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[1] This study combines migration and forward source modeling techniques to examine the existence and
location of persistent seismic noise near southern Italy. Our results demonstrate that noise source modeling
is both feasible and recommended in validating the ‘‘ambient source’’ assumption prior to noise-based
velocity analyses. Persistent noise sources near the Gargano promontory and the Tyrrhenian Sea coast are
strongly suggested by the observed cross-correlations. The presence of a single point source or a cluster of
point sources could both produce coherent Rayleigh wave energy in southern Italy. While the nature of the
noise sources is still uncertain, baroclinic estimates and dynamic topography models favor an explanation
that encompasses atmosphere-ocean coupling and heightened wave interaction off the Adriatic coast. Our
records indicate that these noise sources can maintain their average location for up to 7 months despite
seasonal and, possibly, daily variations.
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1. Introduction

[2] Techniques based on the correlation of seismic
noise have been increasingly popular in the tomo-
graphic imaging of crust and upper mantle struc-
tures in recent years. The theory behind these
techniques underwent stages of development since
the connections between reflection seismograms
and autocorrelation functions was first documented
in studies of plane waves in layered medium over
40 years ago [e.g., Kunetz and d’Erceville, 1962;
Claerbout, 1968]. Following an expansion of the

original hypothesis to what is presently referred to as
‘‘Clarebout’s conjecture’’ [Rickett and Claerbout,
1999], the presence of the seismic response in time
domain cross-correlation functions was validated
both in theory [Lobkis and Weaver, 2001] and in
observations of unfiltered seismic coda waves
[Campillo and Paul, 2003]. Subsequent studies
using reciprocity and scattered waves [Wapenaar
et al., 2004; Snieder, 2004] led to increased con-
fidence in tomographic maps under the assumption
of ‘‘ambient’’ noise sources [Sabra et al., 2005b;
Shapiro et al., 2005; Yao et al., 2006; Cho et al.,
2007; Gudmundsson et al., 2007; Lin et al., 2007;
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Moschetti et al., 2007; Lin et al., 2008]. Devoid of
dominant, nonuniform noise sources, Green’s func-
tions can be sufficiently extracted from both sur-
face [e.g., Sabra et al., 2005a; Snieder, 2004] and
body [Roux et al., 2005] waves after averaging
months to years of continuous seismic records.

[3] Imaging seismic velocities using noise is not as
straightforward as conventional earthquake-based
analyses, however. Contamination during the re-
trieval of Green’s functions may arise from acci-
dental inclusions of large-amplitude earthquake
signals or from unevenly distributed noise sources
near the region of interest. While the influence of
earthquakes can be sufficiently suppressed by
removing known events based on published cata-
logs, one-bit normalization, and spectral whitening
[Bensen et al., 2007], the existence of dominant/
persistent noise sources remains a possible origin of
highly asymmetric correlation peaks [Stehly et al.,
2006; Yang and Ritzwoller, 2008]. In other words,
careful surveys of dominant and/or persistent noise
sources may be necessary prior to tomographic
imaging.

[4] So far, asymmetric noise correlation functions
at microseismic frequencies (5–20 s) have been
attributed to ground motion caused by ocean
swells and coastal impact [Longuet-Higgins,
1950; Gutenberg, 1951]. These modest (in com-
parison with earthquakes >Mw 5) but persistent
sources sometimes exhibit strong directivity and
seasonal variations [e.g., Schulte-Pelkum et al.,
2004; Shapiro et al., 2005; Sabra et al., 2005a;
Gu et al., 2007; Yang and Ritzwoller, 2008]. A
prime example is the coast of California, where
strong current from the Pacific Ocean and a dense
seismic network nearby combined to produce
some of the best-seen, asymmetric noise cross-
correlations to date [e.g., Sabra et al., 2005b;
Gerstoft and Tanimoto, 2007]. The effects of
noise sources may potentially reach great distances
as, for instance, the Gulf of Guinea and North Fiji
Basin have been recently cited as potential global
seismic noise sources [Shapiro et al., 2006].

