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Abstract Seismic ambient noise spectra ubiquitously show two amplitude peaks corresponding to dis-
tinct oceanic wave interactionmechanisms called primary (seismic period (T) ≈ 14s) and secondary (T ≈ 7s)
microseism. Seismicnoise recordsareused inawide rangeof applications includingcrustalmonitoring, imag-
ing of the Earth’s deep interior using noise correlations, and studies on the coupling betweenoceans and solid
Earth. All of these applications could benefit from a robust knowledge of spatiotemporal dynamics of mi-
croseismic sources. Consequently, seismologists have been studying how to model microseismic sources of
ambient noise with the recent improvements in ocean wavemodels. Global sea state and its derivative prod-
ucts are now covering the past decades inmodels such as theWAVEWATCHIII hindcast. This paper introduces
the Wave Model Sources of Ambient Noise (WMSAN, pronounced [wam-san] ) Python package. This modular
package uses standardized wave model outputs to visualize ambient noise source maps and efficiently com-
pute synthetics of seismic spectrograms and cross-correlations for surface waves (Rayleigh) and body waves
(P, SV), in a user-friendly way.

Non-technical summary Continuous shakes of the ground recorded everywhere on Earth, called
seismic ambient noise, show significant peaks in energy around 7 s and 14 s of period. These correspond to
seismic waves originating from interactions between oceanic waves with themselves or with the sea floor at
the coast respectively. Seismic ambient noise studies focus on retrieving information on the structure of the
Earth at different scales and depths. Knowing the dynamic of the source of seismic waves is crucial to extract-
ing the physical characteristics of the sampled medium. Recent developments in oceanic wave modeling,
through satellite and buoy data integration, have opened new opportunities for seismologists to understand
recorded seismic traces. In this study, we introduce the Wave Model Sources of Ambient Noise (WMSAN, pro-
nounced [wam-san]) Python package to visualize themaps of ambient noise sources and compute simulated
seismic waveforms in an efficient user-friendly fashion.

1 Introduction

Ocean waves and extreme weather conditions have
been known to generate oscillations of the Earth
recorded continuously on seismographs since early pro-
totypes by Bertelli (1872).
Ocean waves produce energetic signals in three dis-

tinct period bands of the noise spectrum, namely the
hum with periods larger than 30 s, the primary micro-
seisms that rise around the 14-30 s period band, and the
secondarymicroseisms that are observed in 3-14 s of pe-
riod (e.g., Hasselmann, 1963; Ardhuin et al., 2015, 2019).
Primary and secondary microseisms have been ex-

tensively studied since the mid-twentieth century to ex-
plain seismological observations inland, (e.g., Longuet-
Higgins, 1950; Hasselmann, 1963). The primary micro-
seism mechanism ensues from the interaction of an
oceanic wave train and a topographic bottom close to
the coast, which results in seismic waves with a fre-
quency similar to the ocean wave (e.g., Darbyshire and
Okeke, 1969; Ardhuin, 2018). The secondary micro-

seism mechanism, which is the most energetic in am-
plitude, results from a nonlinear interaction between
wave trains traveling in opposite directions with similar
oscillating periods; the resulting seismic waves present
frequencies at twice the oceanic wave frequencies (e.g.,
Longuet-Higgins, 1950; Hasselmann, 1963; Kibblewhite
and Ewans, 1985).

Hum was the least understood phenomenon, per-
haps because it was discoveredmuch later than the oth-
ers. Several hypotheses have been developed involving
the generation of primary and secondary microseism
or resonance between the atmosphere and solid Earth
(e.g., Fukao et al., 2010; Nishida, 2013, 2014). Neverthe-
less, the hum generation mechanisms seem similar to
the primary microseism, caused by interactions of in-
fragravity waves with a sloping bottom at continental
shelves. This hypothesis is the most quantitatively valid
when comparing modeled and data time series (e.g.,
Ardhuin et al., 2015, 2019). The WMSAN package fo-
cuses on modeling sources of seismic waves in the sec-
ondary microseismic band.
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Seismic noise has been of great interest among seis-
mologists in the last decades with the development
of seismic interferometry, where cross-correlations of
seismic signals are used for imaging and monitoring
(e.g., Sabra et al., 2005; Bensen et al., 2007; Lin et al.,
2008; Haned et al., 2016). Assuming implicitly a favor-
able distribution of noise sources, noise correlations
in the secondary microseism band, but not exclusively
in that band, have been used in a wide range of ap-
plications such as imaging the Earth at different scales
(e.g., Lu et al., 2018; Boué et al., 2013) and monitoring
the evolution of the crust (e.g., Brenguier et al., 2008).
However, the dynamic of noise sources breaks such as-
sumptions and thus may bias measurements: in partic-
ular, some studies have shown that global microseismic
sources follow a seasonal pattern that impacts cross-
correlations (e.g., Stehly et al., 2006; Igel et al., 2023;
Valero Cano et al., 2024).
Secondarymicroseismic sources are distributed glob-

