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Figure 4. Maps of the ocean site-effect coefficients cP (left-hand column) and cS (right-hand column) as a function of the period: 4 s (first row), 5 s (second
row) and 6 s (third row). The same colour scale is used for the same wave type.

In Fig. 5, we present the example of the Typhoon Ioke in the
western Pacific. Figs 5(a) and (b) show the significant wave height
and the bathymetry (from Amante & Eakins 2009). Figs 5(c) and
(d) show the modelled wave interaction for a period of 5 s, aver-
aged over 2 hr on the day of 2006 September 4 (Julian day 247)
and the P-wave ocean site-effect coefficient cP as computed by
eq. (10). Figs 5(e) and (f) show the corresponding P- and S-wave
theoretical sources. For a typhoon, the noise sources are class I;
that is, generated by the interactions of the ocean waves associated
with the typhoon. Therefore, the strongest wave interactions are in
the vicinity of the largest significant wave height. The significant
wave height maximum corresponds to the typhoon location, and
its successive positions define the typhoon track. The comparison
of Figs 5(a) and (c) shows that the largest wave interactions oc-
cur along the typhoon track and behind the typhoon. The largest
wave interactions are in the typhoon tail, and the distance between
the locations of the significant wave height maximum and wave
interaction maximum varies with the displacement velocity of the
typhoon. Zhang et al. (2010b) used a beamforming approach on
the southern California network data to follow this typhoon track
over several days. They computed the beam power from the vertical
component seismograms, and they backprojected the beam maxi-
mum slowness, under the assumption that the corresponding wave
is a P wave. They showed good agreement between the typhoon
track and the backprojected source location.

In Fig. 5(b), we show that the bathymetry does not change sig-
nificantly along the typhoon track. Because of that, at a fixed period
of T = 5 s, the ocean site effect cP does not vary strongly along the
typhoon track too (Fig. 5d). From Fig. 4, we also observe that the

amplification due to the ocean site effect is strong only at the period
of T = 5 s along the typhoon track.

To validate our modelling, we analyse the Typhoon Ioke data
recorded by the Southern California Seismic Network (network
code CI), and we consider the three-component seismograms. We
compute the beamforming power spectrum for an angular frequency
ω as follows:

B F(ω, s) = |
Ns∑

i=1

Si (ω)e−iωs·(xi −xc)|2, (15)

where Ns is the number of stations, Si(ω) is the seismogram spec-
trum that is recorded at station i, s is the slowness vector towards
the source, xi is the position vector of station i and xc is the posi-
tion vector of the network centre. In Fig. 6(a), we show the beam
power spectrum computed from the vertical seismograms over the
same 2-hr time window as in Fig. 5. We observe a maximum for the
slowness modulus of 0.053 s km−1 and the azimuth of 290.8◦.

To determine which wave type corresponds to the detected slow-
ness, we rotate the vertical, north and east components into the so-
called P, SV and transverse components. The radial (R) and trans-
verse (T) components are the horizontal components towards the
source and perpendicular, respectively. For each slowness vector, s,
we first rotate the north and east components towards the radial and
transverse components (Fig. 6b). We then rotate the vertical and
radial components towards the P and SV-components (Fig. 6c). The
angle of rotation is the P-wave theoretical angle of incidence i, which
is computed for each slowness s = ||s|| using s = sini/α, where α

is the P-wave velocity at the receivers. We take α = 5 km s−1.
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Figure 5. Typhoon Ioke on 2006 September 4, 12:00–14:00. The typhoon track is plotted with the black line. (a) Significant wave height. (b) Bathymetry
(from Amante & Eakins 2009). (c) Modulus of the pressure field spectrum |P(f)| due to the interaction of the ocean gravity waves. (d) P-wave ocean site effect
cP. (e) Theoretical noise sources for the P waves. The white circle shows the location of the P-wave source detected by beamforming analysis. (f) Theoretical
noise sources for the SV waves. Figs (c), (d), (e) and (f) are computed at a period of 5 s.