[5] With few exceptions [e.g., Shapiro et al., 2006;
Stehly et al., 2006; Yang and Ritzwoller, 2008],
there is generally a greater emphasis on character-
izing the observed noise records and less on source
modeling. Data characterization is fairly reliable
for regions with relatively simple coastal geome-
tries, for example, the coast of California where
strong noise sources are expected to arrive from
westerly directions. In comparison, mapping dom-
inant noise sources in regions as complex as

southern Italy requires more than a solid under-
standing of data alone; carefully designed numer-
ical experiments and improved knowledge of the
source distribution/effects in the study region may
be necessary. This study is motivated by an initial
analysis of seismic array data [Gu et al., 2007,
hereinafter referred to as Gu07] that reported
robust noise sources near southern Italy using
stacked correlation functions (Figure 1). Our main
objective in this study is to combine improved data
processing techniques with forward modeling of
asymmetric noise sources to validate the proposed
sources in this region. Our results lend further
support for Gu07 and highlight the effectiveness
of migration and forward modeling techniques in
the analysis of seismic noise. For completeness we
provide the details of the processing methodologies
below despite a slight overlap with that former
study.

2. Data and Method

[6] The main data set consists of broadband
vertical-component seismic records from the
Calabrian-Apennine-Tyrrhenian/Subduction-
Collision-Accretion Network (CAT/SCAN) de-
ployment for the months of August through
September of 2004. We clip continuous displace-
ment seismograms into hour-long segments and
remove time windows containing known M > 5
earthquakes. We use one-bit normalized traces
[Bensen et al., 2007], in contrast with the original
data (see Gu07), to minimize the potential influ-
ence of small-magnitude regional earthquakes. We
then cross-correlate the hour-long bit streams for
each station pair and stack the results to increase
the signal-to-noise ratio (SNR). Since the cross-
correlation stacking approach provides n2 combi-
nations, where n is the number of stations used (in
our case n = 36), we obtain a total of 1296 cross-
correlation functions for further source analysis.

[7] The optimal frequency range for our study is
determined by a frequency-amplitude analysis.
Cross-correlation stacks filtered using corner fre-
quencies of 0.06–0.1 Hz, a frequency range con-
taining possible signals from ocean-seafloor
interactions [Longuet-Higgins, 1950], provides
the most robust noise signals. Weaker signals are
observed for the frequency band (0.03–0.06 Hz),
and a high-frequency range containing ‘‘second-
ary’’ microseisms (0.1–0.3 Hz [Longuet-Higgins,
1950]) returns incoherent stacking results. Hence,
the remainder of this analysis will concentrate on
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‘‘primary’’ microseismic frequencies where noise
can be readily assessed and modeled.

[8] A number of different methods have been used
previously in locating dominant noise sources.
Examples include grid search misfit [Shapiro et
al., 2006] and mean stacked amplitude [Rhie and
Romanowicz, 2006] algorithms and back projection
[Stehly et al., 2006; Yang and Ritzwoller, 2008].
We introduce a migration approach based on the
equation below:

A v; x; yð Þ ¼ 1

M � N
XM
j

XN
i

S
di x; yð Þ � dj x; yð Þ

v

� �
ð1Þ

where M and N are the number of stations (M is
equal to 1 if the migration is performed on a single
station), S is the Hilbert transform of the cross-
correlation between stations i and j, and d
represents the distance between the hypothetical

source (with latitude x and longitude y) and station
locations. The source-station distance is divided by
v, the best fit regional velocity, to produce the
predicted arrival time of the potential source.
Figure 2 demonstrates the migration algorithm
using two hypothetical source locations and a
migration velocity of 3 km/s. Constructive inter-
ference due to the superior alignment of correlation
peaks produces a higher migration amplitude at
source location 1 than at source location 2.

[9] Our migration approach is a full-waveform
method most similar to the mean stacked amplitude
grid search algorithm of Rhie and Romanowicz
[2006]. The main difference is in the applications:
we apply the migration method to cross-correlation
functions between stations, whereas the earlier
study focused on the original displacement/velocity
seismograms from individual stations. Our method
does not require travel time picks for misfit calcu-

Figure 1. Cross-correlation stacks, arranged according to increasing station separation distances, of all station pairs
from the CAT/SCAN deployment that satisfy SNR > 10. The map inset shows the general ocean current flow patterns
during the study period and the inferred noise source locations by Gu et al. [2007].
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lation, a key difference with the grid search misfit
algorithm of Shapiro et al. [2006].

