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SUMMARY

We present a case study on the application of ambient noise in-
terferometry from a fold-belt area in Assam, Northeast India.
One-bit normalized and spectrally whitened data from short-
period stations are crosscorrelated followed by stacking of cor-
relograms to estimate surface waves between sixteen station-
pairs close to sources of traffic noise and separated by dis-
tances of up to six kilometres. The retrieved surface waves
have a frequency content of 1 to 3 Hz, and the corresponding
group velocity dispersion curves are inverted for shear wave
velocities as a function of depth by employing a perturba-
tional inversion methodology. The near surface S-wave ve-
locity structure estimated from interferometry can potentially
be applied to estimate statics corrections for converted wave
processing .

INTRODUCTION

Ambient noise interferometry is a methodology for turning
passive seismological measurements into deterministic seis-
mic responses from virtual sources by crosscorrelating the seis-
mic observations recorded at different locations. The ambient
noise may have its origin in either natural (e.g. microseisms
and micro-earthquakes) or artificial (e.g. ballistic, impulsive,
traffic or cultural activity) sources. Interferometry by cross-
correlation has been applied in helioseismology, acoustics, and
geophysics to retrieve the Green’s function (???). Seismic in-
terferometry applied to ambient noise data can yield surface
wave (???) or reflected body waves (??). ? perform crosscor-
relation of multi-component microtremor data in the time and
frequency domain to retrieve Love and Rayleigh waves in the
frequency range of 3.6 – 6 Hz and 6 – 20 Hz, respectively. ?
and ? retrieve Scholte waves from ambient noise interferom-
etry from the ocean bottom four-component Valhall “Life of
Field Seismic” network and show that the Scholte wave group
velocity maps are strongly correlated with P-wave velocities
at shallow depths derived from full waveform inversion (?). ?
retrieve Rayleigh and Love waves in the 2 – 6 Hz band from
traffic noise generated by a highway and recorded by a passive
seismic array in the La Barge basin. ? use ambient noise in-
duced by railroad traffic to reconstruct Rayleigh waves along
with direct and reflected P-waves.

In this study, we retrieve high-frequency (1 – 3 Hz) surface
waves by the application of ambient-noise interferometry to a
dataset from Northeast India. We first introduce the study area,

Figure 1: Geographical distribution of stations overlain on to-
pographical map of the region. Blue triangles represent broad-
band stations and red inverted triangles represent short-period
stations.

followed by a discussion on the extraction of surface waves by
interferometry and present the results of inverting the surface
wave dispersion curves.

INSTRUMENTATION AND DATA

Figure 1 displays the locations of 68 short-period and 6 broad-
band seismometers in the north of Silchar region of Assam,
India. The geographical coordinates have been transformed
into distances from an assumed origin using a Lambert con-
formal conic projection system. The shortband stations are
three component seismic sensors with a sampling frequency
of 100 Hz and a bandwidth of 0.5 –100 Hz. The three compo-
nent broadband sensors have a sampling frequency of 100 Hz
and a bandwidth of 0.025 – 50 Hz. The receivers were placed
in a cement-cased borehole at depths ranging from 6 – 8 m.
The data were recorded in ten minute intervals over a period
of eleven months from January to November 2011.

AMBIENT NOISE INTERFEROMETRY

We use vertical component data from the shortband stations,
and the resulting crosscorrelograms should consequently be
dominated by Rayleigh waves of relatively higher frequen-
cies. ? outline the processing steps to be applied to broadband
data to retrieve broadband Rayleigh waves from ambient noise
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interferometry. We follow a similar procedure appropriately
modified for the short period data. The processing steps in-
clude preprocessing, pair-wise crosscorrelation of the data fol-
lowed by stacking, computation of the dispersion curves using
frequency-time analysis (FTAN) of retrieved surface waves,
and lastly, quality control to eliminate noisy results.

