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11.1 Introduction

This Chapter deals with seismogram analysis anch&ian of seismic parameter values for
data exchange with national and international datders, for use in research and last, but not
least, with writing bulletins and informing theilgic about seismic events. It is written for
training purposes and for use as a reference sdarceeismologists at observatories. It
describes the basic requirements in analog anthtirgutine observatory practice i.e., to:

» recognize the occurrence of an earthquake in adeco

» identify and annotate the seismic phases;

» determine onset time and polarity correctly;

* measure the maximum ground amplitude and relataddye

» calculate slowness and azimuth;

» determine source parameters such as the hypocamigin time, magnitude, source
mechanism, etc..

In modern digital observatory practice these pracesl are implemented in computer

programs. Experience, a basic knowledge of elastie propagation (see Chapter 2), and the
available software can guide a seismologist toyaealarge amounts of data and interpret
seismograms correctly. The aim of this Chapteoistroduce the basic knowledge, data,

procedures and tools required for proper seismognaatysis and phase interpretation and to
present selected seismogram examples.

Seismograms are the basic information about eaattesp) chemical and nuclear explosions,
mining-induced earthquakes, rock bursts and othesnte generating seismic waves.
Seismograms reflect the combined influence of thsnsic source (see Chapter 3), the
propagation path (see Chapter 2), the frequen@onse of the recording instrument (see 4.2
and 5.2), and the ambient noise at the recorditeg(sig., Fig. 7.32). Fig. 11.1 summarizes
these effects and their scientific usefulness. Agiogly, our knowledge of seismicity, Earth's
structure, and the various types of seismic soursemsiainly the result of analysis and
interpretation of seismograms. The more completely quantify and interpret the
seismograms, the more fully we understand the Bastnucture, seismic sources and the
underlying causing processes.
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Fig. 11.1 Different factors/sub-systems (without seismigsapwhich influence a seismic record (yellow bgxes
and the information that can be derived from reaordlysis (blue boxes).

Seismological data analysis for single stationsowadays increasingly replaced by network
(see Chapter 8) and array analysis (see ChapteABay-processing techniques have been
developed for more than 20 years. Networks and/sria contrast to single stations, enable
better signal detection and source location. Adsys can be used to estimate slowness and
azimuth, which allow better phase identificationrther, more accurate magnitude values can
be expected by averaging single station magnituated for distant sources the signal
coherency can be used to determine onset times ralbably. Tab. 11.1 summarizes basic
characteristics of single stations, station netwaakd arrays. In principle, an array can be
used as a network and in special cases a networkecased as an array. The most important
differences between networks and arrays are irdégeee of signal coherence and the data
analysis techniques used.

Like single stations, band-limited seismometer eyt are now out-of-date and have a
limited distribution and local importance only. mhlimited systems filter the ground

motion. They distort the signal and may shift thset time and reverse polarity (see 4.2).
Most seismological observatories, and especialijyjoreal networks, are now equipped with
broadband seismometers that are able to recor@lsiggguencies between about 0.001 Hz
and 50 Hz. The frequency and dynamic range coveydatoadband recordings are shown in
Fig. 11.2 and in Fig. 7.48 of Chapter 7 in comparisvith classical band-limited analog

recordings of the Worldwide Standard Seismograptwbidk (\WWSSN).

Tab. 11.1 Short characteristic of single stations, statiotwoeks and arrays.
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Single station Classical type of seismic station with its own datacessingEvent
location only possible by means of three-componectrds.

Station network Local, regional or global distribution of statioiimat are as identical
possible with a common data center (see Chaptdtv@nt location i
one of the main tasks.

Seismic array Cluster of seismic stations with a common timenexiee and uniforr
instrumentation. The stations dogated close enough to each othe
space for the signal waveforms to berrelated between adjact
sensors (see Chapter 9). Benefits are:
» extraction of coherent signals from random noise;
» determination of directional informatiomf approachin
wavefronts (determination of backazimuth of therse)
* determination of local slowness and thus eyicentra
distance of the source.
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Fig. 11.2 Frequency range of seismological interest.

A number of these classical seismograph systemstiflren operation at autonomous single
stations in many developing countries and in then&r Soviet Union. Also, archives are
filled with analog recordings of these systems, avhivere collected over many decades.



These data constitute a wealth of information nebsthich has yet to be fully analyzed and
scientifically exploited. Although digital data arguperior in many respects, both for
advanced routine analysis and even more for stiengsearch, it will be many years or even
decades of digital data acquisition before one owsider the bulk of these old data as no
longer needed. However, for the rare big and thigue earthquakes, and for earthquakes in
areas with low seismicity rates but significant seac risk, the preservation and
comprehensive analysis of these classical andriisteismograms will remain of the utmost
importance for many years.

More and more old analog data will be reanalyzely after being digitized and by using
similar procedures and analysis programs as fognteoriginal digital data. Nevertheless,
station operators and analysts should still be position to handle, understand and properly
analyze analog seismograms or plotted digital ’ings without computer support and with
only modest auxiliary means. Digital seismograms amalyzed in much the same way as
classical seismograms (although with better anderflexible time and amplitude resolution)
except that the digital analysis uses interactofersre which makes the analysis quicker and
easier, and their correct interpretation requites same knowledge of the appearance of
seismic records and individual seismic phases aarfalog data. The analyst needs to know
the typical features in seismic records as a fonctif distance, depth and source process of
the seismic event, their dependence on the potemzaf the different types of seismic waves
and thus of the azimuth of the source and the @iem of sensor components with respect to
it. He/she also needs to be aware of the influesicé¢he seismograph response on the
appearance of the record. Without this solid bamlkgd knowledge, phase identifications and
parameter readings may be rather incomplete, sgsiatly biased or even wrong, no matter
what kind of sophisticated computer programs fagreegram analysis are used.

Therefore, in this Chapter we will deal first win introduction to the fundamentals of
seismogram analysis at single stations and staietworks, based on analog data and
procedures. Even if there is now less and lessatipeal need for this kind of instruction and
training, from an educational point of view its iarfance can not be overemphasized. An
analyst trained in comprehensive and competentysisalof traditional analog seismic

recordings, when given access to advanced tootowiputer-assisted analysis, will by far
outperform any computer specialist without the meml seismological background

knowledge.

Automated phase identification and parameter detemon is still inferior to the results
achievable by well-trained man-power. Thereforepmated procedures are not discussed in
this Manual although they are being used more amenat advanced seismological
observatories as well as at station networks ($&pt@r 8) and array centers (see Chapter 9).
The Manual chiefly aims at providing competent gmice and advice to station operators and
seismologists with limited experience and to theseking in countries which lack many
specialists in the fields which have to be covebgdobservatory personnel. On the other
hand, specialists in program development and automalgorithms sometimes lack the
required seismological knowledge or the practioglegience to produce effective software
for observatory applications. Such knowledge angeaernce, however, is an indispensable
requirement for further improvement of computergaaures for automatic data analysis,
parameter determination and source location in taise with older data and established
standards. In this sense, the Manual also addrebsesneeds of this advanced user
community.
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Accordingly, we first give a general introductioo toutine seismogram interpretation of
analog recordings at single stations and smallhgeisietworks. Then we discuss both the
similarities and the principal differences whengassing digital data. The basic requirements
for parameter extraction, bulletin production asliwas parameter and waveform data
exchange are also outlined. In the sub-Chapterigitadseismogram analysis we discuss in
more detail problems of signal coherence, the edldifferent procedures of data processing
and analysis as well as available software foiTite majority of record examples from
Germany has been processed with the program Seidandler (SHM) developed by K.
Stammler which is used for seismic waveform retleand data analysis. This program and
descriptions are available vidtp://www.szgrf.bgr.de/sh-doc/index.htniReference is made,
however, to other analysis software that is widedgd internationally (see 11.4).

Typical examples of seismic records from differsmmgle stations, networks and arrays in
different distance ranges (local, regional andstgkmic) and at different source depth are
presented, mostly broadband data or filtered recdetived therefrom. A special section is
dedicated to the interpretation of seismic corespha(see 11.5.2.4 and 11.5.3). Since all
Chapter authors come from Germany, the majorityeabrds shown has unavoidably been
collected at stations of the German Regional Seidtetwork (GRSN) and of the Grafenberg
array (GRF). Since all these stations record oaigyronly velocity-broadband (BB-velocity)
data, all examples shown from GRSN/GRF stationshoft-period (SP), long-period (LP) or
BB-displacement seismograms corresponding to Woodefson, WWSSN-SP, WWSSN-
LP, SRO-LP or Kirnos SKD response characterists,simulated records Since their
appearance is identical with respective recordofghese classical analog seismographs this
fact is not repeatedly stated throughout this Girapind its annexes. The location and
distribution of the GRSN and GRF stations is deguldh Fig. 11.3a. while Fig. 11.3b shows
the location of the events for which records frdmase stations are presented. Users of this
Chapter may feel that the seismograms presentethdyuthors are too biased towards
Europe. Indeed, we may have overlooked some immoaspects or typical seismic phases
which are well observed in other parts of the woifltderefore, we invite anybody who can
present valuable complementary data and explarsatmrsubmit them to the Editor of the
Manual so that they can be integrated into futaligans of the Manual.

For routine analysis and international data exchaagstandard nomenclature of seismic
phases is required. The newly elaborated draft BSPEI Standard Seismic Phase List is
given in IS 2.1, together with ray diagrams for imngaisases. This new nomenclature partially
modifies and completes the earlier one publishedhm last edition of the Manual of
Seismological Observatory Practice (Willmore, 19@8) each issue of the seismic Bulletins
of the International Seismological Centre (ISC)isltmore in tune than the earlier versions
with the phase definitions of modern Earth anddldvne models (see 2.7) and takes full
advantage of the newly adopted, more flexible agrdatile IASPEI Seismic Format (ISF; see
10.2.5) for data transmission, handling and arcigvi

The scientific fundamentals of some of the esskstibroutines in any analysis software are
separately treated in Volume 2, Annexes (e.g.,18 dr PD 11.1). More related Information

Sheets and Program Descriptions may be added iootmse of further development of this

Manual.
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Fig. 11.3 a) Stations of the German Regional Seismological Netw(GRSN, black
triangles) and the Graefenberg-Array (GRF, grees)db) global distribution of epicenters
of seismic events (red dots: underground nucleatosions; yellow dots: earthquakes) for
which records from the above stations will be pnése in Chapter 11 and DS 11.1-11.4.
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11.2 Criteria and parameters for routine seismogre analysis

11.2.1 Record duration and dispersion

The first thing one has to look for when assessinggismic record is the duration of the
signal. Due to the different nature and propagatigocity of seismic waves and the different
propagation paths taken by them to a station, Htawe differences between the main wave
groups usually grow with distance. Accordingly, tieeord spreads out in time. The various
body-wave groups show no dispersion, so their iddsd duration remains more or less
constant, only the time-difference between thermgka with distance (see Fig. 2.48). The
time difference between the main body-wave onsetoughly < 3 minutes for events at
distances D < 10°, < 16 min for D < 60°, < 30 man D < 100° and < 45 min for D < 180°

(see Fig. 1.2).

In contrast to body waves, velocity of surface vsaigefrequency dependent and thus surface
waves are dispersed. Accordingly, depending on ciustal/mantle structure along the
propagation path, the duration of Love- and Rayleigve trains increases with distance. At
D > 100° surface wave seismograms may last foroam dr more (see Fig. 1.2), and for really
strong events, when surface waves may circle thih Egveral times, their oscillations on
sensitive long-period (LP) or broadband (BB) resamthy be recognizable over 6 to 12 hours
(see Fig. 2.19). Even for reasonably strong redieaghquakes, e.g., Ms6 and D= 10°, the
oscillations may last for about an hour althoughtime difference between the P and S onset
is only about 2 min and between P and the maximmmplitude in the surface wave group
only 5-6 min.

Finally, besides proper dispersion, scattering nadgo spread wave energy. This is
particularly true for the more high-frequency wavesveling in the usually heterogeneous
crust. This gives rise to signal-generated noiskcta waves. Coda waves follow the main
generating phases with exponentially decaying #augas. The coda duration depends
mainly on the event magnitude (see Figure 1b in123) and only weakly on epicentral
distance (see Figure 2 in EX 11.1). Thus, durat&am be used for calculating magnitudes Md
(see 3.2.4.3).

In summary, signal duration, the time differencéngen the Rayleigh-wave maximum and
the first body-wave arrival (see Table 5 in DS &adl in particular the time span between the
first and the last recognized body-wave onsetsrbdfe arrival of surface waves allow a first
rough estimate, whether the earthquake is a loeglpnal or teleseismic one. This rough
classification is a great help in choosing the progpproach, criteria and tools for further
more detailed seismogram analysis, source locadimhmagnitude determination.

11.2.2 Key parameters: Onset time, amplitude, period and plarity

Onset times of seismic wave groups, first and fagnof the P-wave first arrival, when
determined at many seismic stations at differeimhath and at different distance, are the key
input parameter for the location of seismic eveste IS 11.1). Travel times published in
travel-time tables (such as Jeffreys and Bulled01¥ennett, 1991) and travel-time curves,
such as those shown in Figs. 2.40 and 2.50 orimverlays to Figs. 2.47 and 2.48, have been
derived either from observations or Earth modelseyT give, as a function of epicentral
distance D and hypocentral depth h, the differetet&eenonset times tox of the respective
seismic phases x and tleigin time OT of the seismic source. Onset times mark thst fir



energy arrival of a seismic wave group. The procésscognizing and marking a wave onset
and of measuring its onset time is ternoadet time picking. The recognition of a wave onset
largely depends on the spectral signal-to-noise-(&NR) for the given waveform as a whole
and the steepness and amplitude of its leading. é8igid are controlled by the shape and
bandwidth of the recording seismograph or filteze(drigs. 4.9 to 4.13). It is a classical
convention in seismological practice to classifysets, as a qualitative measure for the
reliability of their time-picking, as either impiNe (i) or emergent (e). These lower case
letters i or e are put in front of the phase symi@#nerally, it is easier to recognize and
precisely pick the very first arrival (usually anRve) on a seismogram than later phases that
arrive within the signal-generated noise coda diexravaves.

The relative precision with which an onset can ke largely depends on the factors
discussed above, but the absolute accuracy of -tinsetmeasurement is controlled by the
available time reference. Seismic body-wave phdasagel rather fast. Their apparent

velocities at the surface typically range betwebaua 3 km/s and nearly 100 km/s (at the
antipode the apparent velocity is effectively iite). Therefore, an absolute accuracy of
onset-time picking of less than a second and igdadls than 0.1 s is needed for estimating
reliable epicenters (see IS 11.1) and determinmgdgearth models from travel-time data.

This was difficult to achieve in earlier decadesewlonly mechanical pendulum clocks or
marine chronometers were available at most statibimsy have unavoidable drifts and could
rarely be checked by comparison with radio timenalg more frequently than twice a day.

Also, the time resolution of classical paper omfitecords is usually between 0.25 to 2 mm
per second, thus hardly permitting an accuracyirag4picking better than a second. In

combination with the limited timing accuracy, theading errors at many stations of the
classical world-wide network, depending also oradise and region, were often two to three
seconds (Hwang and Clayton, 1991). However, thigraved since the late 1970s with the
availability of very-low frequency and widely reged time signals, e.g., from the DCF and
Omega time services, and recorders driven withtgx&0 Hz stabilized alternating current.

Yet, onset-time reading by human eye from analogprs with minute marks led to
sometimes even larger errors, a common one beag thmin for the P-wave first arrival.
This is clearly seen in Fig. 2.46 (left), which sfsothe travel-time picks collected by the ISC
from the world-wide seismic station reports betw&864 and 1987. Nowadays, atomic clock
time from the satellite-borne Global Positioningst&yn (GPS) is readily available in nearly
every corner of the globe. Low-cost GPS receiveeseasy to install at both permanent and
temporary seismic stations and generally affordalbleerefore the problem of unreliable
absolute timing should no longer exist. Neverthgledso with high resolution digital data
and exact timing now being available it is diffictd decide on the real signal onset, even for
sharp P from explosions. Douglas et al. (1997) sltbvthat the reading errors have at best a
standard deviation between 0.1 and 0.2 s. Howdwenan reading errors no longer play a
role when digital data are evaluated by means d&fnsmgram analysis software which
automatically records the time at the positions netensets have been marked with a cursor.
Moreover, the recognizability of onsets and thecisien of time picks can be modified easily
within the limits which are set by the samplingerand the dynamic range of recording. Both
the time and amplitude scales of a record can bwoessed or expanded as needed, and task-
dependent optimal filters for best phase recogmiti@an be easily applied.

Fig. 11.4 shows such a digital record with the tsnale expanded to 12 mm/s. The onset time
can be reliably picked with an accuracy of a femthie of a second. This P-wave first arrival
has been classified as an impulsive (i) onsetpatih it looks emergent in this particular plot.
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But by expanding the amplitude scale also, theitgpeddge of the wave arrival becomes
steeper and so the onset appears impulsive. Tkis wah which digital records can be
manipulated largely eliminates the value of qualieacharacterization of onset sharpness by
either i or e. Therefore, in the framework of tHanmed but not yet realized International
Seismological Observing Period (ISOP), it is praubsnstead to quantify the onset-time
reliability. This could be done by reporting, besdhe most probable or interpreter-preferred
onset time, the estimated range of uncertaintyibkimy the earliest {.) and latest possible
onset time () for each reported phase x, and of the first akiiv particular (see Fig. 11.6).
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Fig. 11.4 First motion onset times, phase and polarity iregsd (c — compression; d —
dilatation), maximum amplitude A and period T measwents for a sharp (i - impulsive)
onset of a P wave from a Severnaya Zemlya evefpof 19, 1997, recorded by a broadband
three-component single station of the GrafenbergyAitGermany.

