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croseism excitation theory are given by Hasselmann 
[1963], Schmidt and Kuperman [1988], Kibblewhite and 
Wu [1991], Webb [1992], and others. 

The transfer function F sw relates the microseism am- 
plitudes to the ocean wave amplitudes. Prior to esti- 
mating F sw, the microseism spectral levels must be cor- 
rected for the frequency-dependent terms (in brackets 
in (3)) that modify the wave spectrum characteristics. 
Each of these terms is difficult to estimate over a vari- 
able area for varying source characteristics. An alterna- 
tive to estimating these terms individually is to deter- 
mine composite wave-to-seismic coefficients Tws empiri- 
cally from normalized seismometer data and normalized 
buoy data for corresponding frequency bands, that is, 

other sources of significant nonocean-wave-related sig- 
nals must be excluded when determining F sw. 

5. Application: Berkeley (BKS) Versus 
Buoy 46013 

Broadband seismometer data have been continuously 
recorded at the University of California, Berkeley, since 
about 1930. Digital broadband vertical-component seis- 
mometer data decimated to I Hz used in this study 
are available since 1992 from the Northern California 
Earthquake Data Center (NCEDC) for the Berkeley 
seismographic station (BKS). Buoy data are available 
from NODC as previously noted. 

= w0() 

52 (•) / 52 (03)max (4) • w w 

S z2 ( lXJ d ) / S z2 ( lXJ d ) max ' 
An advantage of estimating Tws in this manner is that 
assumptions about R•, Wo, Tz, and a• are unnecessary. 

Converting (3) to temporal frequency f, where • - 
2x f, and substituting Tws for the terms in bracketsz the 
equivalent (seismic) gravity-wave spectral density S• is 
then estimated from 

1 

• (fd) -- 4•4p2g 2 f3 Tw (fd) ' (5) c 2 8 

where f is the ocean gravity-wave spectral density fre- 
quency, fa - 2f, and S z is the vertical displacement 
seismometer data. Then the equivalent (seismic) signi[ 
icant wave height •s is obtained from the band-limited 
zeroth moment of the seismic spectrum as 

1 

- 4 , (c) 
1 

where we choose fx - 0.085 Hz and f2 - 0.48 Hz. Here, 
fx is selected to exclude most swell-derived primary mi- 
croseism energy and other ultralong-period noise, and 
f2 is limited by the Nyquist frequency of the long-period 
seismometer data. The corresponding proxy peak wave 
period, •r•, is estimated as twice the period of the max- 
imum of S• (fa). 

Since the microseism amplitudes are proportional to 
the square of the wave amplitudes and also include 
probable nonlinear contributions from Rs, we use a 
quadratic least squares fit to a plot of seismic • ver- 
sus wave Hs for corresponding time periods to obtain 
the seismic-to-wave transfer function F sw. Estimat- 
ing F• in this manner averages the frequency and 
wave height dependent parameters that affect the mi- 
croseism amplitudes. F sw is applied to the • esti- 
mates (Equat?n (6)) to obtain the proxy wave height 
•; that is, Hs - Fsw •. Seismometer data con- 
taining surface-wave signals from earthquakes, ground 
shaking attributed to severe local wind conditions, and 

5.1. Spectral Characteristics 

The spectral energy levels at buoy 46013 and seismic 
station BKS (see Figure I for locations) for January, 
February, and March 1995 are shown in Plate 2. Tick 
marks are at 5-day intervals except at the end of each 
month. Spectral levels above or below the ranges shown 
were set equal to that respective bound. The 46013 data 
consist of hourly wave spectral density estimates that 
result from averaging wave measurements of 1024 s du- 
ration [Steele et al., 1985]. The BKS spectral levels were 
computed from the seismometer time series by averag- 
ing three consecutive 512 s data segments with 256 s 
overlap using standard fast Fourier transform process- 
ing with a Hanning window. To reduce the variance in 
the spectral estimates, each spectral estimate (in dB) 
was averaged together with the two adjacent spectral 
estimates at both higher and lower frequencies for each 
segment prior to averaging the spectral estimates from 
the three segments. The resulting 14 spectral estimates 
in each hour were then averaged to obtain hourly seis- 
mic estimates corresponding to the buoy data times. 
Vertical stripes in Plate 2b are either earthquake tran- 
sients or missing data. 

Most of the ocean wave energy is found in the [0.04, 
0.20] Hz band (Plate 2a). Locally generated "sea" is 
typically characterized by significant energy at periods 
less than 10 s (i.e., at frequencies > 0.1 Hz) and by 
the peak in the wave energy spectrum initially shift- 
ing to lower frequencies (longer periods), indicative of 
the progressive development of the in-fetch spectrum 
or the increase in wind speed as the local storm inten- 
sity increases [Bretschneider, 1959]. The typical local- 
sea spectral signature is exemplified by the event near 
March 10, clearly showing a decrease in the frequency of 
the spectral peak with time. The relationship between 
local sea development and associated changes in the mi- 
croseism spectrum has previously been observed by Kib- 
blewhite and Evans [1985] and Babcock et al. [1994]. In 
contrast, the arrival of swell from distant storms shows 
the wave spectral peak shifting from low to high fre- 
quencies (shorter periods) as a result of the dispersion 
of ocean waves in deep water [Munk et al., 1963]. This 
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Microseisms and Ligurian Sea 527

Figure 2. Correlation between microseism and measured sea wave parameters. (a) Spectrogram of the vertical component of the microseism recorded from
2008 October 25 to 2008 November 19. The colour scale represents the amplitude of the Fourier spectrum computed over windows of 1 hr (see text for details);
(b) significant sea wave height (black line) and sea wave frequency (blue line) versus time as measured by the Côte d’Azur buoy. Dashed boxes indicate type
‘A’ and type ‘B’ microseismic phenomena (see the text for details).

Figure 3. Hourly amplitude Fourier spectra (normalized to the duration of the signal) of the microseism recorded during 2008 October 25 (a) and the 2008
November 3, Ligurian Sea storm (b). The colour bar indicates the time window of each spectrum. The dotted vertical lines indicate the high amplitude peaks
discussed in the text.

two distinct high amplitude areas characterized by different frequen-
cies, as evidenced by the spectrogram. Of note, on Nov 3 (Fig. 3b),
a particular behaviour can be observed. In that day, the prevailing
frequency of microseism moves from about 0.3 to 0.2 Hz with the
highest sea wave heights occurring during the beginning of the day,
when the microseism features higher frequencies. Specifically, dur-
ing the morning, the sea wave frequency measured at the buoy (blue
line in Fig. 2b) is around 0.16 Hz, the microseism peaks at 0.28 Hz,
and the significant sea wave height (black line in Fig. 2b) spans
from 1.7 to 2 m. In the afternoon, the sea wave frequency drops to
about 0.13 Hz, the microseism peak shifts down to 0.22 Hz, and the
wave height gradually decreases to 1.1 m. Note that the sea wave

frequency values used here are average data reported by the buoy
and, therefore, they may be approximately 25 per cent larger than
the true peak frequencies obtainable from the sea wave spectrum
(not available). This frequency decrease with time is also observable
for the ‘B1c’ subevent (Nov 4–6), which is slightly more energetic
than ‘B1b’, and for the ‘B2’ event (Nov 13 and Nov 15).

