSG tensor in soft ocean bottom scenarios, we find that higher-order Scholte555

modes are more prominently observed in the Crr and Ctt VSG components. No higher-order Scholte556

modes are observed with a hard ocean bottom. Ambient energy sources near the ocean surface, typ-557

ically associated with secondary microseism sources, generate significant guided P modes when the558

ocean water depth exceeds the wavelength corresponding to the source frequency. In contrast, sources559

located near the seabed, characteristic of primary microseism sources, excite minimal guided P modes.560

Instead, the majority of source energy is concentrated in surface waves.561

We also explore the effects of the heterogeneous distribution of secondary microseism sources562

in the presence of variable bathymetry and a heterogeneous Earth model on wave-mode excitation.563

The directional nature of the ambient source field — often characterised by azimuthal variations —564

strongly influences the amplitudes and characteristics of the resulting Love waves. This is particularly565

evident in the VSGs derived from ocean-bottom receiver lines aligned along different azimuthal ori-566

entations relative to the source distribution. Strong Love waves are observed when the receiver lines567

align with the strongest source azimuthal orientation, supporting the hypothesis that Love waves are568

strongly generated in the source region through Rayleigh-to-Love wave conversion, especially in the569

presence of ocean-bottom bathymetric variations and lateral Earth structural heterogeneity.570

Overall, these observations provide a deeper understanding of the complex ambient seismic wave-571

field in the ocean. They emphasize the importance of considering the effects of the various key control572

factors explored in this study when interpreting ocean-bottom ambient cross-correlation data. Ulti-573

mately, this enables the accurate modelling and inversion of low-frequency ambient data recorded on574

ocean-bottom sensors for low-frequency elastic velocity model building.575
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