Whereas the quality, quantity and spatial distidubf reported time picks largely controls
the precision of source locations (see IS 11.B aimality and quantity of amplitude readings
for identified specific seismic phases determine thpresentativeness of classical event
magnitudes. The latter are usually based on readings of maxinground-displacemeraind
related periods for body- and surface-wave growgee (3.2). For symmetric oscillations
amplitudes should be given as half peak-to-trowdgulfle) amplitudes. The related periods
should be measured as the time between neighbpealgs (or troughs) of the amplitude
maximum or by doubling the time difference betwdsnmaximum peak and trough (see Fig.
11.4 and Fig. 3.9). Only for highly asymmetric wigte should the measurement be made
from the center line to the maximum peak or tro(sge Fig. 3.9b). Some computer programs
mark the record cycle from which the maximum amopld A and the related T have been
measured (see Figures 3 and 4 in EX 3.1).

Note that the measured maximum trace amplitudesseismic record have to be corrected
for the frequency-dependent magnification of thesmmegraph to find the “true” ground-
motion amplitude, usually given in nanometers (1 sxrh0°m) or micrometers (Jm = 10
®m), at the given period. Fig. 3.11 shows a fewdgpilisplacement amplification curves of
standard seismographs used with paper or film dscdfor digital seismographs, instead of
displacement magnification, the frequency dependesaiution is usually given in units of
nm/counts, or in nm “¥count for ground velocity measurements. Note thath record
amplitudes and related dominating periods do nbt depend on the spectrum of the arriving



waves but are mainly controlled by the shape, cefitejuency and bandwidth of the

seismograph or record filter response (see Fig8)4Also, the magnifications given in the

seismograph response curves are strictly valid dmiysteady-state harmonic oscillations
without any transient response. The latter, howewgght be significant when narrow-band

seismographs record short wavelets of body wavemab shape, amplitudes and signal
duration are then heavily distorted (see Figs. 4t 4.17). Therefore, we have written
“true” ground motion in quotation marks. Scherba(#601) gives a detailed discussion of
signal distortion which is not taken into accoumtstandard magnitude determinations from
band-limited records. However, signal distortionsinbe corrected for in more advanced
digital signal analysis for source parameter edtonaThe distortions are largest for the very
first oscillation(s) and they are stronger and kEmdasting the narrower the recording

bandwidth (see 4.2.1 and 4.2.2). The transientoresp decays with time, depending also on
the damping of the seismometer. It is usually mg#gke for amplitude measurements on
dispersed teleseismic surface wave trains.

To calculate ground motion amplitudes from recondpktudes, the frequency-dependent
seismometer response and magnification have toberk from careful calibration (see 5.8).
Analog seismograms should be clearly annotatedelate each record to a seismometer with
known displacement magnification. For digital datae instrument response is usually
included in the header information of each seismgfile or given in a separate file that is
automatically linked when analyzing data files. &®n as amplitudes and associated periods
are picked in digital records, most software tofds seismogram analysis calculate
instantaneously the ground displacement or growldcity amplitudes and write them in
related parameter files.

Another parameter which has to be determined @ ¢ignal-to-noise-ratio permits) and
reported routinely is the polarity of the P-wavestfimotion in vertical component records.
Reliable observations of the first motion polaatystations surrounding the seismic source in
different directions allows the derivation of seisfault-plane solutions (see 3.4 and EX 3.2).
The wiring of seismometer components has to be fudbrechecked to assure that
compressional first arrivals (c) appear on vertmahponent records as an upward motion (+)
while dilatational first arrivals (d) are recorded a downward first half-cycle (-). The
conventions for horizontal component recordings-+afep) for first motions towards N and
E, and — (down) for motions towards S and W. Thesed to be taken into account when
determining the backazimuth of the seismic sourcenfamplitude and polarity readings on
3-component records (see EX 11.2, Figure 1). Howewarizontal component polarities are
not considered in polarity-based fault-plane sohdiand therefore not routinely reported to
data centers. Fig. 11.4 shows a compressionakfirstal.

One should be aware, however, that narrow-bandakfgtering may reduce the first-motion
amplitude by such a degree that its polarity majonger be reliably recognized or may even
become lost completely in the noise (see Figs. 4rid4.13). This may result in the wrong
polarity being reported and hence erroneous fdahe solutions. Since short-period (SP)
records usually have a narrower bandwidth than amedio long-period or even broadband
records, one should differentiate between firstiamopolarity readings from SP and LP/BB
records. Also, long-period waves integrate over mmoicthe detailed rupture process and so
should show more clearly the overall direction adtion which may not be the same as the
first-motion arrival in SP records which may be wemall. Therefore, when reporting
polarities to international data centers one shoatdording to recommendations in 1985 of
the WG on Telegrafic Formats of the IASPElI Comnaissbn Practice, unambiguously
differentiate between such readings on SP (c andnd) those on LP and BB records,
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respectively (u for “up” = compression and r foargfaction” = dilatation). Note, however,
that reliable polarity readings are only possilieBi® records!
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Fig. 11.5 WWSSNSP vertical-component records of GRSN stationgHersame event as in
Fig. 11.4. While the P-wave amplitudes vary siguifitly within the network, the first-motion
polarity remains the same.

11.2.3 Advanced wavelet parameter reporting from igital records

The parameters discussed in 11.2.1 have been ebuteported over the decades of analog
recording. Digital records, however, allow vergatgignal processing so that additional
wavelet parameters can be measured routinely. Baicdmeters may provide a much deeper
insight into the seismic source processes anddlsgic moment release. Not only can onset
times be picked but their range of uncertainty aso be marked. Further, for a given wave
group, several amplitudes and related times mayquiekly measured and these allow
inferences to be drawn on how the rupture procesg mave developed in space and time.
Moreover, the duration of a true ground displacenmrise § and the rise time; to its
maximum amplitude contain information about sizetled source, the stress drop and the
attenuation of the pulse while propagating throulga Earth. Integrating over the area
underneath a displacement pulse allows to deterrigiesignal moment mwhich is,
depending on the bandwidth and corner period of rémrding, related to the seismic
moment M (Seidl and Hellweg, 1988). Finally, inferences be attenuation and scattering
properties along the wave path can be drawn franattalysis of wavelet envelopes.

Fig. 11.6 depicts various parameters in relatiodifierent seismic waveforms. One has to be
aware, however, that each of these parameters eaeuerely affected by the properties of
the seismic recording system (see Fig. 4.17 an@&r8ahm, 1995 and 2001). Additionally,

one may analyze the signal-to-noise ratio (SNR) raypabrt it as a quantitative parameter for



characterizing signal strength and thus of thebdity of phase and parameter readings. This
is routinely done when producing the Reviewed Evartetin (RED) of the International
Data Centre (IDC) in the framework of the CTBTOeTBNR may be either given as the ratio
between the maximum amplitude of a considered seipmase to that of the preceding
ambient or signal-generated noise, or more congm&tely by determining the spectral
SNR (see Fig. 11.47).

t Qqextr t1extr t
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Fig. 11.6 Complementary signal parameters such as multiplelsaamplitudes and related
times, rise-time tof the displacement pulse, signal momegtamd wavelet envelope (with
modification from Scherbaum, Of Poles and Zerog, Ei9, p. 10[1 2001; with permission
of Kluwer Academic Publishers).

Although these complementary signal parametersdctw determined rather easily and
quickly by using appropriate software for signabgessing and seismogram analysis, their
measurement and reporting to data centers is notcg@mon practice. It is expected,

however, that the recently introduced more flexifdemats for parameter reporting and

storage (see ISF, 10.2.5), in conjunction with et@wad internet data transfer, will pave the
way for their routine reporting.

11.2.4 Criteria to be used for phase identification
11.2.4.1 Travel time and slowness

As outlined in Chapter 2, travel times of identiffiseismic waves are not only the key
information for event location but also for the ntiécation of seismic wave arrivals and the
determination of the structure of the Earth aldmg paths which these waves have traveled.
The same applies to the horizontal compongmfshe slowness vector s. The following
relations hold:

Sc=dt/dD = p = 1/pp



11.2 Criteria and parameters for routine seismogram analysis |

were \ipp IS the apparent horizontal velocity of wave pragam, dt/dD the gradient of the
travel-time curve t(D) in the point of observatiahdistance D, and p is the ray parameter.
Due to the given structure of the Earth, the traweé differences between various types of
seismic waves vary with distance in a systematiy. Wderefore, differential travel-time
curves with respect to the P-wave first arrivale(ségure 4 in EX 11.2) or absolute travel-
time curves with respect to the origin time OT ($égure 4 in EX 11.1 or overlay to Fig.
2.48) are the best tools to identify seismic wasessingle station records. This is done by
matching as many of the recognizable wave onsettseimecord as possible with travel-time
curves for various theoretically expected phasepaentral distance D.

Make sure that the plotted t(D)-curves have theeséime-resolution as your record and

investigate the match at different distances. Raaravel-time curves thus allow not only

the identification of best matching phases but dls® distance of the station from the

epicenter of the source to be estimated. Note, iery¢hat from certain distance ranges the
travel-time curves of different types of seismicves (see Figure 4 in EX 11.2) are close to
each other, or even overlap, for example for PP Ral between about 40° and 50° (see
Figure 6a in DS 11.2) and for S, SKS and ScS betwé&é and 90° (see Fig. 11.7 and 11.54).
Proper phase identification then requires additieangeria besides travel-time differences to

be taken into account (see 11.2.4.2 to 11.2.4decEthe most probable distance by taking
these additional criteria into account. Absolutevél-time curves allow also the origin time to

be estimated (see exercises EX 11.1 and EX 11.2).
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Fig. 11.7 Example of long-period horizontal component seisraogsections from a deep-
focus earthquake in the Sea of Okhotsk (20.04.1884= 5.9, h = 588 km), recorded at the
stations RSSD, RSNY, and RSCP, respectively, irctiieal distance range of overlapping
travel-time branches of S, SKS and ScS. Becaudieedfirge focal depth the depth phase sS
is clearly separated in time.

Note, however, that the travel-time curves showthi overlays to Figs. 2.47 and 2.48, or
those given in EX 11.1 and EX 11.2, are valid feamsurface sources only. Both absolute
and (to a lesser extent) relative travel times gkawith source depth (see IASPEI 1991
Seismological Tables, Kennett, 1991) and, in addjtdepth phases may appear (see Fig.
2.43 and Table 1 in EX 11.2). Note also that tesesie travel-time curves (D > (17)20°) vary

little from region to region. Typically, the thedical travel times of the main seismic phases



deviate by less than 2 s from those observed (ge/52). In contrast, local/regional travel-
time curves for crustal and uppermost mantle phasgsvary strongly from region to region.
This is due to the pronounced lateral variationgroftal thickness and structure (see Fig.
2.10), age, and seismic wave velocities in conteleand oceanic areas. This means
local/regional travel-time curves have to be detif@ each region in order to improve phase
identification and estimates of source distancedapth.

Often, rapid epicentre and/or source depth estsnate already available from data centers
prior to detailed record analysis at a given statidhen modern seismogram analysis
software such as SEISAN (Havskov, 1996; Havskov @ttemoller, 1999), SEIS89
(Baumbach, 1999), GIANT (Rietbrock and Scherbau@98) or Seismic Handler (SH and
SHM) (Stammler, http://www.szgrf.bgr.de/sh-doc/index.himlallow the theoretically
expected travel times for all main seismic phasdsetmarked on the record. This eases phase
identification. An example is shown in Fig. 11.18 & record analyzed with Seismic Handler.

However,theoretically calculated onset-times based on a dlal average model should
only guide the phase identification but not the piking of onsets!Be aware that one of the
major challenges for modern global seismology I3 8mography of the Earth. What are
required are the location and the size of anomali@gve velocity with respect to the global
1-D reference model. Only then will material flomsthe mantle and core (which drive plate
tectonics, the generation of the Earth's magnagtd fand other processes) be better
understood. Station analysts should never trustohgputer generated theoretical onset times
more than the ones that they can recognize inetb@rd itself. For Hilbert transformed phases
(see 2.5.4.3) onset times are best read afteriffiffe¢o correct for the transforming. Without
unbiased analyst readings we will never be abled¢éoive improved models of the
inhomogeneous Earth. Moreover, the first rapid epiers, depths and origin-times published
by the data centers are only preliminary estimatesare usually based on first arrivals only.
Their improvement, especially with respect to seutepth, requires more reliable onset-time
picks, and the identification of secondary (lagarjvals (see Figure 7 in IS 11.1).

At a local array or regional seismic network certeth the task of phase identification and of
source location is easier than at a single staterause local or regional slowness can be
measured from the time differences of the respeatiave arrivals at the various stations (see
9.4, 9.5, 11.3.4 and 11.3.5). But even then, detengn D from travel-time differences
between P or PKP and later arrivals can signifigantprove the location accuracy. This is
best done by using three-component broadband regsrdrom at least one station in the
array or network. The reason this is recommendgabistravel-time differences between first
and later arrivals vary much more rapidly with diste than the slowness of first arrivals. On
the other hand, arrays and regional networks usgale better control of the backazimuth of
the source than 3-component recordings (see 13)2egpecially for low-magnitude events.

11.2.4.2 Amplitudes, dominating periods and wavefms

Amplitudes of seismic waves vary with distance tlmegeometric spreading, focusing and
defocusing caused by variations in wave speed #eduation. To correctly identify body-
wave phases one has first to be able to differenbatween body- and surface-wave groups
and then estimate at least roughly, whether theceois at shallow, intermediate or rather
large depth. At long range, surface waves are sa&n on LP and BB seismograms. Because
of their 2D propagation, geometrical spreadingsiarface waves is less than for body waves
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that propagate 3-D. Also, because of their usualiger wavelength, surface waves are less
attenuated and affected less by small-scale smalctohomogeneities than body waves.
Therefore, on records of shallow seismic eventsfasa-wave amplitudes dominate over
body-wave amplitudes (see Figs. 11.8 and 11.9)s&oev less variability with distance (see
Fig. 3.13). This is also obvious when comparingrttegnitude calibration functions for body
and surface waves (see figures and tables in DS 3.1

Fig. 11.8 Three-component BB-velocity record at station MOX a mine collapse in
Germany; (13 March 1989; M|l = 5.5) at a distanceld?2 km and with a backazimuth of
273°. Note the Rayleigh surface-wave arrival LRwvatbsequent normal dispersion.
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Fig. 11.9 T-R-Z rotated three-component seismogram (SRO-LEr)ifrom an earthquake
east of Severnaya Zemlya (19 April 1997, D = 46.4f) = 5.8, Ms = 5.0). The record shows
P, S, SS and strong Rayleigh surface waves withr clermal dispersion. The surface wave
maximum has periods of about 20 s. It is calledmy-phase and corresponds to a minimum
in the dispersion curve for continental Rayleighves(see Fig. 2.9).



However, as source depth increases, surface-wapéitates decrease relative to those of
body waves, the decrease being strongest for shweeelengths. Thus, the surface waves
from earthquakes at intermediate (> 70 km) or gdegth (> 300 km) may have amplitudes
smaller than those of body waves or may not evetiebected on seismic records (see Figure
2 in EX 11.2). This should alert seismogram analystiook for depth phases, which are then
usually well separated from their primary waves andare easily recognized (see Fig. 11.7
above and Figure 6a and b in DS 11.2).

Another feature that helps in phase identificatisnthe waveform. Most striking is the
difference in waveforms between body and surfaceegiaDispersion in surface waves results
in long wave trains of slowly increasing and thezcrgasing amplitudes, whereas non-
dispersive body waves form short duration wavelg®ially, the longer period waves arrive
first (“normal” or “positive” dispersion) (see Fgl11.8 and 11.9). However, the very long-
period waves (T > 60 s) , that penetrate into tla@the down to the asthenosphere (a zone of
low wave speeds), may show inverse dispersion.|dihgest waves then arrive later in the
wave train (see Fig. 2.18).

For an earthquake of a given seismic moment, thermuam amplitude of the S wave is about
five-times larger at source than that of the P waigee Figs. 2.3, 2.23, and 2.41). This is a
consequence of the different propagation velociifeB and S waves (see Eq. (3.2). Also the
spectrum is different for each wave type. Thus, @&V source spectra have corner
frequencies about3 times higher than those of S. In high-frequeritgréd records this may
increase P-wave amplitudes with respect to S-wawpliudes (see Fig. 11.10 right).
Additionally, the frequency-dependent attenuatibB evaves is significantly larger than for P
waves.