Summarizing previous observations, it is evident that a strong cor-
relation between the microseismic signal and the significant wave
height exists, in that the energy of the microseism increases with
sea wave height. The most energetic events in the amplitude spec-
trum (Fig. 2a) are reflected in the values of H 1

3
(Fig. 2b). As an

example, the major storm event occurred in the period Oct 30–31 is
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Figure 3. (a) Equivalent (seismic)significant wave 
height •s from BKS versus buoy 46013 Hs. Stip- 
pled line is the quadratic least squares fit to these data 
and represents the microseism-to-wave transfer function 
Fsw. (b) Hs at 46026 versus Hs at 46013 showing the 
variation in Hs at two nearby coastal buoys (see Fig- 
ure I for locations). 

about 80 km causes variability in the short-period wave 
spectra between 46013 and 46026, resulting in corre- 
sponding differences in Hs. The linear least squares fit 
for 46026 versus 46013 (Figure 3b, stippled line) has an 
R 2 = 0.92, comparable to that for BKS-46013, with a 
slope of 1.12 that is indicative of the somewhat lower Hs 
at sheltered buoy 46026. A similar variance, R • = 0.89, 
is observed between unsheltered deep water buoys 46011 
and 46023 for the same time period, indicating that 
this amount of variation observed in Hs is common 
between relatively nearby buoys. Since buoy 46013 is 
near the northern limit of Rs from BKS as estimated 
by Haubrich et al. [1963] and since the 46026-46013 
and 46013-BKS variances are similar, the resulting Hs 
from reconstructions should show variation similar to 
that observed between the two buoys. 

In addition to the dominant locally generated micro- 
seism signals, $z includes microseism energy from non- 
local wave activity that we will refer to as "telemicro- 
seisms." The telemicroseism level depends on the storm 
size and its location relative to the coast. To estimate 
the magnitude of the telemicroseismic contribution at 
BKS, we compare the spectral characteristics of the 

peak of the relatively short duration high-amplitude 
swell event at 46013 and BKS on January 22 in the 
[0.03,0.2] Hz band (Figure 4) with the lowest levels pre- 
ceding the swell arrival. Similar relative energy levels 
and spectral content for the buoy and seismometer data 
are observed, again showing the one-to-one correspon- 
dence between local swell and microseism amplitudes. 
The peak spectral energy levels at 2100 UT at 46013 
(solid line) normalized to the maximum spectral level 
are shown in Figure 5, with the lower curve from Jan- 
uary 22 at 0600 UT using the same normalization as 
that for the peak energy curve. Curves for the same 
times from BKS (dashed lines) normalized to the BKS 
peak energy on January 22 at 2100 UT are also shown 
in Figure 5. The peak at BKS is nearly twice the wave 
frequency as predicted by theory. Since virtually no 
swell energy is observed at 46013 in the [0.03,0.1] Hz 
band near 0600 UT on January 22, the microseism en- 
ergy at BKS at that time in the [0.1,0.15] Hz band 
must be primarily of nonlocal origin. An estimate of 
the telemicroseism contribution at BKS can be inferred 
from the lower BKS curve in Figure 5, where the en- 
ergy at 0.12 Hz is about 10% of the swell event peak 
at a time when the associated wave energy at 46013 at 
half that frequency (0.06 Hz) is close to zero. However, 
part of this apparent telemicroseism energy may result 
from local wave activity that is not present at 46013. 
Regardless, Figure 4 shows that microseism levels at 
BKS correspond closely with nearby wave activity and 
that telemicroseism energy will not significantly affect 
the accuracy of Hs reconstructions. 

For obliquely arriving swell, the variance in Fsw partly 
results from the more rapid variation in wave Hs com- 
pared to/•s; that is, the microseism levels can remain 
relatively high for longer time periods as a result of 
wave-wave interactions that generate microseism sig- 
nals that are local to BKS but occur after the swell 
passes 46013. In that respect, proxy wave heights Hs 
are derived from spatial as well as temporal averag- 
ing. The seismic amplitudes at BKS in Figure 4b peak 
about 2 hours after 46013 and remain elevated for nearly 
3 hours while the spectral levels at 46013 fall off more 
rapidly. Assuming a northerly approach for •his swell 
event, this suggests that certain stretches of coast south 
of Point Reyes may be more reflective, resulting in a 
larger opposing wave field and higher microseism levels. 
Cessaro [1994] also found that certain stretches of coast 
g•enerated higher microseism levels. In these instances, 
Hs will be high relative to Hs, with the net result a re- 
duction in the slope of Fsw, causing •s to be underesti- 
mated. Consequently, swell direction may be an impor- 
tant factor for microseism generation and could affect 
Hs reconstructions. Alternatively, the time difference 
in peak energy may result from buoy 46013 being out- 
side the local double-frequency microseism generation 
area that dominates the signal at BKS and for these 
northerly swell arrivals, Rs is somewhat smaller than 
that estimated by Haubrich et al. [1963]. 
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Background

pressure variations could be transmitted to the seafloor under deep-water
conditions continued to be a vexing problem. Miche (1944) showed that the
interaction of ocean waves could cause pressure perturbations in the water
column that do not attenuate with depth, thereby making oscillations on the
seafloor possible. Longuet-Higgins and Ursell (1948) and Longuet-Higgins
(1950) extended this argument and demonstrated that while a first-order
pressure fluctuation decays exponentially with depth, a depth-independent-
second-order fluctuation occurs when certain sea-surface conditions are met
(Fig. 1.7(a)). Longuet-Higgins (1950) principal results, verifiedon amodel scale
by Cooper and Longuet-Higgins (1951), are briefly summarized here.

We use a system of horizontal and vertical coordinates x and z,
respectively, with z measured downwards from the mean ocean surface.
Assuming an incompressible ocean, the relation between pressure and
potential and kinetic energies per unit volume can be expressed using the
Bernoulli equation

p! ps
r

! gz ¼ vf

vt
! 1

2

!
u2 þ w2

"
þ qðtÞ; [1.1]

Figure 1.7 Cartoon illustration of microseism generation mechanisms. (a) Secondary
microseisms are generated only when ocean wave trains of the same frequency trav-
eling in opposite directions meet. Under these conditions, a depth-independent
second-order pressure variation arises, with amplitude proportional to the product of
wave amplitudes (a1 and a2) and its frequency (2u) double that of the ocean waves
(Longuet-Higgins, 1950). Opposing wave trains can be generated at or near storms in
deep or shallow water, or in shallow water when an incoming wave train meets waves
reflected from a coast. In the former case, energy is transported from the storm to
a receiving station via microseisms; in the latter, it is primarily ocean waves that
transport the energy. Both generation modes may be active for any particular storm.
(b) Primary microseisms are generated through nonlinear coupling of ocean wave
energy into the seafloor by the shoaling action of waves in shallow water (Hasselmann,
1963). Primary microseism frequency u is that of the ocean waves responsible for their
generation, which may travel great distances before primary microseisms are
generated.
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pressure fluctuations on the ocean bottom

from shoaling and/or breaking waves (3).

The dominant double-frequency (DF) peak,

observed at half the period of the ocean waves,

results from the nonlinear interaction of waves

traveling in nearly opposite directions (4).

This “wave-wave” mechanism generates a

pressure pulse that propagates nearly unatten-

uated to the sea floor, where it is transformed

mainly into seismic Rayleigh waves that can

propagate long distances. 

High-amplitude DF microseisms observed

by seismometers on the sea floor in the deep

ocean are caused by wave activity under

nearby storms (5); these microseism signals

should be observable on land. However, even

extreme storms approaching the coast gener-

ate microseisms that are detected on land only

when their waves reach nearshore locations

(1, 6, 7), where shore-reflected/scattered waves

provide opposing wave components at swell

periods (6). To date, there is no unambiguous

evidence that deep-ocean-generated micro-

seisms are observed on land. 

The ubiquitous microseism vibrations are

sensed at seismic stations globally, even deep in

continental interiors (1, 8). Their integrative

quality allows assessment of trends in coastal

wave activity at regional and global spatial

scales using the global seismic network (GSN).

The close relationship between near-coastal

measurements of DF microseisms and the

nearby wave climate allows an accurate esti-

mate of historical near-coastal wave variability

from archived seismograms (9), important for

investigating changes in storm wave frequency,

intensity, and duration associated with climate

change. Upward trends in the number of strong

microseism events indicate that coastal wave

intensity is increasing globally (2). 

