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Abstract: The paper is concerned with the analysis of broadband seismograms of the
Sumatra-Andaman earthquake of 26 December 2004. The purpose of the analysis is to recognize
the morphology of the faulting process in terms of the time of occurrence and of the frequency
content of subevents. The analysis is based on spectral seismograms of P-waves, obtained from the
corresponding broadband recordings. It is found that 15 major subevents with maximum radiation
intensity at frequencies lower than about 1 Hz occurred during the time window prior to the arrival of
the major S-wave. In the same time window however hundreds of subevents took place with
maximum radiation intensity at higher frequencies, producing a quasi-continuous “humming” at
infrasonic frequencies observable at distances of the order of 8000 km. In view of the strong
absorption of the high frequency waves during the propagation along the ray path, it may be
concluded that the “humming” reflects a substantial portion of the seismic energy released during the
earthquake.
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The present paper outlines results of a study whose earlier outcome was given in the paper
by Duda™. The earlier publication contains basics of the application of spectral seismograms to
broadband records of earthquakes and explosions. In the present paper the method is applied to
the analysis of broadband seismograms of the Sumatra-Andaman earthquake.

The aim of the present study is to decipher the morphology of faulting understood as the
temporal succession of events contributing to the earthquake, together with the spectral
composition of the waves radiated from individual subevents. Each one of the subevents,
especially the largest one, may be considered as earthquakes of their own, the subevent occurring
within a “short” time interval and being located in “close” proximity. The individual
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quantification of the subevents poses formidable difficulties, and no ready method is available for
the solution of the problem. Consequently in seismological practice — as far as the earthquake
parameters are concerned — one limits oneself usually to the determination of one set of
coordinates of the focus, one magnitude and/or seismic moment of the earthquake etc, while each
one of the subevents would deserve a respective individual treatment. The present study is
devoted to the recognition of individual characteristics of subevents, found from broadband
recordings at teleseismic distances.

The present analysis of the Sumatra-Andaman earthquake of 26 December 2004 — one of
the most significant and best-recorded earthquakes — emphasizes the early part of broadband
seismograms, in which detailed information on the rupturing history is expected. A procedure is
presented for recognizing the temporal history of the faulting process of earthquakes. The
Sumatra-Andaman earthquake is discussed on the background of five reference earthquakes
selected from the strongest earthquakes that have occurred in the region in the time since the
event of 26 December 2004.

The Sumatra-Andaman earthquake is not only one of the strongest events ever recorded on
seismographs (Its strength is apparently exceeded only by that of the Chilean 1960 and the Alaska
1964 earthquakes.), but it was also recorded on a larger number of seismographs than any earlier
earthquake. The seismographs — especially digitally recording broadband, wide dynamic range
seismographs — feature highest recording quality of seismic waves achieved to date. In principle,
broadband, wide dynamic range seismographs offer better possibilities than conventional
instruments to recognize features of the faulting process and to quantify these features by way of
suitable parameters. A limit is set however by the transparency of the medium — relative to the
radiation intensity of the given seismic wave at a given frequency — between the fault and the
seismograph site. The transparency is thereby controlled primarily by the velocity heterogeneity
and the anelasticity of the Earth material. Another limit to recognize features of the faulting
process results from the radiation and the propagation of seismic waves themselves: due to a
multitude of successive rupturing episodes occurring in general during earthquakes and due to
multipathing of waves radiated during each one of these episodes, the phases overlap, and
disentangling is a serious problem.

The aim of the present study is to recognize and quantify individual bursts of seismic energy
contributing to the Sumatra-Andaman earthquake in a broad band of frequencies and over a wide
dynamic range below that of the strongest burst. The energy bursts, as far as they are recognizable,
are quantified with respect to their arrival times, their relative strengths and their frequency
contents.

1 The Sumatra-Andaman earthquake

Table 1 summarizes the parameters of the Sumatra-Andaman earthquake published by the
US Geological Survey-National Earthquake Information Center (World Data Center-). The
respective values are considered to be the most reliable ones, within the error limits, if given.
Added are a few values from additional sources, as indicated. The focal depth was assumed by
USGS-NEIC to be 30 km (10 km by the Incorporated Research Institutions for Seismology,
IRIS), i.e. with nearly 500 stations available it was not possible to identify seismic phases
suitable for depth determination. The epicentral coordinates and the focal depth, as also the
origin time, refer to the point of initial rupture in the Earth's crust. Subsequent studies have
shown that the entire rupture extended for more than 1 000 km in the north-westerly direction
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and apparently continued for about 10 min. See Ammon et al?, Banerjee et al'®, Park et al¥,
Lay et al®, Gusev et al®®, Liu et al'™).

