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a b s t r a c t

Empirical Green’s functions (EGFs) between receivers can be obtained from seismic interferometry
through cross-correlation of pairs of ground motion records. Full reconstruction of the Green’s function
requires diffuse wavefields or a uniform distribution of (noise) sources. In practice, EGFs differ from actual
Green’s functions because wavefields are not diffuse and the source distribution not uniform. This differ-
ence, which may depend on medium heterogeneity, complicates (stochastic) medium characterization
as well as imaging and tomographic velocity analysis with EGFs. We investigate how source distribution
and scale lengths of medium heterogeneity influence surface wave Green’s function reconstruction in the
period band of primary microseisms (T = 10–20 s). With data from a broad-band seismograph array in SE
Tibet we analyze the symmetry and travel-time properties of surface wave EGFs from correlation of data
oda
eamforming

in different windows: ambient noise, direct surface waves, and surface wave coda. The EGFs from these
different windows show similar dispersion characteristics, which demonstrates that the Green’s function
can be recovered from direct wavefields (e.g., ambient noise or earthquakes) or from wavefields scattered
by heterogeneity on a regional scale. Directional bias and signal-to-noise ratio of EGFs can be understood
better with (plane wave) beamforming of the energy contributing to EGF construction. Beamforming
also demonstrates that seasonal variations in cross-correlation functions correlate with changes in ocean

activity.

. Introduction

Traditional seismic imaging and tomographic velocity anal-
sis of Earth’s interior relies on data associated with ballistic
source–receiver) wave propagation. However, over the past few
ears one has also started to use information contained in seis-
ic coda waves and ambient noise to image the Earth’s structure

rom regional scale to continental scale (Campillo and Paul, 2003;
hapiro and Campillo, 2004; Shapiro et al., 2005; Bakulin and
alvert, 2006; Willis et al., 2006; Yao et al., 2006, 2008; Yang et
l., 2007). Modal representation of diffuse wavefields, elastody-
amic representation theorems, and stationary phase arguments
Weaver and Lobkis, 2004, 2005; Wapenaar, 2004, 2006; Snieder,
004; Paul et al., 2005; Roux et al., 2005; Nakahara, 2006) have

een used to argue that the Green’s function between the two sta-
ions can be estimated from the summation of cross-correlations of
ontinuous records of ground motion at these stations. These stud-
es make different assumptions about noise (source) characteristics

∗ Corresponding author.
E-mail address: hjyao@mit.edu (H. Yao).

031-9201/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.pepi.2009.07.002
© 2009 Elsevier B.V. All rights reserved.

and (stochastic) properties of the medium. The results of ambient
noise cross-correlation are analyzed by Colin de Verdière (2006a,b),
Bardos et al. (2008), and De Hoop and Solna (2008).

Continuous records of ground motion typically contain seis-
mic energy in several regimes. For example, earthquakes generate
deterministic, transient energy that can be registered as distinct
phase arrivals by seismometers. Non-smooth medium heterogene-
ity can, however, complicate waveforms in such a way that they
can no longer be described deterministically. After multiple scatter-
ing the wavefield may become diffuse. This regime is often called
the seismic coda, mostly arriving after the ballistic waves (see,
for instance, Sato and Fehler, 1998). Outside the time windows
dominated by direct and coda waves from earthquakes continuous
records contain energy that is mainly due to continuous processes
near and below Earth’s surface. This regime is often referred to as
ambient seismic noise. In theory, the cross-correlation and summa-
tion approach can be applied to each of these regimes to obtain an

empirical Green’s function (EGF), as long as energy arrives at the
two seismic stations from all directions and in all possible modes
(assuming equipartitioning).

For simple media cross-correlation of the ballistic responses due
to sources surrounding two receivers gives the exact Green’s func-

http://www.sciencedirect.com/science/journal/00319201
http://www.elsevier.com/locate/pepi
mailto:hjyao@mit.edu
dx.doi.org/10.1016/j.pepi.2009.07.002
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ion between the receivers (De Hoop and De Hoop, 2000; Wapenaar,
004). In practice, seismic energy is neither uniformly distributed
or equipartitioned (Malcolm et al., 2004; Sánchez-Sesma et al.,
008; Paul et al., 2005). In field experiments, equipartitioning is
enerally not achieved because the mode structure of the wavefield
epends on the mechanism and the location of the noise sources.
oreover, equipartitioned waves are weak and their contribution

o the wavefield can easily be overwhelmed by (directional) waves
nd noise, as shown below. As a consequence, Green’s functions are
ot fully reconstructed, and the accuracy of reconstruction is gener-
lly unknown. How well the Green’s function is estimated depends
n the mechanism and spatial distribution of the noise sources as
ell as the properties of the medium beneath the receiver arrays.
n the positive side, one could exploit this dependence to con-

train (stochastic) medium properties (e.g., Scales et al., 2004) if
he effects of noise distribution can be accounted for. In this con-

ext, the length scale of heterogeneity, the frequency content of the
avefields, and the spatial and temporal spectra of noise sources are

ll important (De Hoop and Solna, 2008). On the negative side, the
unknown) uncertainty in Green’s function construction compli-

ig. 1. The location of 25 stations (black triangles) of the MIT-CIGMR array in SE Tibet. The
air MC04–MC23 and the E–W directional station pair MC06–MC10, respectively. (For int
he web version of the article.)
netary Interiors 177 (2009) 1–11

cates imaging and, in particular, multi-scale (tomographic) velocity
analysis with EGFs.

The problem of incomplete Green’s function reconstruction has
been recognized before – see, for instance, Yao et al. (2006) for cases
of incomplete reconstruction of EGFs for Rayleigh wave propaga-
tion) – and practical solutions have been proposed. For active source
applications of seismic interferometry, source distributions can be
designed with the objective to optimize the retrieval of the Green’s
function (Metha et al., 2008). In earthquake seismology, where the
source configuration cannot be manipulated, one can enhance the
illumination of receiver arrays by ballistic waves either by waiting
long enough for contributions from a large range of source areas
to accumulate or one can make better use of the (continuously)
recorded wavefield.