Microseism measurements may also have

other uses beyond climate studies. Because

microseisms are generated continuously at

multiple source areas along coastlines, com-

pared with infrequent earthquake signals

arriving along single azimuths, they provide

useful signals for seismic array tomography

(10) to probe the structure of Earth’s crust.

Storm tracking using microseism noise is also

getting renewed interest. In addition to gener-

ating Rayleigh waves, a portion of the DF

microseism pressure pulse produced under

storms is converted at the ocean bottom to

seismic P waves that can be observed by land-

based seismic arrays, allowing the locations of

storms to be determined (11).

Microseisms should not be confused with

Earth’s “hum,” a term referring to bell-like

ringing associated with

the fundamental resonant

spheroidal oscillations of

Earth (12) at periods be-

tween 1 and 8 minutes

(see the figure). Initially it

was thought that hum was

forced by direct coupling

of atmospheric pressure

fluctuations to the solid

Earth (12), but recent

studies favor hum excita-

tion by ocean infragravity

(IG) waves (13–16). A

portion of ocean swell

that reaches coastlines is

transformed into much

longer period (>50 sec-

ond) IG waves (17), partly

through the same wave-wave mechanism that

produces DF microseisms. IG-wave ampli-

tudes depend on swell amplitudes impacting

coasts, which in turn depend on climate fac-

tors affecting storm track and storm intensity.

Consequently, the locations of dominant hum

excitation and hum levels, both seasonally and

longer term, are climate-related.

Early analyses suggested that hum

modes are excited by IG waves in the deep

ocean (13). However, because IG-wave

amplitudes are much higher over the shelf

than the deep ocean, shallow continental

shelf waters are more likely to be the domi-

nant source regions (15, 16). Hum modula-

tion has been associated with changing

source regions as storm waves arrive at dif-

ferent coastal locations (18), locally gener-

ating IG waves. Whether low-amplitude

background hum levels are excited by IG

waves over the deep ocean remains uncer-

tain. Newly available USArray (19) data,

which provide an unprecedentedly dense

large-aperture network of broadband seis-

mic stations, may help to identify the domi-

nant hum source regions.

Recent analysis of horizontal motions

recorded by seismometers suggests the exis-

tence of “toroidal” hum modes (20). The

cause of these modes is unknown, but Kurrle

and Widmer-Schnidrig (20) suggest that the

horizontal forces needed to excite these

modes may result from coupled wind energy

along mountain range fronts or long period

ocean waves impacting steep oceanic topo-

graphic features such as island chains or con-

tinental shelves. Alternatively, the toroidal

modes may be a consequence of the wave-

wave hum forcing mechanism. The USArray

data may also advance our understanding of

toroidal hum sources and their characteristics. 

The direct association of storm-driven

ocean waves with microseisms and hum

shows that the solid Earth is not independent

of the global “climate system.” Microseisms

and nonearthquake hum levels are regional

and/or global integrators of storm intensity

that complement near-coastal oceanographic

observations. As rising sea levels allow more

wave energy to reach farther shoreward,

changes in microseism and hum levels could

provide a useful proxy for wave energy

reaching coasts. 
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Distribution of seismic noise energy. The data, obtained at a “quiet” seis-
mic station (TUC in Tucson, Arizona) between 6 November 1998 and 30
December 2008, show the observed range of variability over the 10-year
record for the DF and SF microseisms and for the hum band (21). The high-
est probability obtained means that these levels were observed >20% of the
time at this inland location, an indication of the persistence and ubiquitous
nature of wave-generated signals.
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Single-freq.	(primary)	microseisms	
Same	frequency	as	that	of	oceanic	swell

Double-freq.	(secondary)	microseisms	
Twice	the	frequency	of	oceanic	swell

Bromirski,	Science	2009

Ebeling,	Adv.	Geophys.	2012

• Under	some	circumstances,	
ocean	waves	couple	their	energy	
to	the	solid	Earth,	generating	
peaks	in	seismic	energy	that	are	
pervasively	observed	in	seismic	
stations	around	the	globe.

• The	most	energetic	ocean-
generated	seismic	signal	is	the	
double-frequency	(DF),	or	
secondary	microseisms.

Seismic	Spectrum

Generation	Mechanisms
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Plate 3. (a) Significant wave height Hs at NOAA buoy 46013 for January-March 1995 (blue 
line) and the seismic reconstruction (black line) from BKS (•rs) for the same time period. (b) 
Associated peak wave period Tp at 46026 and the corresponding reconstruction •p from BKS. 

(b) 

mic band to 0.48 Hz. However, since there is gener- 
ally little wave energy above 0.24 Hz, excluding energy 
at these frequencies shotlid not significantly affect Hs 
reconstructions. For more regional and distant events 
that have similar characteristics along much of the Cal- 
ifornia coast and where most of the energy is at periods 
greater than 12 s, e.g., the nearly 7 m Hs events on 
January 22 and March 23, the seismic reconstruction 
Hs models the buoy tls closely. 

The comparison of the associated wave period recon- 
struction for 46013 and BKS is shown in Plate 3b. The 
reconstructed peak period f• (black line) has a much 
narrower range and an obvious long-period bias. We 
note that buoy T• measurements of low H, long-period 
waves are subject to some uncertainty as a result of the 
nonlinear inversion from frequency to period and the 
potential for bimodal seas. Tests showed that the in- 
version results were not very sensitive to variation in 
estimates of either Wo or •., suggesting that some of 

the bias most likely results from the presence of telemi- 
croseisms. When significant telemicroseism energy is 
present, • will have a long-period bias. An overesti- 
mation of T• is more likely during low H, when the 
telemicroseismic contribution to $w can be more signif- 
icant. Obliquely arrivin•g swell will also contribute to 
the long-period bias in Tp. Given the likely biases de- 
scribed above, close examination of Plate 3b suggests 
that, while the T• match is not exact, the occurrence 
of high Hs long-period events (i.e., those events with 
H• > 5 m and T• > 12 s) can clearly be identified from 
the microseism"data. In addition, Plate 3a shows that 
the presence of tel•microseism energy will not result in 
an overestimation of H, for extreme wave events using 
the procedure given above. 

These results indicate that the extreme wave clima- 
tology of the California coast can be accurately recon- 
structed from microseism data. In addition, these tests 
suggest a 3 month buoy deployment may obtain suf- 

Motivation
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Figure 6. ▲  Microseism power (10–20 s) and Point Arguello wave forcing time series, showing the 1997–99 El Niño/La Niña cycle (figure 
5). Intermittent ANMO data outages are indicated in gray. The general character of the association is that of consistent peak correlations 
with variable relative amplitude levels. Inset: Cross-correlation function central maximum for the complete overlapping microseism/buoy 
data period of figure 5.
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• Previous	studies	have	shown	a	
strong	correlation	between	
ocean	wave	height	and	
microseisms	amplitude.

• Previous	studies	have	shown	that	
ocean	wave	height	can	be	
recovered	from	seismic	records,	
which	is	interesting	for	various	
applications	(e.g.:	recovery	of	
historical	climate	parameters).

• Here	we	compare	the	
performance	of	different	seismic-
to-buoy	recovery	methods.

Strong	correlation	between	ocean	wave	height	and	seismic	energy

Microseismic Power

Ocean	Wave	Height

Bromiski et	al,	JGR	1999

Ocean	wave	height	can	be	reconstructed	from	seismic	data

Buoy	40613:	
Observed	Ocean	
Wave	Height

Seismic	BKS:	
Reconstructed	
Ocean	Wave	

Height



Method	1:	
After	Bromirski	et	al	(1999)
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croseism excitation theory are given by Hasselmann 
[1963], Schmidt and Kuperman [1988], Kibblewhite and 
Wu [1991], Webb [1992], and others. 