[10] We account for the dependence of equation (1)
on the input velocity model v bymigrating the cross-
correlation functions over a wide range of possible
velocities (1.5–4 km/s). For each candidate veloc-
ity, the migration amplitude A (see equation (1)) of
the entire study area (in our case, containing 250 �
250 possible source locations) is computed using

all 36 cross-correlations with a common station.
We then sum the resulting migration maps of A
for all 36 stations (one map per station) and
define the absolute maximum value of the sum-
mation as the Cumulative Migration Amplitude
(CMA). A single value of CMA is obtained for
each trial velocity v, and the velocity that produ-
ces the largest CMA is selected as the optimal
regional velocity.

Figure 2. A demonstration of the source migration process using synthetic correlation functions. The original
seismograms are computed by assuming a ‘‘true’’ source at (42�N, 15.5�E) and an average migration velocity of
3.0 km/s. The map on the left-hand side shows the stations used in this study. The correlation stacks with station
VENO are used to compute migration amplitudes at two locations. For a possible source located near the true source
(e.g., Source 1), the theoretical arrival times of Rayleigh waves accurately capture the moveout of correlation peaks
and constructive interference leads to high migration amplitude (dark colors on the map). In contrast, a hypothetical
source location away from the true source (e.g., Source 2) causes mismatches in arrival times (or correlation peak
locations) and a low migration amplitude.
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[11] To validate the migration results we conduct a
qualitative comparison of noise cross-correlations
with those reconstructed based on a series of
source geometries/mechanisms. For simplicity,
the surface waves produced by each potential point
source are approximated by a Ricker wavelet with
a center frequency of 0.08 Hz (12.5 s) and zero
phase [e.g., Campillo and Paul, 2003]. The travel
times of these wavelets are computed based on the
average migration velocity for the entire study
region. We also incorporate the effect of geomet-
rical spreading and the final synthetic waveform at

each station location is constructed by summing
the wavefield of all presumed sources.

3. Result

3.1. Source Migration

[12] To test the stability of our migration algorithm,
we compute synthetic seismograms [Kennett,
1975; Kind, 1976] for all stations, assuming the
one-dimensional (1-D) regional velocity model of
A. Ökeler et al. (Seismic structure of the southern

Figure 3. (a) Synthetic cross-correlations with station VENO, positioned according to their distances from the
assumed (‘‘true’’) source location of (42�N, 15.5�E). The displacement synthetic seismograms are computed based on
(1) an explosive source and (2) a migration velocity of 2.9 km/s. (b) Migration amplitude for the entire study region
using the synthetic correlations. The hypothetical source location is correctly recovered by the global maxima of
migration amplitudes (see dark-colored cells). The amplitude scale range is the percentage of maximal migration
amplitude. (c) The observed cross-correlation stacks for station VENO, arranged by distance from the optimal source
migration location. (d) The optimal source location based on correlations with station VENO. The experimentally
determined migration velocity (see main text) is 3.0 km/s.

Geochemistry
Geophysics
Geosystems G3G3

brzak et al.: migration imaging of noise sources near italy 10.1029/2008GC002234

5 of 17



Apennines, manuscript in preparation, 2009) and
a hypothetical explosive source at (42�N, 15.5�E).
These seismograms are filtered to the same fre-
quency range as the observed noise records, and the
resulting cross-correlations are migrated over a grid
of potential source locations bounded by (38�N,
14�E) and (43�N, 19�E) and spaced by 0.02�.
Figure 3a shows the synthetic cross-correlations
for station VENO, arranged by distance from the
presumed source location. The asymmetric move-
out is similar to that shown by Gu07, despite a
significantly smaller number of stations used in that
earlier study. The migrated source location accord-
ing to the strongest migration amplitude falls within
�0.2� of the latitude and longitude of the expected
source (Figure 3b). The considerable scatter from
the recovered source location along the north-south
direction (pointing away from the station array)
underscores the diminished sensitivity of cross-
correlations to incoming waves from further dis-
tances along similar azimuths. Some of the

differences between the original and recovered
source locations may have resulted from the use
of a homogeneous starting model for the migration
procedure.