ally, with strong sources in the Northern Hemisphere
fromOctober toMarch and strong sources in the South-
ern Hemisphere from April to September. Punctual
direct observations of both surface and body waves
from these sources were reported for extreme cyclones
(e.g., Oliver, 1962; Vinnik, 1973). More recently, back-
projection methods or match field processing followed
by noise source inversion have allowed better images
of source distributions in the 3-10 s period band (e.g.,
Neale et al., 2017; Meschede et al., 2019; Retailleau and
Gualtieri, 2019; Igel et al., 2023). Still, having a resolved
knowledge of secondarymicroseismic noise source dis-
tribution from seismic data remains an issue with seis-
mic stations mostly located on continents. Besides the
problem of instrumental coverage, the regularization
neededat least in source inversionalso limits the resolu-
tion. Comparison between noise distribution from seis-
mic data and spatially well-resolved numerical oceanic
wavemodels shows satisfying similarities (e.g., Ardhuin
et al., 2011; Stutzmann et al., 2012; Nishida and Tak-
agi, 2022; Zhang et al., 2023), and long-time seismic data
analysis could give feedback information to improve
these models.
The WAVEWATCHIII (WW3DG, 2019) oceanographic

hindcast model sub-product, computed by IFREMER
(Ardhuin et al., 2011), allows comparison, with a de-
fault 3 hours resolution, to seismic data. Its accuracy
has been evaluated in several studies and seismic ap-
plication fields (e.g., Ardhuin et al., 2011; Stutzmann
et al., 2012; Gualtieri et al., 2014; Farra et al., 2016;
Tomasetto et al., 2024). However, using these models to
compute seismic proxies, such as spectrograms (see the
Appendix) or cross-correlations, requires knowledge of
geophysics and ocean sciences. We presentWMSAN for
Wave Model Sources of Ambient Noise, a user-friendly
Python package to help seismologists model their ob-
servations throughmaps of ambient noise sources from
WW3 outputs, and also to compute spectrograms (e.g.,
Ardhuin et al., 2011; Stutzmann et al., 2012; Lecocq
et al., 2020) and seismic noise correlations (Ermert
et al., 2020).
Significant wave height, defined as the mean wave

height of the third of the highest waves, should not be

used as a proxy for seismic noise amplitude because
the exact source mechanism has to be taken into ac-
count. We intend to physically describe seismic noise
generation, considering bathymetry and wave-induced
pressure close to the ocean surface. This package aims
to be a useful tool for data analysis in ambient noise
studies and to pave the way for further cooperation
between seismology and oceanography. WMSAN will
stay an open and collaborative package that aims to
connect with other codes such as noisi (Ermert et al.,
2020). For now, this package focuses exclusively on the
secondary microseismic peak; however, other forcing,
such as hum and primary microseisms, could also be
implemented.
This report will first describe the main theory un-

derpinning the WW3 products and how it can be used
to build secondary microseism source maps, synthetic
spectrograms, and synthetic cross-correlations. Then,
detailed examples describe this package’s applications.
Table 1 summarizes the available outputs of the WM-
SAN package, their definitions, and illustrations in the
following report. Each example described here can be
found in a Jupyter Notebooks tutorial, and a summary
of currently available notebook examples can be found
in the Appendix Table 2. Details on the software acces-
sibility, performance, and documentation can be found
in the Data and Code Availability section, and the Ap-
pendix.

2 Theory: Secondary Microseisms
Modeling

Secondary microseisms, or double-frequency micro-
seisms, result from the non-linear interaction of ocean
gravity wave trains of similar frequencies traveling in
opposite directions. This interaction induces pressure
changes close to the ocean surface, which generates
seismicwaves propagatingwithin the Earth. Three con-
figurations can lead to such a mechanism, described
in Ardhuin et al. (2011). First, within a given storm, a
steady wind generates waves in all directions interact-
ing among themselves. Second, oceanic waves travel to
the coast, are reflected, and interact with the incoming
waves. Third, twooceanwaves generated fromdifferent
storms can propagate over long distances before inter-
acting.
The WAVEWATCHIII (WW3) wave model is a state-

of-the-art community-driven ocean wave hindcast,
constrained by buoy and satellite data, integrating
wave height, water depth, and surface current data.
The WW3 hindcast model distributed by IFREMER
(WW3DG, 2019) provides the pressure field at the sea
surface from1993 to 2022. The outputs include pressure
sources resulting from the interaction of ocean wave
coastal reflection with incoming waves, used for seis-
mology applications (Ardhuin et al., 2011). We com-
pute the transmission to the crust and the effect of
bathymetry as amplification coefficients to obtain seis-
mic source terms for the given seismic wave type.
This section explains the modeling of secondary

microseismic sources for P, SV, and Rayleigh waves
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Name Unit Sym-
bol

Equation
Number

Section Figure Output
Format

Spectral density of the
wave-induced pressure

Pa2.m2.s FP (1) 2.1 - NetCDF

Amplitude response
functions of the

Rayleigh waves modal
decomposition

∅ C (2) 2.2 - NetCDF

Amplification
coefficient for body

waves

∅ cP |SV (3) 2.2 - NetCDF

Proxy of the source
amplitude

N Fprox (4) 3.1 Figure 2
(Rayleigh,
P, SV)

NetCDF
(default) or
hdf5 (noisi)

Equivalent Force N - (5) 3.1 Figure 2 -
Source term for
cross-correlation

functions

N2.s S (6) 3.2 Figure 4a -

Synthetic Correlations ∅ (normal-
ized)

C (6) 3.1 Figure 4c NetCDF

Power spectrum of the
vertical displacement

m.s SDF (7) Appendix Rayleigh
Waves Spectrograms

- NetCDF

Power spectrum of the
vertical ground
displacement at a

station

m.s−1 Fδ (8) Appendix Rayleigh
Waves Spectrograms

Figure Aa -

Table 1 WMSAN available outputs names, symbols, equation number, section where it is defined and Figure where it is
represented in this article.

fromWW3 outputs and amplification coefficients at the
source location, considering a 2-layer medium (ocean
and crust) and ignoring the sedimentary layer.