The transfer function F sw relates the microseism am- 
plitudes to the ocean wave amplitudes. Prior to esti- 
mating F sw, the microseism spectral levels must be cor- 
rected for the frequency-dependent terms (in brackets 
in (3)) that modify the wave spectrum characteristics. 
Each of these terms is difficult to estimate over a vari- 
able area for varying source characteristics. An alterna- 
tive to estimating these terms individually is to deter- 
mine composite wave-to-seismic coefficients Tws empiri- 
cally from normalized seismometer data and normalized 
buoy data for corresponding frequency bands, that is, 

other sources of significant nonocean-wave-related sig- 
nals must be excluded when determining F sw. 

5. Application: Berkeley (BKS) Versus 
Buoy 46013 

Broadband seismometer data have been continuously 
recorded at the University of California, Berkeley, since 
about 1930. Digital broadband vertical-component seis- 
mometer data decimated to I Hz used in this study 
are available since 1992 from the Northern California 
Earthquake Data Center (NCEDC) for the Berkeley 
seismographic station (BKS). Buoy data are available 
from NODC as previously noted. 

= w0() 

52 (•) / 52 (03)max (4) • w w 

S z2 ( lXJ d ) / S z2 ( lXJ d ) max ' 
An advantage of estimating Tws in this manner is that 
assumptions about R•, Wo, Tz, and a• are unnecessary. 

Converting (3) to temporal frequency f, where • - 
2x f, and substituting Tws for the terms in bracketsz the 
equivalent (seismic) gravity-wave spectral density S• is 
then estimated from 

1 

• (fd) -- 4•4p2g 2 f3 Tw (fd) ' (5) c 2 8 

where f is the ocean gravity-wave spectral density fre- 
quency, fa - 2f, and S z is the vertical displacement 
seismometer data. Then the equivalent (seismic) signi[ 
icant wave height •s is obtained from the band-limited 
zeroth moment of the seismic spectrum as 

1 

- 4 , (c) 
1 

where we choose fx - 0.085 Hz and f2 - 0.48 Hz. Here, 
fx is selected to exclude most swell-derived primary mi- 
croseism energy and other ultralong-period noise, and 
f2 is limited by the Nyquist frequency of the long-period 
seismometer data. The corresponding proxy peak wave 
period, •r•, is estimated as twice the period of the max- 
imum of S• (fa). 

Since the microseism amplitudes are proportional to 
the square of the wave amplitudes and also include 
probable nonlinear contributions from Rs, we use a 
quadratic least squares fit to a plot of seismic • ver- 
sus wave Hs for corresponding time periods to obtain 
the seismic-to-wave transfer function F sw. Estimat- 
ing F• in this manner averages the frequency and 
wave height dependent parameters that affect the mi- 
croseism amplitudes. F sw is applied to the • esti- 
mates (Equat?n (6)) to obtain the proxy wave height 
•; that is, Hs - Fsw •. Seismometer data con- 
taining surface-wave signals from earthquakes, ground 
shaking attributed to severe local wind conditions, and 

5.1. Spectral Characteristics 

The spectral energy levels at buoy 46013 and seismic 
station BKS (see Figure I for locations) for January, 
February, and March 1995 are shown in Plate 2. Tick 
marks are at 5-day intervals except at the end of each 
month. Spectral levels above or below the ranges shown 
were set equal to that respective bound. The 46013 data 
consist of hourly wave spectral density estimates that 
result from averaging wave measurements of 1024 s du- 
ration [Steele et al., 1985]. The BKS spectral levels were 
computed from the seismometer time series by averag- 
ing three consecutive 512 s data segments with 256 s 
overlap using standard fast Fourier transform process- 
ing with a Hanning window. To reduce the variance in 
the spectral estimates, each spectral estimate (in dB) 
was averaged together with the two adjacent spectral 
estimates at both higher and lower frequencies for each 
segment prior to averaging the spectral estimates from 
the three segments. The resulting 14 spectral estimates 
in each hour were then averaged to obtain hourly seis- 
mic estimates corresponding to the buoy data times. 
Vertical stripes in Plate 2b are either earthquake tran- 
sients or missing data. 

Most of the ocean wave energy is found in the [0.04, 
0.20] Hz band (Plate 2a). Locally generated "sea" is 
typically characterized by significant energy at periods 
less than 10 s (i.e., at frequencies > 0.1 Hz) and by 
the peak in the wave energy spectrum initially shift- 
ing to lower frequencies (longer periods), indicative of 
the progressive development of the in-fetch spectrum 
or the increase in wind speed as the local storm inten- 
sity increases [Bretschneider, 1959]. The typical local- 
sea spectral signature is exemplified by the event near 
March 10, clearly showing a decrease in the frequency of 
the spectral peak with time. The relationship between 
local sea development and associated changes in the mi- 
croseism spectrum has previously been observed by Kib- 
blewhite and Evans [1985] and Babcock et al. [1994]. In 
contrast, the arrival of swell from distant storms shows 
the wave spectral peak shifting from low to high fre- 
quencies (shorter periods) as a result of the dispersion 
of ocean waves in deep water [Munk et al., 1963]. This 

1. Compute	a	seismic-to-buoy	
empirical	transfer	function	(Tws),	as	
a	ratio	between	ocean	(Sw)	and	
seismic	(Sz)	spectra.

2. Recover	ocean	wave	spectra	from	
seismic	spectra.	

3. Integrate	the	recovered	ocean	
wave	spectra	to	obtain	significant	
wave	height	(Hz).

4. Re-normalize	the	recovered	SWH	
using	a	linear	or	quadratic	
regression	between	observed	and	
recovered	SWHs.
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croseism excitation theory are given by Hasselmann 
[1963], Schmidt and Kuperman [1988], Kibblewhite and 
Wu [1991], Webb [1992], and others. 

The transfer function F sw relates the microseism am- 
plitudes to the ocean wave amplitudes. Prior to esti- 
mating F sw, the microseism spectral levels must be cor- 
rected for the frequency-dependent terms (in brackets 
in (3)) that modify the wave spectrum characteristics. 
Each of these terms is difficult to estimate over a vari- 
able area for varying source characteristics. An alterna- 
tive to estimating these terms individually is to deter- 
mine composite wave-to-seismic coefficients Tws empiri- 
cally from normalized seismometer data and normalized 
buoy data for corresponding frequency bands, that is, 

other sources of significant nonocean-wave-related sig- 
nals must be excluded when determining F sw. 

5. Application: Berkeley (BKS) Versus 
Buoy 46013 

Broadband seismometer data have been continuously 
recorded at the University of California, Berkeley, since 
about 1930. Digital broadband vertical-component seis- 
mometer data decimated to I Hz used in this study 
are available since 1992 from the Northern California 
Earthquake Data Center (NCEDC) for the Berkeley 
seismographic station (BKS). Buoy data are available 
from NODC as previously noted. 
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An advantage of estimating Tws in this manner is that 
assumptions about R•, Wo, Tz, and a• are unnecessary. 

Converting (3) to temporal frequency f, where • - 
2x f, and substituting Tws for the terms in bracketsz the 
equivalent (seismic) gravity-wave spectral density S• is 
then estimated from 

1 

• (fd) -- 4•4p2g 2 f3 Tw (fd) ' (5) c 2 8 

where f is the ocean gravity-wave spectral density fre- 
quency, fa - 2f, and S z is the vertical displacement 
seismometer data. Then the equivalent (seismic) signi[ 
icant wave height •s is obtained from the band-limited 
zeroth moment of the seismic spectrum as 

1 

- 4 , (c) 
1 

where we choose fx - 0.085 Hz and f2 - 0.48 Hz. Here, 
fx is selected to exclude most swell-derived primary mi- 
croseism energy and other ultralong-period noise, and 
f2 is limited by the Nyquist frequency of the long-period 
seismometer data. The corresponding proxy peak wave 
period, •r•, is estimated as twice the period of the max- 
imum of S• (fa). 