Table 1 Parameters of the Sumatra-Andaman earthquake

Column Name Column Name
Date 26 December 2004
Origin time 00:58:53.50 UTC
Epicentral coordinates 3.30°N, 95.98°E
Error estimate in horizontal +5.9 km
Focal depth (fixed by location program) 30 km (IRIS 10 km)
Number of stations available for the determination of the epicentral coordinates and focal depth 488
Distance from epicenter to nearest seismic station available 643.4 km; 5.8°
Root-mean-square error of arrival times of first P-wave 1.16s
Largest gap in azimuthal coverage by seismic stations available 28.7°
Magnitude M,, (teleseismic moment magnitude) 9.1 (IRIS 8.5)
Duration of faulting 8~10.5 min (Gusev et al’®)
Epicentral distance to station LBTB 73.7°; 8181 km

The parameter values were published by USGS-NEIC (WDCS-D), unless mentioned otherwise

Table 2 Basic parameters of five reference earthquakes to the Sumatra-
Andaman earthquake of 2010-12-26, 00:58:53.50 UTC

Date Origin time Epicentral coordinates Foc;'(:qepth Magnitude M,y Eg';:it;l 3:?;;::3
2004-12-26 21:29.8 6.91°N, 92.96°E 39 7.2 72.8
2005-03-28 09:36.5 2.09°N, 97.11°E 30 8.6 (HRV) 74.2
2007-09-12 10:26.8 4.44°S, 101.37°E 34 8.5 (GCMT) 75.2
2010-05-09 59:42.4 3.73°N, 96.08°E 61 7.2 74.0
2010-06-12 26:50.4 7.70°N, 91.98°E 35 7.5 724

The duration of faulting as given in Table 1 was estimated from the duration of the P-wave
signal. If the P-wave radiation at the source continues for a time longer than the travel time
difference between the P- and the S-wave for a given epicentral distance, the S-wave arrival with
its typically large amplitudes may mask the continuing P-wave, and the duration of the faulting
process may thus be biased. The duration in Table 1 thus signifies only a lower bound.

The value of the seismic moment magnitude (M,,=9.1) is a matter of debate; published
values range from 8.5 (IRIS) to 9.3, with M, =9.2 being considered as the most likely one. See
Rhie et al®. An estimate of the accuracy of the seismic moment magnitude is not possible at this
time, as no generally accepted procedure for the determination of this magnitude exists. The
accuracy of other, conventional magnitudes published for earthquakes is also unknown. The range
of scatter appears to be similar for both the conventional and the moment magnitudes.

2 Data

From the wealth of broadband seismograms of the Sumatra-Andaman earthquake examined
here, 68 vertical-component seismograms with best signal-to-noise ratio have been selected for
the present study. The epicentral distances of the respective stations are limited to the range from
60° to 95° thus assuring that the P-wave radiation is recorded as completely as possible, with a
minimal distortion from the S-wave arrival. The distribution of the 68 stations surrounding the
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epicenter is shown in Fig.1(a), together with the fault ruptured during the earthquake. As could be
expected, the distribution of the stations is not even with respect to their azimuths, the highest
density of stations being seen in the north-westerly sector (sector VI in Fig.1(a)), towards Europe.
The largest gap in the azimuthal coverage occurs in sector 1V. Fig.1(b) shows the positions of five
reference earthquakes relative to the Sumatra-Andaman earthquake.
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Fig.1 (a) Distribution of 68 seismic broadband stations (black dots) surrounding the epicenter of

the Sumatra-Andaman earthquake (open star at the center). The thick line starting at the
epicenter has a length of ca. 1200 km and marks the fault ruptured during the earthquake
(Banerjee et al®). The diamond indicates the station LBTB. (b) The location of the
Sumatra-Andaman earthquake (open star) and of the epicenters of five reference earthquakes
(black stars). The Sunda Trench subduction zone is taken from Bird™

In Fig.2, as examples of the broadband seismograms analyzed, the vertical-component record
of the Sumatra-Andaman earthquake and of the five reference earthquakes are shown, as they
were obtained at the station LTBT. The station is located in Botswana (Lobatse). It falls into sector
V of Fig.1(a). The station LBTB is equipped with a borehole seismometer (Geotech Model
KS-54000-IRIS), located 100 m below the Earth's surface. According to the manufacturer, the
instrument is designed for ultra low-noise observations in the frequency band from 0.003 to 5 Hz
(period range 0.2~300 s), i.e. the passhand of the instrument has a width of nearly 11 octaves, and
the absolute bandwidth amounts to nearly 5 Hz. In this band the instrument magnifies the ground
velocity by a constant factor. The station proved to be operated at a site with an exceptionally low
background noise.