Plot start time: 1999 1016  9:47 26.160 Plot start time: 1999 1016 9:47 24.638
Filt: 0.000 0.100 Filt: 3.000 8.000

DUG BHE DUG BHE

UG BHN wfm UG BHN

DUG BHZ DUG BHZ

Fig. 11.10 Left: Low-pass filtered (< 0.1 Hz) and right: lohpass filtered (3.0-8.0 Hz)
seismograms of the Oct. 16, 1999, earthquake iiic@@h (mb = 6.6, Ms = 7.9) as recorded
at the broadband station DUG at D = 6° (courtesly. @ttemoller).
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Due to both effects, S waves and their multipléecgfons and conversions are — within the
teleseismic distance range — mainly observed omiLBB records. On the other hand, the
different P-wave phases, such as P, PcP, PKP, kK& Pare well recorded, up to the largest
epicentral distances, by SP seismographs with maximagnification typically around 1 Hz.
Generally, the rupture duration of earthquakesngér than the source process of explosions.
It ranges from less than a second for small miatbgaakes up to several minutes for the

largest shallow crustal shocks with a source wihschisually a complex multiple rupture
process (see Fig. 11.11, Fig. 3.7 and Figure BiSri1.2).
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Fig. 11.11 Vertical component records of the P-wave group f@rarustal earthquake in
Sumatra (04 June 2000; mb = 6.8, Ms = 8.0) at tRSI& station MOX at D = 93.8Top:
WWSSN-SP (type A)middle: medium-period Kirnos SKD BB-displacement recorgpbé
C), andbottom: original BB-velocity record. Clearly recognizakke the multiple rupture
process with P4 =Ry arriving 25 s after the first arrival P1. The ghperiod magnitude mb
determined from P1 would be only 5.4, mb = 6.3 fi@thand mb = 6.9 when calculated from
P4. When determining the medium-period body-wavemtade from P4 on the Kirnos
record then mB = 7.4,

As compared to shallow crustal earthquakes, degphgeekes of comparable magnitude are
often associated with higher stress drop and smsatlarce dimension. This results in the
strong excitation of higher frequencies and thugpé and impulse-like waveforms (see Fig.
4.13 and Figures 6a and b in DS 11.2). Thereforea$es from deep earthquakes may be
recognizable in short-period records even at tedepse distances. The same applies to
waveforms from explosions. As compared to shallathgjuakes, when scaled to the same
magnitude, their source dimension is usually smalleeir source process simpler and their
source duration much shorter (typically in the ®nfymilliseconds). Accordingly, explosions

generate significantly more high-frequency energgnt earthquakes and usually produce
shorter and simpler waveforms. Examples are givefrigures 1 to 5 of DS 11.4. Note,



however, that production explosions in large qesror open cast mines, with yields ranging
from several hundred to more than one kiloton THIE usually fired in sequences of time-
delayed sub-explosions, which are spread out olaga area. Such explosions may generate
rather complex wave fields, waveforms and unuspattsa, sometimes further complicated
by the local geology and topography, and thus redyeto discriminate from local
earthquakes.

At some particular distances, body waves may halaively large amplitudes, especially
near caustics (see Fig. 2.29 for P waves in thamte range between 15° and 30°; or around
D = 145° for PKP phases). In contrast, amplitudesagt rapidly in shadow zones (such as for
P waves beyond 100°; see Fig. 11.63). The douiplécation of the P-wave travel-time curve
between 15° and 30° results in closely spaced san@e onsets and consequently rather
complex waveforms (Fig. 11.49). At distances betwedout 30° and 100°, however,
waveforms of P may be simple (see Figs. 11.52 d4ni3). Beyond the PKP caustic, between
145° < D < 160°, longitudinal core phases splibititree travel-time branches with typical
amplitude-distance patterns. This, together witleirthsystematic relative travel-time
differences, permits rather reliable phase iderdifion and distance estimates, often better
than 1° (see Figs. 11.62 and 11a83well as exercise EX 11.3).

Fig. 11.12 is a simplified diagram showing the tiglafrequency of later body-wave arrivals
with respect to the first arrival P or the numbeofranalyzed earthquakes, as a function of
epicentral distance D between 36° and 166°. Theybaised on observations in standard
records (see Fig. 3.11) of types A4 (SP - shoriepek 1.5 s), B3 (LP — long-period, between
20 s and 80 s) and C (BB - broadband displacemsmtden 0.1 s and 20 s) at station MOX
in Germany (Bormann, 1972a). These diagrams shatvitththe teleseismic distance range
one can mainly expect to observe in SP recorddalleving longitudinal phases: P, PcP,
ScP, PP, PKP (of branches ab, bc and df), P'PKEPRP), PKKP, PcPPKP, SKP and the
depth phases of P, PP and PKP. In LP and BB rectwavever, additionally S, ScS, SS,
SSS, SKS, SKSP, SKKS, SKKP, SKKKS, PS, PPS, SSP their depth phases are
frequently recorded. This early finding based om visual analysis of traditional analog film
recordings has recently been confirmed by stac&BRgand LP filtered broadband records of
the Global Digital Seismic Network (GDSN) (Astizadt, 1996; see Figs. 2.47 and 2.48 with
overlays).

Since these diagrams and stacked seismogram sec@fiact, in a condensed form, some
systematic differences in waveforms, amplitudesnidating periods and relative frequency
of occurrence of seismic waves in different distarenges, they may, when used in addition
to travel-time curves, give some guidance to seggam analysts as to what kind of phases
they may expect at which epicentral distances anghich kind of seismic records. Note,
however, that the appearance of these phases lolggatory”, rather, it may vary from
region to region, depending also on the sourceharm@sms and the radiation pattern with
respect to the recording station, the source ddpth,area of reflection (e.g., underneath
oceans, continental shield regions, young mountanges), and the distance of the given
station from zones with frequent deep earthquaRé®refore, no rigid rules for phase
identification can be given. Also, Fig. 11.12 caless only teleseismic earthquakes. Local
and regional earthquakes, however, are mainly decbby SP short-period seismographs of
type A or with Wood-Anderson response. There anersg reasons for this. Firstly, SP
seismographs have usually the largest amplificaind so are able to record (at distances
smaller than a few hundred kilometers) sources wmidgnitudes of zero or even less.
Secondly, as follows from Fig. 3.5, the corner &reacy of source displacement spectra for
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events with magnitudes < 4 is usually > 1 Hz, senall events radiate relatively more high-
frequency energy. Thirdly, in the near range tlghHrequencies have not yet been reduced
so much by attenuation and scattering, as theyllysaie for f > 1 Hz in the teleseismic
range. Therefore, most local recordings show noewawith periods longer than 2 s.
However, as Ml increases above 4, more and moigpeniod waves with large amplitudes
are generated and these dominate in BB recordscaf évents, as illustrated with the records
in Figs. 11.8 and 11.10.
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Fig. 11.12 Relative frequency of occurrence of secondary @has standard analog records
at station MOX, Germany, within the teleseismidati€e range 36° to 166°. The first column
relates to 100% of analyzed P-wave first arrivalsobanalyzed events (hatched column),
respectively. In the boxes beneath the phase cauhetype of standard records is indicated
in which these phases have been observed bessofréguently/clear (then record symbols
in brackets). A — short-period; B — long-period, I3°— Kirnos SKD BB-displacement.

11.2.4.3 Polarization

As outlined in 2.2 and 2.3, P and S waves are flipgmlarized, with slight deviations from
this ideal in the inhomogeneous and partially anogoc real Earth (see Figs. 2.6 and 2.7). In
contrast, surface waves may either be linearlyrpd in the horizontal plane perpendicular
to the direction of wave propagation (transversknomation; T direction; e.g., Love waves)
or elliptically polarized in the vertical plane ented in the radial (R) direction of wave
propagation (see Figs. 2.8, 2.13 and 2.14). P-wavtcle motion is dominatingly back and
forth, parallel to the seismic ray, whereas S-wanation is perpendicular to the ray direction.



Accordingly, a P-wave motion can be split into tyain components, one vertical (Z) and
one horizontal (R) component. The same appliesagdi’yh waves, but with a 90° phase
shift between the Z and R components of motiomvaSes, on the other hand, may show
purely transverse motion, oscillating in the hontad plane (SH; i.e., pure T component, as
Love waves) or motion in the vertical propagatidane, at right angles to the ray direction
(SV), or in any other combination of SH and SVtHe latter case S-wave particle motion has
Z, R and T components, with SV wave split into and an R component.

Thus, when 3-component records are available, @nécfe motion of seismic waves in space
can be reconstructed and used for the identifioadioseismic wave types. However, usually
the horizontal seismometers are oriented in geddgagast (E) and north (N) direction. Then,
first the backazimuth of the source has to be cdatp(see EX 11.2) and then the horizontal
components have to be rotated into the horizontadlif@ction and the perpendicular T
direction, respectively. Thiaxis rotation is easily performed when digital 3-component data
and suitable analysis software are available. It magnebe carried one step further by
rotating the R component once more into the dioactof the incident seismic ray
(longitudinal L direction). The T component themns unchanged but the Z component is
rotated into the Q direction of the SV componeniciSaray-oriented co-ordinate system
separates and plots P, SH and SV waves in 3 diff@@nmponents L, T and Q, respectively.
These axes transformations are easily made givgitaldidata from arbitrarily oriented
orthogonal 3-component sensors such as the widslg triaxial sensors STS2 (see Fig. 5.13
and DS 5.1). However, the principle types of palation can often be quickly assessed with
manual measurement and elementary calculation &oalog 3-component records and the
backazimuth from the station to the source be egéth(see EX 11.2).

Note that all direct, reflected and refracted P e@gand their multiples, as well as conversions
from P to S and vice versa, have their dominanionatonfined to the Z and R (or L and Q)
plane. This applies to all core phases, also to &kbits multiples, because K stands for a P-
wave leg in the outer core. In contrast, S waveg haae both SV and SH energy, depending
on the source type and rupture orientation. Howedisicontinuities along the propagation
path of S waves act as selective SV/SH filters.r@loee, when an S wave arrives at the free
surface, part of its SV energy may be converted iRt thus forming an SP phase.
Consequently, the energy reflected as S has arl&@Becomponent as compared to the
incoming S. So the more often a mixed SH/SV typ& afave is reflected at the surface, the
more it becomes of SH type. Accordingly, SSS, S88Swill show up most clearly or even
exclusively on the T component (e.g., Fig. 11.37Mgss the primary S wave is dominantly of
SV-type (e.g., Fig. 11.13). As a matter of factyeavaves are formed through constructive
interference of repeated reflections of SH at tiee surface. Similarly, when an S wave hits
the core-mantle boundary, part of its SV energgoisverted into P which is either refracted
into the core (as K) or reflected back into the tleaas P, thus forming the ScP phase.
Consequently, multiple ScS is also usually beselbged on the T component.

Fig. 11.13 shows an example of the good separafi@everal main seismic phases on an Z-
R-T-component plot. At such a large epicentralafise (D = 86.5°) the incidence angle of P
is small (about 15°; see EX 3.3). Therefore, thva®e amplitude is largest on the Z
component whereas for PP, which has a significdattyer incidence angle, the amplitude on
the R component is almost as large as Z. For bahdPPP no T component is recognizable
above the noise. SKS is strong in R and has osiyal T component (effect of anisotropy,
see Fig. 2.7). The phase SP has both a strong Ra&odhponent. Love waves (LQ) appear as
the first surface waves in T with very small ampdiés in R and Z. In contrast, Rayleigh
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waves (LR) are strongest in R and Z. SS in thisrgta is also largest in R. From this one
can conclude, that the S waves generated by thisge@ke are almost purely of SV type. In

other cases, however, it is only the differencehim R-T polarization which allows S to be

distinguished from SKS in this distance range oiuad 80° where these two phases arrive
closely to each other (see Fig. 11.14 and Figuesil®S 11.2).
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Fig. 11.13 Time-compressed long-period filtered three-comporsmismogram (SRO-LP
simulation filter) of the Nicaragua earthquake reeal at station MOX (D = 86.5°).
Horizontal components have been rotated (ZRT) vRth(radial component) in source
direction. The seismogram shows long-period phBRsé¥, SKS, SP, SS and surface waves L
(or LQ for Love wave) and R (or LR for Rayleigh veav
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Fig. 11.14 Ray-oriented broadband records ( left: Z-N-E congms; right: particle motion
in the Q-T plane) of the S and SKS wave group feohtokkaido Ms = 6.5 earthquake on 21
March 1982, at station Kasperske Hory (KHC) at picentral distance of D = 78.5°.



The empirical travel-time curves in Fig. 2.49 (frémstiz et al., 1996) summarize rather well,
which phases (according to the overlay of Fig. p&® expected to dominate the vertical,
radial or transverse ground motion in rotated tlo@®ponent records.

If we supplement the use of travel-time curves wsiismic recordings in different frequency
bands, and take into account systematic differemeeamplitude, frequency content and
polarization for P, S and surface waves, and wherkmow the distances, where caustics and
shadow zones occur, then the identification ofrlagsmic wave arrivals is entertaining and
like a detective inquiry into the seismic record.

11.2.4.4 Example for documenting and reporting afeismogram parameter readings

Fig. 11.15 shows a plot of the early part of agelemic earthquake recorded at stations of the
GRSN. At all stations the first arriving P wavecigarly recognizable although the P-wave
amplitudes vary strongly throughout the networkisTis not a distance effect (the network
aperture is less than 10% of the epicentral digfahat rather an effect of different local site
conditions related to underground geology and atustterogeneity. As demonstrated with
Figs. 4.35 and 4.36, the effect is not a constaneéch station but depends both on azimuth
and distance of the source. It is important to doent this. Also, Fig. 11.15 shows for most
stations a clear later arrival about 12 s aftéfd?.the given epicentral distance, no other main
phase such as PP, PPP or PcP can occur at sunh ésae differential travel-time curves in
Figure 4 of EX 11.2). It is important to pick suldter (so-called secondary) onsets which
might be “depth phases” (see 11.2.5.1) as thesw a@lmuch better determination of source
depth than from P-wave first arrivals alone (seguf@ 7 in IS 11.1).
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Fig. 11.15 WWSSN-SP filtered seismograms at 14 GRSN, GRF, GEREnd GEOFON
stations from an earthquake in Mongolia (24 Sep®8] depth (NEIC-QED) = 33 km; mb =
5.3, Ms = 5.4). Coherent traces have been timéeshifaligned and sorted according to
epicentral distance (D = 58.3° to BRG, 60.4° to AGRand 63.0° to WLF). Note the strong
variation in P-wave signal amplitudes and cleartli@hases pP arriving about 12 s after P.
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Tab. 11.2 gives for the Mongolia earthquake shawRig. 11.15 the whole set of parameter
readings made at the analysis center of the CeS#mmological Observatory Grafenberg
(SZGRF) in Erlangen, Germany:

« first line: date, event identifier, analyst;

» second and following lines: station, onset timesed character (e or i), phase name
(P, S, etc.), direction of first particle motion ¢c d), analyzed component, period
[s], amplitude [nm], magnitude (mb or Ms), epicahttistancd°]; and

* last two lines: source parameters as determineth®ySZGRF (origin time OT,
epicentre, average values of mb and Ms, sourcéndapmt name of Flinn-Engdahl-
region).

Generally, these parameters are stored in a databsead for data exchange and published in
lists, bulletins and the Internet (see IS 11.2e ©hset characters i (impulsive) should be used
only if the time accuracy is better than a few tehs second, otherwise the onset will be
described as e (emergent). Also, when the signabise-ratio (SNR) of onsets is small and
especially, when narrow-band filters are used,fifs¢ particle motion should not be given
because it might be distorted or lost in the noBmadband records are better suited for
polarity readings (see Fig. 4.10). Their polaritieswever, should be reported as u (for “up”
= compression) and r (for “rarefaction” = dilatatjoso as to differentiate them from short-
period polarity readings (c and d, respectively).

Tab. 11.2 Parameter readings at the SZGRF analysis centahéMongolia earthquake
shown in Fig. 11.15 from records of the GRSN.

ey_id 980924007 kLI
1938-09-24

BRQG 19:03:27.2 e P £ T1.2 £ 135.5 mb 5.9 D 58.3
BLIGH 19:03:27.2 e P £ T1.1 A1z29.1 mb 5.8
BSEG 19:03:28.2 e P £ T 1.1 A 198.3 mb 6.0 D 58.4
CLL 19:03:28.6 e P Z T 0.9 A& 398.9 mh 5.8 D 58.5
GECZ2 19:03:36.3 1 P 2 T1.2 & 46.9 mb 5.4 D 59.6
CLZ 19:03:36.6 e P £ T1.1 #1777 mb 6.0 D 59.6
MO 19:03:36.9 e P £ T 1.2 A 122.4 mb 5.8 D 59.6
WET 19:03:383.5 e P £ T 1.2 A 107.2 mb 5.7 D 59.9
BRQG 19:03:39.3 e pP Z
GRA&1T  19:03:42.6 1 P cZ T1.1 & 286.5 mbh 6.2 D BO0.4

b_slo 6.8 b_az 54
BUG 19:03:483.5 e P £ T1.1 A 162.4 mb 5.8 D B1.4
FUR 19:03:483.6 e P £ T1.1 A 174.3 mb 5.8 D B1.3
THS 19:03:49.9 e P £ T1.1 A 103.0 mb 6.0 D B1.5
G5H 19:03:54.5 e P £ T 1.3 A 132.3 mbh 6.0 D E2.3
GRAT  19:03:55.0 e pP Z
BFO 19:03:5%.4 e P £ T 1.1 £ 552 mb 5.6 D E2.8
WLF 19:04:00.1 e P £ T 1.7 £ 80.3 mb 5.6 D E3.0
GRAT  19:11:5%2.2 e § E 0 B0.4
GECZ 19:30:36.0 e L £ T 19.9 & 3855.8 MS 5.5
GRAT  19:31:03.6 e L £ T 2006 & 33598.7 MS 5.5

SZ0RF 0T 18:53:39.3 45.308 106.84E mb_aw 5.8 MS_av 5.5

DEP  44kn , MONGOLI?