Since the microseism amplitudes are proportional to 
the square of the wave amplitudes and also include 
probable nonlinear contributions from Rs, we use a 
quadratic least squares fit to a plot of seismic • ver- 
sus wave Hs for corresponding time periods to obtain 
the seismic-to-wave transfer function F sw. Estimat- 
ing F• in this manner averages the frequency and 
wave height dependent parameters that affect the mi- 
croseism amplitudes. F sw is applied to the • esti- 
mates (Equat?n (6)) to obtain the proxy wave height 
•; that is, Hs - Fsw •. Seismometer data con- 
taining surface-wave signals from earthquakes, ground 
shaking attributed to severe local wind conditions, and 

5.1. Spectral Characteristics 

The spectral energy levels at buoy 46013 and seismic 
station BKS (see Figure I for locations) for January, 
February, and March 1995 are shown in Plate 2. Tick 
marks are at 5-day intervals except at the end of each 
month. Spectral levels above or below the ranges shown 
were set equal to that respective bound. The 46013 data 
consist of hourly wave spectral density estimates that 
result from averaging wave measurements of 1024 s du- 
ration [Steele et al., 1985]. The BKS spectral levels were 
computed from the seismometer time series by averag- 
ing three consecutive 512 s data segments with 256 s 
overlap using standard fast Fourier transform process- 
ing with a Hanning window. To reduce the variance in 
the spectral estimates, each spectral estimate (in dB) 
was averaged together with the two adjacent spectral 
estimates at both higher and lower frequencies for each 
segment prior to averaging the spectral estimates from 
the three segments. The resulting 14 spectral estimates 
in each hour were then averaged to obtain hourly seis- 
mic estimates corresponding to the buoy data times. 
Vertical stripes in Plate 2b are either earthquake tran- 
sients or missing data. 

Most of the ocean wave energy is found in the [0.04, 
0.20] Hz band (Plate 2a). Locally generated "sea" is 
typically characterized by significant energy at periods 
less than 10 s (i.e., at frequencies > 0.1 Hz) and by 
the peak in the wave energy spectrum initially shift- 
ing to lower frequencies (longer periods), indicative of 
the progressive development of the in-fetch spectrum 
or the increase in wind speed as the local storm inten- 
sity increases [Bretschneider, 1959]. The typical local- 
sea spectral signature is exemplified by the event near 
March 10, clearly showing a decrease in the frequency of 
the spectral peak with time. The relationship between 
local sea development and associated changes in the mi- 
croseism spectrum has previously been observed by Kib- 
blewhite and Evans [1985] and Babcock et al. [1994]. In 
contrast, the arrival of swell from distant storms shows 
the wave spectral peak shifting from low to high fre- 
quencies (shorter periods) as a result of the dispersion 
of ocean waves in deep water [Munk et al., 1963]. This 
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croseism excitation theory are given by Hasselmann 
[1963], Schmidt and Kuperman [1988], Kibblewhite and 
Wu [1991], Webb [1992], and others. 

The transfer function F sw relates the microseism am- 
plitudes to the ocean wave amplitudes. Prior to esti- 
mating F sw, the microseism spectral levels must be cor- 
rected for the frequency-dependent terms (in brackets 
in (3)) that modify the wave spectrum characteristics. 
Each of these terms is difficult to estimate over a vari- 
able area for varying source characteristics. An alterna- 
tive to estimating these terms individually is to deter- 
mine composite wave-to-seismic coefficients Tws empiri- 
cally from normalized seismometer data and normalized 
buoy data for corresponding frequency bands, that is, 

other sources of significant nonocean-wave-related sig- 
nals must be excluded when determining F sw. 

5. Application: Berkeley (BKS) Versus 
Buoy 46013 

Broadband seismometer data have been continuously 
recorded at the University of California, Berkeley, since 
about 1930. Digital broadband vertical-component seis- 
mometer data decimated to I Hz used in this study 
are available since 1992 from the Northern California 
Earthquake Data Center (NCEDC) for the Berkeley 
seismographic station (BKS). Buoy data are available 
from NODC as previously noted. 
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An advantage of estimating Tws in this manner is that 
assumptions about R•, Wo, Tz, and a• are unnecessary. 

Converting (3) to temporal frequency f, where • - 
2x f, and substituting Tws for the terms in bracketsz the 
equivalent (seismic) gravity-wave spectral density S• is 
then estimated from 
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• (fd) -- 4•4p2g 2 f3 Tw (fd) ' (5) c 2 8 

where f is the ocean gravity-wave spectral density fre- 
quency, fa - 2f, and S z is the vertical displacement 
seismometer data. Then the equivalent (seismic) signi[ 
icant wave height •s is obtained from the band-limited 
zeroth moment of the seismic spectrum as 

1 

- 4 , (c) 
1 

where we choose fx - 0.085 Hz and f2 - 0.48 Hz. Here, 
fx is selected to exclude most swell-derived primary mi- 
croseism energy and other ultralong-period noise, and 
f2 is limited by the Nyquist frequency of the long-period 
seismometer data. The corresponding proxy peak wave 
period, •r•, is estimated as twice the period of the max- 
imum of S• (fa). 

Since the microseism amplitudes are proportional to 
the square of the wave amplitudes and also include 
probable nonlinear contributions from Rs, we use a 
quadratic least squares fit to a plot of seismic • ver- 
sus wave Hs for corresponding time periods to obtain 
the seismic-to-wave transfer function F sw. Estimat- 
ing F• in this manner averages the frequency and 
wave height dependent parameters that affect the mi- 
croseism amplitudes. F sw is applied to the • esti- 
mates (Equat?n (6)) to obtain the proxy wave height 
•; that is, Hs - Fsw •. Seismometer data con- 
taining surface-wave signals from earthquakes, ground 
shaking attributed to severe local wind conditions, and 

5.1. Spectral Characteristics 

The spectral energy levels at buoy 46013 and seismic 
station BKS (see Figure I for locations) for January, 
February, and March 1995 are shown in Plate 2. Tick 
marks are at 5-day intervals except at the end of each 
month. Spectral levels above or below the ranges shown 
were set equal to that respective bound. The 46013 data 
consist of hourly wave spectral density estimates that 
result from averaging wave measurements of 1024 s du- 
ration [Steele et al., 1985]. The BKS spectral levels were 
computed from the seismometer time series by averag- 
ing three consecutive 512 s data segments with 256 s 
overlap using standard fast Fourier transform process- 
ing with a Hanning window. To reduce the variance in 
the spectral estimates, each spectral estimate (in dB) 
was averaged together with the two adjacent spectral 
estimates at both higher and lower frequencies for each 
segment prior to averaging the spectral estimates from 
the three segments. The resulting 14 spectral estimates 
in each hour were then averaged to obtain hourly seis- 
mic estimates corresponding to the buoy data times. 
Vertical stripes in Plate 2b are either earthquake tran- 
sients or missing data. 