To improve the inference of medium properties from EGFs or the
imaging or velocity analysis of complex media with EGFs we need a

more comprehensive understanding of the relationships between
EGFs and medium heterogeneity and properties of noise sources.
De Hoop and Solna (2008) present a theoretical framework for the
estimation of Green’s functions in medium with random fluctua-

red line and the blue line show the two-station paths for the S–N directional station
erpretation of the references to colour in this figure legend, the reader is referred to
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ions; and show that EGFs are related to the actual Green’s function
hrough a convolution with a statistically stable filter that depends
n the medium fluctuations.

Using field observations (from an array in SW China) we inves-
igate here the different contributions of the wavefield to the
onstruction of EGFs through cross-correlation. For this purpose
e analyze EGFs obtained from windows of ambient noise, direct

urface waves, or surface wave coda. Cross-correlation of (direct)
urface wave windows yield EGFs (only) for direct surface wave
ropagation, but by changing the data window we can manipu-

ate the parts of the wavefield that contribute to the construction

f the EGF. Cross-correlation of coda waves should yield EGFs that

nclude scattered waves. The latter can also be obtained by cor-
elation of long records of ambient noise. In principle, coda wave
nd (pure) ambient noise correlation should produce similar EGFs
nd differences between them can give information about the

ig. 2. Illustration of time windows used for the EGF retrieval. The seismogram in (a), ban
n Fig. 1 and the earthquake is located at (37.74◦N, 143.08◦E) with the magnitude mb = 5.9.
he recording time and the corresponding group velocity (or horizontal propagation speed
eismogram in the inset figure of (a) shows the recordings in the 2.5–4 km/s group veloci
he envelope of the windowed recordings. The red dashed trace (200 s in length) in the in
f the envelope, is selected as the direct surface waves for the retrieval of the Green’s fun
200 s running window) of the recordings after the maximum energy arrival point P. He

ignal-to-noise ratio (SNR) of the coda is shown in (b), which shows apparent exponential
efore the source time at 400 s, shown as the recordings in the red box in (a). For the retri
rst and second 800 s window after A (the recordings within the window AB and BC, res
eader is referred to the web version of the article.)
netary Interiors 177 (2009) 1–11 3

energy distribution and heterogeneity under and near the array.
We complement our analysis with plane wave beamforming (in
the frequency–wavenumber domain), which quantifies the direc-
tional energy distribution of the signals that contribute to the
EGF. This beamforming analysis reveals (temporal) variations in
source regions of ambient noise, which – in turn – help understand
the (changes in) symmetry and signal-to-noise ratio (SNR) of the
EGFs.

2. Data and processing
We use 10 months (November 2003 to August 2004) of con-
tinuously recorded, vertical component broad-band data from a
temporary seismograph array in southeastern (SE) Tibet (see Fig. 1).
The 25 station array, with average station spacing ∼100 km, was

d-pass filtered in the period band 10–20 s, is recorded by the station MC04 shown
The epicentral distance is 3900 km. The bottom and top horizontal axes in (a) show
) of the records, respectively. The earthquake started at t = 400 s on the records. The
ty window, which includes mainly direct surface waves, and the blue curve shows
set figure, which centers at the point P corresponding to the maximum amplitude

ction. The red dashed curve in (a) is the root-mean-square (RMS) amplitude (using
re we define the surface wave coda starts at the point A, which is 200 s after P. The
decay of coda energy. The (ambient) noise window is defined as the 200 s window

eval of Green’s function using surface wave coda, we select two time windows: the
pectively). (For interpretation of the references to colour in this figure legend, the
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eployed by MIT and the Chengdu Institute of Geology and Min-
ral Resources (CIGMR). For more detailed descriptions of the array
ata and the preliminary results from surface wave array tomog-
aphy (ambient noise and traditional two-station analysis), which
eveal strong heterogeneity in the crust, we refer to Yao et al. (2006,
008).

Basic data pre-processing includes the removal of the mean and
ompensation for the instrument response. For the analyses pre-
ented here we first band-pass filter the data between periods of
0–20 s. Next, we select particular parts of the data (direct surface
aves, surface wave coda, and ambient noise) from the continuous

ecordings, as shown in Fig. 2. Consider seismic waves released by
n earthquake with source time, at ts, recorded by a seismograph
tation at epicentral distance � (km). For any time t after ts the
orresponding average group velocity (or horizontal propagation
peed) for 2D surface waves is vg = �/(t − ts), see Fig. 2. The exam-
le shows a main surface wave within window vg = (2.5–5.0) km/s.

y muting (setting the amplitude of the seismic trace to zero) out-
ide or inside a specific time window (e.g., Fig. 2), we select specific
ata windows associated with (known) earthquakes (e.g., Fig. 3) or
unknown) ambient noise. The detailed time window partitioning
s given in Section 3.

ig. 3. (a) Epicenters of earthquakes with mb ≥ 4 (blue dots) that occurred in the 10 month
he total number of earthquakes is about 7250. (b) Same as in (a) but for earthquakes wit
f the earthquake with respect to the center of the array satisfies −45◦ ≤ � ≤ 45◦ , 45◦ ≤ � ≤
uadrants, shown as yellow, blue, red, and green dots, respectively. The total number of e
49, 577, 158, and 133, respectively. (c) Same as in (b) but only for the earthquakes near
f 22.5◦ . The number of earthquakes in the N, E, S, and W quadrants in (c) is 49, 120, 55
reen’s function using surface wave coda (Section 3.4). The black triangle shows the locat

he reader is referred to the web version of the article.)
netary Interiors 177 (2009) 1–11

We apply one-bit or normalized cross-correlation to the
data band-pass filtered in these data windows to obtain the
cross-correlation function. EGFs are then obtained from the time-
derivative of the cross-correlation function by −ĜAB(t) + ĜBA(−t) =
(dCAB(t)/dt), where ĜAB(t) (t ≥ 0) is the causal part EGF at station
B for a fictitious (point) source located at A, ĜBA(−t) (t ≤ 0) is the
anti-causal part EGF at A for a fictitious (point) source at B, and
CAB(t) is the cross-correlation function between the two stations
(Yao et al., 2006). Since for this analysis we use vertical component
data we recover predominantly the Green’s function for (funda-
mental mode) Rayleigh wave propagation. Similarly, Love waves
can be recovered from transverse component data (Campillo and
Paul, 2003; Paul et al., 2005; Lin et al., 2008).