The station LBTB is situated at an azimuth of about 90° with respect to the strike of the fault
and at a distance of 73.7° from the epicenter of the Sumatra-Andaman earthquake (Fig.1(a)). Thus,
the arrival times of the seismic phases are only minimally biased by the source moving along the
fault during the rupture process, and the time differences of arrivals corresponding to radiation
episodes at different points along the fault will predominantly reflect the time succession of the
individual rupture episodes of the earthquake. The epicentral distances of the reference
earthquakes from the station LBTB range from 72.4° to 75.2°, i.e. they deviate by not more than
1.5° from the epicentral distance of the main earthquake. For the epicentral distances of all
earthquakes considered, the P- and S-waves are separated in time by about 10 minutes.
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Fig.2  \ertical component broadband seismogram of the Sumatra-Andaman earthquake of
2010-12-26 (a), and of five reference earthquakes ((b) ~ (f)) recorded at the station LBTB.
For details concerning the earthquakes see Tables 1 and 2

The seismograms of the Sumatra-Andaman earthquake in Fig.2(a), and of the reference
earthquakes in Fig.2(b)~ () have the length of one hour, starting just prior to the respective first
P-wave arrivals. For the earthquake in Fig.2(a), the P-wave arrival is followed by a strong
oscillation pattern continuing up to at least the S-wave arrival. For the largest aftershock of this
earthquake the respective two arrivals are seen in Fig.2(b) to be disturbed by the coda of the
previous shock. Disregarding the aftershock, the records of the earthquakes in Fig.2 show easily
identifiable P-, S-, PS-, SS-, PKKP- and PKKS-phases. The phases are followed for all six
earthquakes by a complex, large-amplitude surface wave train. The parameters of the earthquakes
in Fig.2 are given in the Tables 1 and 2.
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3 Analysis of broadband seismograms of body waves

For the sake of the following discussion distinction is made between several categories of
events. Each event is associated thereby with a partial process in the focus of the given earthquake.
The earliest event in the focus demonstrates itself as a rule in the form of the first P-wave arrival.
This event may or may not be the strongest one of the earthquake. Also, it may or may not be the
sole event associated with the earthquake.

In the case of the Sumatra-Andaman Earthquake the earliest event proves to be neither the
strongest nor the sole one of the earthquake process.

The earliest event (primary event) is followed by subevents during the whole duration time
of the earthquake. The subevents may have variable relative strengths, and variable spectral
compositions. If the earliest event is not the strongest one, a subevent will qualify correspondingly.
The latter is called the main event (arrow 4 in Fig.5; see also Table 3).

Table 3 Arrival times and frequencies of maxima indicated in the spectral seismograms of Fig.5(b)
(station LBTB) and of Fig.6(b) (stacked of stations in the distance range 60° ~95°)

From Fig.5(b) From Fig.6(b)
1 2 3 4 5 6 7 8 Arrival Interpretation
Time f T Time f T
N Is /Hz Is No. Is /Hz Is

1 7 0.144 6.94 1 23 0.220 455 first-arrival P-wave

2 28 0.150 6.67 2 39 0.200 5.00 P-wave of subevent

3 49 0.125 8.00 3 63 0.150 6.67 P-wave of subevent

4 73 0.050 20.0 4 94 0.054 185 P-wave arrival of main event, split into two subevents
4 95 0.072 139 - - - - second subevent of main event (see Fig.5c)

5 81 0.180 5.56 5 103 0.170 5.88 P-wave of subevent

6 135 0.120 833 6 154 0.073 137 P-wave of subevent

7 151 0.017 5838 7 175 0.018 555 longperiodic P-wave arrival

P-wave of subevent (though the arrival time lies within the limits of
— — - — 8 243 0.082 12.2 the PP-wave, the frequency content is alien to that of the main
P-wave, and the interpretation as PP-wave is rejected)

- — — — 9 266 0.060 16.6 P-wave of subevent
- - - - 10 282 0.140 7.14 P-wave of subevent

- - - - 11 323 0.145 6.90 P-wave of subevent

P-wave of subevent (though the arrival time and the frequency
- - - - 12 350 0.054 185 content qualify the event as PPP-wave, the interpretation as
PPP-wave is rejected, in view of no recognizable PP-wave)

- - — - 13 355 0.046 21.7 P-wave of subevent
- - — - 14 455 0.085 11.8 P-wave of subevent
- - — - 15 621 0.100 10.0 P-wave of subevent
16 669 0.046 217 16 739 0.046 21.7 S-wave arrival corresponding to main event (arrow 4)

17 758 0.014 714 17 813 0.026 385 S-wave arrival corresponding to P-wave (arrow 7)
18 775 0.065 154 18 825 0.085 11.8 P-wave of subevent

1—Aurrival in LBTB-seismogram; 2—Delay of maximum with respect to first-arrival P-wave; 3—Frequency of maximum;
4—Period of maximum; 5—Aurrival on stacked seismogram; 6— Delay of maximum with respect to first-arrival P-wave;
7—Frequency of maximum; 8—Period of maximum
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The main event, whether being the earliest event or a subevent, carries most of the seismic
energy radiated in a single event of the earthquake. Seismographs with low magnification may
record only the main event, which may lead to inconsistencies of the measured P-wave arrival
times of the earthquake.

