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Abstract
ters. It is based on statistical analysis of frequency-dependent particle motion properties determined from a large number of

We present a new approach to polarization analysis of seismic noise recorded by three-component seismome-

time windows via eigenanalysis of the 3-by-3, Hermitian, spectral covariance matrix. We applied the algorithm to continuous
data recorded in 2009 by the seismic station SLM, located in central North America. A rich variety of noise sources was ob-
served. At low frequencies (<0.05 Hz) we observed a tilt-related signal that showed some elliptical motion in the horizontal
plane. In the microseism band of 0.05-0.25 Hz, we observed Rayleigh energy arriving from the northeast, but with three dis-
tinct peaks instead of the classic single and double frequency peaks. At intermediate frequencies of 0.5-2.0 Hz, the noise was
dominated by non-fundamental-mode Rayleigh energy, most likely P and Lg waves. At the highest frequencies (>3 Hz),
Rayleigh-type energy was again dominant in the form of Rg waves created by nearby cultural activities. Analysis of the time
dependence of noise power shows that a frequency range of at least 0.02—1.0 Hz (much larger than the microseism band) is
sensitive to annual, meteorologically induced sources of noise.
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1 Introduction

Analysis of ambient seismic noise is becoming in-
creasingly relevant to modern seismology. Advances in
computational speed and storage have made it feasible
to analyze years and even decades of continuous seismic
data in short amounts of time. Therefore, it is now pos-
sible to perform longitudinal studies of station perform-
ance in order to identify degradation or mis-installation
of seismic equipment (e.g., www.ldeo.columbia.edu/
~ekstrom/Projects/WQC.html). Long-term noise analy-
sis also provides insight into the evolution of the ocean
wave climate, specifically whether the frequency and
intensity of storms have changed as global temperatures
have changed (Bromirski et al., 1999; Grevemeyer et al.,
2000; Aster et al., 2008, 2010; Koper et al., 2009).
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The most straightforward method of analyzing
seismic noise is calculation of the power spectrum of
seismograms from which the instrument response has
been removed. Individual spectra can be averaged over
long time periods, eliminating the influence of transient
signals, to create 2D histograms, or probability density
functions (PDFs), that reveal the strength of the back-
ground noise as a function of frequency (McNamara and
Buland, 2004). The PDFs can be compared to reference
noise curves (Peterson, 1993) to classify the detection
quality of the seismometer as a function of frequency.
Time variations of the spectra can also be examined to
determine which frequencies possess daily or yearly
periodicities, and more fundamentally, to determine
time periods in which the instrument was malfunction-
ing or the instrument response was incorrect. This type
of processing is carried out routinely for thousands of
seismometers that transmit data to the IRIS DMC (In-
corporated Research Institutions for Seismology Data
Management Center) and results are publicly available
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More sophisticated processing of seismic noise is
possible if an array of seismometers is available. In this
case, the 2D slowness vector of the background noise
can be directly estimated. Phase velocity can be used to
identify the propagation mode of the noise and the
backazimuth can be used to identify its source region
(e.g., Koper and de Foy, 2008; Koper et al., 2009).
Temporal variations in the locations of ambient noise
sources can also be closely tracked with array data (e.g.,
Gerstoft et al., 2006). Unfortunately, arrays have useful
slowness resolution only over a relatively small range of
frequencies for which the wavefield is properly sampled
by the sensor geometry. Many permanent arrays, such as
those used by the International Monitoring System
(IMS), are designed to detect high-frequency energy (>1
Hz), and have apertures that are too small to be used for
studies in the microseismic band of about 0.05-0.25 Hz.

An alternative method of analyzing seismic noise
that is effective over a wide range of frequencies, yet
provides more insight than simple power spectra, is po-
larization analysis (e.g., Schulte-Pelkum et al., 2004;
Tanimoto et al., 2006). When ground motion is recorded
by three-component sensors, the phase relationships
among the components are strong indicators of the
propagation mode of the ambient noise, for instance

whether it is a body wave, Rayleigh wave, or Love wave.