3. EGFs from different data windows
In a heterogeneous medium, the Green’s function for wave prop-
agation between two points contains contributions from scattering
anywhere in the medium—not just from structure located between
the receiver points. EGFs are estimates of the Green functions
obtained from correlation and summation of the diffuse wave-

s from November 2003 to August 2004 (from EHB catalogue by Engdahl et al., 1998).
h mb ≥ 5 and at least 2000 km away for the center of the array. The azimuth angle �
135◦ , 135◦ ≤ � ≤ 225◦ , and 225◦ ≤ � ≤ 315◦ , for the earthquakes in the N, E, S, and W
arthquakes in (b) is about 1000 and the number in the N, E, S, and W quadrants is

S–N or E–W direction (with respect to the array) with a maximum deviation angle
, and 49, respectively. (d) Epicenters of 24 earthquakes (mb ≥ 5) for the retrieval of
ion of the array. (For interpretation of the references to colour in this figure legend,
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Fig. 4. EGFs (black traces) for the station pair (a) MC04–MC23 and (b) MC06–MC10
in the period band 10–20 s from approximately ambient noise after muting the wave
trains in the 2–10 km/s group velocity window from earthquakes larger than the cut-
off magnitude (mb = 5 or 4, shown at the left side of each black trace) for all the 10
months data. The location of earthquakes is shown in Fig. 3a and b. The red traces
in (a) and (b) are the EGFs from all the 10 months continuous data. The causal part
shows for the EGF recorded at the station MC23 (or MC10) generated by a fictitious
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ource at the station MC04 (or MC06) while the anti-causal part for recordings at
C04 (or MC06) with the source at MC23 (or MC10), same as shown in Figs. 5–7. (For

nterpretation of the references to colour in this figure legend, the reader is referred
o the web version of the article.)

elds recorded at two receivers. How well the EGF is similar to the
ctual Green function strongly depends on the characteristics of the
nergy in the wavefields used. EGFs from cross-correlation of field
ata usually show a strong dependence on (non-uniform) energy
istribution (Yao et al., 2006; Yao and Van der Hilst, 2009).

In this section we evaluate EGFs extracted from cross-correlation
f data in different time windows. From the continuous records, we
xtract data associated with ambient noise, direct surface waves,
nd surface wave coda. We illustrate our analysis with data from
wo-station pairs (Fig. 1): MC04–MC23 (a N–S (north–south) pair
ith inter-station distance ∼570 km) and MC06–MC10 (a W–E

west–east) pair with distance ∼400 km).

.1. EGFs from all continuous data

For reference, we first calculate EGFs for the two-station pairs
rom one-bit cross-correlation of the entire 10-month record,
hown as the red trace in Fig. 4a and b for MC04–MC23 and
C06–MC10, respectively. Like other normalized cross-correlation
ethods (e.g., Bensen et al., 2007) one-bit cross-correlation nor-
alizes the energy of all sources contributing to the construction

f the EGF, so that the average energy flux is an indicator of the num-
er (or the sum of normalized energy) of these sources, not their
eal magnitude. For both station pairs, the EGFs reveal Rayleigh
ave arrivals with group speed around 3 km/s. Neither EGF is

ime-symmetrical, however, and the amplitude (or SNR) in the anti-
ausal part is much larger than in the causal part. For MC04–MC23
he 10-month average energy flux seems much higher from S to

(which contributes to the recovery of the anti-causal part of the
GF) than from N to S (the causal part). For MC06–MC10 the aver-
ge energy flux in the 10 months is larger from E to W than from W
o E.
.2. EGFs from ambient noise

In the previous section we used continuous 10-month records.
n this section and the next, we partition the data in specific energy
netary Interiors 177 (2009) 1–11 5

propagation regimes (ambient noise, direct surface waves, and sur-
face wave coda). The group velocity window procedure described
above allows us to obtain EGFs (mostly) from ambient noise by sup-
pressing signals associated with large earthquakes (see also Yao et
al., 2006). Most direct body waves and surface waves, as well as their
coda, appear in the group velocity window 2–10 km/s (see Fig. 2).
Using earthquake origin times ts from the EHB catalog by Engdahl
et al. (1998) we mute signal within the 2–10 km/s group velocity
windows for earthquakes larger than a certain magnitude. One-bit
cross-correlation to the remaining signals is then used to extract
EGFs (approximately) from ambient noise.

Note that ambient noise is here defined as all seismic energy
unrelated to earthquakes with magnitude larger than the cut-off
magnitude. Thus defined, ambient noise contains contributions
from small earthquakes, but the smaller the cut-off magnitude the
closer the remaining seismograms are to ambient seismic noise
proper. The energy from such a source distribution approximately
corresponds to the diffuse wavefield theoretically required for accu-
rate Green’s function construction. In this study we set the smallest
cut-off magnitude to mb = 4, because many earthquakes smaller
than mb = 4 are not listed in the EHB catalogue and recorded sig-
nals from those small earthquakes are usually below the ambient
noise level due to the attenuation and geometrical spreading over
a few thousand kilometers.