An earthquake, especially a strong one, is thus generally composed of a multitude of events
occurring subsequently to the earliest event. From observations it appearts that the subevents
occur at discrete times after the earliest event, but the focal process seems to come to a halt before
the aftershocks sequence begins. Aftershocks are recognized as individual earthquakes occurring
in the vicinity of the focal zone of the main shock. The aftershock sequence continues usually for
a time substantially longer than the duration of the main shock, i.e. the time between the earliest
event and the last subevent.

In the following, attention is focused on the first 900 s of the broadband seismogram of the
earthquakes. This time window contains theoretically the P- and S-waves, as well as the earlier
reflected, refracted and converted waves arriving at each station. Fig.3(a) shows an enlargement
of the respective portion of the broadband seismogram of the Sumatra-Andaman earthquake of
Fig.2(a). The first-arriving P-wave is seen to have a clear though low-amplitude onset in the
compressional mode (upward movement). This P-wave corresponds to a relatively small energy
burst, and its S-wave (with the arrival time marked by the respective vertical line) is not
distinguishable as such from the seismogram. On the other side, the large-amplitude S-wave seen
in the seismogram corresponds to the main P-wave arrival, which is delayed with respect to the
first arrival by about 30 s. Both, this large-amplitude P-wave and its large-amplitude S-wave
represent the strongest energy burst during the entire rupture process accompanying the
earthquake, i.e. they represent the principal event of the earthquake. The phases secondary to the
first-arrival P-wave in Fig.3(a), though also marked (pP, PcP, PP, PPP, S, PS), are not identifiable.
This is due to the strong oscillations evidently produced by the faulting process continuing
throughout most of the time window.

The broadband seismogram of Fig.3(a) is subjected to bandpass filtering. Butterworth filters
of order 2 are applied, covering three frequency ranges: 1~5 Hz, 0.1~0.5 Hz, 0.01~0.05 Hz
(corresponding period ranges: 0.2~1 s, 2~10 s, 20~100 s). The three filters have a common
bandwidth of 2.5 octaves (absolute bandwidth: 4 Hz, 0.4 Hz, and 0.04 Hz, respectively). The
bandpass seismograms in Fig.3(b), ¢, d correspond roughly to short-, medium- and long period
recordings on conventional seismographs. All seismograms in Fig.3 are shown with the same
velocity-amplitude magnification, i.e. the amplitudes of the waves can be compared directly with
one another.

Needless to say that the bandpass seismograms of the Sumatra-Andaman earthquake in the
figure are still difficult to interpret for individual arrivals in the range between the P- and S-wave
arrivals. The difficulty to recognize individual arrivals (except for the first arrival) increases with
frequency, the long period seismogram having the simplest appearance. The complexity of the
short period (Fig.3(b)) seismogram relative to the complexity of the medium- and long period
seismograms (Fig.3(c) and (d)) is due in part to its larger absolute bandwidth (4 Hz), compared to
the bandwidths of the medium- (0.4 Hz) and the long period (0.04 Hz) seismograms. An
analogous conclusion applies if the medium- and long period seismograms are compared with one
another. In Fig.3(d), arrivals at times closely corresponding to the PP- and PPP-waves from the
first-arrival P-wave are identified. The arrivals can not be interpreted as reflections of the P-wave
however, because their frequency contents differ from that of the first-arriving P-wave. They can
instead be understood as bursts of energy coincidentally arriving at the predicted arrival times of
the PP- and PPP-waves.
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Fig.3 Vertical component broadband (a) and bandpass ((b) ~ (d)) seismograms of the first 900 s of
the Sumatra-Andaman earthquake seismogram from Fig.2a. The theoretical arrival times of
the P- and S-waves and the secondary phases in the given time window are indicated
(Jeffreys and Bullen'®). All traces have a common magnification

The records in Fig.3 indicate thus that in the time window considered the energy release
occurred in two main stages, the large-amplitude burst — constituting the main part of the
rupturing process — being delayed with respect to the first, smaller burst by about 30 s. The
epicentral coordinates and the origin time, as given in Table 1, pertain only to the first,
small-amplitude burst of energy. This earliest burst may have acted as the trigger for the main
burst. In view of no exact definition of foreshocks, the early burst can eventually be addressed as
the latest foreshock of the earthquake. The difference in the frequency contents of the two bursts
is discussed in Section 6. The origin time and the location of the second event can not be
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determined with the same accuracy as those of the first one, evidently as result of the lower
accuracy with which the arrival time of the P-wave from the second, main event can be measured.
Thus, the delay and the location of the second event with respect to the first one can be
determined within only liberal error limits. A full quantification would require the individual
origin times, locations, and other parameters of all individual subevents be given. However, no
further details concerning the additional energy bursts can be recognized reliably from the
broadband record in Fig.3(a), nor from the bandpass seismograms in Fig.3(b), (c) and (d).