Note that for this event the international datateeNEIC had “set” the source depth to 33 km
because of the absence of reported depth phasesdédpth-phase picks at the GRSN,
however, with an average time difference of pP-Rlmiut 12 s, give a focal depth of 44 km.
Also note in Tab. 11.2 the large differences in kingies (A) determined from the records of
individual stations. The resulting magnitudes miy\usetween 5.4 (GEC2) and 6.2 (GRA1)!



11.2.5 Criteria to be used in event identification and dscrimination

11.2.5.1 Discrimination between shallow and deep earthquads

Earthquakes are often classified on depth as:@hédibcus (depth between 0 and 70 km),
intermediate focus (depth between 70 and 300 krd)dmep focus (depth between 300 and
700 km). However, the term "deep-focus earthqualkealso often applied to all sub-crustal

earthquakes deeper than 70 km. They are geneoaifydd in slabs of the lithosphere which
are subducted into the mantle. As noted abovemibs obvious indication on a seismogram
that a large earthquake has a deep focus is th# amplitude of the surface waves with

respect to the body-wave amplitudes and the ra#ivaple character of the P and S
waveforms, which often have impulsive onsets (sge 413). In contrast to shallow-focus

earthquakes, S phases from deep earthquakes magti®@® be recognizable even in

teleseismic short-period records. The body-wavédsarwave ratio and the type of generated
surface waves are also key criteria for discrimngatbetween natural earthquakes, which
mostly occur at depth larger than 5 km, and qudnasts, underground explosions or
rockbursts in mines, which occur at shallower dépée 11.2.5.2).

A more precise determination of the depth h ofiansie source, however, requires either the
availability of a seismic network with at least astation being very near to the source, e.g., at
an epicentral distance D < h (because only in &er mange the travel time t(D, h) of the
direct P wave varies strongly with source depthdn)the identification of seismidepth
phases on the seismic record. The most accurate methakkteirmining the focal depth of an
earthquake in routine seismogram analysis, paaityulvhen only single station or network
records at teleseismic distances are available, identify and read the onset times of depth
phases. A depth phase is a characteristic phasewave reflected from the surface of the
Earth at a point relatively near the hypocentee (Sig. 2.43). At distant seismograph stations,
the depth phases pP or sP follow the direct P vigva time interval that changes only
slowly with distance but rapidly with depth. Thené difference between P and other primary
seismic phases, however, such as PcP, PP, S, SBatges much more with distance. When
records of stations at different distances arelavi@, the different travel-time behavior of
primary and depth phases makes it easier to repegmd identify such phases. Because of
the more or less fixed ratio between the velocibeB and S waves withpivs = V3, pP and sP
follow P with a more or less fixed ratio of trawehe difference t(sP-P¥ 1.5 t(pP-P) (see
Figs. 11.16 and 11.17). Animations of seismic ragppgation and phase recordings from
deep earthquakes are given in files 3 and 5 ofLIS &nd related CD-ROM.

The time difference between pP and sP and othectdir multiple reflected P waves such as
pPP, sPP, pPKP, sPKP, pPdif, sPdif, etc. are aljhly the same. S waves also generate
depth phases, e.g., sS, sSKS, sSP etc. The tifeeetife sS-S is only slightly larger than sP-

P (see Figs. 1.4 and 11.17). The difference groitfs distance to a maximum of 1.2 times the

sP-P time. These additional depth phases may a&seetl recorded and can be used in a
similar way for depth determination as pP and sP.

Given the rough distance between the epicentetttandgtation, the hypocenter depth (h) can
be estimated withildh = +10 km from travel-time curves or determined by gstime-

difference tables for depth-phases (e.g., frat{pP-P) orAt(sP-P); see Kennett, 1991 or
Table 1 in EX 11.2) or the “rule-of-thumb” in EqL1(.4). An example is given in Fig. 11.18.
It depicts broadband records of the GRSN from gdemrthquake (h = 119 km) in the
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Volcano Islands, West Pacific. The distance rasg@3F to 99°. The depth phases pP and pPP
are marked. From the time difference pP-P of 3laBdkan average distance of 96°, it follows
from Table 1 in EX 11.2 that the source depth i2 k&. When using Eq. (11.4) instead, we
get h = 120 km. This is very close to the sourgatldeof h = 119 km determined by NEIC

from data of the global network.

Note that on the records in Fig. 11.18 the depthsph pP and pPP have larger amplitudes
than the primary P wave. This may be the case fals®P, sS etc., if the given source
mechanism radiates more energy in the directioth®fupgoing rays (p or s; see Fig. 2.43)
than in the direction of the downgoing rays for thlated primary phases P, PP or S. Also, in
Fig. 11.18, pP, PP and pPP have also longer petlads P. Accordingly, they are more
coherent throughout the network than the shorterakes. Fig. 11.37 shows for the same
earthquake the LP-filtered and rotated 3-comporeutrd at station RUE, Germany, with all
identified major later arrivals being marked on theord traces. This figure is an example of
the search for and comprehensive analysis of secpphases.
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Fig. 11.16 Short-period (left) and long-period (right) seismmgs from a deep-focus Peru-
Brazil border region earthquake on May 1, 1986 &0, h = 600 km) recorded by stations
in the distance range 50.1° to 92.2°. Note thatttheel-time difference between P and its
depth phases pP and sP, respectively, remaing/neathanged. In contrast PcP comes closer
to P with increasing distance and after mergindp\Witat joint grazing incidence on the core-
mantle boundary form the diffracted wave Pdif (nef@d from Anatomy of Seismograms,
Kulhanek, Plate 41, p. 139-140;1990; with permission from Elsevier Science).
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Fig. 11.17 3-component recordings in the distance range 1&84.1° from a regional
network of portable BB instruments deployed in Qusd&nd, Australia (seismometers
CMG3ESP; unfiltered velocity response; see DS 5The event occurred in the New
Hebrides at 152 km depth. On each set of recorelptadicted phase arrival times for the
AK135 model (see Fig. 2.53) are shown as faintslinehe depth phases pP, sP and sS are
well developed but their waveforms are complex heeaseveral of the arrivals have almost
the same travel time (courtesy of B. Kennett).

Crustal earthquakes usually have a source dep#ssfthan 30 km, so the depth phases may
follow their primary phases so closely that theiaweforms overlap (see Fig. 11.19).
Identification and onset-time picking of depth pd&ss then usually no longer possible by
simple visual inspection of the record. Therefanethe absence of depth phases reported by
seismic stations, international data centers sughN&IC in its Monthly Listings of
Preliminary (or Quick) Determination of Epicent@&ften fix the source depth of (presumed)
crustal events at 0 km, 10 km or 33 km, as has lieercase for the event shown in Fig.
11.15. This is often further specified by addihg tapital letter N (for “normal depth” = 33
km) of G (for depth fixed by a geophysicist/andly¥Vaveform modeling, however (see 2.8
and Figs. 2.57 to 2.59), may enable good deptimests for shallow earthquakes to be
obtained from the best fit of the observed wavetoitm synthetic waveforms calculated for
different source depth. Although this is not yetitnoe practice at individual stations, the
NEIC has, since 1996, supplemented depth detenminsafrom pP-P and sP-P by synthetic
modeling of BB-seismograms. The depth determinat®ordone simultaneously with the
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determination of fault-plane solutions. This haslueed significantly the number of
earthquakes in the PDE listings with arbitrarilysigned source depth 10G or 33N.
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Fig. 11.18 Broadband vertical-component seismograms of a (fleep119 km) earthquake
from Volcano Islands region recorded at 17 GRSNFGRd GEOFON stations. (Source
data by NEIC: 2000-03-28 OT 11:00:21.7 UT; 22.362143.680E; depth 119 km; mb 6.8;

D = 96.8° and BAZ = 43.5° from GRAl). Traces aratem according to distance.
Amplitudes of P are smaller than pP. Phases witlgdr periods PP, pP and pPP are much
more coherent than P.

Note, however, that often there is no clear evideat near-source surface reflections in
seismic records, or they show apparent pP and s®itutimes that are inconsistent from
station to station. Douglas et al. (1974 and 1984Yye looked into these complexities,
particularly in short-period records. Some of theg&culties are avoided in BB and LP
recordings. Also, for shallow sources, surface-wspectra may give the best indication of
depth but this method is not easy to apply rouginkel summary, observational seismologists
should be aware that depth phases are vital forawmpg source locations and making
progress in understanding earthquakes in relatiothé rheological properties and stress
conditions in the lithosphere and upper mantle.r@loee, they should do their utmost to
recognize depth phases in seismograms despitatheéhfat they are not always present and
that it may be difficult to identify them reliably.



More examples of different kinds of depth phasesgiven in Figs. 11.34 and 11.3&d well
as in Figure 6b of DS 11.2 and Figures 1b, 2b,r&b7a +b in DS 11.3.
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Fig. 11.19 3-component records in the distance range betwe¥nand 21.1° by a regional
network of portable broadband instruments deplageQueensland, Australia (seismometers
CMG3ESP; unfiltered velocity response). The evexuoed in Papua New Guinea at 15 km
depth. As in Fig. 11.17 the predicted phase artivaés for the AK135 model are depicted.
Primary, depth and other secondary arrivals (sscRr&n in the P-wave group and SbSb as
well as SgSg in the S-wave group) superpose to lenwavelets. Also note that several of
the theoretically expected phases have such weaeithat they can not be recognized on
the records at the marked predicted arrival timessa the noise level or the signal level of
other phases (e.g., PcP at most stations) (courfeByKennett).

11.2.5.2 Discrimination between natural earthquakes and ma-made seismic events

Quarry and mining blasts, besides dedicated exglosiharges in controlled-sources
seismology, may excite strong seismic waves. Thgetd of these events may have local
magnitudes in the range 2 to 4 and may be recooded distances of several hundred
kilometers. Rock bursts or collapses of large ogaiteries in underground mines may also
generate seismic waves (see Figure 3 in EX 1118. magnitude of these induced seismic
events may range from around 2 to 5.5 and theirewamay be recorded world-wide (as it
was the case with the mining collapse shown in Eig8). In some countries with low to

moderate natural seismicity but a lot of blastimg anining, anthropogenic (so-called “man-
made” or “man-induced”) events may form a majocti@ of all recorded seismic sources,
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3and may even outnumber recordings of earthqudkte=n a major seismological challenge

is the reliable discrimination of different sourtges. Fig. 11. 39 shows a comparison of
seismograms from: (a) a mining-induced earthqué®ea quarry blast; (c) a local earthquake;

(d) a regional earthquake; and (e) a teleseismithagaake. Seismograms (a) and (b) show
that the high-frequency body-wave arrivals arecioltd, after Sg, by well developed lower-

frequency and clearly dispersed Rayleigh surfaceew/dRg; strong vertical components).

This is not so for the two earthquake records (x) @) because sources more than a few
kilometers deep do not generate short-period fueddah Rayleigh waves of Rg type. For

even deeper (sub-crustal) earthquakes (e.g., Fd) &nly the two high-frequency P- and S-

wave phases are recorded within a few hundred letera from the epicenter.

Based on these systematic differences in frequecaytent and polarization, some

observatories that record many quarry blasts andingiievents, such as GRFO, have
developed automatic discrimination filters to separ them routinely from tectonic

earthquakes. Chernobay and Gabsatarova (1999)rgigeences to many other algorithms
for (semi-) automatic source classification. Thesghors tested the efficiency of the
spectrogram and the Pg/Lg spectral ratio methodduatine discrimination between regional

earthquakes with magnitudes smaller than 4.5 anemaal (quarry) explosions of

comparable magnitudes based on digital recordsirgtaby a seismic network in the

Northern Caucasus area of Russia. They showeahthsingle method can yet assure reliable
discrimination between seismic signals from eardékgs and explosions in this region.
However, by applying a self-training algorithm, edn hierarchical multi-parameter cluster
analysis, almost 98% of the investigated eventddcbe correctly classified and separated
into 19 groups of different sources. However, logablogy and topography as well as
earthquake source mechanisms and applied explésamologies may vary significantly

from region to region (see page 18 of this Chapiérgrefore, there exists no straightforward
and globally applicable set of criteria for reli@bdliscrimination between man-made and
natural earthquakes.

In this context one should also discuss the disnation between natural earthquakes (EQ)
and underground nuclear explosions (UNE). The Cehmamsive Nuclear-Test-Ban Treaty
(CTBT) has been negotiated for decades as a nwdtteégh political priority. A Preparatory
Commission for the CTBT Organization (CTBTO) hagtestablished with its headquarters
in Vienna {ttp://www.ctbto.ory which is operating an International Monitoring sEgm
(IMS; seehttp://www.nemre.nn.doe.gov/nemre/introduction/iaesscript.htm| Fig. 8.12 and
Barrientos et al., 2001). In the framework of thEBT O, initially a Prototype International
Data Centre (PIDChittp://www.pidc.org) was established in Arlington, USA, which is
replaced since 2001 by the International Data @entVienna. Agreement was reached only
after many years of demonstrating the potential sefsmic methods to discriminate
underground explosions from earthquakes, down tteerssmall magnitudes n 3.5 to 4.
Thus, by complementing seismic event detection amzhitoring with hydroacoustic,
infrasound and radionuclide measurements it is highly probable that test ban violations
can be detected and verified.

The source process of UNEs is simpler and muchteshtivan for earthquake shear ruptures
(see Figs. 3.3 — 3.5 and related discussions). rlougly, P waves from explosions have
higher predominant frequencies and are more likpulses than earthquakes and have
compressional first motions in all directions. AlddNEs generate lower amplitude S and
surface waves than earthquakes of the same bodg-wagnitude (see Fig. 11.20).



Earthquake, 8.9.1972, m,=5,9

e N

UNE, 28.8.1972, m,=6,3
1 min

‘lP H WVMWWV\NVWMMMM«M

Fig. 11.20 Broadband displacement records of an earthquakeaanghderground nuclear
explosion (UNE) of comparable magnitude and atlgehe same distance (about 40°).
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Fig. 11.21 Short-period records at station MOX a) of an undmrgd nuclear explosion at
the Semipalatinsk (SPT) test site in Kazakhstar=(B1°) and b) of an earthquake with
comparable magnitude and at similar distance.

In short-period records of higher time resolutidre tdifference in frequency content,
complexity and duration of the P-wave group betweederground nuclear explosions and
earthquakes is often clear. Fig. 11.21 gives amela As early as 1971 Weichert developed
an advanced short-period spectral criterion forcrifisinating between earthquakes and
explosions and Bormann (1972c) combined in a sieglaplexity factor K differences in
frequency content, signal complexity and duratma powerful heuristic discriminant.

Another powerful discriminant is the ratio betweshrort-period P-wave magnitude mb and
long-period surface-wave magnitude Ms. The fornan@es energy around 1 Hz while the
latter samples long-period energy around 0.05 HzoAdingly, much smaller Ms/mb ratios

are observed for explosions than for earthquakes {8g. 11.20). Whereas for a global
sample of EQs and UNEs the two population oventapn Ms/mb diagram, the separation is
good when earthquakes and explosions in the sagnanrare considered (Bormann, 1972c).
Early studies have shown that with data of b from only one teleseismic station 100% of
the observed UNEs with magnitudes from the SPTdiéstcould be separated from 95% of
the EQs in Middle Asia, whereas for the more distast site in Nevada (D = 81°) 95% of the
UNEs could be discriminated from 90% of the EQ¢him Western USA and Middle America

(see Fig. 11.22).
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Fig. 11.22 Separation of EQs and UNEs by the Ms/mb critericeoeding to data collected at
station MOX, Germany. Left: for Middle Asia and ttest site in Semipalatinsk (SPT), right:
for USA/Middle America and the Nevada test site @).T

Other potential discrimination criteria, such as thfferent azimuthal distribution of P-wave
first-motion polarities expected from UNEs (alwaysand EQs (mixed + and -), have not
proved to be reliable. One reason is, that duaeatrrowband filtering, which is applied to
reach the lowest possible detection threshold Ptiveaveform, and particularly the first half
cycle, is often so much distorted, that the reat4motion polarity is no longer recognizable
in the presence of noise (see Fig. 4.10). Detailedstigations also revealed that simplified
initial model assumptions about the difference leemvexplosion and earthquake sources do
not hold true. Surprisingly, the explosion soursg@oorly understood and source dimensions
around magnitude mb seem to be the same for eakbgquand explosions. Also, many
explosions do not approximate to a point-like exgi@am source in a half-space: significant
Love waves are generated (e.g., by Novaya Zemists)tend many P seismograms show
arrivals that can not be explained (see, e.g., Reuand Rivers, 1988). Further, it has become
clear that much of the differences observed betweeords of UNEs and EQs are not due to
source differences but rather to differences ingd@ogy, topography and seismotectonics of
the wider area around the test sites, and thatndessitates the calibration of individual
regions (e.g., Douglas et al., 1974).