EGFs obtained from 10-month records of ambient noise, as
defined above, are shown as the black traces in Fig. 4 for two cut-off
magnitudes mb = 5 and mb = 4. The distribution of earthquakes with
mb ≥ 4 and mb ≥ 5 is shown as in Fig. 3a and b, respectively. These
EGFs are almost identical to the EGFs from the continuous 10-month
records (red traces in Fig. 4). This implies that in the period band
considered (10–20 s) the contributions from large earthquakes is
small compared to that from ambient noise, as expected from one-
bit cross-correlation (see also Yao et al., 2006). This also implies
that the asymmetry of the EGFs is not caused by non-uniform dis-
tribution of large earthquakes but (for the time period considered)
by ambient noise directionality, with most noise sources to the
south and east of the array. Furthermore, tests (not shown here)
with 1-month records showed that variations of EGFs over time
are not related to the temporal variations in earthquake activity.
In fact, (plane wave) beamforming with the EGFs (see Section 4
below) demonstrates that the temporal changes in EGF symmetry
and amplitude are related to seasonal variations of ocean micro-
seisms (see also Stehly et al., 2006; Pedersen et al., 2007). Together,
these results suggest that for T = 10–20 s ambient noise is dominated
by primary microseisms, which are usually attributed to coupling
of oceanic wave energy into seismic energy in the Earth in shallow
waters (Cessaro, 1994; Bromirski et al., 2005).

3.3. EGFs from direct surface waves

Earthquakes are distributed along plate boundaries (Fig. 3a) and
because of this uneven geographical distribution Green’s function
reconstruction from direct surface waves is often incomplete. To
study the EGFs from surface waves the data selection is almost the
opposite of what we did in the previous section; we keep only the
data inside the 2.5–5 km/s group velocity window (calculated for
earthquakes with mb ≥ 5, Fig. 3b). This window contains mainly
the (dispersive) surface wave fundamental mode (Fig. 2a). From
stationary phase analysis it is easily understood that the strongest
contribution for a particular station pair comes mainly from sources
located on or near the line connecting the stations (Snieder, 2004).

For a given seismic station pair we can, therefore, choose the direc-
tion from which we want contributions. For this purpose we divide
the earthquake source regions into E, S, W and N quadrants (Fig. 3b).
As before, one-bit normalization is used to the records before cross-
correlations.
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Fig. 5. EGFs (black traces) in the period band 10–20 s for the station pair (a)
MC04–MC23 and (b) MC06–MC10 only from direct (minor-arc) surface waves in
the 2.5–5 km/s group velocity window from the earthquakes with mb ≥ 5 in the 10
months in the world (labeled as ‘ESWN’ at the left side), and from four different
quadrants (labeled as ‘N’, ‘E’, ‘S’, and ‘W’ at the left side; for location of earthquakes
in each quadrant, see Fig. 3b). The red traces in (a) and (b) is the same as that shown
in Fig. 4a and b, respectively. The blue dashed traces in (a) and (b) is the time reversal
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Fig. 6. Similar as shown in Fig. 5, but for EGFs (black traces) recovered from direct
surface waves in a more rigorously defined window from large earthquakes (see
Fig. 2a and Section 3.3). The green dashed trace labeled as ‘N’ (or ‘S’) in (a) is the
EGF for MC04–MC23 from earthquakes in the N (or S) quadrant only near the S–N
direction within 22.5◦ deviation (red or yellow dots in Fig. 3c). The green dashed
trace labeled as ‘E’ (or ‘W’) in (b) is the EGF for MC06–MC10 only using earthquakes
in the E (or W) quadrant near the E–W direction (blue or green dots in Fig. 3c). The
f the anti-causal EGF of the red trace, shown as the reference for the causal part
GF. (For interpretation of the references to colour in this figure legend, the reader

s referred to the web version of the article.)

For both station pairs, the EGFs from all earthquake data (Fig. 5,
lack traces labeled as ‘ESWN’) show a similar time-asymmetry as
GFs from the 10-month continuous data (Fig. 4, red traces). For
C04–MC23 the anti-causal part of the EGF from earthquake data

n each quadrant is similar to the anti-causal part from all data
Fig. 4a). However, the causal part (that is, surface waves propa-
ating from N to S) can only be recovered from the earthquakes in
he N quadrant (yellow circles in Fig. 3b). Seismicity in the north is
elatively low and the earthquakes used are mostly far away from
he array. We still observe a causal phase around the same time as
he reference phase (Fig. 5a, blue trace), but it is much noisier than
he anti-causal part. For the E–W station pair we can make simi-
ar observations (Fig. 5b). The anti-causal EGF from earthquakes in
he E, S, and N quadrants are, again, similar to that from all data.
ata from events in the W quadrant produce both a causal and
nti-causal part (Fig. 5b, black trace labeled as ‘W’), but the lat-
er is substantially weaker. This demonstrates that we can indeed
ecover the (anti-) causal parts of the surface wave Green’s function
y using earthquake data from a specific direction.

The fact that for both the N–S and E–W station pairs we can
ecover anti-causal surface wave EGFs for all seismicity quadrants
s surprising. In principle, energy from directions perpendicular to
he geographical orientation of the receiver pair contributes little to
he Green’s function of (surface) wave propagation between them.

e speculate that the successful recovery of anti-causal EGFs is
ue to presence of ambient noise energy in the 2.5–5 km/s group

elocity window.

To suppress this contamination by ambient noise energy we
efine a more rigorous direct surface wave window (Fig. 2a), which
enters at the maximum energy arrival within the group veloc-
top red and blue traces are the same as shown in Fig. 5. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of the article.)

ity window 2.5–4 km/s in the period band 10–20 s calculated for
each earthquake with mb ≥ 5 (Fig. 3b). This new window is only
200 s long and contains only the most energetic part of the direct
surface waves from large earthquakes. Instead of applying one-bit
normalization to the records, which tends to enhance ambient noise
energy, we normalize the records in this direct surface wave win-
dow by dividing by the maximum amplitude in that window before
cross-correlations. Fig. 6 shows the EGFs from the correlation of
recordings in this new direct surface wave window.