The complexity of each seismogram in Fig.3 (b), (c) and (d) can be understood in terms of
the number of Fourier-components accommodated in each bandpass, the number being largest for
the widest, short period band (Fig.3(b)), and lowest for the narrowest, long period band (Fig.3(d)).
This finding can be appreciated immediately from the amplitude density spectrum of the
broadband seismogram of Fig.3(a). The spectrum of the ground velocity is shown in Fig.4,
together with the frequency ranges corresponding to the bandpass seismograms of the Fig.3(b), (c)
and (d), respectively. The dynamic range of the signals in the given frequency range extends
thereby over 5 orders of magnitude (100 dB).
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Fig.4 \elocity amplitude density spectrum for the broadband seismogram of
Fig.3(a). The shaded areas indicate the frequency ranges corresponding to
the bandpass seismograms in Fig, 3(b), (c) and (d)

The velocity amplitude density spectrum in Fig.4 shows only one half of the information
which is contained in the broadband seismogram, as the phase spectrum is disregarded. The phase
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spectrum, as a partial representation of the signal, is not amenable for a useful interpretation.
Nonetheless, the amplitude density spectrum, especially the level of its horizontal tangent, has
long been the basis for the quantification of the strength of an earthquake in terms of the scalar
seismic moment of the event.

4 Spectral seismograms of the Sumatra-Andaman earthquake

Earlier, Duda et al™ introduced spectral seismograms as a means to analyze broadband
seismograms of seismic events. With the help of spectral seismograms a wealth of earthquakes
and explosions has been interpreted (Duda and Xu™). On this background, spectral seismograms
of the Sumatra-Andaman earthquake are given consideration for the purpose of elucidating details
of the faulting process of the earthquake.

Based on the broadband record of Fig.3(a), three spectral seismograms are obtained (Fig.5(b),
(c) and (d)). For the computation of each spectral seismogram, a set of 170 Butterworth filters of
order 2 is applied to the record, the filters in each set differing from each other in their bandwidths
(0.5, 0.3 and 0.1 octaves), as indicated in the figures. The order of the filter controls the steepness
of the flanks of the filters, and the three bandwidths control the frequency resolution of the
individual seismograms. Both, the filter order and the bandwidths, were chosen here in
accordance with earlier practical experience (Duda and Xu"?, Duda and Kaiser™!, Fasthoff and
Guo™). For a given bandwidth (0.5, 0.3 or 0.1 octaves), the outputs of each one of the 170
partially overlapping Butterworth filters yield a bandpass seismogram. Each of the seismograms is
assigned to the midband frequency of the given filter. The arrangement of the 170 seismograms
produces a representation of the broadband seismogram in the time and frequency domain.
Subsequently, the absolute value of the outputs is taken, and the envelope of each set is computed.
The respective envelopes are shown in the Fig.5(b), (c) and (d). From the comparison, and as
theoretically expected, it is seen that the Butterworth filters with largest bandwidth (0.5 octave)
yield a better time-resolution of the onset of each energy burst, at the expense of the
frequency-resolution, whereas the smallest bandwidth (0.1 octave) enhances the frequency
resolution of the record, in turn at the expense of the time-resolution (Jenkins and Watts™™).

The total range of frequencies in each of the spectral seismograms in Fig.5 extends from
0.003 to 5 Hz (0.2~300 s). The range within which seismic energy arrives at the station is seen to
be even smaller. However, due to the limited dynamic range of the chosen color presentation,
amounting to about 40 dB, information is lost at high frequencies. As will be shown in Section 7,
measurable seismic energy arrives for this earthquake at frequencies higher than 1 Hz.