2.1 Spectral Density of the Wave Induced
Pressure

We follow the notation from Farra et al. (2016) in this
section. The secondary microseismic source compu-
tation first depends on the directional wave spectrum
F (r, f, θ) = E(r, f)M(r, f, θ), where the power spec-
trum of the vertical sea surface displacement E(r, f)
is punctually given by buoy and satellite data, and
M(r, f, θ) gives the directional distribution of elevation
for each frequency. Then the spectral density of the
wave-induced pressure just below the sea surface Fp, in
Pa2.m2.s is computed as:

Fp(r, 2f) = [2π]2[ρwg]22fE2(r, f)
∫ π

0
M(r, f, θ)M(r, f, θ

+ π)dθ

(1)

where r is the 2D coordinate vector, ρw is the density
of water, g the standard acceleration of gravity, f the
oceanic wave frequency, and θ the ocean gravity wave
direction angle.
The significant wave height (Hs), defined as : Hs(r) =

4
√∫ ∞

0 E(r, f)df , carries no information about the di-
rection of the oceanic waves and therefore no informa-
tion about interactions between opposite oceanic wave

trains. This leads to our emphasis on using the spectral
density of the wave-induced pressure just below the sea
surfaceFp for seismic sourcesmodeling, as emphasized
in Ardhuin et al. (2011).

Fp is directly given as aWW3 output (WW3DG, 2019);
therefore, WMSAN depends on the availability of these
files (from 1993 to 2022 presently). We provide a Python
library that reads and transformsFp into products easily
useable by seismologists. Now that the wave-induced
pressure is known, we focus on energy transmission to
the crust by computing bathymetry effects for a given
seismic wave type.

2.2 Site Effects or Amplification Coefficients

Site effects, or amplification coefficients, act as a spa-
tial amplitude modulator in the source computation.
Theoceanacousticwave generatedby secondarymicro-
seismic sources transmission to the crust might differ
depending on the seismic frequency and incident an-
gle. Kedar et al. (2008); Ardhuin et al. (2011); Stutzmann
et al. (2012); Gualtieri et al. (2013, 2014) extensively de-
scribed how site effects can be computed for Rayleigh
waves using surface wavemodal decomposition and for
bodywaves using planewave approximation. In the fol-
lowing paragraphs, we recall how these coefficients are
calculated following Gualtieri et al. (2014) and Longuet-
Higgins (1950) for body and Rayleigh waves, respec-
tively. Let us note that we only focus on vertical mo-
tion transmission to the seafloor, so SH and Love waves
are not taken into account here but have been observed
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and discussed in previous studies (e.g. Nishida and Tak-
agi, 2016; Juretzek and Hadziioannou, 2016; Ziane and
Hadziioannou, 2019; Gualtieri et al., 2020, 2021).
Secondary microseismic ambient noise records are

dominated by surface waves which are therefore widely
used for imaging local to regional areas or monitoring
(e.g., Sabra et al., 2005; Bensen et al., 2008; Lu et al.,
2018), so modeling Rayleigh wave generation has been
an extensive field (Kedar et al., 2008; Ardhuin et al.,
2011; Stutzmann et al., 2012; Gualtieri et al., 2014; Gim-
bert and Tsai, 2015). As in Gualtieri et al. (2013) a sur-
face wave modal representation of the elastic displace-
ment field is widespread in the literature: in particu-
lar, the fundamental mode for Rayleigh waves predomi-
nates the signal. We follow Longuet-Higgins (1950) ta-
bles to compute the amplitude response functions of
the Rayleigh wave modal decomposition, for the case
of a pressure source close to the ocean surface and a
receiver at the ocean bottom, in a 2 layer model com-
posed of the ocean, of given thickness h, and a crustal
half space, as:

(2)C(fs, h) =
4∑

i=1
c2

i (fs, h)

where h is the water column depth, fs = 2f the seis-
mic frequency, and f the ocean frequency in Hz. ci is
the Rayleigh wave amplitude response function for the
mode number i. Longuet-Higgins (1950) tables go from
1 to 4, where i = 1 is the fundamental mode. This
simple approach could be improved in future package
versions by recomputing the ci coefficients with differ-
ent medium velocities and densities, and also including
sedimentary layers effects as inGimbert andTsai (2015).
For more accurate modeling of surface waves, see Xu
et al. (2025), which accounts for the source and receiver
site effects separately, including the sediment layer.
For body waves, assuming a plane wave traveling in

the water layer and transmitted to the crust, therefore
neglecting the sediment layer, the amplification coeffi-
cient for body waves is given by Gualtieri et al. (2014) as
follows:

cP |SV (fs, h)

=

√∫ θ∗
Pw

0

∣∣∣∣ TP |SV (θPw )
1 + R(θPw

) expiφw(h(r),2πfs,θPw )