Preprocessing

The mean and the trend are estimated and subtracted from the
raw Z-component data recorded by the shortband stations. In-
strument response correction is not applied as the crosscor-
relations are computed between identical stations. The data
are then resampled from the original sampling interval of 100
Hz to 40 Hz in order to reduce the volume. The resulting
bandwidth of the data is 0.5–20 Hz, and it encompasses the
bandwidth of expected surface wave energy. Waveforms from
earthquakes tend to have large amplitudes and can hence bias
the crosscorrelograms. Signals corresponding to catalogued
earthquakes can be removed by muting the recorded seismo-
grams around the corresponding arrival times. However, re-
moving micro-earthquakes from the data can be challenging
as not all micro-earthquakes are catalogued and their presence
in the data can significantly alter the obtained Green’s func-
tion. The effect of large signals can be overcome by the appli-
cation of a suitable temporal normalization technique. Some
commonly used techniques include absolute mean normaliza-
tion in a moving window, automatic gain control (AGC), or
one-bit normalization (e.g. Bensen et al., 2007). Since one-bit
normalization is a non-linear operation, it does not commute
with rotation operations and is hence unsuitable for processing
multi-component data (?). However, one-bit normalized cor-
relograms are related to equivalent correlograms uncorrupted
by earthquake events by an invertible transfer function that is
valid for stationary and non-stationary Gaussian and a range of
non-Gaussian processes (?). In this study, we focus on vertical
component data and we have utilized one-bit normalization as
the temporal normalization technique. One-bit normalization
is followed by the application of spectral whitening to broaden
the band of the ambient noise signal and to reduce the spec-
tral imbalance caused by potential sources of monochromatic
noise, originating from industrial and agricultural sources sit-
uated in the densely populated area (?).

Crosscorrelation and Frequency time analysis

For a study on a global scale, it is typical to choose day-long
time windows for crosscorrelation interferometry (e.g. Bensen
et al., 2007; Yang et al., 2008). The length of the time window
for local studies with higher frequencies of interest is varied
from a few minutes (??) to a few hours (???). Since our study
is focussed on a local scale and shallow depths, we have used a
time window of ten minutes. The chosen time interval is suffi-
cient for the noisy surface wave-trains to traverse the extent of
the array. Stacking of the crosscorrelograms leads to the emer-
gence of the surface wave signatures, and the resulting wave-
form is called an empirical Green function (EGF). The dis-
persion characteristics of the surface waves can be computed
using frequency-time analysis (FTAN) (??). The causal and
acausal parts of the EGF are converted into analytical signals
using the Hilbert transform. A series of narrowband Gaus-

Figure 2: Geographical distribution of stations overlain on a
satellite map of the region modified from ?. Blue triangles rep-
resent broadband stations and red inverted triangles represent
short-period stations. The receiver pairs that yielded surface
waves have been connected by white lines. The roads are plot-
ted in yellow, the rail-roads in black, population centers are
marked with red dots.

sian filters are applied to the analytic signals to construct time-
frequency representations for the envelope and the phase func-
tions. The group velocity of the surface waves as a function of
the central frequency is calculated by dividing the interstation
distance by the arrival time of a wave packet, corresponding to
the peak of the envelope function for the particular central fre-
quency. Spectral leakage can cause the narrowband waveform
to be not centred around the central frequency of the Gaussian
filter. To mitigate this effect ,the central frequency is replaced
with the instantaneous frequency, defined as the rate of change
of the phase with time of the analytic signal (Levshin and Ritz-
woller 2001, Bensen 2007).