In summary, one can say that the key criteria fiasge EQs and explosions usually work
well for large events, however, difficulties coméhntrying to identify every EQ down to
magnitudes around mb = 4 with about 8000 earthquakéhis size per year. It is beyond the
scope of this section to go into more detail os thsue. Rather, the Editor has invited experts
from the CTBTO community to write for Volume 2 ofie¢ Manual a complementary
information sheet on advanced event detection aisdrichination routines. This still
forthcoming information sheet will catalog the mastportant criteria, which have been
developed so far for discrimination and show motangples about their application to and
efficiency in different regions.



11.2.6 Quick event identification and location by means fosingle-station
three-component recordings

11.2.6.1 What is the best way of analyzing three-componersieismograms?

Increasingly seismograms are being analyzed atdatmies that receive the data in (near) real
time from networks or arrays of seismometers (Seapters 8 and 9). The seismograms can
then be analyzed jointly. Nevertheless, there renmaany single, autonomous stations
operating around the world, in countries of therfer Soviet Union and developing countries
in particular. Some of these single stations sgitord only with analog techniques. Yet much
can be done even under these “old-fashioned” congitby the station personnel, provided
that at least some form of 3-component recordiitgeeBB or both SP and LP, is available.
With such recordings it will be possible to assgsiEkly the source type, estimate its rough
location and magnitude, and identify in some dd&dér seismic phases, without waiting for
rapid epicenter determinations by internationabdagnters before record analysis can begin.
Rather, there would be advantages if, in futuradiregs of secondary phases, particularly
depth phases, were reported as early as possiblegional and global data centers. Such
readings are indispensable for more accurate hypeicécation (see Figure 7 in IS 11.1).
Only recently both NEIC and the ISC began consmdgtine introduction of more flexible and
sophisticated algorithms that can best make useaindary phase readings for more reliable
(and rapid) hypocenter locations.

It has also been realized that accurate epicedisénces estimated from three-component
broadband readings of secondary phases can sagtifframprove location estimates by array
stations based purely on measurements of the P-waster slowness (originally by using
solely vertical-component SP sensors). Now, sinogam software for digital seismogram
analysis has made it much simpler and faster thatine “analog past” to evaluate three-
component broadband data, we focus on such daga @éner procedures of modern multi-
station (but usually single-component) data anslyse dealt with lateen passant. Array
analysis is discussed in detail in Chapter 9.

How then to proceed best in analyzing analog ptasens of seismograms? The most
important rules, taking the discussion under 11add 11.2.5 into account, are:

Take interest! Be curious! Ask questions!
to your seismic record
1. Are you NEAR (D < 20°) or TELESEISMIC (D > 20°)?
Criteria:
e Frequencies on SP recordé= 1 Hz f<1Hz
e Amplitudes on LP recordsot or weaker large, also for later phases
e Record duration <20 min > 20 min

(for magnitudes < 5; may be longer for stronghepiakes; see Fig. 1.2)

2. Is your D <100° or D>100°7?
Criteria:
» Surface wave maxafter P arrivak 45+ 5 min or > 45+ 5 min (Table 5in DS 3.1)
* Record duration on LP records 1.5 hours or > 1.5 hours
(may be larger for very strong earthquakes;Fsgel.2)
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3. Are you SHALLOW _ or DEEP (> 70 km)?

Criteria:

e Surface waves on LP recordstrong weak or none

* Depth phases  usually not clear well separated and often clear
» Waveforms usually more complex more impulsive

4. 1s the first strong horizontal arrival S or SKS ?

Criteria:

» Time difference to P <10 0.5 min =10+ 0.5 min

* Polarization large horiz. Ain R and/or T in R only

Warning ! If the first stronghorizontal arrival follows P after 10+ 0.5 min it may be SKS.
Check polarization! (see Fig. 11.14). MisinterprigtBKS as S may yield D estimates up to
20° too short. Look also for later multiple S aats (SP, SS, SSS) with better D control.

5. What are the first longitudinal and transverg onsets for D > 100° ?

Beyond 100° epicentral distance first arrivals rsély be P, which may be seen particularly
in LP records of large earthquakes up to about sirh60° (see Fig. 11.63). This P, however,
has been diffracted around the core-mantle bounatadyis termed Pdif (old Pdiff; see Figs.

11.59 and 11.63). First onsets in SP records arallysPKiKP and PKPdf (see Fig. 11.59),

or, somewhat later PP, which is often the firsbrsdy longitudinal Z-component arrival in both

SP, LP and BB records (see Figs. 11.60 and 11T®®)first strong arrivals on horizontal (R)

components are PKS or SKS. Misinterpretation of fire¢ P-wave and S-wave arrivals as

direct P and S, respectively, may result in epregrdistance estimates up to more than 70°
too short! This can be avoided by taking the aatender2. into account. Also note, that the

travel-time difference between PKPdf and PKS or SK&lmost) independent of distance.

The first arriving P and S waves do not then althstance to be estimated. Therefore look
for later arriving multiple reflected S waves sumh SS, SSS, etc., which are usually well
developed in this distance range on horizontal éébrds and so allow D to to be estimated
with an error of usually < 2°.

Additionally, one might look for criteria discussadsub-section 11.2.5.2 for discriminating
between explosions and earthquakes.

If only very broadband digital records are avakabihich are usually proportional to ground
velocity, it is best to filter them to produce slard analog WWSSN-SP and -LP
seismograms before starting a reconnaissance aase may also simulate Kirnos SKD
BB-displacement and Wood-Anderson (WA) SP-displaa@nseismograms (for response
characteristics see Fig. 3.11), because all theg@onses are required for proper magnitude
estimation according to established standards. Qiftgr these seismograms have been
produced should one begin with the detailed amalyBhe analysis might include phase
identification, picking of onset times, amplitudasd periods, and the application, if required,
of special filters, such as the ones for inverskbeéti transformation of phases, which have
been distorted by traveling through internal cass(see 2.5.4.3), or for separating phases on
their polarization to improve phase discrimination.

Of course, in countries with many seismic soureesrmded every day it will not be possible,
particularly for untrained interpreters, to appliythese criteria to every seismic signal. On
the other hand, this kind of checking takes onlfew seconds, minutes at most, for an
experienced interpreter who has already trainedséliinerself in recognizing immediately



the different record patterns on seismograms frgstesns with standard responses. In
addition, many data centers specialize in anafymmly seismograms from local, regional or
teleseismic sources. Accordingly, either the nundfequestions to be asked to the record or
the number of signals to be analyzed will be redusignificantly. Also, the task might be
significantly eased at observatories or analysistete which have advanced routines
available for digital seismogram analysis such BESBN or Seismic Handler. Provided that
first hypocenter estimates are already availabtenfrinternational data centers or from
analysis of array or network recordings, these adsmpprograms allow the theoretical onset
times of expected seismic phases to be displayedhenseismogram. However, these
theoretical times should not be followed blindlyt bzonsidered only as assistance. The
additional information on amplitudes, frequencyteon, and polarization has to be taken into
account before giving a name to a recognizabletb(see 11.2.4 and 11.2.5).

On the other hand, it is meaningless to list mataited and strict criteria and rules about the
appearance and identification of seismic phasd#ferent distance ranges, because they vary
from event to event and from source region to seuegion. They also depend on the specific
conditions of the given propagation paths and tlvall environment at the receiving station.

Therefore, every station operator or network ariahgs to develop, through experience and
systematic data analysis, his/her own criteria ifoproved seismogram analysis, source
identification, and location. In any event, howewie general approach to record analysis
given above should be followed to avoid the analystcoming thoughtless, boring and

routine, which will inevitably result in the reporg of inhomogeneous and incomplete low-

quality data of little value for research or to tfeneral user.

11.2.6.2 Hypocenter location

If well calibrated 3-component broadband and/ogiperiod recordings are available then it
is possible to locate sufficiently strong local etge(MI > 3) and teleseismic sources (mb > 5)
with an accuracy comparable to or even better thase for un-calibrated arrays or station
networks. This was demonstrated more than 30 yegogBormann, 1971a and b) by using
standard film records of type A, B and C (resporsss Fig. 3.11). Amplitudes and onset
times were at that time still measured by usingoatnary ruler or a sub-millimeter scaled
magnification lens. Nevertheless, the mean squaog ef epicenters thus located within the
distance range 20° < D < 145° was less than 300wkm@n compared with the epicenter
coordinates published by the seismological WorldaD2enters A and B. Fig. 11.23 shows
the statistical distribution of errors in azimuthdadistance based on several hundred 3-
component event locations.

Note that the errors in distance estimated frondiregs of P and later secondary phases
within the distance range 80° < D < 120° are mokhs than aboutl® and rarely greater
than+2° . The mean errors seldom differ significantlgnr zero, and where they do it is
usually for specific regions (distance/azimuth es)g Taking such systematic errors into
account, the location accuracy can be improved.yMamsmic arrays and networks now use
routinely multi-phase epicentral distance detertnomg for improving their slowness-based
source locations. Some advanced software for sgisano analysis like SHM (see 11.4.1)
includes this complementary interactive analysaguee.

Backazimuth derived from SP 3-component recordingg have large systematic errors up to
several tens of degrees. This is not so if LP orBBords are used. Whereas individual



11.2 Criteria and parameters for routine seismogram analysis |

determinations of backazimuth from SP records mégwiate up to about 40° from the true
source azimuth, the errors are rarely (except at $NR) larger than 10° when BAZ is
determined from BB records (provided that the miagation of the horizontal components is
known with high accuracy or identical!). The reasonthis is obvious from Fig. 2.6 and the
related discussion. The particle motion in SP réeas complicated and random due to wave
scattering and diffraction by small-scale heteregas in the crust and by rough surface
topography at or near the station site (see Bucddbiand Haddon, 1990). In contrast, LP or
BB records, which are dominated by longer wavelengignals, usually show simpler P
waveforms with clearer first-motion polarity thaw &P records. In addition, later phase
arrivals, which are crucial for accurate distanetetmination from single station records,
stand out more clearly or are recognizable onBBnor LP records (see Fig. 11.24).
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Fig. 11.23 Left: Errors in backazimuth Az (or BAZ) at statidhOX estimated using 3-

component records of type A (SP) and of type Cn&sr SKD BB-displacement). Right:
Errors in estimating the epicentral distance Dtatian MOX from records of type C using
travel-time difference S-P in the distance rangé 4M < 100° or travel-time differences
between other seismic phases for D > 100°. Thel $iokes give the 90% confidence interval
for the mean error with number of the observationgie dash-dot lines are the 90%
confidence interval for a single observation.

Simple 3-component event locations based solelyeawlings of onset times of identified
phases, polarity of P-wave first motions and hariab component amplitude ratio should
proceed as follows:

* general event classification (near/far; shallowfjd2< 100°/> 100° etc.);

» picking and identifying the most pronounced phdsesomparing the 3-component
record traces and related polarization characiesigEig. 11.24);

» determination of D by a) matching the identifieddipavave phases with either
overlays of differential travel-time curves of eqitimme scale (see Figures 2 to 4 in
EX 11.2), b) by measuring their onset-time differes and comparing them with
respective distance-dependent differential traweéttables or ¢) by computer
calculation of D based on digital time picks foemdified phases and local, regional
and/or global travel-time models integrated inte dmalysis program;



» determination of source depth h on the basis oftified depth phases (see
11.2.5.1) and following correction of D, again bging either travel-time curves,
differential t-D tables or computer assisted tinigkp and comparison with travel-
time models;

» determination of the backazimuth (against Nortlonfrthe station to the source
from the first-motion directions in the original K, and E component records and
from the amplitude ratio #An. For details see Figure 1 and explanations given i
EX 11.2;

» determination of the epicenter location and coatgs by using appropriate map
projections with isolines of equal azimuth and ahste from the station (see Figure 5 in EX
11.2) or by means of suitable computer map praasti

Plot start time: 1999 9 7 11:58 49.000 Plot start time: 1999 9 7 11:58 49.000

Filt: 0.000 0.500 Filt: 0.500 5.000
BAZ:254 D:13

\ ‘ \
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Fig. 11.24 Left: Low-pass filtered digital broadband record of thelal Seismograph
Network (GSN) station KIV from the shallow (h = k) Greece earthquake of 07 Sept.
1999 (mb = 5.8) at a distance of D = 13°. Notedlearly recognizable polarity of the first P-
wave half-cycle! The record components have beéste® into the directions Z, R and T
after determination of the backazimuth from firsttran polarities in Z, N and E (BAZ =
134°). Accordingly, P and Rayleigh waves are stestgn Z and R while S and Love wave
are strongest in TRight: The recordings after SP bandpass filtering (0.5F&p The SNR
for the P-wave first-motion amplitude is much smaknd their polarity less clear. Also later
arrivals required for distance determination arelaoger recognizable (signal processing
done with SEISAN; courtesy of L. Ottemdller).

Rough estimates of D may be made - in the absenitawel-time tables or curves or related
computer programs — using the following “rules-tiamb”:

hypocenter distance d[in km] = At(Sg-Pg)[in §] x 8 (near range only) (11.2)
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epicentral distance D [in km] = At(Sn-Pn)[in s] x 10 (in Pn-Sn range < 15°) (11.2)
epicentral distance D [in °] = {At(S-P)[in min] - 2} x 10 (for 20°< D <100°) (11.3)

In the absence of travel-time curves or tabled&pth phases one may use another “rule-of-
thumb” for a rough estimate of source depth fromttavel-time differencét(pP-P):

source depth h[in km] = = At(pP-P)/2[in g x 7 (for h < 100 km) (11.4)
ok 8 (for 100 km < h < 300 km)
ok 9 (for h > 300 km)

Bormann (1971a) showed that in the absence of ficisntly strong P-wave arrival, the
backazimuth can be determined from horizontal camepts of any later seismic phase which
is polarized in the vertical propagation plane,isas PP, PS, PKP or SKS. These phases are
often much stronger in BB or LP records than P. ElMav, because of phase shifts on internal
caustics (PP, PS, SP, PKPab) for most of theseephtiee 180° ambiguity in azimuth
determined from the ratiog®Ay can not be resolved as it can for P by taking agcount the
first-motion polarity in the Z component. Howevby, considering the inhomogeneous global
distribution of earthquake belts, this problem nanally be solved.

Modern computer programs for seismogram analysikide subroutines that allow quick
determination of both azimuth and incidence angbenfparticle motion analysis over the
whole waveform of P or other appropriate phasess Bhdone by determining the direction
of the principal components of the particle motiasing, as a measure of reliability of the
calculated azimuth and incidence angle, the degfegarticle motion linearity/ellipticity.
Such algorithms are available in the SEIS89 softw@aumbach, 1999). Christoffersson et
al. (1988) describe a maximume-likelihood estimdtoranalyzing the covariance matrix for a
single three-component seismogram (see also Rolaerds Christoffersson, 1990). The
procedure allows joint estimation of the azimuthapproach, and for P and SV waves the
apparent angle of incidence and, hence, informatioapparent surface velocity and thus on
epicentral distance. This was been implementednhen SEISAN software (Havskov and
Ottemoller, 1999). Fig. 11.25 shows an exampldghef application of the software to a
portion of the BB recording at Kongsberg (KONO)Nworway for the 12 November 1999,
Turkey earthquake (Mw = 7.1). The program findsighhcorrelation (0.9) between the
particle motions in the three components, givesestenate of the backazimuth as 134°, an
apparent velocity of 9.6 km/s and the correspondiiegtion of this earthquake at 40.54°N
and 30.86° E. This was only about 50 km off the &picenter.

Applying similar algorithms to digital 3-componedaita from short-period P waves recorded
at regional distances, Walck and Chael (1991) shmat more than 75% of the records
yielded backazimuth within 20° of the correct valudhey found, however, a strong

dependence on the geological structure. Wheregéisrsdocated on Precambrian terranes
produced accurate backazimuth for SNR > 5 dB, station sedimentary rocks with

complicated structure had much larger errors. Eholythese stations, the RMS backazimuth
error is only about 6° for recordings with SNR >dR.

Ruud et al. (1988) found that three-component lonatfor epicenters at distances up to
about 1000 km seldom deviated more than 50 km fnetavork solutions, such deviations
being mainly due to errors in azimuth estimatest $loort-period teleseismic P waves,
however, location errors occasionally exceeded B®0Q mainly because of poor distance



estimates derived from incidence angles (slownaks)e. For stronger sources, where BB
records can be used, distance can be determined travel-time differences. The location
errors are then reduced to about 1°. Thus, thregoaent digital broadband data allow
reliable epicenters to be determined quickly wiiktjsingle station records, and even data
from stations that still use analog recording magpvjge rapid and reliable epicenter
estimates. For combined single station and netlom&tion see Cassidy et al. (1990).