∣∣∣∣2

dθPw

(3)

where h is the ocean depth, θPw
(default critical angle

15.71°) the P or SV-wave takeoff angle range (P | SV ),
φw the plane P/SV-wave potential propagating in water,
R the seabed interface reflection coefficient, and TP/SV

the seabed interface P or SV wave transmission coef-
ficient. The body wave amplification depends on the
P-wave incident angle at the source, θPw

(Farra et al.,
2016). Here we consider a proxy of this amplification by
integrating over all angles which enables us to have a
single coefficient for each source location. The takeoff
angles higher than 15.71° are not accounted for since R
andTP/SV coefficients become complex, andwe are not
interested in evanescent waves (Gualtieri et al., 2014).
The sediment layer is negligible if its thickness is lower

than half the wavelength of the studied seismic waves,
which is the case in most oceans in the 3-10s period
band,≤ 6 km (Straume et al., 2019).
Once the spectral density of the wave-induced pres-

sure in the ocean layer and the site effect at the seafloor
interface is defined, we introduce default examples to
compare observed data to synthetic counterparts based
onWW3 ambient noise source distribution.

3 WMSAN to Compute Sources, Syn-
thetic Cross-Correlations and Spec-
trograms, Based on Ocean Wave
Models

Useful outputs of theWW3hindcast to seismologists are
the spectral density of the induced wave pressure (p2l)
and bathymetry files, saved in NetCDF format. Each of
these products can be found on the IFREMER ftp ftp:
//ftp.ifremer.fr/ifremer/ww3/HINDCAST/SISMO/ (e.g., Ard-
huin et al., 2011). The grid used by default in the pack-
age has a 0.5° resolution in both latitude (ranging from
78°S to 80°N) and longitude (from 180° W to 179.5° E). It
spans 22 frequencies from 0.08 Hz to 0.61 Hz with a 3-
hour time step from 1993 to 2022.
WMSAN only provides tools to model seismic data

proxies, such as synthetic spectrograms, synthetic
cross-correlation, ormaps of the distribution of seismic
sources. We do not provide tools to handle recorded
seismic data, since other Python packages can be used
for data processing such as ObsPy (e.g., Krischer et al.,
2015) or, more specifically for ambient noise stud-
ies, to calculate cross-correlations such as MSNoise or
NoisePy (e.g., Lecocq et al., 2014; Jiang and Denolle,
2020).
Alternatively, one may recompute the wave-induced

pressure from the full directional spectra archived by
the European Center for Medium-range Weather Fore-
casting (ECMWF); either in their operational analysis
and forecasts or in reanalyses such as ERA5 (e.g., Hers-
bach et al., 2020). The ECMWF wave spectra do not in-
clude coastal reflections and use slightly different pa-
rameterization, resulting in different spectral shapes
and wave-induced pressure levels.
Figure 1 is a diagram describing the different outputs

of the package and how they connect in addition to Ta-
ble 1. Six different outputs are available in this package:
the site effect computation on refined grids; surface
wave synthetic spectrograms as computed in Ardhuin
et al. (2011) and Stutzmann et al. (2012); sourcemaps in-
cluding amplification coefficients effect; temporal vari-
ations for the source in a given area; and synthetic auto-
and cross-correlations. Square boxes represent exter-
nal entities used as inputs, we denote theWW3 spectral
density of the pressure field (Fp) and the bathymetry
used to compute the previously described site effects.
One can either use the default bathymetry or use a finer
grid such as the 1 arcmin resolution givenby the ETOPO
Global Relief Model (NOAA National Centers for Envi-
ronmental Information, 2022). Specific grids such as
the coast of Africa or New Caledonia are also available.
Each external element is used to compute the Rayleigh
waves synthetic spectrograms (details in the Appendix)
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WAVEWATCHIII Spectral Density
of the Pressure Field 
at the Ocean Surface

(longitude, latitude frequency, date)

ETOPOv2 Bathymetry
(longitude, latitude, frequency)
[default 0.5°x0.5° resolution]

Amplification Coe�icient
(longitude, latitude, frequency)

[P, SV and Rayleigh waves]

Proxy for the 
Source Force Amplitude

Temporal Variations
(longitude, latitude, frequency, date)

[P, SV and Rayleigh waves]

Power Spectrum of the 
Vertical Displacement

(longitude, latitude, frequency, date)
[Rayleigh waves]

Synthetic Spectrograms
(frequency, date)
[Rayleigh waves]

Synthetic Green’s Functions
(epicentral distance, time)

[default AxiSEM (1D) archive]

Synthetic Correlations
(auto- or cross-)

(date, time)
[P, SV and Rayleigh waves]

./F/F_<date>.nc)

F_<wave>_<date>.png
./SDF/rayleigh_SDF_<date>.nc

./rayleigh_<date>.png

./CCF/ccf_<idA>_<idB>_<date>.nc

./ccf_<idA>_<idB>_<date>.png

./spectrogram_<id>.png

c<wave>.nc

Ar
dh

ui
n 

et
 a

l. 
(2

01
1)

, S
tu

tz
m

an
n 

et
 a

l. 
(2

01
2)

INPUT

OUTPUT

Starting Model
 for noisi (Ermert et al. 2020)

(longitude, latitude, frequency, date)
[default Rayleigh waves]

F_<date>.h5

Figure 1 Diagram representation of the different products available in WMSAN and their interactions. Green dotted line
arrows represent the inputdataset toprovide to thepackage functions, someare givenbydefault. Redplain arrows represent
each function’s default output file names and format.

but also body and Rayleighwaves’ sourcemaps and syn-
thetic correlations. The outputs are stored in NetCDF
format (UCAR/Unidata) by default, or in HDF5 format
for the starting model for noisi (The HDF Group).