Incoming P waves are mostly polarized along the P-component, and
incoming SV waves are mostly polarized along the SV-component.
For each slowness, we compute the beamforming power spectrum
(BF) of the P, SV and T components using eq. (15). In Figs 6(d)
and (e), we show the P-component and SV-component BF. For
the P-component, we observed a BF maximum at the slowness
0.0529 s km−1 and azimuth of 292.2◦, which are very close to those
values obtained from the vertical component BF. The maximum am-

plitude is 0.9 relative to the vertical component BF maximum. We
find the P-wave source location by backprojecting the slowness and
azimuth, and we obtain the source coordinates (27.33◦N, 153.96◦E).
We observe good agreement with the P-wave source derived from
the wave model (Fig. 5e). On the SV-component BF (Fig. 6e), we
observe an extremum at the same slowness and azimuth as on the
P and vertical component BFs. Its amplitude is 0.23 relative to the
vertical component BF maximum, which is much weaker than the
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Figure 6. (a) Beamforming power spectrum of the vertical component seismograms. The colour scale is normalized to the vertical component maximum. (b),
(c) Cartoon of the coordinates. The Z-axis is vertical and the R-axis is horizontal towards the network-source azimuth. The P and SV-axes are in the vertical
plane defined by Z and R. The P-axis is towards the theoretical direction of the incident P wave, and the SV-axis is perpendicular to P. The P-component (d),
SV-component (e) and T-component (f) beamforming power spectra. The small black circles indicate the beam maximum. The large black circles and circle
arcs correspond to slownesses of 0.04, 0.08 and 0.14 s km−1. For a distance range of 30◦ to 90◦, the P-wave slowness is between 0.04 and 0.08 s km−1, and the
S-wave slowness is between 0.08 and 0.14 s km−1.

amplitude detected on the P-component BF. We interpret this signal
as the result of the P-to-SV conversions under the receivers. From
theory, we would also expect to observe an SV wave generated at
the same source location as the P wave. This would correspond to
a beam maximum at the slowness of 0.1 s km−1 along the azimuth
of 292◦, but it is not observed on the SV-component BF (Fig. 6e).
The relative amplitude of the S wave with respect to the P wave is
given by

AS/P = exp(−π t∗
s /T )

exp(−π t∗
p/T )

√
Jp√
Js

(
CS

CP

αc

βc

)
, (16)

where subscripts S and P are for the S and P waves, respectively,
T is the period, t∗ characterizes the seismic attenuation along the
path,

√
J is the geometrical spreading, C is the ocean site effect

computed with eqs (4) and (12) and αc and βc are the P- and S-
wave velocities in the crust, respectively. The ratio αc/βc converts
the relative ocean site effect CS/CP from potential to displacement.
The relative geometrical spreading effect is about 1. For the period
of 5 s, the relative ocean site effect is CS/CP = 0.33 and the relative
seismic attenuation effect along the path is 0.17; we obtain AS/P �
0.1. We estimate the SV-component BF relative noise level at 0.15.
Therefore, it is impossible to detect the generated SV-wave signal
of relative BF amplitude 0.12 = 0.01 because it is too far below
the noise level. Finally, we checked that we do not observe any SH-
wave on the transverse component BF at the theoretical slowness of
0.1 s km−1 and the azimuth of 292.2◦ (Fig. 6f).

5 C O N C LU S I O N

In this study, we used the plane wave superposition of the wavefield
to compute the site effect of the ocean layer upon seismic noise
body waves. We considered only seismic waves in the secondary
microseismic period band. We demonstrate that the ocean site effect
can be modelled by considering the constructive interferences of
multiply reflected P waves in the ocean, which are converted into P
and SV waves at the liquid–solid seafloor interface. We show in the
Appendix that the noise body wave site effect can also be retrieved
using normal modes.

We computed both the P- and S-wave ocean site effects and
we observe that they have the same dependence with respect to
frequency and bathymetry. Fixing the period, we show site-effect
maps where the amplification patterns are relatively similar for both
P and S waves. However, in terms of amplitude, these maps show
a stronger site effect for the P waves than for the S waves. We
also observe important variations with frequency of the site-effect
maps for the same seismic phase. The Rayleigh wave site effect
was recently computed by Gualtieri et al. (2013) using normal
modes. Comparing Rayleigh wave and body wave site effects (see
the Appendix), we observe that the local bathymetry produces a
different effect on these.