For the S–N station pair MC04–MC23, the EGF constructed from
the direct surface waves from all earthquakes in Fig. 3b shows quite
a symmetric surface wave arrival around 178 s (the trace labeled as
‘ESWN’ in Fig. 6a), although spurious earlier arrivals appear in both
the causal and anti-causal parts. These early arrivals are probably
due to surface wave energy coming from earthquakes in subduction
zones along Japan, Kuril trench, Aleutian trench, and the eastern
Pacific coastline (contributing to the early arrival in the causal part
EGF), and earthquakes around the Philippine, New Guinea, Solomon
Islands, and Tonga trenches (contributing to the early arrival in the
anti-causal part EGF). Unlike the results shown in Fig. 5a, in which
the anti-causal part EGF seems to be recovered due to the presence
of ambient noise energy, the anti-causal part EGF in Fig. 6a (the
black trace labeled as ‘S’) is recovered from direct surface waves
propagating from S to N from the earthquakes in the S quadrant
(Fig. 3b). Similarly, the causal part EGF in Fig. 6a (the black trace
labeled as ‘N’) is recovered by the earthquake data in the N quad-

rant (Fig. 3b) but has much lower SNR than that of anti-causal EGF
recovered from the earthquake data in the S quadrant. This is prob-
ably due to the larger epicentral distances for the earthquakes in
the N quadrant. Earthquakes along the Kuril and Aleutian trenches
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Fig. 7. EGFs (black traces) in the period band 10–20 s for MC04–MC23 from surface
wave coda of the large earthquakes (mb ≥ 5, red dots in Fig. 3d) in two different time
H. Yao et al. / Physics of the Earth a

nd the eastern Pacific coastline, with back azimuths ∼45◦ off the
nter-station direction, tend to produce (spurious) early arrivals in
he causal part EGF.

For the E–W station pair MC06–MC10 the recovery of EGFs using
he new surface wave window (Fig. 6b) is also quite different from
hat using the 2.5–5 km/s group velocity window (Fig. 5b). This
eflects the uneven distribution of earthquakes (Fig. 3b), not ambi-
nt noise energy. Dominant early arrivals appear in the anti-causal
GFs inferred both from all earthquakes in Fig. 3b and for earth-
uakes restricted to the N, E, or S quadrants. This reflects the fact
hat a large number of earthquakes exist with large angles (about
5◦) off the E–W inter-station direction in the subduction zones
long the western Pacific Ocean (Fig. 3b). The causal EGF (the black
race labeled as ‘W’ in Fig. 6b) from earthquakes in the W quadrant is
ery well recovered and the anti-causal part EGF almost disappears,
hich implies that the contamination of ambient noise energy in

his new surface wave window is very small.
Stationary phase analysis implies that only sources locating near

r along the (surface wave) ray path connecting the stations con-
ribute to the reconstruction of the Green’s function of that station
air (Snieder, 2004; Yao and Van der Hilst, 2009). Sources within
he first Fresnel zone of interferometry constructively contribute to
he recovery of the Green’s function and the width of the first Fres-
el zone depends on the inter-station distance and the frequency
f waves considered (Yao and Van der Hilst, 2009). Sources far
way from the inter-station ray path either interfere destructively
for even source distribution) or produce spurious early arrivals
for uneven source distribution), as shown in Fig. 6b. Therefore,
hrough careful selection of earthquakes along the inter-station ray
ath, we can recover the Green’s function and suppress (spurious)
arly arrivals. For example, for the S–N station pair MC04–MC23
e only select earthquakes near the S–N direction (less than 22.5◦

eviation); similarly, for the E–W station pair MC06–MC10 only
arthquakes near the E–W direction (less than 22.5◦ deviation) are
sed (Fig. 3c). For the S–N station pair MC04–MC23 the re-selected
arthquakes in the N (or S) quadrant recover the causal (or anti-
ausal) part EGF (the green dashed trace labeled as ‘N’ (or ‘S’) in
ig. 6a). Similarly, for the E–W station pair MC06–MC10 the re-
elected earthquakes in the E or W quadrant recover the anti-causal
r causal part EGF (the green dashed trace labeled as ‘E’ or ‘W’ in
ig. 6b). In particular, the anti-causal part EGF is very well recov-
red and the early arrivals almost disappear. For the estimation of
reen’s function between two stations, this “steered” seismic inter-

erometry with direct waves from selected earthquakes provides an
lternative to ambient noise interferometry.

.4. EGFs from coda waves

Independent of the source distribution, one can improve the
onditions for Green’s function construction by exploiting wave-
eld scattering due to medium heterogeneity (Campillo and Paul,
003; Paul et al., 2005). Coda waves are due to (multiple) scattering

n the shallow subsurface (Sato and Fehler, 1998) and can be divided
nto two regimes (Malcolm et al., 2004): an earlier diffusion regime
nd a later equipartitioning regime. The equipartitioning regime is
heoretically the optimal regime for interferometric Green’s func-
ion reconstruction because no preferred direction and mode of
ropagation exists (Van Tiggelen, 2003).

For surface wave applications in solid Earth seismology the
iffusion regime is usually found in the (late) coda of direct S
Campillo and Paul, 2003; Paul et al., 2005) or Rayleigh waves

Langston, 1989). Equipartitioning has indeed been observed in
ate coda waves from short-period S waves (Hennino et al., 2001),
ut the associated energy usually falls below the ambient noise

evel because it arrives many mean-free times after the direct
aves. As a consequence, EGFs from late coda often show the
windows (AB and BC, each with 800 s length) shown at the left side of each black
trace. The detailed definition of these two coda windows is given in Fig. 2 and Section
3.4. The coda in the window AB and BC is the earlier and later part of surface wave
coda, respectively.

same directional bias as EGFs from ambient noise (e.g., Paul et al.,
2005).