[13] The migration velocity of 3.0 km/s produces
the highest CMA for the CAT/SCAN data set. This
value is consistent with reported shallow crustal
velocities of the southern Apennines in both earth-
quake-based (2.8–3.0 km/s (Ökeler et al., manu-
script in preparation, 2009)) and noise-based (2.5–
3.1 km/s [Yang et al., 2007]) studies. The noise
correlation stacks, which are aligned according to
the station distance from the optimal migrated
source location (Figures 3c and 3d), show asym-
metric Rayleigh wave arrivals with a constant
group velocity similar to that of the theoretical
calculations (see Figure 3a). Despite slight ambi-
guities along the north-south orientation (see
Figure 3d), the migrated sources consistently reside
north of the CAT/SCAN stations for migration
velocities between 2.0 km/s and 3.5 km/s.

Figure 4. Sample source migration results based on correlations with the anchor stations (a) TRIC and (b) STEC.
Both maps show maximum migration amplitudes north of the station array. (c) Cumulative source migration results
from all stations. The optimal source location can be inferred from the high amplitude region northwest of the station
array. (d) Migration map based on RCCL, a typical coastal station near the Tyrrhenian Sea. The location of maximum
amplitude indicates a secondary source may be present along the Tyrrhenian Sea coast. Color scales are the same as
Figures 3b and 3c.
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[14] Migration results based on correlations with a
common station (from here on, anchor station)
(Figure 4) show nonuniform, dominant source
orientations from the north/northwest and west/
southwest of the CAT/SCAN array. Stations TRIC
and STEC (Figures 4a and 4b) typify stations away
from the Tyrrhenian coast that exhibit strong mi-
gration amplitudes in the north and northwest of
the array. The inferred peak locations vary spatially
depending on the anchor station during the migra-
tion process, though most appear to reside along

the coastal regions of the Adriatic Sea at latitudes
above 41�N. To a certain extent the output migra-
tion patterns are affected by the choice of anchor
stations. For a set of fixed sources, the different
responses of two anchor stations to each source is
controlled by the source strength, station-source
distances, path velocities, attenuation and other
potential factors. Hence different anchor stations
(e.g., TRIC and STEC) can have distinct source
locations (see Figure 4). The size of the ‘‘cone-
like’’ migration pattern around the maximum

Figure 5. (right) Theoretical cross-correlation functions resulting from (left) simultaneously initiating sources for
(a) 1600, (b) 400, and (c) 100 uniformly distributed sources. The source and station locations are represented by
asterisks and triangles, respectively. Note: not all sources are within the displayed region.
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reflects the uncertainty of the source locating
process. For instance, the source position is better
resolved by station TRIC than by station STEC,
primarily due to a shorter distance from the former
station to the source. The CMA from all stations
(Figure 4c), defined as the average migration
amplitude of 36 migration maps (one for each
anchor station) at the same geographical location,
presents the most convincing evidence for a non-
uniform noise source. The global maximum
roughly coincides with the Gargano promontory
and the high amplitude zone extends laterally along
the coastlines of northern Adriatic Sea. The orien-
tation of this noise source is consistent with earlier
results obtained by Gu07.

[15] A minor noise source is also present on the
migration images of individual stations or groups
of stations. For example, the migration stacks
based on anchor station RCCL (Figure 4d) contains
several local minima along the coastlines of the
eastern Tyrrhenian Sea. These characteristics are
typical of the source migration stacks from stations
close to the Tyrrhenian coast (e.g., CAVE, SGIO,
and SIMO), which may be caused by a secondary
source first documented in the time-distance anal-
ysis of a northeast-southwest station transect
(Gu07; see Figure 1 inset). The migration approach
above provides first-order data constraints on two
possible noise source locations. The section below
verifies these sources through forward modeling of
possible source distributions and geometries.

3.2. Forward Modeling of Noise Sources

[16] Four distinct types of source geometries and
distributions are examined based on simulations of
potential sources in and around southern Italy. The
objective is to reproduce the environment under
which asymmetric noise correlation peaks (see
Figure 1) are generated. The first two types,
randomly distributed and uniformly gridded sour-
ces are designed to mimic diffuse wavefields, or
ambient noise, in the study region. The remaining
two types, semicircular source distributions
(case 3) and point sources (case 4), target the local
geography of southern Italy and the two proposed
source locations based on the migration analysis.
All sources are assumed to initiate simultaneously,
a condition that is somewhat subjective, but nec-
essary without detailed information on the nature
of the noise sources. Furthermore, the order of
correlation between any given station pair is deter-
mined alphabetically based on the station name,

and redundancies due to station order reversal in
the pairing process are removed.