The orientation of the polarization ellipsoid also con-
strains the backazimuth and incidence angle of the in-
coming energy. Directional constraints from polariza-
tion analysis are generally weaker than those obtained
from array analysis (e.g., Harris, 1990), but they have
the advantage of being observable over a wide range of
frequencies.

In this work, we describe and implement a novel
approach to polarization analysis of ambient seismic
noise using data recorded by a broadband seismometer
(SLM) located in central North America (Figure 1). We
process one calendar year of SLM data to identify co-
herent structures in the noise field across three orders of
magnitude in frequency (0.01-10 Hz). This particular
station was selected, in part, because it is installed at a
site that has been continuously occupied for over a cen-
tury, with analog SLM records dating back to 1906 ar-
chived at Saint Louis University. These data may be
useful as a proxy for the evolution of the ocean wave
climate in the northern hemisphere over this time period.
Plans are being made to digitize these data for a longitu-
dinal noise study, but as a first step it is necessary to
obtain a thorough understanding of the present day

1807

Figure 1 Location of seismometer SLM. The map projection
is orthographic and shows the incoming azimuth of potential
microseismic source locations. The plot border occurs at a dis-
tance of 90 degrees.

ambient noise field at SLM.

2 Methodology

A variety of related techniques have been developed
for performing polarization analysis of three-component
seismic data (e.g., Kanasewich, 1973; Vidale, 1986;
Jurkevics, 1988; Bataille and Chiu, 1991). The technique
used here is loosely based on the work of Samson (1983),
as described by Park et al. (1987), and is illustrated with
a flow chart in Figure 2. Essentially, eigen-decomposi-
tion of the spectral covariance matrix associated with a
sliding window of data is applied to yield various polari-
zation attributes as a function of time and frequency.
This in turn yields fundamental information about the
composition of seismic noise, such as the extent to which
it is polarized, its mode of propagation, and the direction
from which it arrives at the seismometer.

The processing begins by extracting one hour of
data from each broadband component and removing the
instrument response. A typical segment of data is shown
in Figure 3, along with the response of the seismograph
system to ground acceleration. Each window is divided
into 16 subwindows of 8 192 points (409.6 s), which
overlap one another by 50%. Each subwindow is de-
trended and tapered with a Hanning function, Fourier
transforms are calculated, and the elements of the spec-
tral covariance matrix are calculated. The diagonal ele-
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ments of the matrix represent the power spectra of each
component, while the off-diagonal elements represent
cross-spectra among the three components. The matrix
is 3-by-3 and Hermitian, and its elements are functions
of frequency, which ranges from 0 Hz to 10 Hz in in-
crements of 2.441x10~ Hz. The sixteen covariance ma-
trices are linearly averaged to provide an overall co-
variance matrix for the original one hour segment of
data. Eigen-decomposition is performed and the princi-
pal eigenvalue and eigenvector are assumed to represent
the polarization characteristics of the noise over the one
hour period.
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Figure 2 Flow chart for polarization analysis of ambient
noise recorded at SLM. Details are given in the text.
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Figure 3 (a) Seismograms recorded at SLM during the second hour of January 1, 2009. The only processing was trend
removal. (b) Nominal response of the SLM recording system. Gains are not appreciably different for the three components.

Output from this procedure is presented in Figure 4
for the example seismograms shown in Figure 3. The
three panels on the left, Figures 4a, 4b, 4c, show power
spectra for the vertical (UD), east-west (EW), and
north-south (NS) components respectively. Each has the
same general appearance with a broad peak in noise
power at very low frequencies (<0.01 Hz), three sharp
peaks within the microseism band (0.05-0.25 Hz), and a
broad peak at very high frequencies (>3 Hz). The drop-
off in amplitude near 8 Hz is an artifact related to the
anti-aliasing FIR filters in the data logger. The corre-
sponding power spectrum for the primary eigenvalue (1)
is shown in Figure 4d. Its variation as a function of fre-
quency is similar to that of the individual components.