As theoretically expected (Aki and Richards™), the maximum amplitude of a given phase
depends on the bandwidth of the filter. Consequently, the maximum amplitudes in Fig.5b
(obtained with filters 0.5 octave wide) are seen to be systematically larger (darker color of
maxima) than in Fig. 5(c) (obtained with filters only 0.1 octave wide). It is noticed that amplitudes
(e.g. of the P-phase) measured for the purpose of finding conventional magnitudes in
seismological practice, are as a rule not compensated for the variable bandwidths of the
seismographs utilized. Thus, the lack of consistence of the bandwidths contributes to the scatter of
magnitude figures observed. The effect was found already by Bath™™ in course of the
determination of mb-magnitudes. Records from a seismometer-galvanometer combination with a
narrower total bandwidth yielded smaller magnitude figures, and vice versa. Also, the earthquake
magnitude found from the duration of the wave train on a seismogram (duration magnitude), may
be biased by the bandwidth of the seismograph. As a rule, narrowband seismographs yield longer
durations, than these featuring a broader band, even if the midband periods are the same.
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Fig.5 Spectral seismograms obtained from the broadband seismogram of the Sumatra-
Andaman earthquake from Fig.3(a) (LBTB station). The spectral seismograms were
obtained by applying Butterworth filters with the widths of 0.5 (b), 0.3 (c) and 0.1 (d)
octaves, as indicated. Vertical arrows in the two uppermost rows (a) indicate the
theoretical arrival times of the P, pP, PcP, PP, PPP, S and PS phases (upper row) and
the same phases delayed by 30 s (Jeffreys and Bullen™). The vertical arrow 1 in (b)
and (c) indicate the expected arrival of the P-wave, based on the origin time from
Table 1. The vertical arrows 2 ~ 18 point to the maxima of the strongest energy bursts
during the first ca 15 min of the record
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In Fig.5(b), (c) and (d) the expanses of blue color signify “quiescence” i.e. no ground motion
in the respective time and frequency ranges is observed with sufficient amplitudes. The expanses
in other colors signify a “topography” produced by the ground motion induced by the energy
arriving from the earthquake at the respective time and frequency. The cut-off amplitude thus lies
about 40 dB (the range of the color scale) below the maximum amplitude occurring within the
given time-frequency window, and the following conclusions apply only to arrivals within this
dynamic range. During the few minutes preceding the first P-wave arrival, quiescence prevails in
the total frequency range analyzed (0.003~2 Hz, i.e. 0.5~300 s). The quiescence is interrupted at
the moment of the first arrival, with the “topography” rising quickly above the level of quiescence.
The “topography” continues with time and in the frequency range from about 0.007 to about 1 Hz
(1~150 s). Below and above this range quiescence prevails even after the first arrival. No
discernible body wave energy is arriving at periods longer than about 150 s, and at periods shorter
than about 1 s.

As the absorption of seismic waves is low at periods longer than 150 s, the quiescence is
likely to signify here that no energy was radiated with sufficient intensity in this range in the form
of body waves during the earthquake (Duda and Yanovskayal'®). At periods shorter than about 1 s,
the quiescence may be due to a lack of radiation with sufficient intensity, combined with a
relatively strong absorption of the high frequency part of the respective body wave. High
frequency radiation — if produced during the rupturing process — is suppressed during the
propagation from the source to the station. It might have carried though originally a substantial
part of the energy radiated, as well as significant information on the rupturing process. Below, a
presentation is used, which visualizes the arrival of high frequency P-wave radiation at
frequencies higher than 1 Hz.

The colors in Fig.5 are a measure of the ground velocity at the given time and frequency.
Each one of the patches is an indication of the arrival of energy radiated in consequence of the
faulting process during the earthquake. The possibility of P-wave energy arriving from sources
unrelated to the earthquake is disregarded. The energy represented by the patches is arriving from
a particular focus either directly along the shortest ray path, or as the result of multipathing. The
energy patches in Fig.5(b), (c) and (d) are scaled with respect to the strongest velocity amplitude
(arrow 17 in Fig.5(b), and arrow 16 in Fig.5(d)).

The arrivals indicated in Fig.5 by the arrows 16 and 17 are interpreted as two S-wave arrivals,
the corresponding P-waves being assigned the arrows 4 and 7. The first-arrival P-wave (arrow 1),
as found already above, has no identifiable S-wave, due to the relatively small amplitude of the
corresponding energy burst. The absence of the S-wave is due to the high frequency radiation of
this event, while the S-wave energy has been radically absorbed along the ray path. The strongest
P-wave arrival (arrow 4) is seen in Fig.5(b) to start with a delay of about 30 s with respect to the
first P-wave arrival. As previously mentioned, the first event may have triggered the massive
event represented by the strongest P-wave. The latter can be recognized in Fig.5(c) to feature two
maxima, separated in time by 22 s (Table 3).

If the second arrival is interpreted as a pP-wave of the first direct P, a depth of 55 km can
be assigned to the focus of the main event. This interpretation is based on the travel time
difference of the two events only, and disregards the difference in frequency (0.050 and 0.072
Hz respectively). See Table 3. Thus, this focal depth would require the assumption to be made
that the source had pronounced directivity of radiation, the upward radiation (pP-wave)
having had a clearly higher frequency than the downward radiation (P-wave). An alternative
interpretation calls for the two maxima to represent two separate subevents within the main
event of the earthquake, the later subevent featuring a higher frequency than the former. The
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non-uniqueness of the interpretation is an example of the difficulty related to solving reverse
problems in Seismology.