KONO BHZ 1999111217 131.010

Z 47930

N 26076

26 2 28 29 30 31 32 33 34 35 36 37 38 39 40 41

Back-azimuth: 134 Apparent Velocity: 9.6 Correlation factor: 0.9

Fig. 11.25 Example of azimuth determination and epicentertlonaof the 12 Nov. 1999
Turkey earthquake by correlation analysis of thresyponent digital BB records at station
KONO, Norway. Backazimuth, apparent velocity, andr€lation factor are determined from
the P-wave record section marked in the upper digiior more details see text (signal
processing done with SEISAN; courtesy of L. Ottdari

11.2.7Magnitude determination

When epicentral distance and depth of a seismicceoare (at least roughly) known the

magnitude of the event can be estimated. The geme@edures to be followed in magnitude

determination (and the measurement of amplitudesogs or record duration) as well as the
specifics of different magnitude scales to be uUsedocal, regional or teleseismic recordings

are dealt with in detail in section 3.2. DS 3.1egithe magnitude calibration functions, both
for the teleseismic standard magnitudes (mb andavid)several other magnitude scales for
local, regional and teleseismic magnitudes. Thaeouarprocedures can be learnt from an
exercise given in EX 3.1, which also gives solidor the different tasks.
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11.2.8Hypocenter location by means of network and array ecordings

Hypocenter location is simplified if records frorhlaast 3 stations are available. The more
uniformly the stations are distributed around tloeiree in azimuth and distance (with
distances ranging from close-in to long range) #rel more seismic phases are used for
location, the lower the uncertainty in the estirsat€he procedures in both manual and
computer assisted multi-station hypocenter locaios outlined in IS 11.1, which gives the
underlying algorithms and error calculations, adl @e standard and advanced methods for
both absolute and relative location. Also discussethe influence of deviations from the
assumed Earth models on the locations. The imprem&snin hypocenter relocation
achievable with better Earth models are also detrates.

EX 11.1 aims at epicenter location by a simpleleiand chord method using seismograms
from local stations both inside and outside thevodt. The epicentral distances have to be
determined first for each station by identifying itmrecords the phases Pg, Sg, Pn and/or Sn
and matching them to a local travel-time curve.

With digital multi-station data and advanced seigmm analysis software, source location
becomes almost a trivial task. One just picks &@aht number of first arrival times (see Fig.
11.5), activates the relevant location programldémal, regional and/or teleseismic sources
and gets the result, including a map showing thieeaper if required, in an instant. The
accuracy of location, particularly source depthm ba significantly improved by picking not
only P-wave first arrivals but later arrivals taghich give a much better distance and depth
control than slowness data alone. Examples for bmthl and teleseismic event locations
based on seismic network and array data are giveei following sections. Location using
array data is described in Chapter 9, together thizrunderlying theory.

11.3 Routine signal processing of digital seismagms

Standard analysis includes all data pre-processing processing operations for the
interpretation and inversion of broadband seismogrdmportant time-domain processes are
signal detection, signal filtering, restitution amsiimulation, phase picking, polarization

analysis as well as beamforming and vespagram siadbyr arrays. In the frequency domain

the main procedures are frequency-wavenumber @fk)spectral analysis. Array-techniques
as f-k and vespagram analysis, slowness and azidetd#rmination for plane waves, and

beamforming are discussed in detail in Chaptert@bdew examples are also shown below.
Spectral analysis can be used for the estimatiahefrequency content of a seismic wave,
and of seismic noise (see 4.1 and 7.2, respec}ively

11.3.1 Signal detection

The first task of routine data analysis is the k@@ of a seismic signal. A signal is

distinguishable from the seismic background noideeeon the basis of its larger amplitudes
or its differences in shape and frequency. Varimethods are used for signal detection.
Threshold detectors and frequency-wavenumber asays applied to the continuous stream
of data. In practice, the threshold is not cortshart varies with the season and the time of
the day. For this reason, the threshold detectetsrmine the average signal power in two



moving time windows: one long term (LTA) and o term (STA). The ratio of the STA
to LTA corresponds to the signal-to-noise-ratio E§NFor details on the STA/LTA trigger
and its optimal parameter setting see IS 8.1.

In practice, BB records are filtered before detectre used. Useful filters are Butterworth
high-pass filters with corner frequencigs>f0.5 Hz or standard band-pass types with center
frequency f = 1 Hz for teleseismic P waves and {ugbs filter with § > 1 Hz for local
sources. Fig. 11.26 demonstrates detection anet-tinee measurement for a weak, short-
period P wave. In the lowermost 30 s segment ofBav@ocity seismogram the oceanic
microseisms dominate in the period band 4-7 s. W other traces are short-period
seismograms after narrow band-pass (BP) filteriith:w1) a filter to simulate a WWSSN-SP
seismogram; and (2) a two step Butterworth BPrfitte2™-order with cut-off frequencies of
0.7 and 2 Hz, respectively. The latter filter proés, for the noise conditions at the GRF-
array, the best SNR for teleseismic signals. Seisraiworks designed to detect mainly local
seismic events may require other filter parameteat take account of local noise conditions,
for optimal detection (see IS 8.1).

Generally, a seismic signal is declared when th& &Xceeds a pre-set threshold. Various
procedures, some analytical and some based onnaémsxperience, are used to differentiate
between natural earthquakes, mining-induced eaategiand different kinds of explosions.

Usually, the detected signals are analyzed foimeytarameter extraction and data exchange.
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Fig 11.26 Bandwidth and SNR: A small short-period P-wavevatrwhich is within the noise level on a BB-
velocity record (lower trace) may be detected bingim WWSSN-SP simulation filter (middle trace) ar
Butterworth band-pass filter (BP; uppermost traddle SNR is 0.2 on the original BB record, abowinlthe
WWSSN-SP filter and about 2 on the BP-filtered érathe seismogram is of an earthquake in the Kligidands
on 25 March 2002, 6:18:13 UT, recorded at stati®AG, Germany.

11.3.2Signal filtering, restitution and simulation

Classical broadband seismographs, such as the aRud&rnos SKD, record ground
displacement with constant magnification over advadth of 2.5 decades or about 8 octaves.
The IDA-system (International Deployment of Acceleieters) deployed in the 1970s, used
originally LaCoste-Romberg gravimeters for recogdilong-period waves from strong
earthquakes proportional to ground acceleratiorr olre band from DC to about 0.1 Hz
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(nowadays replaced by STS1). Modern strong-motemsars such as the Kinemetrics Inc.
Episensor ES-T have a flat response to grounderetin in an even broader frequency band
from DC to 200 Hz. In contrast, feedback-control@#l sensors for recording weak-motion
usually have a response proportional to the growgidcity (see Fig. 11.27 right). Such BB
recordings, however, are often not suitable foedirvisual record analysis and parameter
extraction in the time domain. Low-frequency signahd surface waves of weak earthquakes
are not or only poorly seen. Therefore, BB data tntings transformed by applying digital
filters in a way that yields optimal seismogramisdpecific investigations and analysis.

For some research tasks and ordinary routine asady8B seismograms the application of

high-pass, low-pass and band-pass filters is usaalfficient. However, simultaneous multi-

channel data processing or the determination afceguarameters according to internationally
agreed standards (such as body- and surface-wayeito@es, which are defined on the basis
of former analog band-limited recordings) oftenuieg simulation of a specific response,

including those of classical analog seismographesys (Seidl, 1980). Another special

problem of simulation is “restitution”. Restitutioa the realization of a seismograph system
whose transfer function is directly proportional ground displacement, velocity or

acceleration in the broadest possible frequencgeaihe restitution of the true ground

displacement down to (near) zero frequencies iseagmdition for seismic moment-tensor

determinations both in the spectral and the tim@aalo (e.g., signal moment; see Fig. 11.6).
It is achieved by extending the lowermost corneeqfiency of the seismometer

computationally far beyond that of the physical sensystem. Both the simulation of

arbitrary band-limited seismograph systems as asthe extreme broadband “restitution” of
the true ground motion is therefore a necessapyistpre-processing of digital BB data.

Simulation is the mapping of a given seismograro itte seismogram of another type of
seismograph, e.g., those of classical analog regsdsuch as WWSSN-SP, WWSSN-LP,
Kirnos SKD, SRO-LP, and Wood-Anderson (WA). Up taw) amplitudes and periods for the
determination of body- and surface-wave magnitudbsand Ms are measured on simulated
WWSSN-SP and WWSSN-LP or SRO-LP seismograms, régphc and the maximum
amplitude for the original local Richter magnitudeneasured on Wood-Anderson simulated
seismograms. Fig. 11.27 (left) depicts the disptear® response of these seismographs.

The possibility of carrying out these simulationghwhigh accuracy and stability defines the
characteristics that have to be met by modernaligioadband seismograph:

. large bandwidth;

. large dynamic range;

. high resolution;

. low instrumental seismometer self-noise (see 5.6.2)

. low noise induced by variations in air pressure and

temperature (see 5.3.4, 5.3.5, and 7.4.4);
* analytically exactly known transfer function (se2)5

Fig. 11.27 (right) depicts the displacement respsersf a few common BB-velocity sensors
such as:

» the original Wielandt-Streckeisen STS1 with a bawtlwof 2 decades between the
3-db roll-off points at frequencies of 0.05 Hz ahdHz (anti-aliasing filter). These
seismographs are deployed in the world’s first Obaad array (GRF) around
Grafenberg/Erlangen in Germany (see Fig. 11.3a);



* the advanced STS1 that is generally used at thkaQItRIS network of very
broadband (VBB) stations (velocity bandwidth of ab8.3 decades between 5 Hz
and 360 s; see also DS 5.1);

» the STS2 seismographs (see DS 5.1) that are usayphated in the frequency range
between 0.00827 Hz and 40 Hz (velocity bandwidti8af decades or about 12
octaves, respectively). They are used at the stabdthe GRSN (see Fig. 11.3a) but
also deployed world-wide at stations of the GEOR@Nvork and at many others.

All these seismographs can be considered to barlisyestems within the range of their usual
operation. The transfer function H(s) of a linegstem can be calculated from its poles and
zeros by using the following general equation:
H(S)=N*M(s-2) /M (s—-R) (11.5)
where N is the gain factor, s @ jwvith w = 2nf and j the complex numbek1, z are the zeros
numbering from i = 1 to m and the poles with k = 1 to n. Zeros are those vafaesvhich

the numerator in Eq. (11.5) becomes zero while gbkes are the values for which the
denominator becomes zero.

Tab. 11.3 summarizes the poles and zeros of tlesictd standard responses WWSSN-SP,
WWSSN-LP, WA (Wood-Anderson), Kirnos SKD and SRO-wRich control the shape of
the response curves. Tab. 11.4 gives the sambddhtee broadband responses shown in Fig.
11.27 on the right. Not given are the gain factmesause they depend on the specific data
acquisition system and its sensitivity.
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Fig. 11.27 Left: Displacement amplitude response characteristicdaskical seismographs;
right: The same for broadband seismographs STS1(GRF) \@ision as used at the
Gréafenberg array), STS1 (VBB) (advanced versionised in the IRIS global network) and
STS2. For STS1 (VBB) and STS2 no anti-aliasingeffiis shown. The classical responses
shown on the left can be simulated with digitabdabm these broadband systems (see text).
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Tab. 11.3 Zeros and poles corresponding to the displacemansfer functions depicted in
Fig. 11.27 left for the classical analog standaegmographs WWSSN-SP, WWSSN-LP,

WA, Kirnos SKD and SRO-LP.

Seismograph Zeros Poles
WWSSN-SP (0.0, 0.0) (-3.3678, -3.7315) (3p
(0.0, 0.0) (-3.3678, 3.7315) (3p
(0.0, 0.0) (-7.0372, -4.5456) (zp
(-7.0372, 4.5456) (zp
WWSSN-LP (0.0, 0.0) (-0.4189, 0.0)
(0.0, 0.0) (-0.4189, 0.0)
(0.0, 0.0) (-6.2832E-02, 0.0)
(-6.2832E-02, 0.0)
WA (0.0, 0.0) (-6.2832, -4.7124)
(0.0, 0.0) (-6.2832, 4.7124)
Kirnos SKD (0.0, 0.0) (-0.1257, -0.2177)
(0.0, 0.0) (-0.1257, 0.2177)
(0.00.0) (-80.1093, 0.0)
(-0.31540, 0.0)
SRO-LP (0.0, 0.0) (-1.3000E-01, 0.0)
(0.0, 0.0) (-6.0200, 0.0)
(0.0, 0.0) (-8.6588, 0.0)
(-5.0100E+01, 0.0) (-3.5200E+01, 0.0)
(-0.0, 1.0500) (-2.8200E-01, 0.0)
(-0.0, -1.0500) (-3.9300, 0.0)
(0.0, 0.0) (-2.0101E-01, 2.3999E-01)
(0.0, 0.0) (-2.0101E-01, -2.3999E-01)
(-1.3400E-01, 1.0022E-01)
(-1.3400E-01, -1.0022E-01)
(-2.5100E-02, 0.0)
(-9.4200E-03, 0.0)

Tab. 11.4 Zeros and poles corresponding to the displacemantfer functions of the
velocity-proportional broadband seismographs ST&KG STS1-VBB(IRIS) and STS2 as
depicted in Fig. 11.27 right. From their outputadaeismograms according to the classical
analog standard seismographs WWSSN-SP, WWSSN-LB,KiWAos SKD and SRO-LP are
routinely simulated at the SZGRF in Erlangen, Gemyna

Seismograph Zeros Poles
STS2 (0.0, 0.0) (-3.674E-2, -3.675E-3)
(0.0, 0.0) (-3.674E-2, 3.675E-3)
(0.0, 0.0)
STS1(GRF) (0.0, 0.0) (-0.2221, -0.2222)
(0.0, 0.0) (-0.2221, 0.2222)
(0.0, 0.0) (-31.416, 0.0)
(-19.572, 4.574)
(-19.572, -24.574)
(-7.006, 30.625)
(-7.006, -30.625)
(-28.306, 13.629)
(-28.306, -13.629)
STS1(VBB)) (0.0, 0.0) (-1.2341E-02, 1.2341E-02)
(0.0, 0.0) (-1.2341E-02, -1.2341E-02)
(0.0, 0.0)




Using the data given in these tables, the exapbreses of the respective seismographs can be
easily found. As an example, we calculate the nespa@urve of the WWSSN-SP. According
to Tab. 11.3 it has three zeros and four polessTmican write Eq. (11.5) as

H(s) = N * '/ (s-p)(s-R2)(S-Ra) (S-) (11.6)

p = -3.3678 — 3.7315]
D = -3.3678 + 3.7315]
s = -7.0372 — 4.5456]
o = -7.0372 + 4.5456;.

with

Taking into account the discussions in section75.2he squared lower angular corner
frequency of the response (that is in the givere ¢he eigenfrequency of the WWSSN-SP
seismometer) isy” = pi[P, whereas the squared upper angular eigenfrequeriigh used to
be in the classical SP records that of the galvaterhisw,” = ps[Ps. Since the product of
conjugate complex numbers (a + bj) (a — bjf = & it follows for the poles:

w?=25.27 with f=0.80Hz and
w?=70.18 with §=1.33Hz.

When comparing these values for the corner fregaenaf the displacement response of
WWSSN-SP in Fig. 11.27 (left) one recognizes thhe tmaximum displacement
magnification (slope approximately zero) lies indldetween these two values. Further, as
outlined in 5.2.7, a conjugate pair of poles sushpaand p or p; and p correspond to a
second order corner of the amplitude responseta.e change in the slope of the asymptote
to the response curve by 2 orders. Further, thebeurof zeros controls the slope of the
response curve at the low-frequency end, whiclnsetin the case of the WWSSN-SP (see
Eq. (11.6) and Tab. 11.3). Thus, at its low-frequyeend, the WWSSN-SP response has
according to its three zeros a slope of 3. Thisigba at the first pair of poles, i.e., atf0.8

Hz, by 2 orders from 3 to 1 (i.e., to velocity poofoonal!), and again at,= 1.33 Hz by two
orders from 1 to —1. This is clearly to be seefim 11.27. In the same manner, the general
shape of all the responses given in that figure lbanassessed or precisely calculated
according to Eq. (11.5) by using the values for pbées and zeros given in Tabs. 11.3 and
11.4. Doing the same with the values given in TEh3 for WWSSN-LP one gets for#
0.06667 Hz, corresponding to the 15 s seismomeigrfa= 0.009998 Hz corresponding to
the 100 s galvanometer, used in original WWSS-Liehsegraphs. The aim of the exercise in
EX 5.5 is to calculate and construct with the mdtrghown above the responses of
seismographs operating at several seismic statibtiee global network from the data given
in their SEED header information.

Note that the poles and zeros given in Tabs. 111d314.4 are valid only if the input signal to
the considered seismographs is ground displacefasmitude A). Consequently, the values
in Tab. 11.3 are not suitable for simulating thepanses of the classical seismographs if the
input signal to the filter is not displacement. frehe output of the STS2, any simulation
filter gets as an input a signal, which is velogtpportional within the frequency range
between 0.00827 Hz and 40 Hz. Its amplitudes&A4. Accordingly, the transfer function

of the simulation filter K(s) has to be the convolution product of the ingesEthe transfer
function H(s) of the recording instrument and the transfecfion H(s) of the seismograph
that is to be simulated:
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Hs (s) = H-l(s) * Hy(s). (11.7)
Thus, even for the samey(s) to be simulated, the poles and zeros of theilation filter
differ depending on those of the recording seis@plgr Tab. 11.5 gives, as an example from
the SZGRF, the poles and zeros of the displacefiiens for simulating the responses shown
in Fig. 11.27 (left), and the poles and zeros givehab. 11.3, from output data of the STS2.