[17] Figure 5 shows three different grids of uni-
formly spaced sources and their resulting cross
correlations, ordered according to the distance
between each station pair. The underlying hypoth-
esis is that properly chosen noise distribution
should produce correlation stacks similar to the
observations presented in Figure 1, albeit at a linear
distance scale. However, the main characteristics of
simulated and observed correlations differ substan-
tially. In particular, theoretical correlations based
on a uniform source distribution fail to produce
meaningful moveout curves apart from a modest
correlation peak at zero time lag. The strength of
the zero lag correlation peak appears to depend on
the density of the sources, as increase grid spacing
tends to focus the cross-correlation amplitudes
toward zero lag time.

[18] We observe a similar outcome to that of the
uniform source patterns from random source dis-
tributions. In this case, we use a random generator
to place sources near the Italian Peninsula (Figure 6)
and the cross-correlation functions consistently
show little, if any, coherent signals away from zero
lag time. In fact, as suggested by Figures 5a and 6a,
results from the random source distribution becomes
nearly equivalent to those of evenly spaced sources
when the number of sources increases. Neither type
of source geometries adequately explains the appar-
ent moveout of correlation peaks shown by Figure 1.

[19] The two remaining cases customize source
geometries by incorporating known information
on the geographical setting of the study region.
For instance, it is natural to examine source geom-
etries that capture the elongated shapes of the
peninsula and station formation. The result of a
circular source distribution around the peninsula
(Figure 7a) shows visible improvement over uni-
form and random distributions. The correlation
peaks no longer center on zero lag time for
distances >75 km. However, the amplitude and
arrival times of the correlation peaks remain prob-
lematic: for instance, the apparent velocity of the
correlation peaks of 5 km/s is �2 km/s faster than
the reported average crustal velocity of the region
[Yang et al., 2007]. These discrepancies persist
after we densify the source array or alter the size/
shape of the circular geometry.

[20] Sources along the irregular coastlines (Figure 7b)
or near the center of the circle/station array
(Figure 7c) produce correlation patterns that are
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no closer to the ‘‘ground truth’’ (see Figure 1) than
the geometries examined earlier. There is certain
similarity, despite obvious differences in SNR,
between the outputs of these two source scenarios
(see Figures 7b and 7c). For instance, both corre-
lation stacks contain weak but coherent signals for
portions of the distance range. To a certain extent, a
point source near the Gulf of Taranto (see Figure 7c)
is close to an effective average of all sources along
the complex coastlines (see Figure 7b).

[21] While a point source near the Gulf of Taranto
fails to produce the correlations that match the

observations, a point source (or a cluster of sour-
ces) north of the station array offers a viable
solution to this problem (Figure 8). The outcome
of a single explosive source near the Gargano
promontory (Figure 8a) exhibits well-definedmove-
out curves. The apparent group speed of �3.0 km/s
is consistent with values obtained by migration (see
section 3.1) and correlations (see Figure 1) of actual
noise records. These correlation characteristics are
preservedwhen additional sources are placed around
Gargano (Figure 8b) and/or the eastern Tyrrhenian
coast. The main difference in the outcomes of these
source geometries (see Figures 8a–8c) is signal

Figure 6. (right) Theoretical cross-correlations for (left) (a) 1000, (b) 100, and (c) 50 randomly distributed sources.
The plot conventions are the same as Figure 5.
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clarity: while multiple sources north of the
station array tend to introduce unnecessary clut-
ter in the correlation functions, the inclusion of
a secondary source (Figure 8c) in the eastern
Tyrrhenian Sea, assuming the same source
strength, can introduce artifacts at distances
<120 km and a shift of the correlation peaks
toward zero lag time at long distances. Elimi-
nation of minor artifacts is possible for the latter
two cases (see Figures 8b and 8c) via slight
adjustments on the number of point sources,

their locations, and source strengths. In other
words, one or a combination of nonuniform
source(s) properly positioned near the northern
Adriatic and/or the Tyrrhenian coasts can suffi-
ciently explain the dominant noise characteristics
recorded by the CAT/SCAN station array.