Most of the ocean wave energy is found in the [0.04, 
0.20] Hz band (Plate 2a). Locally generated "sea" is 
typically characterized by significant energy at periods 
less than 10 s (i.e., at frequencies > 0.1 Hz) and by 
the peak in the wave energy spectrum initially shift- 
ing to lower frequencies (longer periods), indicative of 
the progressive development of the in-fetch spectrum 
or the increase in wind speed as the local storm inten- 
sity increases [Bretschneider, 1959]. The typical local- 
sea spectral signature is exemplified by the event near 
March 10, clearly showing a decrease in the frequency of 
the spectral peak with time. The relationship between 
local sea development and associated changes in the mi- 
croseism spectrum has previously been observed by Kib- 
blewhite and Evans [1985] and Babcock et al. [1994]. In 
contrast, the arrival of swell from distant storms shows 
the wave spectral peak shifting from low to high fre- 
quencies (shorter periods) as a result of the dispersion 
of ocean waves in deep water [Munk et al., 1963]. This 
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Figure 3. (a) Equivalent (seismic)significant wave 
height •s from BKS versus buoy 46013 Hs. Stip- 
pled line is the quadratic least squares fit to these data 
and represents the microseism-to-wave transfer function 
Fsw. (b) Hs at 46026 versus Hs at 46013 showing the 
variation in Hs at two nearby coastal buoys (see Fig- 
ure I for locations). 

about 80 km causes variability in the short-period wave 
spectra between 46013 and 46026, resulting in corre- 
sponding differences in Hs. The linear least squares fit 
for 46026 versus 46013 (Figure 3b, stippled line) has an 
R 2 = 0.92, comparable to that for BKS-46013, with a 
slope of 1.12 that is indicative of the somewhat lower Hs 
at sheltered buoy 46026. A similar variance, R • = 0.89, 
is observed between unsheltered deep water buoys 46011 
and 46023 for the same time period, indicating that 
this amount of variation observed in Hs is common 
between relatively nearby buoys. Since buoy 46013 is 
near the northern limit of Rs from BKS as estimated 
by Haubrich et al. [1963] and since the 46026-46013 
and 46013-BKS variances are similar, the resulting Hs 
from reconstructions should show variation similar to 
that observed between the two buoys. 

In addition to the dominant locally generated micro- 
seism signals, $z includes microseism energy from non- 
local wave activity that we will refer to as "telemicro- 
seisms." The telemicroseism level depends on the storm 
size and its location relative to the coast. To estimate 
the magnitude of the telemicroseismic contribution at 
BKS, we compare the spectral characteristics of the 

peak of the relatively short duration high-amplitude 
swell event at 46013 and BKS on January 22 in the 
[0.03,0.2] Hz band (Figure 4) with the lowest levels pre- 
ceding the swell arrival. Similar relative energy levels 
and spectral content for the buoy and seismometer data 
are observed, again showing the one-to-one correspon- 
dence between local swell and microseism amplitudes. 
The peak spectral energy levels at 2100 UT at 46013 
(solid line) normalized to the maximum spectral level 
are shown in Figure 5, with the lower curve from Jan- 
uary 22 at 0600 UT using the same normalization as 
that for the peak energy curve. Curves for the same 
times from BKS (dashed lines) normalized to the BKS 
peak energy on January 22 at 2100 UT are also shown 
in Figure 5. The peak at BKS is nearly twice the wave 
frequency as predicted by theory. Since virtually no 
swell energy is observed at 46013 in the [0.03,0.1] Hz 
band near 0600 UT on January 22, the microseism en- 
ergy at BKS at that time in the [0.1,0.15] Hz band 
must be primarily of nonlocal origin. An estimate of 
the telemicroseism contribution at BKS can be inferred 
from the lower BKS curve in Figure 5, where the en- 
ergy at 0.12 Hz is about 10% of the swell event peak 
at a time when the associated wave energy at 46013 at 
half that frequency (0.06 Hz) is close to zero. However, 
part of this apparent telemicroseism energy may result 
from local wave activity that is not present at 46013. 
Regardless, Figure 4 shows that microseism levels at 
BKS correspond closely with nearby wave activity and 
that telemicroseism energy will not significantly affect 
the accuracy of Hs reconstructions. 

For obliquely arriving swell, the variance in Fsw partly 
results from the more rapid variation in wave Hs com- 
pared to/•s; that is, the microseism levels can remain 
relatively high for longer time periods as a result of 
wave-wave interactions that generate microseism sig- 
nals that are local to BKS but occur after the swell 
passes 46013. In that respect, proxy wave heights Hs 
are derived from spatial as well as temporal averag- 
ing. The seismic amplitudes at BKS in Figure 4b peak 
about 2 hours after 46013 and remain elevated for nearly 
3 hours while the spectral levels at 46013 fall off more 
rapidly. Assuming a northerly approach for •his swell 
event, this suggests that certain stretches of coast south 
of Point Reyes may be more reflective, resulting in a 
larger opposing wave field and higher microseism levels. 
Cessaro [1994] also found that certain stretches of coast 
g•enerated higher microseism levels. In these instances, 
Hs will be high relative to Hs, with the net result a re- 
duction in the slope of Fsw, causing •s to be underesti- 
mated. Consequently, swell direction may be an impor- 
tant factor for microseism generation and could affect 
Hs reconstructions. Alternatively, the time difference 
in peak energy may result from buoy 46013 being out- 
side the local double-frequency microseism generation 
area that dominates the signal at BKS and for these 
northerly swell arrivals, Rs is somewhat smaller than 
that estimated by Haubrich et al. [1963]. 

Bromiski et	al,	JGR	1999

Non-linear

Linear Sw(fd) =	[Tws(fd) .	Sz2	(fd) ]1/2

Develop	an	empirical	transfer	function	between	
buoy	wave	spectra	and	seismic	spectra.

(Original	approach)

(This	study)



Method	2:	
After	Ferretti	et	al	(2013)

1. Recover	significant	wave	height	
(H1/3)	as	the	integral	of	seismic	
energy	(Sm)	over	a	relevant	
microseismic	period	band.	
Optimize	the	period	band	(fmin,	
fmax)	and	the	amplitude	factors	
(a,	b ,	c)	by	dual	annealing:

a. Linear	relationship:

b. Non-linear	relationship:

Ferretti	et	al,	GJI	2013
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Figure 2. Correlation between microseism and measured sea wave parameters. (a) Spectrogram of the vertical component of the microseism recorded from
2008 October 25 to 2008 November 19. The colour scale represents the amplitude of the Fourier spectrum computed over windows of 1 hr (see text for details);
(b) significant sea wave height (black line) and sea wave frequency (blue line) versus time as measured by the Côte d’Azur buoy. Dashed boxes indicate type
‘A’ and type ‘B’ microseismic phenomena (see the text for details).

Figure 3. Hourly amplitude Fourier spectra (normalized to the duration of the signal) of the microseism recorded during 2008 October 25 (a) and the 2008
November 3, Ligurian Sea storm (b). The colour bar indicates the time window of each spectrum. The dotted vertical lines indicate the high amplitude peaks
discussed in the text.

two distinct high amplitude areas characterized by different frequen-
cies, as evidenced by the spectrogram. Of note, on Nov 3 (Fig. 3b),
a particular behaviour can be observed. In that day, the prevailing
frequency of microseism moves from about 0.3 to 0.2 Hz with the
highest sea wave heights occurring during the beginning of the day,
when the microseism features higher frequencies. Specifically, dur-
ing the morning, the sea wave frequency measured at the buoy (blue
line in Fig. 2b) is around 0.16 Hz, the microseism peaks at 0.28 Hz,
and the significant sea wave height (black line in Fig. 2b) spans
from 1.7 to 2 m. In the afternoon, the sea wave frequency drops to
about 0.13 Hz, the microseism peak shifts down to 0.22 Hz, and the
wave height gradually decreases to 1.1 m. Note that the sea wave

frequency values used here are average data reported by the buoy
and, therefore, they may be approximately 25 per cent larger than
the true peak frequencies obtainable from the sea wave spectrum
(not available). This frequency decrease with time is also observable
for the ‘B1c’ subevent (Nov 4–6), which is slightly more energetic
than ‘B1b’, and for the ‘B2’ event (Nov 13 and Nov 15).