Crosscorrelograms between a pair of stations stacked over vary-
ing lengths of time can potentially be utilized to qualitatively
determine the success of surface wave retrieval by interferom-
etry. A gradual emergence of energy at non-zero crosscorrela-
tion lags may imply the retrieval of stationary waves (?). Fur-
ther, the FTAN of crosscorrelogram stacks corresponding to
surface waves should display signatures of dispersion curves
over a range of frequencies. Out of the possible 2278 short-
period receiver pairs in our study area (Figure 1), we classified
cross correlation stacks from 16 receiver pairs to correspond to
surface waves based on the criteria mentioned above. Figure 2
displays a map of the study area plotted using “Google Earth”
software corresponding to November 2011 (?). The 16 short-
period receiver pairs have been connected by white lines in the
map. The roads are plotted in yellow while the rail-roads are
plotted in black, major population centres and airports have
also been labelled on the map. We found that surface waves
were retrieved for receiver pairs close to the roads or rail-roads
and within an inter-station distance of 6 kms. Traffic noise is
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Figure 3: Eleven month crosscorrelogram stack from the re-
ceiver pair 12 – 57. The receiver numbered 57 corresponds to
the virtual source.

the most likely source of the surface wave energy. A similar
limit for the inter-station distance for surface wave retrieval
from traffic noise was observed by ?, possibly due to the decay
of ambient noise energy in the 2 – 6 Hz band propagating along
the surface caused by a combination of geometrical spreading
and intrinsic attenuation. A crosscorrelogram stack that dis-
plays surface wave signatures from a representative station is
plotted in Figure 3. To obtain the exact seismic impulse re-
sponse from the crosscorrelation of records between pairs of
stations requires the presence of the diffuse wavefields or ho-
mogeneous distribution of noise sources in the surface media
(??). However, the distribution of noise sources in the surface
is in general neither isotropic nor temporally stationary (??).
This can cause deviations between the empirical Green’s func-
tion obtained using crosscorrelation of the inter-station records
and the actual Green’s function, and asymmetry in the correlo-
grams (??). The energy in the 1 – 3 Hz range corresponding to
the causal or acausal part of the stacked correlogram is clearly
correlated with the location of the virtual source vis-à-vis the
source of traffic noise such as roads or rail-roads (Figure 1).
The crosscorrelogram stack for the receiver pair 12 – 57 (Fig-
ure 3) is dominated by energy in the acausal part as the re-
ceiver numbered 57 (virtual source) is located farther from the
road than the receiver numbered 12. Figure 4 plots the result of
FTAN performed on the crosscorrelogram stack from Figure 3.
Rayleigh wave group velocity dispersion curves retrieved from
the ridges of the FTAN images is plotted in Figure 4b. The er-
rorbars correspond to the margin of velocity where the FTAN
value falls to 70% of the peak value. Further analysis will as-
sume that the errorbars correspond to one standard deviation.

Inversion of dispersion curves

The Rayleigh wave group velocity dispersion curves were in-
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Figure 4: FTAN image for the crosscorrelogram stack from
figure 3.
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Figure 5: Group velocity dispersion curve extracted from the
FTAN image (black), dispersion curves fit by Dix-like inver-
sion (blue) and those fit by perturbational inversion (red).
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verted using the algorithm presented by ?. The initial model
for the inversion was formulated using the Dix-like inversion
method presented by ? and ?. We use the “homogeneous” for-
mulation of the Dix-like inversion, wherein the Rayleigh wave
at a given frequency is assumed to propagate in a homogeneous
medium. The S-wave velocity for the medium is derived from
the observed group velocity, and the P-wave velocity is calcu-
lated using a user-supplied value of Poisson’s ratio. For the
clayey sediments expected in the study area, we have assumed
a Poisson’s ratio of 0.40. The value of Poisson’s ratio was de-
rived from shallow sonic logs and by using the “mudrock line”
(?) to empirically estimate the S-wave velocity. The density is
assumed to be 2000 kg/m3. Following the Dix-like inversion
for the initial model, the perturbational inversion algorithm of
? is used to invert for the S-wave velocities while keeping
the Poisson’s ratio and density fixed, as before. The disper-
sion curve fit by the Dix-like and perturbational inversion are
plotted in Figure 5, and the inverted S-wave velocities as func-
tions of depth are plotted in Figure 6. The chi-squared misfit
values for the values fit by the perturbational inversion range
between 0.5 and 1, i.e., the modeled data lie within half to one
standard deviation of the observed data. The resolution matrix
for the final update of S-wave velocity as a function of depth
plotted in Figure 7 suggests that the S-wave velocity profile is
potentially well resolved up to depths ranging between 200 to
600 m. Figure 8 displays the S-wave velocity profiles obtained
from surface waves retrieved by ambient noise interferometry
from the sixteen receiver pairs displayed in Figure 2. There is
a wide variation in the S-wave velocities due to lateral hetero-
geneities in the sedimentary basin.