3.3. Effect of Source Mechanism

[22] The noise source complexity involving ocean
storms and infragravity waves have been well
documented [Schulte-Pelkum et al., 2004; Rhie

Figure 7. Similar to Figures 5 and 6, but for (a) semicircular and (b) coastal source distributions. The semicircular
source distribution produces clear phase moveouts, but the inferred velocity is nearly twice as large as the observed.
(c) Correlation stacks resulting from point source in the middle of the station array.
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and Romanowicz, 2006; Gerstoft and Tanimoto,
2007; Webb, 2007]. Without detailed knowledge of
sources, our representation of atmosphere/ocean/
seafloor coupling using an earthquake source
mechanism is only a simplifying assumption. To
test this assumption we compare the results of
forward simulations by assuming various faulting
geometries and mechanisms (Figure 9). Our experi-
ments indicate that source mechanisms can occa-
sionally cause significant Rayleigh wave amplitude

and waveform complexities, as exemplified by the
outcome of a 45� thrust mechanism (Figure 9c).
That said, it is nearly impossible to differentiate a
strike-slip (Figure 9b) from an explosive
(Figure 3a) source mechanism based on the syn-
thetic cross-correlations alone. The nonuniqueness
is demonstrated further by a non-double-couple
mechanism (Figure 9d) that is chosen to partially
reflect the nonlinear nature of the source. The true
source(s) likely depends on factors such as coastal

Figure 8. (a) Correlation functions resulting from a single source located off the Adriatic coast of southern Italy.
(b) Similar to Figure 8a, but for multiple point sources (randomly distributed) that form a relative tight cluster in
northern Adriatic Sea. (c) Results from two sources, one near the Gargano promontory and the other in the Tyrrhenian
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geometry and bathymetry and may require a su-
perposition of non-double-couple sources.

4. Discussion

[23] Effect of noise sources on the symmetry of
correlation functions has been discussed in recent
literatures through careful data processing [Bensen
et al., 2007] and source modeling [Stehly et al.,
2006; Yang and Ritzwoller, 2008] efforts. Under
idealized source station geometry where dense and
uniformly distributed (or, ‘‘ambient’’) noise sour-
ces are present, two symmetric correlation peaks
relative to zero lag time are expected from forward
waveform simulations [Stehly et al., 2006]. A bias
in source locations, on the other hand, can lead to
an amplitude asymmetry in the causal and acausal
halves of the resulting cross-correlations [Stehly et
al., 2006; Yang and Ritzwoller, 2008]. In reality,
imperfections in noise source station geometry are
the rule rather than the exception. Symmetry could
be disrupted by small-magnitude earthquakes, by
nonuniform global ocean distributions and their
respective geometries and movements, as well as
by complex atmosphere/ocean/seafloor coupling in
the vicinity of the stations. Further complications
have been documented, where both symmetric
and asymmetric correlation peaks can result from

nonuniform sources [Yang and Ritzwoller, 2008,
Figures 13 and 14], depending on shape/orientation
of the source and their relation to the station ori-
entations. Our synthetic examples based on the
available array geometry of CAT/SCAN stations
(see Figures 5 and 6) demonstrate that correlation
peaks with a positive, negative, and/or zero lag
times could all result from relatively simple and
uniform source distributions. Such complex behav-
ior underscores the role of source balancing between
one or several effective source(s) in noise correla-
tion analysis.

[24] Our migration and forward waveform analyses
consistently suggest effective noise sources from
the north/northwest of the station array. The source
orientation is well resolved based on the character-
istics of the correlation peaks, but the existence of a
distant ‘‘global’’ source [Yang and Ritzwoller,
2008] along the same orientation remains a possi-
bility. The ambiguity of source location is further
evidenced by a regional CAT/SCAN data migra-
tion (see section 2) over a global grid. The resulting
CMA from all stations (Figure 10a) delineates
spatially coherent maxima along a northwest trend-
ing, great circle path containing the station array.
The migration amplitude reflects the probability of
finding a persistent noise source at a given geo-
graphical location, a measure that predicates on the