Summarizing previous observations, it is evident that a strong cor-
relation between the microseismic signal and the significant wave
height exists, in that the energy of the microseism increases with
sea wave height. The most energetic events in the amplitude spec-
trum (Fig. 2a) are reflected in the values of H 1

3
(Fig. 2b). As an

example, the major storm event occurred in the period Oct 30–31 is
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Nov 16–19, Fig. 4b, left-hand panel) and windows presenting wave
heights greater than 1.5 m (Oct 29–Nov 6 and Nov 13–15, Fig. 4b,
right-hand panel). In both cases, inside each hourly recording win-
dow, the predominant frequency is determined from the largest
peak observed in the power spectrum of the vertical component
(Chevrot et al. 2007). The azimuth of the principal horizontal po-
larization axis is then computed from the spectra in a frequency
range of ±0.01 Hz around the predominant frequency (Tanimoto
et al. 2006). The upper limit of summation in eq. (3), n, is the num-
ber of discrete frequencies within ±0.01 Hz. Finally, the property
of fundamental mode Rayleigh waves, which present a retrograde
particle motion at the surface, is taken into account to remove the
180◦ ambiguity in azimuth definition, thus making possible the de-
termination of the true incoming direction of microseism (Tanimoto
et al. 2006; Chevrot et al. 2007).

Comparing barometric pressure maps with the polarization plots
allows us to discern the effect of different barometric depressions in
Europe on microseismic characteristics. According to Darbyshire
(1950), who showed that microseismic waves of different periods
travel independently and may have different origins, the microseism
signal analysed here may be related to different source areas. Dur-
ing the Ligurian storms occurred between Oct 29 and Nov 6, which
were caused by a cyclone in the Mediterranean Sea (labelled as ‘L’
in Fig. 4a) moving from west to east (Fig. 4a, right-hand panel), the
microseism is dominated by frequencies greater than 0.2 Hz and
presents a variable incoming azimuth spanning from south to west,
with a prevalent westward orientation (Fig. 4b, right-hand panel).
During the time periods Oct 25–28, Nov 7–12, and Nov 16–19 one
may observe that (1) the sea wave heights measured by the buoy
are lower than 1.5 m, (2) the microseism is characterized by two
frequency peaks at 0.07 and 0.14 Hz and by a predominant N–NNE
incoming direction (Fig. 4b, left-hand panel) and (3), concurrently, a
deep depression is localized in the Norwegian Sea (Fig. 4a, left-hand
panel). Although an accurate location of the microseism source can
only be obtained via a broad-band frequency-wavenumber analysis,
our previous observations seem to agree with results of several au-
thors working on the localization of microseismic source areas in the
Atlantic ocean and Mediterranean Sea. In particular, for the periods
Oct 29–Nov 6 and Nov 13–15, our findings agree with results of
Chevrot et al. (2007) showing the presence of microseismic source
areas near the Corsica and Menorca islands. These sources are lo-
cated south and southeast of the IMI station, respectively. Likewise,
for the periods Oct 25–28, Nov 7–12 and Nov 16–19, our polar-
ization results confirm the findings of many authors (e.g. Friedrich
et al. 1998; Stutzmann et al. 2009; Landes et al. 2010) evidenc-
ing the existence of a microseism source near the north Norwegian
coast. Therefore, the microseism dominated by frequency peaks at
0.07 and 0.14 Hz could be ascribed to a source area outside the
Ligurian Sea whereas that dominated by frequencies greater than
0.2 Hz could be generated in the Mediterranean Sea. This issue is
further discussed in the final section of the article where a cross-
correlation analysis between observed and predicted significant sea
wave heights is presented.

3 P R E D I C T I O N O F S E A WAV E H E I G H T
F RO M M I C RO S E I S M

The Ligurian Sea basin features a particular shape due to the curved
geometry of the coastline and a particular bathymetry presenting a
very steep continental slope (see Fig. 1). For this reason, the interac-
tion of sea waves generating the double-frequency microseism may

result very complicated, giving rise to complex seismic response.
Therefore, since exhaustive modelling may be very difficult to be
implemented numerically, our objective in this paper is to develop
an empirical model to predict sea wave height as a function of the
vertical component of microseism. To this end, we use an extended
data set including both recordings from Oct 25 to Nov 19, 2008 and
recordings from 2011 Jan 1 to Dec 31. First we test a simple model
based on the standard definition of significant sea wave height (eq.
1). Then, analysing the statistical distribution of measured wave
heights, we propose a more accurate modelization. Mathematically,
the simple model based on eq. (1) is expressed as:

H calc
1
3

= 4 c

√∫ fmax

fmin

2
T

|Sm( f )|2d f , (4)

where c is a scaling coefficient that adjusts the level of the seis-
mic signal to the sea wave height and 2

T |Sm( f )|2 is the PSD of
microseism.

To solve for the three unknowns of the model (fmin, fmax and c),
we developed an ad hoc procedure based on an inverse methodology
in the framework of the probabilistic approach, originally proposed
by Tarantola & Valette (1982). Writing the forward model in the
classical form:

g(m) = d, (5)

where g is the (possibly) non-linear operator that computes Hcalc
1
3

=
d given m, our inverse modelling consists in finding the ensemble of
models m = ( fmin, fmax, c) which best explain our observations. We
assume our uncertainties to be distributed according to a Gaussian
probability density function (pdf ) and set up a Markov chain Monte
Carlo algorithm to sample the a posteriori pdf:

σ (m) = k ρ(m) L(m), (6)

where k is a normalization constant, ρ(m) represents the a priori
pdf, and L(m) the likelihood function which gives a measure of the
misfit between observed and computed data (Mosegaard & Taran-
tola 1995). Defining mcur as our current model and mpert as some
randomly perturbed model according to the a priori information
[ρ(m)], the metropolis rule (Hastings 1970) implemented in our
algorithm can be summarized as follows:

(i) perturb the current model mcur to obtain mpert (according to
the a priori distribution);

(ii) accept the perturbed model (mpert) with probability

Paccept = min
[

1,
L(mpert)
L(mcur)

]
;

(iii) if mpert is accepted, set mcur = mpert and
(iv) go back to (i).

The peculiarity of the Monte Carlo method is that one obtains an
ensemble of solutions consistent with the observations instead of
a single solution. The spread of the models obtained may be then
used for estimating the range of reasonable values of significant sea
wave heights that can be predicted from microseism.

Following Bromirski (2001), we first search for the temporal re-
lationship between microseism and sea wave height values through
signal cross-correlation. To this end, H 1

3
is calculated using eq. (4)

and adopting values of fmin and fmax obtained from a preliminar
Monte Carlo run. The cross-correlation reveals about a 2 hr delay
of microseism with respect to sea wave height. This delay may be
ascribed to the particular sea basin characteristics and differences
in source–receiver path.
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Figure 5. Comparison between the significant sea wave height values measured at the buoy (red line) and those predicted by the ‘best-fitting model’ based on
eq. (4) (black line). The grey lines indicate the family of significant sea wave height predictions obtained from the ensemble of solutions of the inverse problem.
Yellow areas indicate periods with missing data.

Finally, to calibrate the predictive model in eq. (4), we apply the
Monte Carlo search for fmin, fmax and c to the shifted microseism
data taking the time of the sea wave heights recorded at the buoy
as reference. Running 100 000 iterations, we obtained about 2500
models, representing our set of solutions. To get independent sam-
ples, we retained only one every 20 accepted models. Since we
search for a single solution to compute the significant sea wave
height, the model with the highest likelihood, corresponding to
m = ( fmin, fmax, c) = (0.25, 0.97, 350 000), is chosen as our ‘best-
fitting model’. Fig. 5 compares the significant sea wave heights
recorded at the buoy with the set of H calc

1
3

values resulting from the

Monte Carlo simulation. The black curve indicates the values of sea
wave height predicted by the ‘best-fitting model’. The agreement
between the two time-series is fairly good both in terms of amplitude
(wave heights) and phase, in that no time-shift is present (as proved
by a cross-correlation analysis). The average difference between
observed and computed wave heights is about 0.26 m. However,
some observed sea wave height peaks are strongly overestimated
(by more than 1 m) by the predicted values.