Tab. 11.5 Poles and zeros of the simulation filters requifed simulating standard
seismograms of WWSSN-SP, WWSSN-LP, WA, Kirnos SKdl &RO-LP, respectively
from STS2 BB-velocity records.

Simulation- Zeros Poles

filter for

WWSSN-SP | (-3.6743E-02, -3.6754E-02) |(-3.3678, -3.7316)
(-3.6743E-02, 3.6754E-02) |(-3.3678, 3.7315)

(-7.0372, -4.5456)
(-7.0372, 4.5456)

WWSSN-LP | (-3.6743E-02, -3.6754E-02) |(-0.4189, 0.0)

(-3.6743E-02, 3.6754E-02) (-0.4189, 0.0)
(-6.2832E-02, 0.0)
(-6.2832E-02, 0.0)

WA (-3.6743E-02, -3.6754E-02) (-6.2832, -4.7124)

(-3.6743E-02, 3.6754E-02) (-6.2832, 4.7124)
(0.0, 0.0)

Kirnos SKD (-3.6743E-02, -3.6754E-02) |(-0.12566, -0.2177)

(-3.6743E-02, 3.6754E-02) |(-0.1257, 0.2177)
(-80.1094, 0.0)
(-0.3154, 0.0)

SRO-LP (-3.6744E-02, -3.6754E-02) |(-1.3000E-01, 0.0)
(-3.6743E-02, 3.6754e-02) (-6.0200, 0.0
(-5.0100E+01, 0) (-8.6588, 0.0)

(-0, 1.0500) (-3.5200E+01, 0.0)

(-0, -1.0500) (-2.8200E-01, 0.0)

(0.0, 0.0) (-3.9301E+00, 0.0)

(0.0, 0.0) (-2.0101E-01, 2.3999E-01)
(-2.0101E-01, -2.3999E-01)
(-1.3400E-01, 1.0022E-01)
(-1.3400E-01, -1.0022E-01)
(-2.5100E-02,0.0)
(-9.4200E-03,0.0)

Fig. 11.28 shows a comparison of the original ttoe@mponent BB-velocity record of an
STS2 at station WET from a local earthquake in Gerynwith the respective seismograms of
a simulated Wood-Anderson (WA) seismograph. Foelaseismic earthquake Fig. 11.29
gives the STS2 BB-velocity record together with tespective simulated records for
WWSSN-SP and LP. Figs. 11.30 and 11.31 give twoemexamples of both record
simulation and the restitution of very broadban®BBy true ground displacement. VBB
restitution of ground displacement is achieved lopwolving the given displacement
response of the recording seismometer with its iowerse, i.e.,:

Hes(s) = H7(s) * Hy(s). (11.8)



However, Eq. (11.8) works well only for frequencsesaller than the upper corner frequency
(anti-alias filter!) and for signal amplitudes treae well above the level of ambient, internal
(instrumental), and digitization noise.
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Fig. 11.28 3-component recordings at station WET (Wettzell)adiocal earthquake at an
epicentral distance of D = 116 km. Lower traceginal STS2 records with sampling rate of
80 Hz; upper traces: simulated Wood-Anderson (Wesprdings. Note that the displacement-
proportional WA record contains less high frequenascillations than the velocity-
proportional STS2 record (compare responses slowig. 11.27).
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Fig. 11.29 BB-velocity seismogram (top) and simulated WWSSR{middle) and WWSSN-
LP seismograms (bottom). Note the strong dependeheaveforms and seismogram shape
on the bandwidth of the simulated seismographs.
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Both Fig.11.29 and 11.30 show clearly the strority@mce of differences in bandwidth and
center frequencies of the seismometer responsespére with Fig. 11.27) on both the
individual waveforms and the general shape of diensogram. This is particularly obvious in
the simulated teleseismic earthquake records. Eig30 shows the recordings of the
teleseismic P-wave group of an earthquake in Gal#oon 16 Sept. 1999. Shown are the
restitution of a BB-displacement seismogram derivech a BB-velocity seismogram and the
simulations of WWSSN-SP and SRO-LP seismogramshénBB-velocity seismogram one
recognizes clearly the superposition of a low-festry signal and a high-frequency wave
group. The latter is clearly seen in the WWSSN-8¢bird but is completely absent in the
SRO-LP simulation. From this comparison it is olmgdhat both the BB-velocity and the SP
seismograms enhance short-period signal amplituiesefore, only the former recordings
are well suited for studying the fine structuretlué Earth and determining the onset time and
amplitude of short-period P waves. In contrast, @d&lacement seismograms and LP-
filtered seismograms suppress the high-frequerinigdbe signals. Generally they are more
suited to routine practice for surface-wave maglatastimation and for the identification of
most (but not all!) later phases (see Figs. 1111213, 11.37, anBig. 2.23).

fB;f"f",’f”yM\NWMWW“WW\/\ g
R AW A

WWSSN-SP

— MWWMWWWWW”
SRO-LP / \ / T TR

Fig. 11.30 From top to bottom: The original BB-velocity seisgnam recorded at station
GRFO; the BB-displacement record derived by netstih; the simulated WWSSN-SP; and
the simulated SRO-LP seismograms of the P-wavepgfoam an earthquake in California
(16 Sept. 1999; D = 84.1°; Ms = 7.4).

Fig. 11.31 shows 10-days of a VBB record from ars&WVertical-component seismograph
(corner period T = 360s) at station MOX and simulated WWSSN-SP amD-&P
seismograms for a short (40 min) time segmentisf\{BB record.



VLP (10 d)

WWSSN-SP (40 min) SRO-LP (40 min)

Fig. 11.31 STS1 (= 360s) vertical-component seismogram with a lemdthO days (upper
trace) as recorded at MOX station, Germany. Insésiemogram we recognize Earth's tides
and different earthquakes as spikes. For one gktkharthquakes a WWSSN-SP and SRO-LP
simulation filter was applied (lower traces). Tkadth of the filtered records is 40 minutes.

Figs. 11.32a-d demonstrate, with examples fromGRSN and the GRF array in Germany,
the restitution of (“true”) displacement signal®rfr BB-velocity records as well as the
simulation of WWSSN-SP, Kirnos BB-displacement &8®O-LP records. All traces are
time-shifted for the P-wave group and summed (dreyaligned on trace 16). The summation
trace forms a reference seismogram for the detatiomof signal form variations. Generally,
this trace is used for the beam (see 11.3.5 beldhg. different records clearly demonstrate
the frequency dependence of the spatial coherehdkeosignal. Whereas high-frequency
signals are incoherent over the dimension of tgganal network (aperture about 500 to 800
km) this is not so for the long-period records whare nearly identical at all recording sites.

The following features are shown in Figs. 11.32a-d:

a) Time shifted BB-displacement (traces 16-30) BBdvelocity seismograms (traces 1-15)
with a duration of 145 s of the P-wave group fromearthquake in Peru on 23 June 2001
(Ms=8.1) as recorded at 15 stations of the GRSNe BB-displacement seismogram
suppresses the high-frequencies, which are cleadwn on the BB-velocity record.

b) WWSSN-SP simulations for the same stations aSigare 11.32a. The high-frequency
signals are enhanced but the shape and amplituddse avaveforms are shown to vary
considerably within the network, i.e., the coheeeisclow.

c) Kirnos SKD BB-displacement and d) SRO-LP simolsd for the same stations as in
Fig.11.32a. The high-frequency signals are maskidraces show coherent waveforms.
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Fig. 11.32b As Fig. 11.32a however with short-period WWSSNsB8Rulation.
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Fig 11.32c As Fig. 11.32a but for displacement-proportionahks SKD simulation.
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Fig. 11.32d As Fig. 11.32a but for long-period SRO-LP simulatio

Fig. 11.32a-d Restitution, simulation and coherency of seismogratemonstrated with
records of the GRSN from an earthquake in Peru(2f% 2001, Ms = 8.1) in the epicentral
distance range from 96° to 100°; for explanatios tet).
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11.3.3 Signal coherency at networks and arrays

Heterogeneous crustal structure and the array wpelimit the period band of spatially
coherent signals. The larger the aperture of aayatre more rapidly the signal coherence
falls off with frequency. At short periods the ardaehaves like a network of single stations
whereas at long periods the array behaves likensitse single station. For the GRF-array
(aperture about 50 to 120 km) for instance, thaagare coherent for periods between about
1 and 50 s. For the GRSN the band of coherent Isighat longer periods than for the small
aperture detection arrays like GERES in GermanMORES in Norway (aperture 4 and 3
km, respectively) where signals are coherent abgeishorter than 1 s. In the coherency band
itself, waveforms vary depending on their dominaguency, apparent horizontal velocity
and azimuth of approach. For instance, coherenefgawms are observed from the GRSN for
BB-displacement records, Kirnos SKD simulation afidong-period simulated seismograms
(see Figs. 11.32a-d) whereas for simulated WWSSN&&mograms the waveforms have
low coherence or are incoherent.

Figs. 11.33a and b shows a comparison of the f4st of the P wave of the GRSN and the
GRF-array. The coherence is clearly higher in ti@tsperiod range for the recordings at the
smaller GRF-array than for the GRSN. The GRSN waikan array for periods longer than
about 10 s but it is a network for shorter periadiere the GRF-array works as an array down
to periods of about 1 s. This discussion is vabd teleseismic signals only, where the
epicentral distance is larger than the apertutbestation network or array.
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Fig. 11.33a(see figure caption below)
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Fig. 11.33b (see figure caption below)

Fig. 11.33 WWSSN-SP simulations of the first 14 s after thewd@e onset from the same
Peru earthquake as in Fig. 11.29.Recordings at the GRSN) Recordings at the GRF
array. Note the lower coherence of the waveforneerded at the stations of the regional
network, which has an aperture much larger than GirF-array (see Fig. 11.3a). The
summation traces 17 and 14, respectively, arearferseismograms for the determination of
signal waveform variations.

11.3.4 f-k and vespagram analysis

Array-techniques such as f-k and vespagram anaysisld be applied only to records with
coherent waveforms. Vespagram analysis or the iglspectrum analysis is a method for
separating signals propagating with different apparhorizontal velocities. The seismic
energy reaching an array from a defined backazimuith different slownesses is plotted
along the time axis. This allows identification lafter phases based on their specific slowness
values. The best fitting slowness is that for wheehconsidered phase has the largest
amplitude in the vespagram. Fig. 11.34 shows tiggnad records from the GRSN (top) and
the related vespagram (bottom). More vespagramgiaea in Figures 12e—g of DS 11.2.
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Fig. 11.34 Top: Simulated vertical-component WWSSN-LP seismogram@nf an
earthquake in the region of Papua New Guinea. ceadmta NEIC-QED: 10 May 1999; depth
137 km; mb = 6.5; D = 124° to GRF, BAZ = 51°. Theapes Pdif (old Pdiff), PKPdf,
pPKPdf, PP, pPP, sPP and an unidentified phase/X theen markedottom: Vespagram of
the upper record section. The analysis yields sk®snvalues of 4.5s/° for Pdif, 2.0s/° for
PKPdf and pPKPdf, 7.0s/° for PP, and a value tbatesponds to the slowness for Pdif for
the unknown phase X.



As an example an f-k analysis is shown in Fig. 21The f-k analysis is used to determine
slowness and backazimuth of coherent teleseismie vgaoups recorded at an array. The
epicentral distance must be much larger than trestae of the recording array. The f-k
analysis transforms the combined traces withinreeatitime window (Fig. 11.35a and b) into
the frequency-wavenumber domain. The result inftkelomain is displayed in a separate
window (Fig. 11.35c) with amplitudes (correspondiogvave energy) coded in color. A good
result is achieved when there is a single, promimefor in the maximum (yellow in Fig.
11.35c). This maximum denotes slowness and backaiziof the investigated phase and is
helpful for source parameter determination and @h@entification. The example was
recorded at the GRF-array from an earthquake iraMaZemlya. Slowness and backazimuth
values are 7.3 s/° and 11°, respectively. Thesgegadre used for producing the beam.
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Fig. 11.35a

Figs. 11.35a-c lllustration of the procedure of frequency-waverer (f-k) analysis: a)
coherent P-wave signals recorded at the GRF-atedipiss from an earthquake on 19 April
1997 (the box marks the time window selected lfier ftk-analysis); b) the zoomed window
used for the f-k-analysis; c) energy (coded iroz)lin the frequency range 0.39-2.97 Hz as a
function of wavenumber k. A good result is achiebedause the single, prominent maximum
(in yellow) shows the presence of a coherent sigia estimated slowness and backazimuth
values are 7.3 s/° and 11°, respectively.
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11.3.5 Beamforming

Beamforming improves the SNR of a seismic signakbsnming the coherent signals from
array stations (see 9.4.5). Signals at each stat®ntime shifted by the delay time relative to
some reference point or station. The delay timeeddp on ray slowness and azimuth and can
be determined by trial and error or by f-k analySike delayed signals are summed *“in
phase” to produce the beam. Fig. 11.35d preseatartlay recordings of the signal shown in
Figs. 11.35a-b time shifted, to correct for thediagelay, and summed (trace 14; beam). In
delay-and-sum beamforming with N stations the ShiRroves by a factofN if the noise is
uncorrelated between the seismometers. In the stionmike increase in amplitude of the
coherent signal is proportional to N. For incohéreraves (random seismic noise in
particular), it is only proportional tdN. Thus, f-k analysis and beamforming are helpdul f
routine analysis if very weak signals have to biected and analyzed.
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Fig. 11.35d The delay times for each of the array seismomdtave been calculated from
the slowness and azimuth of the signals shownga.Ril.35a-c. The time-shifted signals are
summed “in phase” to produce the beam (top tradegwhas the better signal-to-noise ratio
than the recordings from the individual seismongeter

Fig. 11.36 shows another example of array procgssith short-period filtered seismograms
of the GRF array. The signal on the beam traceasPKP wave of an underground nuclear
explosion at Mururoa Atoll with an explosion yiedduivalent of about 1 kt TNT. The onset
time and signal amplitude of a weak seismic sigaal only be read on the beam. The peak-
to-peak amplitude is only about 2 nm with a peaoound 1 s.
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Fig. 11.36 Detection of the PKP wave of a nuclear explosibMururoa Atoll on 27 June
1982 at the Grafenberg array using the delay-anthsethod and a very narrowband
Butterworth bandpass filter (BP) centered arourtdzl The event occurred at an epicentral
distance of 14%and the explosion yield was approximately 1 kt TNT

11.3.6Polarization analysis

The task of polarization analysis is the transfdroma of recorded three component

seismograms into the ray-oriented co-ordinate systé&or linearly polarized and single pulse

P waves in a lateral homogeneous Earth, this &skmple, at least for signals with a high

SNR; the direction of the polarization vector o th wave clearly determines the orientation
of the wave co-ordinate system. However, when mapag through heterogeneous and
anisotropic media, the seismic waves have threewsonal and frequency-dependent
particle motions and the measured ray-directiomstesxcby ten degrees and more about the
great circle path from the epicenter to the statsae Fig. 2.6).

Determination of particle motion is included in rogf the analysis software. For
identification of wave polarization and investigetiof shear-wave splitting, the rotation of
the traditional components N, E, and Z into eitheay—oriented co-ordinate systems or into
the directions R (radial, i.e., towards the epieBnand T (transverse, i.e., perpendicular to
the epicenter direction) is particularly suitabde the identification of secondary later phases.
An example for the comprehensive interpretatiorswéh phases in a teleseismic record is
given in Fig. 11.37.
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Fig. 11.37 Simulation of three-component WWSSN-LP seismografrtbe Volcano Islands
earthquake of 28 March 2000, recorded at statiok RUGermany (D = 94°, h = 119 km).
The horizontal components N and E are rotatedend T components. The phases P, pP,
SP and the beginning of the dispersed surface Raylgave train LR are marked on the
vertical-component seismogram, SKS, PS on thakadimponent (R) and S, SS, SSS and
the beginning of the Love waves LQ on the transversmponent (T), respectively. Not
marked (but clearly recognizable) are the depthsehasS behind S, sSS behind SS, and
SSSS+sSSSS before LQ. The record length is 41 min.

11.4 Software for routine analysis

11.4.1 SHM

The Seismic Handler SHM is a powerful program foralgzing local, regional and

teleseismic recordings. K. Stammler of the SZGRFeitangen has developed it for the
analysis of data from the Graefenberg (GRF) arrag the German Regional Seismic
Network (GRSN). The program and descriptions aeelavle viahttp://www.szgrf.bgr.de/sh-

doc/index.html

Main features of the program are:
» application of array procedures to a set of stati@glowness- and backazimuth
determination by means of beamforming and f-k asig)y
* |ocation algorithms (teleseismic locations usingvél-time tables and empirical
correction vectors, local and regional locations \external programs, e.g.,
LOCSAT).
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The basic program has some (more or less) stazéardptions, e.g.:
* manual and automatic phase picking (see Fig. 11.5);
» trace filtering with simulation and bandpass fiétésee Figs. 11.28 and 11.29);
» determination of amplitudes, periods and magnitiges Fig. 11.4);
» display of theoretical travel times on the traceee(Fig. 11.37).

Furthermore, the following tasks are implemented:
» rotation of horizontal components (see Figs. 1218 11.37);
* particle motion diagrams (see Fig. 2.6);
» trace amplitude spectrum (see Fig. 11.47);
e vespagram trace display (see Fig. 11.34);
* determination of signal/noise ratio (see Fig. 1}.4Ad
e trace editing functions.