Figure 9. Effects of source mechanism on the cross-correlations based on anchor station VENO. (a) Correlation
stacks based on two months of station records. Also shown are synthetic cross-correlations produced by (b) strike-
slip, (c) thrust, and (d) non-double-couple source mechanisms. Synthetic cross-correlations are produced based on the
1-D regional velocity model of Ökeler et al. (manuscript in preparation, 2009).
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accuracy of distance-time description. For this
reason noise sources away from the most probable
great circle path should result in incoherent signals
on the correlation stacks, a notion that is supported
by the theoretical correlation functions associated
with a hypothetical global noise source near Tonga
(Figure 10b). For the same reason, the modest
migration amplitudes in the southern hemisphere
favors a regional/local source model, if one

assumes that primary microsesimic noises predom-
inantly originate from the southern hemisphere in
summer months [Yang and Ritzwoller, 2008].

[25] The real challenge is to determine source
location(s) within the high CMA band of a global
migration map (see Figure 10a). Without detailed
information on the strength of a noise source, the
theoretical correlation peaks associated with a
distant source (Figure 10c) can be nearly indistin-

Figure 10. (a) Results from source migration for the entire globe using cross-correlations from August though
September of 2004. The optimal noise sources, if global, reside in the Northern Hemisphere along a northwest-
southeast great circle path across the station array (red colors). (b) Synthetic correlation functions computed based on
a global noise source near Tonga island. (c) Synthetic correlation functions computed based on a global noise source
near the Atlantic coast. Substantial differences in the clarity of the Rayleigh waves indicate that a potential source
within the high-probability source path (see Figure 10a) is more difficult to differentiate from a regional noise source.
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guishable from those of a nearby source (see
Figures 8). Therefore, additional information on
the strengths of the sources and the path attenua-
tion structure would be necessary in assessing the
precise location of source(s) along the northwest-
southeast orientation. We conduct a synthetic
migration analysis based on the PREM model
[Dziewonski and Anderson, 1981], assuming a
global source (see Figure 10a) and a secondary
regional source near the Tyrrhenian source (see
Figure 4d). In order to simultaneously recover the
dominant northwest-southeast trending source ori-
entation by inland stations (e.g., VENO, see
Figures 3d) and a secondary source direction
along the Tyrrhenian coast by coastal stations
(e.g., RCCL, see Figure 4d), the energy of a
presumed global source along the Atlantic coast
must be 25–100 times larger than the local source
due to surface wave attenuation. In comparison, the
same data requirements can be easily met by a
short-distance, regional source near the Gargano
promontory. In other words, while we cannot rule
out the effect of a global source, energy consid-
erations and evidence from regional baroclinic
estimates and dynamic topography models (see
discussions below) make a regional source an
appealing solution.

[26] The nature of coherent seismic noise is still
debated, though the connection between detectable
ground motion and ocean waves has been well
documented for a wide range of frequencies. Ear-
lier studies [Longuet-Higgins, 1950; Gutenberg,
1951] of background noise at microseismic fre-
quencies attributed anomalous peak energies at

0.10–0.14 Hz to pressure variations caused by
nonlinear interaction of ocean waves (primary)
and coastal impact (secondary). The presence of
coherent ambient noise was identified later through
spectral analyses of normal modes [Nawa et al.,
1998; Suda et al., 1998; Tanimoto and Um, 1999;
Ekström, 2001], where dominant noise energies at
�0.004 Hz widely known as the Earth’s hum were
discovered. Noise peaks between these two fre-
quency bands, for instance at �26 s, also appear to
be globally correlated with waves interacting with
continental shelf [Shapiro et al., 2006]. These
frequency-dependent noise peaks could be caused
by different mechanisms [Webb, 2007], though
there is insinuating evidence that common near-
coast excitation sources, most likely associated with
atmosphere/ocean/seafloor coupling, could be re-
sponsible for noise correlation peaks at all frequen-
cies [Stehly et al., 2006; Rhie and Romanowicz,
2006; Yang and Ritzwoller, 2008].