The degree of polarization (,52) is presented in Fig-
ure 4e. It is defined by Samson (1983) to measure the

extent to which the noise is organized and can be de-
scribed by fewer than three degrees of freedom. It varies
from 0, when all the eigenvalues are equal, to 1 when
only a single non-zero eigenvalue exists. For the
three-component recordings considered here it is de-
fined as

g S -[(S)F
21(8)F

where ¢ is the trace and S is spectral covariance matrix.
We emphasize that the eigenvalues in this study are
derived differently from some time-domain polarization
analyses (e.g., Jurkevics, 1988) and that a large value of
[ does not imply linear particle motion. Elliptical mo-
tion can also lead to high values of A°. As a function of
frequency, f° generally tracks the variation in primary
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eigenvalue power, though some differences exist.

In Figures 4f, 4g, 4h, 4i we present the frequency
dependence of four angular quantities (G4, Gy, dvu, Gun)
derived from the eigenvector associated with the pri-
mary eigenvalue. The first two quantities relate to the
orientation of the polarization ellipsoid, with G} repre-
senting backazimuth for a Rayleigh or P wave (degrees
clockwise from North), and & representing angle of

100 100,

incidence for a P wave. The latter two quantities indi-
cate phase relations among the components, with @yy
being the difference in phase between the vertical and
principal horizontal component, and @yy being the dif-
ference in phase between the two horizontal components.

Details on calculating these quantities are given in Park
et al. (1987).
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Figure 4 Results from polarization analysis of the seismograms shown in Figure 3. Measures of power as a function of frequency
are shown in units of 10log,(m*s*Hz ") for the vertical component (a), the east-west component (b), the north-south component (c),
and the principal eigenvalue A (d). The degree of polarization (5%) shown in (e) is dimensionless. The azimuth (&) and inclination
(6y) of the polarization ellipsoid are shown in panels (f) and (g) respectively, in units of degrees. Phase differences between the ver-
tical and principal horizontal components (@yy;) (h) and the two horizontal components (@) (i) are also presented in degrees.

The directional parameters &y and Gy are not well
defined for strongly elliptical particle motion and Park
et al. (1987) recommend caution in interpreting them
when either @gyy or @uy, respectively, is within 20° of
+90°. A second problematic issue is that the polarization
ellipsoid can “tip over”, such that a retrograde Rayleigh
wave from a particular direction can appear as a pro-
grade Rayleigh wave from the opposite direction. This
can cause a 180° ambiguity in the arrival direction (Gy)
of a Rayleigh wave.

Some structure is evident in the angular quantities
presented in Figure 4 such as high @y for frequencies
less than 0.05 Hz and low 6y for frequencies of about

0.1-0.3 Hz; however, in general there are rapid fluctua-
tions as a function of frequency. These are probably
created by the low overall degree of polarization, and
the tipping ambiguity described previously.

3 Results

3.1 Polarization characteristics of SLM noise

Because of the erratic nature of polarization quanti-
ties measured from individual windows of weakly po-
larized noise (Figure 4 is typical), it is more meaningful
to make inferences about the noise field at SLM from a
statistical analysis of large numbers of measurements.
We present this in Figure 5, in which the polarization
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attributes extracted from all available hours of data in
2009 are binned into PDFs in a manner analogous to
that described in McNamara and Buland (2004). This
figure shows that although the noise is often weakly
polarized, there are organized features that exist in sev-

eral distinct frequency bands. We note that because of
the extensive time averaging, the influence of transient
signals from earthquakes and explosions is negligible in
Figure 5, while quasi-stationary signals from ocean
waves, wind, traffic, etc., are enhanced.
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Figure 5 Probability density functions (PDFs) for the power and polarization characteristics of ambient noise recorded at SLM
during 2009. Each frequency index is individually normalized so that integration over the entire range of the dependent variable

gives unity. Panels are as defined in Figure 4.