3.1 SourceMaps: Proxy for the Source Ampli-
tude

Sources are computed on the whole ocean’s surface
grid provided by WW3 as the amplitude of the vertical
force applied on the sea surface modulated by the pre-
viously described site effect, as described in previous
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studies (Zhang et al., 2023; Boué and Tomasetto, 2024;
Tomasetto et al., 2024). This proxy for the source is
an estimation of the effective force amplitude using a
proxy for the source site effect. Each site effect relies
on different assumptions: normalmode summation for
Rayleighwaves, andplanewave approximation for body
waves. Therefore, this proxy should not be interpreted
as the vertical force applying on the seafloor, but as an
approximation for the source distribution. We define
this proxy of the source amplitude as Fprox (in N) as:

Fprox|i(r) = 2π

√∫ fsmax

fsmin

c2(r, fs)Fp|i(r, fs,K ≈ 0)dAdfs

(4)

where i is the date step with a 3-hr resolution, r the
location on the grid, dA = R2cos(λ)dλdφ the cell
surface element, R the Earth’s radius, λ the latitude,
and φ the longitude. The c symbol denotes the site
effect of the wave type of interest: for body waves, we
use cP/SV (fs, h), and for Rayleigh waves,

√
C(fs, h),

as described in equations 2 and 3 respectively. The
corresponding Jupyter Notebooks for Rayleigh waves
and body waves can be found in
/notebooks/rayleigh_waves/microseismic_
sources.ipynb and /notebooks/body_waves/
microseismic_sources.ipynb respectively. The custom
site effect can be computed for Rayleigh waves, corre-
sponding to the functions used in the Jupyter Notebook
entitled /notebooks/rayleigh_waves/amplification_
coefficients.ipynb. Similarly, an estimate of body
waves’ site effect (P and SV) can be computed for
a given bathymetry using the Jupyter Notebook
entitled /notebooks/body_waves/amplification_
coefficients.ipynb.
Figure 2 shows an example of the resulting maps for

each type of seismic wave during the first three Mon-
days (05, 12, and 19) of January 2014. The top row
presents the equivalent force which is defined similarly
to Fprox without amplification coefficients applied:

(5)Equivalent Force = 2π

√∫
Fp|i(r, fs,K ≈ 0)dfsdA

As pointed out by Gualtieri et al. (2014), P-waves are
more amplified than SV-waves, which might explain
why the latter are rarely observed in the 3-10s period
band (Nishida and Takagi, 2016). Also, the distribu-
tion of noise sources is typical for this season, with
stronger sources in the Northern Hemisphere from Oc-
tober to March, and stronger sources in the Southern
Hemisphere from April to September. Rayleigh waves
are enhanced within smaller and sharper-edged areas
than their body wave counterparts. The Rayleigh wave
amplitude appears between P and SVwave levels. These
maps can be used either to visualize the spatiotemporal
distribution of secondary microseisms, or to compare
to back-projection (e.g., Retailleau and Gualtieri, 2021)
and source inversion results (Igel et al., 2021, 2023).
The package allows saving thesemaps asmatrices, with
both spatial and frequency dimensions, to be used as
an input to build synthetic cross-correlations (see Fig-
ure 1).

3.2 Synthetic Cross-Correlations Implemen-
tation

The seismic interferometry founding principle relies on
the correlation operator between two seismic record-
ings to extract or enhance coherency hidden in con-
tinuous oscillations. Seismic noise records have been
used for many applications, including monitoring the
spatio-temporal evolution of the crust and the subsur-
face, and seismic imaging at different scales. This has
opened the possibility to supplement the information
provided by earthquakes, (e.g., Shapiro et al., 2005).
Two different interpretations of cross-correlations can
be distinguished. The first, more widespread, assumes
that noise correlations provide the Green’s function
between two sensors, but depends on strong assump-
tions such as wavefield equipartition or homogeneous
distribution of noise sources (e.g., Weaver and Lobkis,
2002; Sanchez-Sesma and Campillo, 2006; Wapenaar
and Fokkema, 2006). The second one considers cross-
correlation without assuming that it corresponds to
Green’s function of the medium, as a differential mea-
sure of wave propagation (e.g., Sager et al., 2021). The
latter do not rely on strong assumptions but require
estimating the source spatio-temporal evolution to de-
duce information on the sampled medium. The WM-
SANpackage aims to provide a convenientway tomodel
oceanic noise sources and compute synthetic correla-
tions.
Figure 3 shows the data flow to compute synthetics

cross-correlation between vertical components, as in
Ermert et al. (2020) and Tomasetto et al. (2024). Us-
ing the representation theorem and assuming tempo-
rally uncorrelated source points (e.g., Wapenaar and
Fokkema, 2006), one can write the cross-correlation
function between sensors A and B as:

(6)
C(rA, rB , t)