Figure 9 compares S-wave velocities at a depth of 200 m ob-
tained from the inversion of surface wave dispersion curves
with S-wave velocities estimated by the application of mu-
drock line (?) to sonic log measurements. The diameters of
the circles are equal to corresponding inter-station distances in
Figure 9a and subsequent plots that display velocities derived
from interferometry. Well data represent point measurements
and the diameters of the circles in Figure 9b and subsequent
plots are constant and are chosen to aid the ease of interpre-
tation. The velocity maps indicate the heterogeneity in near
surface S-wave velocities in the region. Well log measure-
ments were more reliable at depths greater than 500 m. The
S-wave velocity values at a depth of 500 m from interferom-
etry and mudrock line applied to sonic log data are displayed
in Figure 10. There is a good match between the S-wave ve-
locity trends obtained from interferometry and tomography, al-
though surface wave inversion yields lower velocity values at
certain locations as compared to local earthquake tomography
and well measurements. This is due to the fact that low ve-
locity surface waves sample shallow depths and the velocity
values may not be reliable at a depth of 500 m.

DISCUSSION

We have presented a case study on the application of ambi-
ent noise interferometry and local earthquake tomography to
a passive seismic dataset from Northeast India. The continu-
ously recorded data from short-period stations were processed
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Figure 6: Group velocity dispersion curve extracted from the
FTAN image (black), dispersion curves fit by Dix-like inver-
sion (blue) and those fit by perturbational inversion (red).
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Figure 7: Resolution matrix from the final update of the per-
turbational inversion of group velocities.
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Figure 8: S-wave velocity profiles as a function of depth in-
verted from surface waves retrieved between the sixteen re-
ceiver pairs shown in Figure 2.
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(a)

(b)

Figure 9: S-wave velocity maps at a depth of 200 m derived
from (a) surface wave inversion and (b) well log measure-
ments. The diameters of the circles in (a) are equal to inter-
station distances, while the diameters in (b) are constant.

using well established techniques used in ambient noise in-
terferometry. We could retrieve surface waves in the 1 to 3
Hz frequency band between stations close to sources of traf-
fic noise and separated by less than six kilometres. The group
velocity dispersion curves corresponding to the retrieved sur-
face waves were inverted using a perturbational methodology
with the initial model constructed by a Dix-like formulation
that relates the group velocities with the shear wave velocity
as a function of depth.

We observe broad correlations between velocity variations re-
trieved from interferometry and log measurements, indicating
a degree of robustness in the data. Additionally, higher ve-
locities correspond to regions with higher surface elevations
and vice-versa. A higher resolution passive and active seismic
dataset acquired with a denser array of seismometers can help
in establishing a relationship between velocities and structural
features. The outputs from ambient noise interferometry may
be useful in estimating long wavelength P- and S-wave statics
corrections.

Although the Bay of Bengal is as a source of energy in the mi-

(a)

(b)

Figure 10: S-wave velocity maps at a depth of 500 m derived
from (a) surface wave inversion, (b) local earthquake tomog-
raphy, and (c) well log measurements. The diameters of the
circles in (a) are equal to inter-station distances, while the di-
ameters in (b) are constant.

croseism band (0.05 to 0.3 Hz) most of the sensors have a fre-
quency range of 0.2-100 Hz, hindering ambient noise tomog-
raphy studies reported in literature. Further, high frequency
surface waves were retrieved only for receiver pairs close to
sources of traffic noise (see Figure 2 in the main text). The re-
sults from this study may be useful in planning future surveys
to optimally exploit ambient noise interferometry.
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