At the lowest frequencies (<0.05 Hz) the noise is
highly polarized, leading to peaked PDFs for the angular
quantities. Examining the binned power spectra of the
individual components (Figures 5a, 5b, 5c) it is clear
that horizontal motion dominates over vertical, causing
the &, PDFs to peak sharply near 90°. It is also clear
that north-south power is significantly stronger than
east-west power, causing the &y PDFs to cluster tightly
near 0° and 180°. The ¢yy PDFs are very broad, proba-
bly because of the insignificance of vertical motion. In
contrast, the gy PDFs are peaked near values of 0°—60°,
implying some amount of horizontal elliptical motion.

We interpret this energy to be composed primarily of
ground tilt near the recording site.

In the microseismic band (0.05-0.3 Hz) there are
three distinct noise peaks, as suggested by the individual
sample shown in Figure 4. The weakest of these occurs
near 0.075 Hz as indicated by small bumps in the power
spectra (though there is no corresponding bump in 7).
This energy is strongly elliptical in the vertical-radial
plane, with ¢@yy PDFs clustered around 290°. The
backazimuths for this band are weakly clustered around
45°-60°, as well as the exact opposite direction (225°—
240°). For retrograde arrivals (¢yy>0) the backazimuths
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tend towards the northeast, as opposed to the southwest,
and we interpret this energy to be typical, retrograde
Rayleigh energy arriving from the northeast.

The second peak in the microseism band occurs at
0.13 Hz and is clearly distinguished from a third peak
near 0.20 Hz by an abrupt change in backazimuth. In the
power spectra PDFs, the two peaks are less distinct,
presumably because of smearing related to slight varia-
tions in the dominant frequencies of the microseismic
sources over time. Polarization is increased for these
peaks relative to the 0.075 Hz peak, and Rayleigh
propagation is indicated by the clustering of @yy near
190° and ¢yy near 0°. This implies that while @y lacks
meaning, Gy is informative. A 180° ambiguity exists in
backazimuth, but as before, the retrograde arrivals pref-
erentially arrive from the northeast.

Continuing to the higher frequencies, there are at
least two more distinct regimes. At frequencies of about
0.5-2.0 Hz the horizontal motion is linear with ¢yy

clustered around either 0° or £180°, leading to well de-
fined @&y PDFs, aligned NE-SW as in the previous cases.
However, the PDFs for ¢yy are broadly diffuse, leading
to poorly defined values of @. This energy is clearly
not fundamental-mode Rayleigh waves, and is probably
a mixture of P and Lg waves, which are known to domi-
nate in this frequency band (Koper et al., 2010). At the
highest frequencies (>3 Hz) the noise reverts back to
Rayleigh, or Rg, propagation as indicated by the values
of ¢yy and @yy. The backazimuths are scattered, proba-
bly implying multiple nearby sources of cultural noise.
3.2 Time dependence of SLM noise

Additional insight into the nature of the ambient
noise field at SLM can be gained by inspecting the time
dependence of the noise power. We present this in Fig-
ure 6 for seven frequency bands that sample the various
noise regimes described in the previous section (0.02 Hz,
0.075 Hz, 0.2 Hz, 0.6 Hz, 1.0 Hz, 2.0 Hz, and 5.0 Hz).
In each case the power of the principal eigenvalue is
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Figure 6 Power of the principal eigenvalue for seven selected frequency bands (center frequency of f),
in units of 10log;o(m*s*Hz™"). In each case, power is f; averaged in the frequency domain between
i/ V2 and \/5 f, - Time is in fractional years for 2009, with tick marks placed every 1/12 of the year.
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averaged between f/ V2 and V2 f for each hourly

sample of noise. The excursions from the baseline trends
are due mainly to earthquakes. The data gap late in the
year, and the distorted amplitudes immediately follow-
ing it, were caused by telemetry problems transmitting
the data to the U.S. National Earthquake Information
Center, from which it was extracted for this study.