Using the S–N station pair MC04–MC23 as an example, we
investigate the correlation of coda from the selected earthquakes
(Fig. 3d) in two 800 s long coda windows (AB and BC in Fig. 2). For
each selected earthquake we require that (1) the root-mean-square
(RMS) amplitude of surface wave coda in the first 2000 s window
shows an indication of exponential decay (Fig. 2b), (2) the SNR of
the direct surface wave arrival has to be larger than 1000, and (3)
the minimum SNR within each 800 s coda window is larger than 50.
The reason for these strong requirements is to suppress the effect of
ambient noise energy in coda waves on the reconstruction. Thus the
surface wave coda from 24 large earthquakes (Fig. 3d) is used for the
retrieval of Green’s functions. Before cross-correlating coda waves
we normalize their amplitudes by dividing by the RMS amplitude
(the red dashed line in Fig. 2a).

The recovered EGFs from the earlier coda window (AB) and the
later coda window (BC) are shown in Fig. 7, which seem to have
much lower SNR compared to EGFs inferred from all 10 months
of data. In contrast to the (reference) arrival from ambient noise
(blue trace in Fig. 7) the causal EGF from the earlier coda (the trace
labeled as ‘AB’) does not show an apparent surface wave arrival
around 178. The anti-causal EGF from the earlier coda results in
surface wave arrivals similar to that of the reference arrival (red
trace in Fig. 7), but appears to be too noisy. However, the recovery
from the later coda is much improved. Both the causal and anti-
causal part EGF from the later coda (the trace labeled as ‘BC’) show
surface wave arrivals that are similar (also in amplitude) to the ref-
erence arrival from ambient noise. This indicates that the later coda
(in the second 800 s coda window) is sufficiently diffuse to con-
struct both the causal and anti-causal part EGFs, while the scattered
energy in the earlier coda (in the first 800 s coda window) may be
still dominated in some specific directions related to the direction
of incoming energy and local heterogeneities. For both coda win-
dows the SNR of coda to ambient noise is sufficiently large (at least
50), and the contribution from ambient noise energy appears to be
negligible.

4. Seasonal variability and origin of ambient noise energy

The energy density and distribution of ambient noise – and

as a consequence, the reliability of EGFs from wavefield cross-
correlation – varies with frequency and time. In this section we
investigate the temporal changes in the directional distribution
and origin of ambient noise energy (in the period band 10–20 s)
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Fig. 8. Comparison of cross-correlation functions in the period band 10–20 s from 1 month data of (a) January 2004 for E–W two-station pairs, (b) July 2004 for E–W two-
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tation pairs, (c) January 2004 for S–N two-station pairs, and (d) July 2004 for S–N tw
rom E to W or N to S with a maximum of 15◦ deviation. ‘E → W’ means the fictitiou
or the retrieval of the anti-causal EGF as shown in (a) or (b), similarly for ‘W → E’ bu
d), and ‘N → S’ for the causal EGF in (c) and (d).

ith respect to the MIT-CIGMR array in SE Tibet. We first analyze
he variations of the amplitude of one-bit cross-correlation func-
ions (CFs) over time (Figs. 8 and 9). Subsequently we perform a
frequency–wavenumber) beamforming analysis in order to con-
train the temporal variations in the geographical origin of the
mbient noise energy (Fig. 10).

As in Stehly et al. (2006), we analyze the symmetry and ampli-
ude of CFs using data band-passed between 10 and 20 s (the
requency band of the primary microseisms) during different sea-
ons. We correlate 1 month of continuous records during the
orthern hemisphere summer (July 2004) and northern hemi-
phere winter (January 2004) for station pairs directed roughly
rom north to south and east to west (with 15◦ deviation). In the

inter, the CFs for the E–W station pairs are dominated by energy
raveling from the east, as is evident from the one-sided CFs (Fig. 8a).
or the E–W station pairs, the summer CFs (Fig. 8b) have lower SNR
han in the winter but do not seem to have a preferred direction,
nd (weak) very early arrivals become apparent. The CFs calculated
or the N–S station pairs show fairly good symmetry in winter (see
ig. 8c) indicating a similar energy flux into the array from the
outh or north. In summer time, the apparent asymmetry of the
Fs (Fig. 8d) indicates that energy coming from the south is much

arger than from the north.
The traces in Fig. 8 correspond to E–W and N–S station pair ori-

ntations, but pie charts illustrate the azimuthal dependence of the
ormalized amplitude of the CFs (or ambient noise energy flux) for
ll station pairs, both for winter (Fig. 9a) and summer (Fig. 9b). The
ackground image in Fig. 9 shows the distribution of the normalized

lobal ocean wave height, modified after Stehly et al. (2006). The pie
harts show that the ambient noise energy in the winter (Fig. 9a) is
ore uniformly distributed than in the summer (Fig. 9b). In the win-

er, noise energy is dominant in the east and north-east directions
possibly related to enhanced wave power in the Northern Pacific)
tion pairs. Here the E–W or S–N two-station pairs are station pairs directed roughly
e sources approximately to the E of the array generate waves propagating to the W
he retrieval of the causal EGF in (a) and (b), ‘S → N’ for the anti-causal EGF in (c) and

and also from the south (Indian Ocean) and the north (Northern
Atlantic). In the summer, the main direction of the ambient noise
energy is from the south–southwest, pointing to an origin in the
Indian Ocean. These results are consistent with the observations of
Stehly et al. (2006) and Yang and Ritzwoller (2008).

To confirm, quantify, and interpret the above illus-
tration of seasonal CF amplitude variations, we perform
a wavenumber–frequency analysis of the same data.
Wavenumber–frequency analysis of random noise fields decom-
poses the wavefield into plane waves, which allows one to
characterize the noise wavefield – or the wavenumber–frequency
power-spectral density – by an azimuth and apparent slowness
(or velocity) (Lacoss et al., 1969; Aki and Richards, 1980; Johnson
and Dudgeon, 1993). We divide approximately 1 month of data
(January 2004 or July 2004) into 512 s windows with an overlap of
100 s. Using the algorithm due to Lacoss et al. (1969) we beamform
the data in these windows for 20 central periods between 10
and 20 s using a narrow band-pass filter of about 0.002 s. The
angle resolution is 2◦, while the velocity resolution is 20 m/s. The
beamforming results in all time windows and frequency bands are
then normalized and stacked to produce the final images of the
power of the noise wavefield in the period band 10–20 s in terms of
velocity in m/s along the radial axis and azimuth in degrees, along
the angle, shown in Fig. 10.