We validate our modelling by computing noise theoretical sources
as the product of the pressure field induced by the interaction of
ocean gravity waves and the site-effect coefficient. We compare
our results with the beamforming analysis results for Typhoon Ioke
(2006 September) that was recorded by the Southern California
Seismic Network. To identify which waves correspond to the BF
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detected signals, we rotated the traces to compute the P, SV and
transverse component BF. We obtain a good match between the
theoretical and observed noise source detected on the vertical and
P-component beamforming power spectra, which confirms that it
is a P wave. For the same slowness and azimuth, we also detect
a signal on the SV-component BF. We interpret this as the result
of the P-to-S conversions in the crust under the seismic array. On
the SV-component BF, we do not detect any signal at the S-wave
slowness corresponding to the same source. We demonstrate that
the amplitude of the generated SV wave is too small to be detected
on the SV-component BF.

The computation of the noise body wave site effect can be used to
investigate the body wave source locations in detail, and to compare
body wave and Rayleigh wave noise sources. This can also be
used to investigate the energy levels of noise body waves in the
secondary microseismic period band. Moreover, the introduction of
a sedimentary layer between the ocean and the crust might affect
the body wave source amplification, especially close to the coast,
and its study should be the subject of future studies.

A C K N OW L E D G E M E N T S

We acknowledge the support of the QUEST Initial Training Network
funded within the EU Marie Curie Programme. MS acknowledges
financial support through the projects Rifsis (CGL 2009-09727) and
Topolberia (CSD2006-00041). Most of the figures were prepared
using Generic Mapping Tools (GMT; Wessel & Smith 1995). We
thank the two anonymous reviewers for their detailed comments
that helped us to improve our manuscript. This is IPGP contribution
number 3498.

R E F E R E N C E S

Aki, K. & Richards, P.G., 2002. Quantitative Seismology, 2nd edn, Univer-
sity Science Books.

Amante, C. & Eakins, B.W., 2009. ETOPO1 1 Arc-Minute Global Relief
Model: procedures, data sources and analysis, NOAA Technical Memo-
randum NESDIS NGDC-24, 1–19.

Ardhuin, F. & Herbers, T.H.C., 2013. Noise generation in the solid Earth,
oceans and atmosphere, from nonlinear interacting surface gravity waves
in finite depth, J. Fluid Mech., 716, 316–348.

Ardhuin, F., Stutzmann, E., Schimmel, M. & Mangeney, A., 2011. Ocean
wave sources of seismic noise, J. geophys. Res., 116(C9), C09004,
doi:10.1029/2011JC006952.

Berger, J., 2004. Ambient Earth noise: a survey of the global
seismographic network, J. geophys. Res., 109(B11), B11307,
doi:10.1029/2004JB003408.

Bromirski, P.D. & Duennebier, F.K., 2002. The near-coastal microseism
spectrum: spatial and temporal wave climate relationships, J. geophys.
Res., 107(B8), 2166–2185.

Červený, V, 1989. Synthetic body wave seismograms for laterally varying
media containing thin transition layers, Geophys. J. R. astr. Soc., 99(2),
331–349.

Cessaro, R.K., 1994. Sources of primary and secondary microseisms, Bull.
seism. Soc. Am., 84(1), 142–148.

Chevrot, S., Sylvander, M., Benahmed, S., Ponsolles, C., Lefèvre, J.M. &
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A P P E N D I X : N O I S E B O DY WAV E S I T E
E F F E C T U S I N G N O R M A L M O D E S

We develop here a method for retrieving the noise body wave site
effect using normal modes, and we compare the result with the site
effect computed using plane wave superposition.

Considering noise sources as vertical point forces at the top of
the ocean, Gualtieri et al. (2013) provided the expression of the
site-effect coefficients using normal-mode theory:

cn = nUl (rr)nUl (rs)

nωl
, (A1)

where nωl is the angular frequency, and nUl is the radial eigenfunc-
tion for a mode described by quantum numbers (n, l). The receiver
and source positions are denoted by rr and rs, respectively.