= FT −1
[∫

∂D

G(rA, r, fs)G∗(rB , r, fs)S(r, fs)dr

]
with G(rA, r, fs) the Green’s function between a source
in r and station A in rA. The star symbol ∗ denotes the
complex conjugate and ∂D the spatial domain of po-
tential sources, here the ocean’s surface. The inverse
Fourier transform is written as FT −1. The source term
S(r, fs) = 4π2C(r, fs)Fp|i(r, fs,K ≈ 0)dA represents
a proxy of the source PSD at the horizontal position
r, given by the square of proxy for the source ampli-
tude for Rayleigh waves. Therefore, we do not expect
to retrieve the absolute amplitude of the real data cross-
correlation, but rather afirst estimate of the relative am-
plitude variability as a function of source distribution
and frequency content. The assumption of temporally
uncorrelated sources relies on the fact that the source
grid has a 0.5° step in both latitude and longitude, so the
sea state variations between twoadjacent grid points ap-
pear uncorrelated. Also, in the case of temporally cor-
related sources, cross-correlations show repeating pat-
terns and spurious arrivals (e.g., Schippkus et al., 2023),
which doesn’t seem observed in most examples in the
secondary microseismic band.
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Figure 2 The standard output of WMSAN compared to the equivalent force (top row) without site effect modulation. The
proxy for the source amplitude (F) the first three Mondays of January 2014, for P-waves (second row), SV-waves (third row),
and Rayleigh-waves (bottom row).

Here, Green’s functions are computed in an axisym-
metric laterally invariant Earth model using AxiSEM
(Nissen-Meyer et al., 2014), which does not include the
ocean fluid layer. Since we intend specifically to model
Rayleigh waves, we window surface waves and discard
other arrivals. This prevents the contribution of cross-
term. Also, we do not observe other significant interfer-
ences in the example below, which can be explained by
incoherent noise in the records or instrumental thresh-
old for detection. Also, the Green’s Functions used are
computed with laterally averaged attenuation and dis-
persion, therefore we illustrate a simple case in the
following section by only focusing on a homogeneous
area for wave propagation. The corresponding Jupyter
Notebook can be found in /notebooks/rayleigh_waves/
synthetic_CCF.ipynb.

This package only provides the possibility to compute
synthetic cross-correlations in a spherically symmetric
model. To compute more realistic cross-correlations in
3D models we suggest the user run noisi (Ermert et al.,
2020). A function to link both packages is available to
use the WMSAN output as a starting model for noisi as
shown in Figure 3. WMSAN provides a function to taper
specific phases in the Green’s function archive, which

is not the case in noisi, therefore our package might
be useful to focus on specific body wave phase inter-
ferences (PP-P, see /notebooks/body_waves/synthetic_
CCF.ipynb).

3.3 Example for a Single Station Pair

Next, we show that the transit of a storm for a few
days generates Rayleigh waves and how wave models
can help us understand waveform variations in cross-
correlation functions.
We focus on 6 days from 14 to 20 November 2014,

during which a strong source occurred in Northern Ice-
land in the North Atlantic that we selected fromNishida
and Takagi (2022) catalogs. We pick two seismic sta-
tions from the LAPNET network in northern Finland
(Kozlovskaya, 2007), XK.LP51.00 and XK.SGF.00 whose
inter-station path is oriented towards the source area.
The LAPNETnetwork has been used in previous studies
to detect P-waves from secondarymicroseismic sources
(Poli et al., 2012a; Boué et al., 2013) and is located on
the Northern Baltic shield known to have a quite ho-
mogeneous crust (Poli et al., 2012b), leading to the rele-
vant use of laterally uniformEarthmodels Green’s func-
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Figure 3 Data flow representing synthetics computation script. Based on representation theorem formulation (Aki and
Richards, 2002; Nakata et al., 2019).

tions (ak135f). The package is built to be adjustable,
so one could also use Green’s Functions computed in a
different model as input, for example, computed with
AxiSEM (Nissen-Meyer et al., 2014). Other synthetic
seismogram software, such as instaseis (van Driel et al.,
2015), are not yet implementedwith the package but can
be used via noisi (Ermert et al., 2020).
Figure 4a shows the proxy for the source force am-

plitude, including Rayleigh waves site effect, summed
over 14-20 November 2008 computed as previously de-
scribed and the two stations’ locations. Equation 6 de-
pends on the source PSD and Green’s Functions be-
tween each potential source point, imposed by thewave
model grid. WeuseAxiSEMprecomputedGreen’s Func-
tions in ak135f model with PREM attenuation (Kennett
et al., 1995; Dziewonski and Anderson, 1981), sampled
at 1Hz propagating for 3600 s for a vertical point force
of 1020 N, shown in Figure 4b. Figure 4b shows the
distance-timeGreen’s functionswaveformsused,which
has a 0.1° distance sampling. The red and green lines
depict velocities of 4.2 km/s and 2.5 km/s respectively,
used for the Green’s Function tapering.
Synthetic cross-correlations with site effect modula-

tion (left) are computed every 3 hours and compared to
their data counterpart (right) in Figure 4c). The figure
shows causal and acausal parts of the cross-correlations
normalizedby themaximumvalueover thewholepanel
to highlight the amplitude variations. No particular
post-processing has been done to remove earthquakes;

we present raw cross-correlations. The maximum am-
plitudes appear from the 18th of November at noon to
the 19th at noon with site effect modulation, matching
the data amplitude variations. Rayleigh waves’ arrival
times correspond for both synthetic and data, around
35 s on the causal part (from KP51 to SGF), which is ex-
plainedby thehomogeneousmediumsampled, the East
European Craton. Synthetic cross-correlation without
site effect can be computed, and shows less amplitude
contrast than its site effect modulated counterpart, but
its maximum amplitude around midnight on the 18th
of November differs from the data. The comparison be-
tween cross-correlation without site effect, with site ef-
fect, and the data is available in the Appendix section in
Figure B.