Fig. 10a and b shows the noise power during January 2004 and
July 2004, respectively. The wavefield is dominated by energy com-
ing from the south–southwest during the July 2004 (Fig. 10b), in
excellent agreement with results of the above analysis of CF ampli-

tudes (Fig. 9b). The apparent velocity is around 3200 m/s, which
agrees very well with the velocities obtained from dispersion anal-
ysis (see Figs. 11b and 12b). The noise power during January 2004
has less obvious directionality (Fig. 10a). The same direction in the
south–south east causes arrivals with velocities around 3200 m/s,
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Fig. 9. Seasonal variation of the azimuthal dependence of the normalized amplitude
of the cross-correlation functions (shown as the pie chart) for all possible MIT-CIGMR
array station pairs: (a) in northern hemisphere winter time (January 2004) and (b) in
northern hemisphere summer time (July 2007). The pie charts are constructed using
the procedure from Stehly et al. (2006) by averaging the amplitude of all CFs in each
azimuthal sector (5◦ width here) with a geometrical spreading amplitude correction
considering the difference in inter-station distance. The background image shows
the distribution of the normalized global ocean wave height in winter time (a) and in
summer time (b) (modified after Stehly et al., 2006). The colour bar in the right gives
the value of normalized amplitude for both cross-correlation functions and the ocean
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Fig. 10. (a) Noise power from beamforming analysis in January 2004, for the period
band 10–20 s. The noise mainly arrives from the south–southwest and from between
the north–northwest and east–southeast. The apparent velocity is around 3200 m/s.
ave heights. In the pie chart, the red sector at certain azimuth angle approximately
mplies that more energy is coming from that azimuth angle and propagating into
he array (center of the pie chart). (For interpretation of the references to colour in
his figure legend, the reader is referred to the web version of the article.)

ut significant energy also arrives from the north and east with
pproximately equal amounts and much weaker energy flux from
he west. This is also similar to the result from the above CF analysis
Fig. 9a). Overall, the noise power in January is less than during July.

The above observations that the CFs for E–W station pairs have
lower SNR in the summer (Fig. 8b) than in the winter (Fig. 8a)

nd that early arrivals appear in the summer time CFs may both be
xplained by the overall dominance of energy from the south in the
ummer, as established by the beamforming. If plane waves arrive
rom the south–southwest at an E–W station pair, the result will be
n arrival with very high apparent velocity (and thus early arrival
ime).

. Discussion

We evaluated the recovery of (surface wave) Green’s functions
rom ambient noise, direct surface waves, and surface wave coda
for T = 10–20 s). Fig. 11a shows the EGFs recovered from different
ata windows for the S–N station pair MC04–MC23. The EGFs from
he different data windows give similar surface wave arrival times
around 178 s). However, the arrival time of the EGF (labeled as ‘S−’
n Fig. 11a) recovered from direct surface waves using the earth-
uakes in the S quadrant (see Fig. 3c) appears several seconds later

han the reference travel time of the EGF from ambient noise. The
rrival time of the EGF (labeled as ‘N+’ in Fig. 11a) using earthquakes
n the N quadrant appears a few seconds earlier. Dispersion anal-
sis for the various EGFs in Fig. 11a shows differences among the
hase velocities (Fig. 11b) with a standard deviation about 1–2%
(b) Noise power from beamforming analysis in July 2004, for the period band 10–20 s.
The noise mainly arrives from the south–southwest. The apparent velocity is around
3200 m/s.

of the average phase velocities. Indeed, the phase velocities of the
‘N+’ EGF (Fig. 11a) are about 1–1.5% higher than the average and for
the ‘S−’ EGF (Fig. 11a) the phase velocities are 0.5–1.5% lower. This
difference reflects the difference of source distribution (Fig. 3c) for
the construction of surface wave Green’s function through cross-
correlation. The phase velocities of the causal and anti-causal EGFs
from coda waves also show up to 1.5% difference, implying the dif-
ference of (scattered) energy for the Green’s function retrieval. If the
scattered wavefield in the late coda is isotropic and well above the
ambient noise level, we would expect the same dispersion charac-
teristics for the causal and anti-causal part EGFs. However, in reality,
attenuation and existence of ambient noise energy usually result
in some predominant directions of energy propagation in the late
coda.

In theory the causal and anti-causal parts of the Green’s function
are the same. However, in practice, the recovered EGFs from cross-
correlation of different data windows may be different (Figs. 4–7)
indicating non-isotropic energy propagation. To improve the qual-
ity of dispersion analysis of the EGFs from seismic interferometry,
one usually stacks the causal and anti-causal part EGFs to enhance