Body waves are generated by the constructive interaction of high-
order overtones. To identify the normal modes that provide a con-
tribution to the generation of a specific seismic phase, we use the
ray parameter. In a spherically symmetric earth model, the ray pa-
rameter is defined as p = rsin i(r)/v(r), where v(r) is the seismic
velocity field computed at distance r from the centre of the Earth,
and i(r) is the ray take-off angle.

The ray parameter can be associated with the horizontal compo-
nent of the wavenumber kx, due to the relation:

p = R

nωl
kx (A2)

and the wavenumber kx can be defined by using normal-mode
formalism

kx =
√

l(l + 1)

R
(A3)

in which l is the normal-mode angular order and R is the Earth
radius. Combining eqs (A2) and (A3), we obtain

p =
√

l(l + 1)

nωl
(A4)

from which we can compute the relationship between the angular
order l and the ray parameter p:

l = −1

2
+

√
1

4
+ nωl

2 p2. (A5)

For large l, our expression (A5) recovers eq. (5) of Zhao & Dahlen
(1995) (see also Zhao & Dahlen 2007). Fixing the ray parameter, we

Figure A1. (a) Comparison between the results obtained using normal
modes (dots) and the plane wave superposition approach (solid line) for
epicentral distances between 30◦ and 90◦. The amplitude of cn (normal-
modes approach) is shown on the left and the amplitude of cP (plane wave
superposition approach) on the right. The ocean depth is shown in colour.
For computing the P-wave site effect using normal modes, it is necessary to
integrate all of the contributions shown in this figure (dots), with each one
multiplied by a phase. Small differences are due to the different earth mod-
els (PREM model with normal modes and an ocean layer over a half-space
for the plane wave superposition approach). (b) Rayleigh wave site effect
computed using normal modes (modified from Gualtieri et al. 2013).

univocally identify pairs of quantum numbers (n, l) and we obtain
all of the associated normal modes that contribute to generate this
seismic phase by constructive interference.

We perform our computation for the P waves considering the
PREM model (Dziewonski & Anderson 1981), in which we vary
the ocean depth from 1 to 10 km, with discrete steps of 1 km, to
simulate bathymetry. We set the period range from 4 to 10 s. We
consider here all of the epicentral distances from 30◦ to 90◦, which
correspond to the P-wave ray parameters from p = 0.080 s km−1 to
p = 0.042 s km−1.

In Fig. A1(a), we use dots to show the contribution to the co-
efficients cn due to each mode, computed using eq. (A1). Normal
modes that contribute to the P-wave generation are selected using
eq. (A5). We plot the coefficient cn as a function of fh/αw, where f
is the frequency, h is the ocean depth and αw is the P-wave velocity
in the ocean. The ocean depth is marked with colours. The actual
body wave site effect can be computed by considering the summa-
tion of all cn corresponding to the same fh/αw, taking into account
the phases.

In Fig. A1(a), we also show for comparison the site-effect coeffi-
cient obtained using the plane wave superposition approach (contin-
uous line). The scale amplitudes on the left refer to the coefficients
computed using normal modes, the scale on the right to the coeffi-
cients computed using plane wave superposition. We observe that
the same ocean depth involves the same abscissa, with the same
shape (dots and line colours). Moreover, the coefficients show three
peaks in both cases, for the same combination of ocean depth and
frequency. Differences in amplitude are due to the normal-mode
normalization, whereas differences in abscissa are related to the
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different chosen earth models (PREM model with normal modes
and an ocean layer over a half-space for the plane wave superposi-
tion approach).

By using normal modes, the same approach was used by Gualtieri
et al. (2013) to compute the ocean site effect of the Rayleigh waves.
In this case, each Rayleigh wave mode corresponds to a given
radial order n. In Fig. A1(b), we plot the result for the Rayleigh

waves, although as a function of fh/αw, as we did for the body
waves, instead of ωh/βc, like in Gualtieri et al. (2013). We observe
that the shape of the Rayleigh wave site effect (Fig. A1b) is very
different from the P-wave site effect (Fig. A1a). Then, fixing the
period and the ocean depth, the site effect acts differently and the
strongest sources of body and Rayleigh waves are potentially located
in different geographical regions.
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