Hence, in order to refine the sea wave height prediction, we
modify the forward model according to the empirical observa-
tion that H 1

3
follows a lognormal distribution. The hypothesis that

the observed data follow a lognormal distribution is proved via a
Kolmogorov–Smirnov test which shows that the sample is drawn
from the reference (lognormal) distribution assuming a level of sig-
nificance of 5 per cent. The new predictive model has the following
mathematical expression:

H calc
1
3

= exp

(

a + b ln

(√∫ fmax

fmin

2
T

|Sm( f )|2d f

))

, (7)

where a, b, fmin and fmax are the four unknowns of the model.
From the ensemble of solutions obtained from a new run of the

Monte Carlo algorithm (Fig. 6), we select the ‘best-fitting model’
corresponding to:

m = ( fmin, fmax, a, b) = (0.24, 0.78, 9.48, 0.66).

Analogously to Fig. 5, Fig. 7 compares recorded and predicted
sea wave height values. Again, the two time-series show a good
agreement in terms of phase. However, the new model provides
significant sea wave height values that better fit the experimental
observations (the average difference between observed and com-
puted wave heights is now reduced to about 0.19 m), overcoming the

limitation of the model in eq. (4) which was found to overestimate
wave height peaks. Nevertheless, some rare peaks overestimating
the observed values are still visible in Fig. 7 (e.g. the largest over-
estimation, of 1.75 m, is detectable near the end of October 2011;
however, observed values are overestimated by more than 1 m in
0.7 per cent of cases and by more than 1.5 m four times only). As
observed by Ardhuin et al. (2012), such outliers may be ascribed to
particular events that, for a same wave height, happen to be much
more noisy. These sporadic events, which originate when two wave
systems of distinct origin but equal wave periods run into one an-
other, are classified as Class III events by Ardhuin et al. (2012).
Moreover, a few slightly underestimated peaks (underestimated by
no more than around 0.5 m) are also visible. This underestimation
may be ascribed to the predictive model that does not take into
account the contribution of the microseism for frequencies lower
than 0.24 Hz, thus neglecting the maximum amplitudes of the spec-
trogram observed during the main local storms in the Ligurian Sea
(see Fig. 2a).

4 D I S C U S S I O N A N D C O N C LU S I O N S

A strong correlation between microseism recordings and sea wave
data is well known since long time. In this work, we showed that this
holds also true for the Ligurian Sea analysing a data set that includes
the microseism recorded by a near-coast seismic station and con-
current significant sea wave heights from a buoy. Hence, by using
a procedure based on a Markov chain Monte Carlo algorithm, we
obtain an empirical law to predict the significant sea wave height as
a function of the vertical component of microseism. Analysing the
amplitude Fourier spectrum of microseism recordings has pointed
out the variability of the frequencies dominating microseism. Dis-
tinction can be made between microseism controlled by frequen-
cies of 0.07 and 0.14 Hz (hereinafter low-frequency microseism)
and microseism with dominating frequencies of around 0.2–0.3 Hz
(hereinafter high-frequency microseism). The former is generally
accompanied by moderate sea wave heights (up to around 1.5 m).
The latter may be associated to local storms producing sea wave
heights up to around 4 m. These findings, in conjunction with results
from the polarization analysis showing that low- and high-frequency
microseisms are characterized by different polarization directions,
would suggest the double origin of the microseism recorded in the
Ligurian Sea. Hence, to prove that different microseism spectral
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Recover	SWH	as	the	integral	of	seismic	energy
in	a	chosen	microseismic period	band



Method	3:	
Neural	Network

1. Divide	the	seismic	spectra	and	
SWH	from	buoy	to	smaller	chunk	
vectors	by	the	time	axis.

2. Develop	a	Recurrent	Neural	
Networks (RNNs)	to	learn	the	
transformation	from	seismic	
spectra	to	SWH.



Method	3:	
Neural	Network

The	Recurrent Neural Network model	contains	layers	of	
Gated	Recurrent	Units	that	take	in	time	series	of seismic data

and	output	the	significant wave height.



Data

• Ocean	buoy	and	seismic	
stations	located	in	the	
eastern	USA.

• Ocean	buoy	41013	

(Available	through	NOAA)

• Seismic	station	CO.HAW.HHZ

(Available	through	IRIS)



Results:	Training	Dataset	[Data	used	to	develop	the	transfer	functions]

Method	1
(Bromirski et	al,	1999)

Method	2
(Ferretti	et	al,	2013)

Method	3
(Recurrent	Neural	

Network)

Methods	1,	2	and	3

Ocean	wave	height	– Observed	at	Buoy	(blue)	vs	Predicted	from	Seismic	Data	(other	colors)	[2	yrs 8	mo]



Results:	Validation	Dataset	[Data	not	used	to	develop	the	transfer	functions]

Method	1
(Bromirski et	al,	1999)

Method	2
(Ferretti	et	al,	2013)

Methods	1,	2	and	3

Ocean	wave	height	– Observed	at	Buoy	(blue)	vs	Predicted	from	Seismic	Data	(other	colors)	[4.5	months]

Method	3
(Recurrent	Neural	

Network)



Results

Method	1 Method	2 Method	3
(Bromirski et	al,	1999) (Ferretti	et	al,	2013) (Neural	network)
Linear Non-linear Linear Non-linear

Period	Band 2	– 4	s 2	– 4	s 2	– 4	s 2	– 4	s 1	- 17	s
Training	
dataset

Correlation 74.1% 73.1% 73.4% 73.3% 78.5%
RMS 0.435 0.443 0.462 0.778 0.402

Validation	
dataset

Correlation 79.5% 78.4% 77.6% 77.6% 77.0%
RMS 0.495 0.507 0.540 1.005 0.526



What	if	we	use	several	seismic	stations,	rather	than	just	one?

• We	use	the	same	data	as	
before,	but	now	use	
additional	seismic	stations	
(orange	triangles	in	the	
map).



What	if	we	use	several	seismic	stations,	rather	than	just	one?
[Results for	method 3	– recurrent neural	network	– only]

Training	Dataset

Correlation:	77.7%	
RMS:	0.406

Validation	Dataset

Correlation:	83.6%	
RMS:	0.441



Summary
• We	compared	three	diferent	methods	to	infer	ocean	wave	height	from	seismic	data:

• Method	1	(after	Bromirski	et	al,	1999):	Develops	an	empirical	transfer	function	between	spectral	ocean	buoy	and	spectral	seismic data.

• Method	2	(after	Ferretti	et	al,	2013):	Optimizes	significant	wave	height	as	a	scaled	integral	of	observed	spectral	seismic	data.

• Method	3	(based	on	a	neural	network):	Uses	a	recurrent neural	network	to	output	ocean significant wave height from input	seismic data.

• The	three	methods	are	able	to	succsessfuly	recover	ocean	wave	height	from	seismic	data,	with	correlations	
between	observed	and	validation	datasets	of	70%-80%

• Methods 1	(after Bromirski et al,	1999)	and 2	(after Ferretti et al,	2013)	perform slightly better when they
implement linear	relationships between ocean wave height and seismic data.

• Method	3	(based	on	a	neural	network)	is	more	successful	at	reproducing	the	training	dataset,	but	method	1	(after	
Bromirski	et	al,	1999,	but employing a	linear	relationship)	is	better	able	to	reproduce	the	validation	dataset.

• The	frequency	range	of	the	analysis	is	critical	for	a	successful	result.	The	methods	can	only	reproduce	well	coastal	
wave	heights	when focusing	on	short-period	secondary	microseisms	(T	=	2-3	s)

• The	performance	of	the	prediction improves	when	several	neighboring	stations	are	used	rather	than	just	one.