the SNR and suppress the effect of uneven source distribution or
energy propagation (e.g., Yang et al., 2007; Yao et al., 2008). Here
we stack the causal and anti-causal part EGFs from ambient noise,
direct surface waves, or surface wave coda, as shown in Fig. 12a.
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Fig. 11. (a) Comparison of the EGFs of MC04–MC23 constructed from cross-
correlations of different data windows: ‘Noise−’ for the anti-causal part EGF labeled
as ‘mb = 4’ in Fig. 4a, ‘S−’ for the anti-causal part EGF (green dashed trace) labeled
as ‘S’ in Fig. 6a, ‘N−’ for the causal part EGF (green dashed trace) labeled as ‘N’ in
Fig. 6a, ‘Coda−’ for the anti-causal part EGF labeled as ‘BC’ in Fig. 7, and ‘Coda−’ for
the causal part EGF labeled as ‘BC’ in Fig. 7. (b) Phase velocity dispersion curves in
the period band 12–18 s for the EGFs in (a). The red dashed line in (a) shows the refer-
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Fig. 12. (a) Comparison of the stacked EGFs of MC04–MC23 constructed from three
different data windows, i.e., ambient noise (top trace, stack of the causal and anti-
causal parts of the bottom trace in Fig. 4a labeled as ‘mb = 4’), direct surface wave
(middle trace, stack of the two traces labeled as ‘S−’ and ‘N+’ in Fig. 11a), and surface
wave coda (bottom trace, stack of the two traces labeled as ‘Coda−’ and ‘Coda+’ in
Fig. 11a). (b) Comparison of phase velocity dispersion in the period band 12–18 s of
the stacked EGFs in (a). The red dashed line in (a) shows the reference travel time
nce travel time (at 178 s) corresponding to the point with the maximum amplitude
f the EGF labeled as ‘Noise−’. (For interpretation of the references to colour in this
gure legend, the reader is referred to the web version of the article.)

he stacked EGFs from different data windows have very similar
rrival times (the difference is less than 1 s, Fig. 12a) and the SNR is
lso improved, especially for the stacked EGF using coda waves. The
hase velocity dispersion curves between the stacked EGFs from
mbient noise and surface wave coda are very similar with less
han 1% difference (Fig. 12b). The phase velocities around 14 s of
he stacked EGF from direct surface waves are about 1.5% higher
han from ambient noise or surface wave coda, but at other periods
heir differences are quite small (less than 0.5%). This suggests that
tacking the causal and anti-causal parts of the EGFs does, indeed,
mprove the quality of dispersion analysis.

By using different data windows we effectively manipulate
he character of seismic energy that contributes to the construc-
ion of the EGF. This, in turn, also alters the type of information
hat can be retrieved about the medium. As we demonstrated in
igs. 11 and 12, EGFs can be retrieved successfully from continuous
mbient noise, direct surface waves, or surface wave coda. The sur-
ace waves recovered from 10 months of ambient noise have higher
NR than those recovered from ground motion due to large earth-
uakes (with much shorter time length for cross-correlation). The
NR of the recovered surface waves from direct surface waves is

lso high (Fig. 11a). However, it is sometimes necessary to select
he earthquakes (with back azimuths near the orientation of the
wo-station pair) to avoid the generation of spurious early arrivals
due to incomplete reconstruction) or bias from earthquakes with
(at 178 s) corresponding to the point with the maximum amplitude of the stacked
EGF labeled as ‘ambient noise’. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of the article.)

energy propagating perpendicular or at large angle from the sta-
tion pair (Fig. 6). In practice, one can steer the known sources (e.g.,
larger earthquakes) within the regime of constructive interference
to improve the recovery of the Green’s function. The steering pro-
cess may include both the selection of sources and compensation
of source energy to enable the perfect recovery.

The SNR of the recovered surface waves from the later surface
wave coda seems to be poor. However, the phase information can be
well recovered (Figs. 11 and 12) and the causal and anti-causal parts
are nearly symmetric. The early coda is expected to be dominated
by single scattering, whereas in the late coda, multiple scattering
contributes to the diffusion of energy. In theory a diffuse wave-
field produces a more symmetric EGF (Sánchez-Sesma et al., 2008;
Malcolm et al., 2004) and this is clearly observed here (Fig. 7). How-
ever, since multiply scattered energy decays faster and can quickly
fall below the noise level, especially for the range of inter-station
distances considered in our study, this really limits our selection
of coda waves for the Green’s function retrieval. The poor SNR of
the EGF from coda waves is probably due to the very limited data
we can use for the recovery (Fig. 3d) in order to minimize the con-
tamination of ocean microseisms in the period band 10–20 s. The

extent to which EGFs recovered from coda waves can be used in, for
example, tomography is thus limited.

Our study illustrates that the comparison of EGFs extracted
from different regimes in the seismic trace is complicated by var-
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ous factors. Much depends on the frequency band one uses for
he correlations. For periods between 10 and 20 s ambient noise
s dominated by the primary microseism and effects of scattering
re relatively weak. For shorter periods, scattering is stronger (due
o the shorter wavelength compared to heterogeneity) and ocean
enerated ambient noise may be weaker if the array is far from the
oastline. For shorter periods we may, therefore, expect to retrieve
ore symmetric EGFs with higher SNR from late coda data for sta-

ion pairs with shorter distance considering high attenuation at
horter periods. At longer periods, say, from 20 to 120 s, the effect
f scattering is less (Langston, 1989) and ambient noise energy gen-
rally shows weak (Yang and Ritzwoller, 2008) or no directionality
Pedersen et al., 2007). Therefore, in this period band one can use
irect waves and noise to retrieve Green’s functions.

. Conclusions

We demonstrated that the surface wave empirical Green’s
unction can be retrieved from cross-correlation of different data

indows (ambient noise, direct surface waves, or surface wave
oda) using array data from SE Tibet. Phase velocity dispersion
lso reveals similar dispersion characteristics of these empirical
reen’s functions. The directionality of ambient noise energy dis-

ribution may have a large effect on the recovery of the Green’s
unction when one tries to use direct surface waves or coda waves
ue to large earthquakes. Therefore, proper windowing of earth-
uake data in different regimes is necessary for the Green’s function
ecovery. By examining the symmetry and amplitude of the cross-
orrelation functions and performing a frequency–wavenumber
eamforming analysis, we conclude that the dominant ambient
oise field in the period band 10–20 s is from the ocean activities
nd shows clear seasonal dependence. The average phase velocity
etween 10 and 20 s of the study area from beamforming analy-
is is very similar to what we obtained from dispersion analysis.

avenumber–frequency beamforming analysis of the noise wave-
eld helps in interpreting the empirical Green’s function obtained

rom cross-correlation and provides important knowledge of the
irectionality of ambient noise energy.
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