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[1] We propose a high-resolution technique for estimating
the source time function of a seismic event from only one
record. This technique is based on the spectral factorization
of the minimum phase wavelet from the most random part
of a seismogram: its coda. As the coda non-stationarity is
inconsistent with the classical spectral factorization theory,
we develop a two-step algorithm: first, the diffuse coda field
is whitened to remove the non-stationary attenuation effect;
second, the minimum phase wavelet equivalent of the
seismic source time function is estimated. Applied to the
recordings of the Kursk’s wreck, this method gives a source
wavelet strikingly similar to the general shape of an
underwater explosion, allowing us to infer its depth and
yield. Based on the fundamental ‘‘random’’ character of
diffusive waves, this approach opens up promising
applications for new blind deconvolution methods.
Citation: Sèbe, O., P.-Y. Bard, and J. Guilbert (2005), Single

station estimation of seismic source time function from coda

waves: The Kursk disaster, Geophys. Res. Lett., 32, L14308,

doi:10.1029/2005GL022799.

[2] Recovering the source time function of a seismic
event, i.e. the time history of the excitation process inside
the earth, is an important goal for seismologists as it
provides essential information on the physical mechanism
of the source and the local geologic conditions. This goal is
not limited to large, destructive events, but is also crucially
important as a tool to monitor compliance with the CTBT
(Comprehensive Test Ban Treaty), which implies the need
to develop high resolution, reliable tools applicable to small
magnitude events (M < 3.5) that are often sparsely recorded.
[3] The techniques presently used in that aim are based

on the analysis of the most energetic and coherent part of
the seismic signals, i.e., direct body waves travelling deep in
the Earth, and/or surface waves guided along the Earth’s
surface; they require the processing of several simultaneous
recordings obtained at different locations, as well as some a
priori information on the inner structure of the Earth, in
order to separate propagation and source effects. As small-
scale heterogeneities within the Earth are only very poorly
known, their resolution is limited to the low frequency

domain, while moderate events emit their maximum energy
in the intermediate to high frequency domain.
[4] This paper is intended to illustrate one simple (but

dramatic) example of a promising new technique allowing
the reliable, high resolution reconstruction of the high
frequency source time function from a single recording:
paradoxically this is possible by considering the most
random part of seismic signal, i.e. its coda.
[5] There exist many seismic events for which it is

important to identify and characterize quickly the source
phenomena (earthquakes, blasts, volcanoes,. . .). This was
the case for the dramatic explosion and wreck of the
‘‘Kursk’’ Russian submarine that occurred within the
Barents sea on August 12, 2000, and took more than one
hundred lives (Figure 1).
[6] While the location and the size of this explosion were

easy to determine with usual seismological tools (69.628�
North, 37.160� East; equivalent magnitude mb 3.5) [Koper
et al., 2001], its finer characterization (depth, single or
multiple explosion, energy) is a much more difficult en-
deavour. It requires discriminating among different physical
phenomena (Figure 2). First, the gas bubble generated by an
underwater explosion has an oscillatory motion due to the
competition between expanding internal pressure and con-
fining hydrostatic pressure [Cole, 1948]. Moreover, the
reflections on both the sea surface and the sea-floor of
acoustic waves emitted by the explosion, generate various
echoes (Figure 2b), with delay times depending on the
explosion depth and the water layer thickness [Wielandt,
1975], all overlapping with the bubble oscillation. A reliable
assessment of this kind of source time function requires a
high resolution not only in frequency (<0.5 Hz) but also in
time (<0.02 s) (Figure 2c).
[7] Some attempts have been made to take advantage of

the very specific peculiarities of the spectral shape of such
underwater explosions to infer details of the Kursk disaster.
Koper et al. [2001] estimated the depth and the yield of the
explosion from the location of spectral troughs, while
Guilbert [2004] emphasized the use of cepstral analysis to
improve the time resolution. However, neither of these
techniques could offer an unambiguous estimate of the
actual source time function, because of the trade-off be-
tween the different physical phenomena: echo, bubble
oscillation, possible multiple explosions and crustal propa-
gation effects such as attenuation.
[8] Considering the limitations when interpreting only

the direct body waves, we thus decided to work with the late
part of the recordings (Figure 1), classically called ‘‘coda’’
after Aki [1969]. Coda waves are due to the scattering of
primary waves on crustal heterogeneities, which redirect
them in all directions (such as light within fog). Such a
choice may look strange at first glance since coda waves are
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quasi–random and non-stationary, while we look for a high-
resolution estimate of the source time function.
[9] The signal processing community has developed

several deconvolution techniques allowing ones to represent
a random signal as the convolution of an uncorrelated
stationary random process with a deterministic signal. Our
work has thus consisted mainly of adapting some of these
signal processing techniques to the particular case of coda
waves, using the randomness of scattering on distributed
crustal heterogeneities compared to the finite duration
deterministic source wavelet. As seen in Figure 1, coda
waves are indeed not stationary since their amplitude is
decreasing with time: increasing travel times correspond to
longer and longer paths, with diffraction on an increasing
number of scatterers. This apparent ‘‘attenuation’’, classi-
cally characterized in seismology by a ‘‘Coda Q’’ quality
factor denoted Qc, introduces both a non-stationarity and a
correlation which must be removed. However, current
seismic source studies based on coda waves [Aki and
Chouet, 1975; Mayeda and Walter, 1996; Rautian and