Some notable discrepancies between waveforms re-
main, such as the variations in amplitude on the 16th of
November related to the source modeling, or the main
pulse’s frequency content. The data is filtered in the 2-
10 s periodband, similar to the discrete frequency range
of the WW3 model (from 0.08 Hz to 0.61 Hz). Recent
developments in wave modeling parameters by Alday
andArdhuin (2023) using confirmation from infrasound
data can improve the accuracy for frequencies above
0.4 Hz. Figure 4c shows the spatiotemporal evolution
of the retrieved surface wave with variations of tens of
seconds in a few hours, so this tool can help discrimi-
nate source from propagation contributions and there-
fore deduce structural effects. One can also discrimi-
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Average Source Distributiona) b) Green’s Function Database

c)

Synthetic with site e�ect

7.4 Earthquake
Indonesia

Data

Cross Correlations Functions

Figure 4 a) Station pair (XK.LP51-XK.SGF) used from the LAPNET network (XK) (Kozlovskaya, 2007) and the source distribu-
tion from14-20November 2008. b) Synthetic Green’s Functions used in the cross-correlationmodeling. c) Cross-correlations
functions from 16-20 November 2008 split into 3 hr windows. Waveforms normalized by the maximum value of the panel.
(left) Synthetic cross-correlation functions with site effect modulation, (right) Data-based cross-correlation functions.

nate other sources, for example, a long-period signal is
seen in the data on the 16th of November 2008 in the 3-6
p.m. segment, corresponding to a Mw 7.4 teleseismic
earthquake in Minhassa Peninsula, Indonesia. Given
these points, the medium information present in the
data should be the main origin of waveform mismatch.
One can imagine improving the modeling using a well-
resolved 3D model of the studied area.

Finally, this simplemodeling canhelp understand the
source spatiotemporal impact on cross-correlations,
consequently partly removing uncertainties on the
cross-correlations features.

4 Conclusion
We presented the WMSAN Python package, a user-
friendly Python library to compute proxy for ambient
noise source maps, synthetic spectrograms (see the Ap-
pendix), and simple synthetic correlation functions to
compare to data counterparts. We hope this tool can
help improve collaboration between seismologists and
oceanographers, and incite the use of WW3 spectral
density of the pressure field at the sea surface instead
of significantwaveheight in seismology studies. Tohelp
the user get started with the package, we provide an en-
semble of Jupyter Notebooks, detailing the previously
described examples. A list of the available notebooks is
given in the Appendix, as well as links to the library’s
documentation. This tool answers a need in the com-
munity to comprehend the source distribution of sec-
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G.PPTF

Data
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Figure A a) Interpolated synthetic spectrograms with propagation effect coefficient P (fs) = 1.9, and b) data-based spec-
trograms of stations G.PPTF 1-9 February 2010. c) Misfit between synthetic and data spectrograms as defined in Stutzmann
et al. (2012).

ondary microseisms. We also believe oceanographers
and climate scientists can use these tools to extract in-
formation on past oceanic events from seismic data,
and even study past climate (e.g., Aster et al., 2023). We
support any comments or contributions to improve fu-
ture versions of this open-source package.
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Appendix

Rayleigh Waves Spectrograms
We compute spectrograms using equations given by
Ardhuin et al. (2011). Stutzmann et al. (2012) high-
lighted that an additional parameterP (fs) representing
the three-dimensional (3D) propagation effects might
be needed to model spectrograms for stations located
on islands or near the poles, where ice layer-induced
variations are poorly modeled. We added this param-
eter as an option; however, a package based on Stutz-
mann et al. (2012) will be published later by the original
authorswhere they adjust the oceanwave coastal reflec-
tion and attenuation factor for each station (Xu et al.,
2025). The GitLab repository of theWMSAN project will
redirect to the second code as soon as it is available, and
we invite any user to compare and test both packages.
Lecocq et al. (2020) used similar analog spectrograms’
computation using WW3 hindcast to validate extreme
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7.4 Earthquake
Indonesia

Cross Correlations Functions

Synthetic with site e�ect DataSynthetic without site e�ect

Figure B Cross-correlations functions of station pair (XK.LP51-XK.SGF) from 16-20 November 2008 split into 3 hr windows.
Waveforms normalized by the maximum value of the panel. (left) Synthetic cross-correlation functions without site effect
modulation (middle) Synthetic cross-correlation functions with site effect modulation, (right) Data-based cross-correlation
functions.

floods events in Belgium.
We first compute the equivalent source of the power

spectrum of the vertical displacement SDF (fs) in m.s,
corresponding to the Jupyter Notebook /notebooks/
rayleigh_waves/rayleigh_source.ipynb, and defined as:

(7)SDF (fs) ≈ 2πfsC(fs, h)
ρ2

sβ5 Fp(fs)

with fs the seismic frequency in Hz, C the amplitude
response functions for the normalmodes previously de-
scribed (site effect), ρs the rock density, and β the shear
wave velocity. We then calculate the power spectrum of
the vertical ground displacement at a station of latitude
λ and longitude φ in m2.s−1:

(8)Fδ(λ, φ, fs)

=
∫ π/2

−π/2

∫ 2π

0

SDF (fs)
REsin∆P (fs)e−2πfs∆RE/(UQ)R2

E cos φ′dλ′dφ′

with Q the dissipation quality factor, P (fs) the 3D
propagation effect coefficient, ∆ the distance between
source and station in radians, RE the Earth’s Radius
in meters, and U the group velocity of Rayleigh waves
in m.s−1. The corresponding Jupyter Notebook is
/notebooks/rayleigh_waves/spectrograms.ipynb.
We plot themodeled spectrogram at each time step of

the model (default 3-hour resolution) as:

Sspectrogram(fs) = 10log10(
√

Fδ(λ, φ, fs))

An example of synthetic spectrograms is shown in Fig-
ure A (a) compared to the equivalent data spectrogram
(b) filtered between 0.1Hz and 0.5Hz for PPTF station
from the GEOSCOPE network from 1-9 February 2010
(GEOSCOPE, FrenchGlobalNetwork of broad band seis-
mic stations, 1982). We took the values given in Stutz-
mann et al. (2012) for the different parameters, such
that Q = 450, P = 1.9, U = 1800 m.s−1, ρs =
2600 kg.m−3, and β = 2800m.s−1. The synthetic spec-
trogram seems to overestimate amplitudes compared to
real data. This might be due to the three-dimensional

wave propagation that is poorly constrained here (con-
stant attenuation factor with distance). Note that the
wavemodel used for this simulationmay differ from the
older wave model restricted to 0.1-0.3 Hz used by Stutz-
mann et al. (2012). We introduce a misfit measure from
Stutzmann et al. (2012) that allows the user to compare
synthetic and data quantitatively, as shown in FigureAc.
In the PPTF example, the discrepancies in amplitude
are visible in the 0.4-0.5 Hz band, as well as punctual
bursts at low frequencies.

Comparison of the Site Effect Impact On Cross-
correlation Functions

Synthetic cross-correlation without site effect can be
computed by replacing the amplification coefficient in-
put with a matrix filled with ones. Figure B shows the
comparison between modeled cross-correlation func-
tions without (left) and with (middle) site effect. The
data cross-correlations are shown in the right panel.
The modeling without site effect shows less amplitude
contrasts than its site effect modulated counterpart
highlighting the arrival at 40 s. However, its maximum
amplitude around midnight on the 18th of November
differs from the data.

Corresponding Jupyter Notebooks

Table 2 summarizes the possible values to compute and
which Jupyter Notebooks to run to reproduce the fig-
ures shown in this article. Numbers indicate in which
order to run Notebooks for the synthetic spectrograms
and cross-correlation functions cases.

Python Functions Performance

Table 3 gives the run time of the main functions in each
Jupyter Notebook, illustrating the formerly detailed ex-
amples.
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Object to Compute Jupyter Notebook Path Figure
Amplification Coefficient

(body waves)
/notebooks/body_waves/amplification_coefficients.ipynb -

Amplification Coefficient
(Rayleigh waves)

/notebooks/rayleigh_waves/amplification_coefficients.ipynb -

Proxy for the Source Force
Amplitude (body waves)

/notebooks/body_waves/microseismic_sources.ipynb Figure 2

Proxy for the Source Force
Amplitude (Rayleigh waves)

/notebooks/rayleigh_waves/microseismic_sources.ipynb Figure 2

Spectrograms (Rayleigh
waves)

1) /notebooks/rayleigh_waves/rayleigh_sources.ipynb
2) /notebooks/rayleigh_waves/spectrogram.ipynb

Figure A

Synthetic Cross-correlations
(Rayleigh waves)

1) /notebooks/rayleigh_waves/microseismic_sources.ipynb
2) /notebooks/rayleigh_waves/synthetic_CCF.ipynb
or 2) /notebooks/rayleigh_waves/wmsan_to_noisi.ipynb

Figure 4

Table 2 Table summing up the directory where each example of WMSAN can be found and in what order.

Object Notebook Function Runtime
Download
WW3 Files

Several subfunctions_rayleigh_waves.
download_ww3_local

15 min per
monthly file

Site effect
(body
waves)

amplification_coeffi-
cient.ipynb

subfunctions_body_waves.ampli 10−3s per
gridpoint

(Rayleigh
waves)

amplification_coeffi-
cient.ipynb

subfunctions_rayleigh_waves.site_effect 10−5s per
gridpoint

Force Maps microseismic_sources.ipynb subfunctions_rayleigh_waves.loop_WW3 10s per day
Temporal
Variations

temporal_variations.ipynb temporal_variation.temporal_evolution 14s per month

SDF Spec-
trogram

rayleigh_source.ipynb subfunctions_rayleigh_waves.loop_SDF 44s per day

Synthetic
Correla-
tions

Rayleigh
and Body
waves

synthetic_CCF.ipynb synthetics.compute_ccf 4.10−3s per grid
cell per timestep

Auto-
correlation

synthetic_CCF_autocorr.ipynb synthetics.compute_ccf_autocorr 5.10−3s per grid
cell per timestep

Table 3 Performances in terms of the run time of the main functions in each Jupyter Notebook provided as examples.
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