[27] The migrated source location of persistent
sources around southern Italy matches areas of
strong local ocean currents impinging on coastal
structures. Evidence of enhanced coastal interac-
tions near the Gargano promontory was hypothe-
sized by Artegiani et al. [1997] and supported by
the reported baroclinic estimates of strong circula-
tion velocities near the promontory as the greater
gyre of the Adriatic deflects around the landmass.
This finding is corroborated by drifter data [Poulain,
1999], from which surface motions of greater than
40 cm/s can be inferred in the vicinity of the
Gargano promontory. Major reorganization of sed-
iment pathways has also been documented in this

Figure 11. A map of southern Italy with typical ocean current flow patterns (dark arrows) and wind stress vectors
(modified from Zecchetto and De Biasio [2007]). Contoured values represent the combined mean dynamic
topography for the same region [Rio et al., 2007] for the period of 1993–1999. Both studies show the long-term
stability of the Mid-Adriatic (MAd), and South-Adriatic (SAd) gyres.
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area in response to substantial sea level changes
[Steckler et al., 2007]. Figure 11 combines the
reported flow directions [Artegiani et al., 1997;
Poulain, 1999] with a recent model of mean
dynamic topography [Rio et al., 2007] and mean
wind stress vectors (modified from Zecchetto and
De Biasio [2007]) in the Mediterranean Sea region
(Figure 11). While the location(s) and mecha-
nism(s) of coherent noise source(s) may not be
unique, gravitational anomalies inferred from mean
dynamic topography and substantial sea-wave ac-
tivities near the Gargano promontory are certainly
capable of generating detectable microseisms.

[28] Although one cannot rule out microearth-
quakes as possible noise sources beneath southern
Italy, they are unlikely to be the dominant noise
source in the vicinity of the Adriatic coast (the best
source location) considering that during this time
period, the majority of local seismicity occurs in
the Apenninic mountain range (Figure 12). Further
arguments can be made by the source migration
result of VENO and RCCL (see Figures 3d and 4d,
respectively), two nearby stations to the largest
frequency of earthquakes for August–September
2004 that show a dominant source orientation away
from the Apennines. We introduce an additional
stability test of the migration imaging results using
seven months (June through December, 2004) of

vertical-component records at stations CRBB,
GALL, GERM, and PADU (Figure 13); these are
the only stations with uninterrupted recordings
during this time range. The migrated source loca-
tion (off the coasts of Adriatic Sea) is consistent
with the earlier results shown by Figure 4c based
on 2 months of data. In view of possible seasonal/
monthly variations, the persistence of the main
noise-correlation characteristics over time implies,
at the shortest, an energetic noise source north of
the station array during the summer of 2004.

5. Conclusions

[29] This study combines migration and forward
source modeling techniques to validate the exis-
tence of persistent source location(s) in and around
southern Italy. These techniques are commonly
deployed in exploration seismology and earth-
quake-based analyses, but their applications in
surveying noise sources have been relatively lim-
ited. The results of our study demonstrate that
simple but effective noise source modeling is
possible to verify the ‘‘ambient source’’ assump-
tion prior to noise-based velocity analyses.

[30] Our experiments consistently suggest a dom-
inant/persistent noise source near the Gargano
promontory and a possible secondary source near
the Tyrrhenian Sea coasts. Strong excitations in
primary microseismic frequencies during the sum-
mer months of 2004 are likely responsible for
coherent Rayleigh wave energies on the vertical-
component records of broadband seismic stations

Figure 12. A map showing the frequency of earth-
quakes (M > 2) through the months of August and
September of 2004. The region with the highest
frequency of earthquakes (in the southern Apennines
between 40.5� and 41�N and 15.5�–16�E) does not
overlap with optimal source locations from migration
analysis. The earthquake epicenters are taken from
Italian Seismic Bulletin, Instituto Nazionale di Geofisica
e Vulcanologia.

Figure 13. Source migration results for the months of
June through December of 2004. The CMA are
computed based on contributions from stations CRBB,
GALL, GERM, and PADU. The optimal source location
for the seven months of recordings (north of station
CRBB and near the Gargano Promontory) is consistent
with results shown by Figure 4.
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in southern Italy. A point source or a cluster of
point sources can adequately explain the coherent
noise signals, while inconsistencies in correlation
amplitudes and moveouts argue against a uniform
or random distribution of point sources. The nature
of the proposed noise sources is still uncertain, but
buoy records, baroclinic estimates, and dynamic
topography models provide extensive evidence that
link these sources to ocean storms and heightened
wave interactions off the Adriatic coasts of the
Italian Peninsula. Future work will be needed to
accurately determine the precise mechanisms by
which the coherent noise sources are generated in
southern Italy.
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