Fig.5 shows that the earthquake started with a small-amplitude, high frequency event (arrow
1). The main energy burst (arrows 4 for the P-wave, and arrow 16 for the S-wave) was delayed by
30 s, and radiated lower frequencies. Finally, after about 2.5 min, a long periodic radiation
episode took place, with a clear P-wave (arrow 7) and S-wave (arrow 17). These three subevents
were accompanied by smaller energy bursts, as indicated by the arrows 2, 3, 5, 6 in Fig.5(b).
These patches are interpreted as evidence for secondary radiation episodes, generally occurring at
higher frequencies than the main energy burst. In contrast to the P-wave (arrow 4), the S-wave of
the main energy burst (arrow 16) shows only one maximum.

At times larger than the arrival time of the long periodic P-wave (arrow 7), a large number of
energy bursts are seen over a wide range of frequencies. These bursts may represent direct arrivals
from foci located along different sectors of the fault plane. They may also represent reflections
and refractions of direct waves, or diffractions from heterogeneities inside the Earth. The
interpretation of all details in these parts of the spectral seismogram in Fig.5 would be futile.
Instead, in the following section the most persistent arrivals will be identified, based on a stack of
the spectral seismograms of all broadband stations in Fig.1.

5 Stacking of spectral seismograms

Spectral seismograms for particular stations, as e.g. in Fig.5(b), (c) and (d), reveal a
substantial complexity. It is likely that the complexity is due in part to the propagation along the
specific ray path between the focus and the station. In order to minimize the effect of propagation,
and in order to emphasize the effect of the focal process, stacking of spectral seismograms from a
multitude of seismic stations is applied. At variance with ordinary seismogram stacking in the
time domain, as employed e.g. in seismic prospecting, the stacking here is done in the
time-frequency domain. It is expected that the spectral seismogram resulting from stacking will
show the most robust energy bursts in the focus, de-emphasizing thereby incidental effects due to
the propagation along the particular ray path.

Here, the propagation of seismic waves is assumed to be a purely linear process. This
assumption implies that no frequency alteration of the wave leaving the focus takes place during
its propagation. Thus multipathing and mode-conversion — if present— must lead to energy bursts
with the same frequency content as that of the primary wave (disregarding the effects of selective
absorption during the propagation along the paths). If the primary and the subsequent energy burst
contain different frequencies, the subsequent burst can not be the result of multipathing or
mode-conversion, and the burst must be interpreted in terms of a new subevent. If however the
frequency contents of the primary and the subsequent burst do coincide, only the difference of
arrival times may serve as a criterion for the true nature of the later arrival. Interpretation becomes
difficult if the energy burst from such a subsequent event occurs at a time corresponding to the
arrival time of a later phase of the primary event.

Spectral seismograms of the Sumatra-Andaman earthquake, as in Fig.5(b), (c) and (d) for the
station LBTB, are stacked for 68 seismic stations with epicentral distances ranging from 60° to
95° from the epicenter (Fig.1). The seismograms are aligned according to the respective
first-arriving P-wave. In Fig.6(a) (upper part) the arrows indicate the theoretical arrival times of
the respective phases for the epicentral distance of 77.5°, while the horizontal bars mark the range
of arrival times for 60°~95°. See Jeffreys and Bullen*.

In Fig.6(a) (lower part) the respective times are shown relative to the main P-wave arrival
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(arrow 4 in Fig.5). The result of stacking the spectral seismograms is shown in Fig.6(b), (c) and (d)
for the filter widths indicated. Based on arrival times only, the energy bursts marked by arrows 8
and 12 could be interpreted as representations of the PP- and PPP-wave of the main P-wave
(arrow 4). However the frequency content of the earlier burst (arrow 8) is alien to that of the main
P-wave, and thus it likely represents an event of its own. Also, in view of the fact that the
amplitude of arrival 12 (possible PPP-wave) is clearly stronger than that of the arrival 8 (possible
PP-wave), the interpretation of both arrivals as reflected waves seems doubtful, and we favor the
interpretation that these arrivals represent two unique subevents of the Sumatra-Andaman
earthquake. None of the other arrivals prior to the S-waves qualifies as evidence of a reflected
wave. Thus, the spectral seismograms in Fig.6 can be understood as representing a total of 15
events in the dynamic range of 40 dB below the strongest event (arrow 4) prior to the S-wave
arrival. The latter is likely to consist of two subevents (16, 17), as seen in Fig.5(b), and as
supported by the split of the frequencies of the event in Fig.6(b) and (d). Event 18, observed
during the S-wave time window (16, 17) is characterized by higher frequency (0.08 Hz against
0.02 and 0.04 Hz for S-waves) and smaller energy (small amplitudes). Therefore it could be
interpreted as a new P-wave subevent. Further subevents at even later times — if present — are
masked by strong oscillations following the S-wave arrivals (arrows 16 and 17).