Khalturin, 1978] allow one to extract only the spectral
characteristics but not their time dependence. On the other
hand, present approaches to correct for the non-stationary
apparent attenuation still follow Aki and Chouet’s initial
developments based on simple narrow band-pass filtering:
their resolution power is not high enough to allow the
reconstruction of all the details of the source time function
of complex events.
[10] The first step of our work is to improve the procedure

for correcting this apparent attenuation. The second step is
then to use spectral factorization techniques [Claerbout,
1976] to recover the power spectrum of the source wavelet,
and then to assign a phase in order to reconstruct the source
function in the time domain.
[11] Rather than correcting for coda attenuation for dis-

crete frequency values, we performed a global correction
over the whole spectrum by non-stationary deconvolution.
According to Sato and Fehler [1998] and Tregoures and
Van Tiggelen [2002] the coda waves field attenuation Ac

follows a general algebro-exponential formula which is
equal to (1) for a layered medium in diffusive regime
(heterogeneous crust overlying a homogeneous mantle)
[Margerin et al., 1998]:

Ac t; fð Þj j ¼ 1

tl*ð Þ1=2
e

�pft
Qc fð Þ ð1Þ

where f is frequency, t is lapse time (t > 2ts where ts is the S
wave arrival time), l* is transport mean free path and Qc the
frequency dependent ‘‘coda Q’’ made up of intrinsic
attenuation Qi

�1 and a frequency dependent term Qcr
�1

linked to the leakage of the energy from the crust to the
mantle [Margerin et al., 1998]. For a multi-scale distribu-
tion of crustal heterogeneities such as exponential model,
l*(f) can be considered as frequency independent [Ishimaru,
1978] since the studied frequency band (>1 Hz) corresponds
to the domain where ka � 1 (with a correlation distance a
>1 km) [Gusev and Abubakirov, 1996]. We classically
estimate Qc in northern Norway by filtering the coda in
12 narrow band pass with central frequencies regularly and
geometrically spaced between 0.3 and 20 Hz, followed by
a fit to the formula Qc(f) = Q0f

a. The time domain coda
signals corrected for attenuation are then estimated
through a nonstationary deconvolution with causal filters
jAc(t, f)je�ij(f,t) reconstructed from the spectral amplitude
jAc(t, f)j where the phase j( f,t) is derived from the causality
assumption [Aki and Richards, 1980].

Figure 1. The Kursk’s explosion seismogram recorded by
the central station of the ARCESS. Among the different
seismic phases of seismograms, we focus our study on their
apparently most random part: Lg coda waves (rectangle).

Figure 2. (c) The theoretical source time function of an underwater explosion is made up of (a) the convolution of the
bubble oscillation history and (b) the reverberation inside the water layer. This theoretical source time function has been
computed using a bubble oscillation period of 0.72 s, an amplitude decay ratio of 0.5 between the first and second pulse,
and a depth of 121 m.
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[12] We can then assume that the autocorrelation of this
whitened and stationary coda signal reflects the information
on the source wavelet: the Fourier transform of this auto-
correlation function can be interpreted as the Fourier spec-
trum of the source function. Its frequency resolution Df no
longer depends neither on the number of frequencies used in
the band-pass filtering process, nor on the type of filter that
is used. It is directly proportional to the duration Tw
(exceeding 3s in this study) of the autocorrelation window
used to calculate the source: Df = k/Tw. The longer it is,
the better the resolution and the higher the quality of
the estimated source spectral amplitude. As for the scale
factor k, it is related to the kind of autocorrelation weighting
window (e.g., equal to 1 for a box window).
[13] To obtain the source time function, one then needs to

assign a phase to this spectral amplitude. In this study, we
adopted the minimum phase assumption commonly used in
seismic exploration [Robinson, 1967], even if it is not
always true [Barrodale et al., 1984]. This assumption was
carefully checked by Sèbe [2004] through an extensive
parameter study of the differences between the theoretical
source function shape and its minimum phase equivalent.
We showed that an underwater explosion could be consid-
ered at least to the first order as a minimum phase wavelet.
The phase can then be estimated with the Bode-Bayard
relationships, through the Hilbert transform of the logarithm
of the spectral amplitude [Claerbout, 1976; Kolmogorov,
1939;Oppenheim and Schafer, 1975]. The physical meaning
of this minimum phase property is that the corresponding
wavelet is, among all the causal waveforms having the same
assigned spectral amplitude, the one with the faster energy
release.
[14] This processing was thus applied to the Kursk