Many of the frequency bands show lower noise
levels in the months of May, June, July, and August, as
expected for microseisms generated by wave action in
the northern hemisphere, as well as a diurnal signal that
peaks during daylight hours, as expected for cultural
noise such as road traffic. We quantify this by comput-
ing periodograms for the time series shown in Figure 6.
Each time series is groomed with a deglitching algo-
rithm that replaces apparent earthquake signals with the
yearly median. Data gaps are also filled with the yearly

median, the trend is removed, and the number of points
is padded with zeros until 16 384 prior to computing the
FFT. No subwindowing or tapers are applied.

The resulting periodograms are presented in Figure
7. Each is individually normalized. We experimented
with different methods of deglitching and found that
only frequencies higher than about 2—3 d™' were sig-
nificantly affected. The power at lower frequencies is
insensitive to the details of the spectral operations. The
frequency bands from 0.02 Hz through 1.0 Hz all show
strong annual signals, even though only a single cycle is
sampled. This is not caused by spectral leakage from
lower frequencies since the trend (including the mean)
was removed prior to the FFT. It is noteworthy that this
natural, meteorologically related variation is observable
far outside the traditional microseismic band of 0.05—
0.25 Hz.
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Figure 7 Periodograms of the noise trends shown in Figure 6.

A strong diurnal peak, and some higher harmonics
are observed for the highest frequency bands centered at

1.0 Hz, 2.0 Hz, and 5.0 Hz, as well as for the two lowest
frequency bands centered at 0.02 Hz and 0.075 Hz. The
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higher frequency diurnal peaks are almost certainly re-
lated to cultural activities since they also show signifi-
cant energy at weekly frequencies, with decreased
power during weekends. This is expected since SLM is
located in an urban environment. The cause of the diur-
nal peak at the lower frequencies is more uncertain.
Both periodograms show a hint of power at weekly fre-
quencies which would seem to imply a cultural source;
however, it is not obvious what particular cultural source
would operate at such a low frequency. On the other
hand, the ground tilt we infer to be occurring at low fre-
quencies could plausibly be influenced by day-night
temperature variations, leading to a diurnal signal.

4 Conclusions

We developed and implemented a new approach to
studying seismic noise recorded at three component
seismometers. It is an extension of the method of
McNamara and Buland (2004) and uses cross-spectral
information to infer the polarization characteristics of
ambient seismic noise. We applied the algorithm to data
recorded in 2009 by the seismometer SLM in central
North America. Several distinct noise regimes were
discovered including a tilt signal at low frequencies
(<0.05 Hz), fundamental-mode Rayleigh waves at mi-
croseismic frequencies (0.05-0.25 Hz), P and Lg waves
at intermediate frequencies (0.5-2.0 Hz), and Rg waves
at microtremor frequencies (>3.0 Hz).

The Rayleigh waves in the microseism band ar-
rived from the northeast and were probably generated by
storm activity in the North Atlantic, a region known to
be a strong generator of microseismic energy (e.g., Ke-
dar et al., 2008); however, from the work presented here
it is unclear if the energy is generated along the coast-
line or in deep water. Interestingly, there seems to be
three distinct noise sources in this band with peaks at
0.075 Hz, 0.013 Hz, and 0.20 Hz, instead of the ex-
pected two peaks. The middle peak arrives from a dis-
tinctly different direction (~N60°E) than the other two
(~N30°E), implying at least two separate source regions.

Strong diurnal variation is observed at low fre-
quencies (<0.075 Hz) and high frequencies (>1.0 Hz),
with stronger power during the local daytime. The high-
frequency noise source is almost certainly cultural since
these frequency bands also show weekly periodicities,
with reduced noise on the weekends. The low-frequency
source is most likely natural and related to day-night
temperature differences that influence ground tilt near

the sensor; however, we cannot rule out a cultural
source based solely on the observations.
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