6 Duration of the Sumatra-Andaman earthquake

Generally, the duration of an earthquake may be understood as the time interval within which
seismic energy is radiated from the source in the form of a given body wave. With this
understanding the duration may be different for P- and for S-waves, and the relation between the
two durations may become a matter of interest. It is shown below that the duration so understood
depends on the dynamic range of the ground motion, as also on the frequency range taken into
consideration.

Indeed, from Fig.5(b) it is seen that at frequencies below, say 0.1 Hz, the duration is
restricted to that of the events marked by the arrows 4 and 7 for P-waves, and by the arrows 16
and 17 for S-waves, i.e. the durations in the form of P-waves and of S-waves respectively are
fairly short. At higher frequencies the radiation is seen in the figure to be composed of numerous
discrete energy arrivals. The duration of P-wave radiation here is longer. This can be also
appreciated from the comparison of the Fig.3(d) with Fig.3(b): The duration of high-frequency
P-waves clearly exceeds that of low-frequency P-waves.

Before looking at the radiation at still higher frequencies, we point to the dependence of the
duration on the dynamic range: If in Fig.5(b) only a dynamic range of, say, one order of
magnitude below the maximum were taken into account, the duration would be estimated to
coincide with the duration of the main energy burst (arrow 4). Extending the dynamic range
successively leads to longer durations. Consequently, disregarding the effects of frequency and of
dynamic range yields duration estimates which may be biased.

Turning to the highest frequencies recorded on broadband seismographs, the spectral
seismogram for the frequency range from 1 Hz to 5 Hz is shown in Fig.7(a). It was obtained
from the broadband seismogram of Fig.2(a), applying a procedure analogous to that for
obtaining the spectral seismograms in Fig.5 discussed earlier. In contrast to Fig.5(a)
dominated by a synoptic sequence of arrivals at lower frequencies, Fig.7a shows a
quasi-continuous radiation, composed of hundreds of individual subevents with frequencies in
the range from 1 Hz to 5 Hz. The corresponding S-waves are not visible due to their strong
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Fig.6  Spectral seismograms obtained by stacking the individual spectral seismograms from stations
with epicentral distances in the range 60° ~95° (Fig.1). Thereby the seismograms are aligned
with respect to their expected arrival time of the P-wave at the stations calculated for iasp91
model (Kennett and Engdahl™®). Vertical arrows in the two uppermost rows (a) indicate the
arrival times of the phases for an epicentral distance of 77.5° (center of the distance range);
indicated are also the ranges of the arrival times for the distance range 60°~95°. The
spectral seismograms were obtained by applying Butterworth filters with the widths of 0.5
(b), 0.3 (c) and 0.1 (d) octaves, as indicated. The vertical arrows 1~ 18 point to the maxima
of the strongest energy bursts during the first about 15 min of the record (see also Table 3)



480 CT it 5 N 9T 20 %

26 Dec 2004 00:58:53.50

'Mﬂﬁh|1h

26 Dec 2004 04:21:29.81

28 Mar 2005 16:09:36.53

12 Sep 2007 11:10:26.83

Frequency [ Hz ]
[s] pouad

09 May 2010 05:59:42.42

12 Jun 2010 19:26:50.37

WUI

00

. -100 200 300 400 500 600 700 800

Time with respect to first arrival [s]
Spectral amplitude: low I [ N high

Fig.7 Spectral seismograms in the frequency range 1~5 Hz for the Sumatra-Andaman
earthquake (a) and of five reference earthquakes (b) ~ (f)

absorption alongthe ray path. The P-wave radiation continues for estimated 10 minutes after
the first-arrival P-wave (arrow 1 in Fig.5(b)), and apparently was triggered by the earliest
event. It may be said that the sequence of subevents is equivalent to a “humming” at subsonic
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frequencies. The intensity of radiation at these frequencies in the source must have been
unusually strong, as the “humming” is recorded at a distance as large as 73.7°. Whether the
“humming” continued for a time longer than 10 minutes, but at a lower intensity level, could
be eventually found from broadband records obtained at local epicentral distances. This
question, together with that concerning eventual “humming” in the S-wave mode, is however
beyond the scope of the present investigation.

Similar features of spectral seismograms in the frequency range from 1 Hz to 5 Hz are seen
for five reference earthquakes in the region (Fig.7(b)~(f)) computed from the bandpass
seismograms of Fig.2(b)~(f). The duration of the P-wave trains for the reference earthquakes
ranges from about 100 s up to about 270 s. See Fig.7.

Basically, the studies cited agree with our findings. They do not however recognize the
substantially larger number of subevents, neither do they recognize the differences in their
spectral contents, as it was possible in the present study employing spectral seismograms. In
particular, the authors cited do not recognize the infrasonic “humming”, observed at extremely
large epicentral distances, and — due to its high frequency content — estimated to correspond to a
substantial part of the energy radiated during the earthquake.
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