explosion recordings obtained at the ARCESS array, located
in Norway 530 km away from the wreck, and consisting of
25 stations located within a circle of about 3 km radius.
After correcting for the instrument response, a 40 s long
window is selected in the coda, corresponding to a crustal
travel path of at least 100 s (i.e., exceeding 3000 km). The
length of this coda is limited by the requirement to have a
signal to noise ratio larger than 2 over the whole frequency
band [0.3–20 Hz]. At each station, this window is then
corrected for the non-stationary coda attenuation, as dis-
played in Figure 3a, and the source time wavelet is
reconstructed. Figure 3b displays the average (plus minus
one standard deviation) of the wavelets retrieved from each

recording, and compares it with the theoretical source
function [Barrodale et al., 1984] of an underwater explo-
sion with appropriate parameters. The striking agreement
between theoretical and experimental curves provides good
evidence of the possibility to reconstruct accurately, even at
distances larger than 500 km, the source function with a
time resolution as small as 0.0125 s, and to clearly distin-
guish the initial pulse of the explosion, and its reverber-
ations at the sea surface and bottom. The very small
standard deviation also supports the robustness of the
technique, even at high frequencies where coda recordings
are highly incoherent (Figure 3a).
[15] This source function allows a very precise estimate

of the depth of the vessel at the time of the explosion, from
an analysis of the delays and polarities of echoes. Surface
reflections are associated with an echo having the same
polarity as the initial pulse, while bottom reflections corre-
spond to an inverse polarity. Considering that sound veloc-
ity in the Barents sea is around 1470 m/s [Fofonoff, 1985],
the measured delay time of 0.165 ± 0.0125 s provides a
depth estimate of 0.165 * 1470/2 = 121 m, with an
uncertainty of about 9 m. Knowing this depth, it was then
possible to construct the reverberation filter associated with
the surface and bottom echoes [Wielandt, 1975], and to
deconvolve the wavelet from this filter to derive the actual
source time function of the explosion. The final wavelet
(Figure 3c) is very similar to the theoretical one (Figure 2a),
with one secondary peak and a clear inter-pulse ‘‘low’’,
which allows an accurate estimate of the bubble oscillation
period (0.72 s).
[16] Estimating the event size from source wavelet am-

plitude requires the knowledge of an amplitude scaling
factor in the coda filter, i.e., l*, which is not available in
the present case. However, for underwater explosions, an
indirect estimate is still possible through the Willis formula
[Cole, 1948], describing the relationship between the yield,
the depth (i.e., the confining pressure) and the gas bubble
oscillation period. Accounting for the correcting term tied to
the closeness of sea bottom [Cole, 1948], the measured 0.72 s
oscillation period is associated with a yield estimate equiva-
lent to 4000 Kg of TNT (also equivalent to a moment
magnitude between 3.5 and 4). This yield estimate is very
similar to what has been already obtained through other
means [Koper et al., 2001; Marshall and Bowers, 2002;
Savage andHelmberger, 2001], using the information carried
by direct waves.

Figure 3. (a) The first 20 seconds of the stationarized coda window on 2 distinct stations of the ARCESS array. Despite
the small inter-station distance (about 3 km), signals are highly incoherent. (b) Minimum phase estimates of the source time
function (black curve = average curve from the 25 ARCESS array recordings; grey zone corresponds to average ± one
standard deviation). The main characteristics of an underwater explosion, i.e., bubble oscillation and underwater
reverberations, appear clearly. (c) The bubble pressure history, obtained after removing the effect of the multiple echoes
inside the sea.
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[17] In order to check the robustness of this technique,
we applied a similar processing to the FINESS array
recordings, at a distance exceeding 1000 km from the
wreck. The low signal to noise ratio in the coda led us to
use another scattered waves train, the phase Sg, (Figure 4a);
the similarity between the derived source time function
(Figures 4b–4c) and the previous one (Figure 3c), confirms
the efficiency and robustness of the approach.
[18] The example of the Kursk explosion recordings was

chosen because of the very good constraints on the location
and yield obtained with independent techniques. From these
striking and robust results, we may conclude that the
combination of the now classical Aki’s idea of a quasi-
random scattered wave field in the seismic coda, and
advanced signal processing techniques, allows one to obtain
fast, high resolution information on the source even for low
magnitude seismic event, from a single recording, without
any a priori information on the crustal properties. Beyond
very promising applications in seismology like the quasi-
real time estimation of the source time function, this
technique may also prove useful for detailed investigations
on any kind of diffuse wave field, opening new fields of
application for all blind deconvolution methods.
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Figure 4. The source time function obtained from the
records on the FINESS array located more than 1000 km
away from the explosion. (a) The analysed S wave window.
(b) Comparison between the minimum phase wavelet
obtained without attenuation correction (dashed line) and
after correction by the attenuation filter calculated from the
ARCESS at the arrival time ts on the FINESS array (Black).
The attenuation correction allows us to reveal the impul-
siveness of the explosion and the presence of the
reverberation inside the sea. (c) The bubble pressure
characteristics obtained after removing the reverberation
effects.
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