Different data formats are supported on continudats streams of single stations, networks
and/or array stations. SHM is currently supportadUNIX and Linux. A screen display of
SHM is shown in Fig. 11.38.
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Fig. 11.38 Screen display of the seismic analysis prograrivl SbBifferent windows display a
number of station recordings (large window), a zedmsingle-station window, two
seismogram and source parameter windows (left sidg)an output window for the results of
the seismogram analysis. Generally, the resultargrpeters are stored in a database.




11.4.2 SEISAN

Another widely used seismic analysis system is BHISleveloped by J. Havskov and L.
Ottemoller (1999). It contains a complete set abgpams and a simple database for
analyzing analog and digital recordings. SEISAN lbarused, amongst other things, for phase
picking, spectral analysis, azimuth determinatiand plotting seismograms. SEISAN is
supported by DOS, Windows95, SunOS, Solaris andX.and contains conversion programs
for the most common data formats. The program thegevith a detailed Manual, is available
via http://www.ifjf.uib.no/seismo/software/seisan/seigdaml|.

11.4.3 PITSA

F. Scherbaum, J. Johnson and A. Rietbrock wrotectineent version. It is a program for
interactive analysis of seismological data andrhaserous tools for digital signal processing
and routine analysis. PITSA is currently suppodadsunOS, Solaris and Linux and uses the
X11 windowing system. It is available Vtp://Ibutler.geo.uni-potsdam.de/service.htm

11.4.4 GIANT

Andreas Rietbrock has written this program pack#ge.a system for consistent analysis of
large, heterogeneous seismological data setsoltigas a graphical user interface (GUI)
between a relational database and numerous anab@s (such as HYPO71, FOCMEC,
PREPROC, SIMUL, PITSA, etc. ). The GIANT systemcigrently supported on SunQOS,
Solaris and Linux and uses the X11 windowing systeand available via
http://Ibutler.geo.uni-potsdam.de/service.htm

11.4.5 Other programs and ORFEUS software links

C. M. Valdés wrote the interactive analysis progr@@EQ for IBM compatible PCs. It is

widely used in conjunction with the location progr&l YPO71 for local events. The principal

features are: picking P- and S-wave arrivals; riilig the seismogram for better P- and S-
wave picks, and computing the spectra of selecteshmogram sections. It is published in
Volume 1 of the IASPEI Software Library (Lee, 1995)

Andrey Petrovich Akimov has written the program WS$& English AWP: Automated
workplace of seismologists), version 4.5 (in Ruski#t works in an environment of Windows
95/98/NT and is used at single stations and seisetiworks for estimating parameters from
local, regional and teleseismic sources. The prmogranverts different seismic data formats
such as XDATA, PCC-1, CSS 2.8 and 3.0, DASS, CM&&%8&nd can import via the TCP/IP
protocol data from NRTS and LISS systems (miniSEED)e program and the program
documentation in Russian is available kigp://www2.gsras.ru/engl/mainms.htm

ORFEUS http://orfeus.knmi.nl presents a comprehensive list and links to abiglaoftware
in seismology. It concentrates on shareware. Howes@me relevant commercial sites are
also included. Emphasis is laid on programs whighan UNIX/Linux platform.
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11.5 Examples of seismogram analysis

The character of a seismogram depends on the sowecbanism, the source depth, and
whether the epicenter of the source is at locgiprel or teleseismic distances. Seismograms
of local earthquakes are characterized by shosdtaur of the record from a few seconds to
say one minute, higher frequencies, and a charstiteshape of the wave envelope, usually
an exponential decay of amplitudes after the aomghditmaximum, termed “coda” (see Figure
1b in DS 11.1 and Figure 2 in EX 11.1). In contrastords at teleseismic distances show
lower frequencies (because high-frequency energy dieeady been reduced by anelastic
attenuation and scattering), and have a duratmm 8ay fifteen minutes to several hours (see

station over different path, are called phasesyTtave to be identified and their parameters
determined (onset time, amplitude, period, poléiora etc.). Phase symbols should be
assigned according to the IASPEI recommended stdnu@amenclature of seismic phases.
For phase names, their definition and ray patlesiSe2.1. Fig. 11.39 shows seismograms
recorded at local, regional and teleseismic digganthey illustrate how the characteristics of
seismic records vary with distance and dependinghensource type. These characteristics
will be discussed in more detail in the followirgctons.

There is no unique standard definition yet for dn#ance ranges termed “near” (“local” and
“regional”), or “distant” (“teleseismic”; sometimesubdivided into “distant” and “very
distant”). Regional variations of crustal and uppantle structure make it impossible to
define a single distance at which propagation ehllor regional phases stops and only
teleseismic phases will be observed. In the follgwve consider a source kxal if the
direct crustal phases Pg and Sg arrive as firsinB-S-wave onsets, respectively. In contrast,
the phases Pn and Sn, which have their turningt poithe uppermost mantle, are the first
arriving P and S waves in thegional distance range. However, as discussed in 2.6.1 and
shown in Fig. 2.40, the distance at which Pn takes as first arrival depends on the crustal
thickness, average wave speed and the dip of timatbase. The “cross-over” distangg x
between Pn and Pg is - according to Eq. (6) in13 for shallow (near surface) sources -
roughly x,= 5%z, where %, is the Moho depth. Note, however, that as focatliécreases
within the crust, % decreases, down to aboutz3. Accordingly, the local distance range
may vary from region to regions and range betwdrutl00 km and 250 km. The CTBTO
Technical Instructions (see IDC Documentation,1998)siders epicentral distances between
0° to 2°, where Pg appears as the primary phadecalsdistance range.

The old Manual (Willmore, 1979) defines as neatheprakes those which are observed up to
about 1000 km (or 10°) of the epicenter, and P &mthases observed beyond 10° as usually
being teleseismicphases. However, regional phases such as Pn, Shgarwill generally
propagate further in stable continental regions tinatectonic or oceanic regions. According
to the Earth model IASP91, Pn may be the firstvatrup to 18°. The rules published in the
IDC Documentation (1998) allow a transitional regimetween 17° and 20° in which phases
may be identified as either regional or teleseisrdapending on the frequency content and
other waveform characteristics. Accordingly, onggmiroughly define seismic sources as
local, regional and teleseismic if their epicestare less than 2°, between 2° and 20°, or
more than 20° away from the station. Sometimesremnal range is further subdivided into
2°-6°,where also the phase Rg may be well devel|oped 6°-(17°)20° where only Sn and Lg
are strong secondary phaskemwever, since we have not yet found good recomptes
with Pn beyond 15°, we will present and discuss regord examples fonear (local and
regional) andteleseismicsourcesn the ranges X 15° and D > 15°, respectively.
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Fig. 11.39 Examples of 3-component seismograms recordedaatge of epicentral distances
from one station: a) mining-induced earthquake (BO=km); b) quarry blast explosion (D =
104 km); c) local earthquake (D = 110 km); d) regioearthquake (D = 504 km); and e)
teleseismic earthquake (D = 8§.5Time scales are given below the records.



11.5 Examples of seismogram analysis |

The methods used to analyze seismograms and tie lsegmic sources depend on how close
they are to the recording station. For near evelifterent programs (ORFEUS software
library; see 11.4.5) are used for source locatidifferences in arrival times of phases and
slowness and azimuth estimates from the plane-waatbod or frequency-wavenumber (f-k)
analysis can be used to locate distant sources &iitter array or network data. Time
differences between phases often give reliablenicst estimates and, together with azimuth
determination from 3-component records, allow epiers to be estimated from single station
records (see EX 11.2). If depth phases are vigihlé can be identified, focal depth can be
determined. Amplitude and period values of différgahases are used for magnitude
estimation. Both body waves and surface waves earsed to estimate magnitude.

11.5.1 Seismograms from near sources (0° <<D15°)

Seismograms recorded at distancex [15° are dominated by P and S waves that have
traveled along different paths through the crust gre uppermost mantle of the Earth. They
are identified by special symbols for “crustal psis(see IS 2.1). Pg and Sg, for example,
travel directly from a source in the upper or maldtust to the station whereas the phases
PmP and SmS have been reflected from, and the lfasand Sn critically refracted along
(or beneath) the Moho discontinuity (see Fig. 1)L.&npirical travel-time curves are given
in Exercise EX 11.1 (Figure 4) and a synthetic régection of these phases in Fig. 2.54. In
some continental regions, phases are observed wiaich been critically refracted from a
mid-crustal discontinuity or have their turning pioin the lower crust. They are termed Pb (or
P*) for P waves and Sb (or S*), for S waves, respely. For shallow sources, crustal
“channel-waves” Lg (for definition see IS 2.1) aswface waves Rg are observed after Sg-
waves. Rg is a short-period Rayleigh wave=(Z s) which travels in the upper crust and is
usually well developed in records of near-surfacarces out to about 300 km and thus
suitable for discriminating such events from loegtonic earthquakes (see Figs. 11.39a-c).

A A A
Pg/Sg
Pb/Sb
upper crust // / upper crust //(/

Pb/Sb Pb/Sb
PmP/SmS lower crust PmP/SmS lower crust
\ Pn/Sn \ Pn/Sn
uppermost mantle uppermost mantle
P/S P/S
Fig. 11. 40 Ray traces of the main crustal
upper crust phases that are observed in the near (local and

regional) distance range from seismic sources
owercrust 1N @ Simple two-layer model of the Earth's
crust. The phase names are according to the

__ Pwsn wpermosmante NEW  IASPEI nomenclature (see IS 2.1)
(courtesy of J. Schweitzer, 2002)
P/S

Pn/Sn




Usually, Sg and SmS (the supercritical reflectiwhich often follows Sg closely at distances
beyond the critical point; see Fig. 2.40) are tergjest body wave onsets in records of near
seismic events whereas Pg and PmP (beyond theatptint) have the largest amplitudes in
the early part of the seismograms, at least up0 2400 km. Note that for sub-crustal
earthquakes no reflected or critically refracteastal phases exist. However, according to the
new IASPEI nomenclature, P and S waves from sustalearthquakes with rays traveling
from there either directly or via a turning pointthe uppermost mantle back to the surface
are still termed Pn and Sn (see Fig. 11.40, loet). IAt larger distances such rays arrive at
the surface with apparent “sub-Moho” P and S vékesi(see below).

Typical propagation velocities of Pg and Sg in gwetital areas are 5.5-6.2 km/s and 3.2-3.7
km/s, respectively. Note, that Pg and Sg are dinestes only to about 2° to 3°. At larger
distances the Pg-wave group may be formed by saopiign of multiple P-wave
reverberations inside the whole crust (with an agergroup velocity around 5.8 km/s) and
the Sg-wave group by superposition of S-wave rexatibpns and SV to P and/or P to SV
conversions inside the whole crust. According te tlew IASPEI phase nomenclature the
definitions given for Lg waves and Sg at largetatises are identical, with the addition that
the maximum energy of an Lg crustal “channel” waavels with a group velocity around
3.5 km/s. In routine analysis, usually only thestfionsets of these wave groups are picked
without noting the change in character at largestasices. According to the Technical
Instructions of the IDC Documentation (1998), stas of the CTBTO International
Monitoring System (IMS) generally tend to name $tngest transverse arrival Lg and not
Sg. A reliable discrimination is still a subject relsearch and not yet one of routine analysis
and data reporting. Therefore, no simple and unigteria for discrimination, which also
depend on source type and propagation path, cajyivea here. They may be added to this
Manual at a later time. Lg waves may travel in owrital shield regions over large distances
(see Fig. 2.15), even beyond 20° whereas Rg wawxdsh show clear dispersion and longer
periods than Lg (see Fig. 2.16), are more strorglgnuated and generally not observed
beyond 6°. The apparent velocities of Pn and Sncardgrolled by the P- and S-wave
velocities in the upper mantle immediately below Moho and typically range between 7.5 -
8.3 km/s and 4.4 - 4.9 km/s, respectively.

Note: Seismograms from local and regional seismic souatesstrongly influenced by the
local crustal structure which differs from regiam region and even between local stations.
This may give rise to the appearance of other sn@ghich may be strong) between the
mentioned main crustal phases that can not be iegpldy a near-surface source in a single
or two-layer crustal model. Some of these phasegsraiate to converted waves and/or depth
phases such as sPmP (e.g., Bock et al., 1996), Aldarger distances of up to about 30°,
multiples such as PgPg, PbPb, PnPn, PmPPmP etc¢haindelated S waves may be well
developed (see Fig. 11.19). However, usually tlietails can not be handled in routine data
analysis and epicenter location and require speethlstudy. For routine purposes, as a first
approximation, the IASP91 or AK135 global modekg(®S 2.1) can be used for the analysis
and location of near events based on the mainatrpkases. However, one should be aware
that crustal structure and velocities may diffgngicantly from region to region, and that
the event location can be significantly improvedewhocal travel-time curves or crustal
models are available (see IS 11.1, Figures 11 ahd 1

Fig. 11.41 shows seismograms of a shallow (h =n® kear earthquake from the
Vogtland/NW Bohemia region in Central Europe, relea at seven GRSN stations in the
epicentral distance range 10 km (WERN) to 180 KB&E(C?2). Stations up to D = 110 km
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(BRG) show only the direct crustal phases Pg, 8ge@ GRFO, which in addition shows
PmP. At GEC2 Pn arrives ahead of Pg with signitigasmaller amplitude. The onset times
of phases Pg, Sg and Pn were used to locate thenggi of this event with a precision of
about 2 km. If more stations close to the epiceaterincluded (e.g., Fig. 11.42; D =6 — 30
km), the precision of the hypocenter location mayrbthe order of a few hundred meters.
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Fig. 11.41 Filtered short-period vertical component seismogréi order Butterworth high-
pass filter, f = 1 Hz) from a local earthquakehe ¥/ogtland region, 04 Sept. 2000 (50127
12.42E; MI = 3.3). Sampling rates at the stations dif&d Hz for MOX, WET, CLL, and
BRG, 100 Hz for WERN and 20 Hz for GRFO and GECRtaces are sorted according to
epicentral distance (from 10 to 180 km). The |qu@ses have been marked (Pg and Sg at all
stations, PmP at GRFO and Pn at the most distamstGEC2 (D = 180 km).
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Fig. 11.42 Short-period recordings from stations of the lawatiwork of the Czech Academy
in Prague from a small (Ml = 3.3) local earthquatkehe German/Czech border region on
June 1, 1997. The epicentral distance range is @&kan30 km. Such local networks allow
hypocenters to be located to better than a few faghoheters.



Fig. 11.43 (left) shows for another Vogtland swaearthquake, a record section with
seismograms of 5 stations in the distance randgai@ 130 km, together with the expected
travel-time curves for Pg and Sg according to aerage crustal model. Fig. 11.43 (right)
shows some of the same seismograms on a map togeth¢he station sites (triangles).
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Fig. 11.43 Records of a Vogtland swarm earthquake (17 SepD;2dl = 3.1)at stations of a
local network in Germany. Left: arranged by distatmgether with the expected travel times
for Pg and Sg for an average crustal model; righta map view with station positions. The
circles indicate the position of the wavefrontdPgf (blue) and Sg (red) after 5, 10, 20 and 40
s, respectively (see also file 1 in IS 11.3 andteal animation on CD-ROM).

From these two figures the following conclusions ba drawn:

* at some stations the arrival times are in goodeagest with the times predicted from
an average crustal model, at other stations theyat, which implies crustal structure
varies laterally; and

* the amplitude ratio Pg/Sg varies strongly with #mmuth because of the different
radiation patterns for P and S waves. This vamatan be used to derive the fault-
plane solution of the earthquake (see Figs. 3.253a26 and section 3.4.4).

Other examples of local seismograms are shownga. Hil.44 and 11.45. Fig. 11.44 shows
recordings from an earthquake in the Netherlands<¥.0) in the distance range 112 km to
600 km, and Fig. 11.45 those from a mining-indueathquake in France (Ml = 3.7 ) in the
range 80 km to 500 km. These records again showowd€ variation in the relative
amplitudes of Pn, Pg and Sg. The relative amplgutkpend on the distance and azimuth of
the station relative to the radiation pattern & fource, and particularly with respect to the
differences in take-off angles of the rays for direct and the critically refracted waves (see
Fig. 11.40). The source depth with respect to trgomcrustal discontinuities may also
influence the relative amplitude ratio between ¢hearious phases.

Generally, for near-surface sources and distancedler than about 400 km, Pn is much
smaller than Pg (see also Figures 3a and 3c insbe¢h 11.1). For larger distances however,
the relative amplitudes of Pn and Sn may grow so these phases dominate the P and S
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arrivals (see Fig. 2.15 and the uppermost tracdsgs. 11.44 and 11.45). This is not only
because of the stronger attenuation of the diremtew that travel mostly through the
uppermost heterogeneous crust but also because ¥ a@ar the critical angle of refraction at
the Moho form so-called “diving” phases which aw@ refracted into the Moho but rather
travel within the uppermost mantle with sub-Mohdoegy. The recognition of these crustal
body waves and the precision of onset-time pickaagn be significantly improved by

stretching the time scale in digital records (coregégures 3a and 3c in DS 11.1).

The great variability in the appearance of wavefrand relative amplitudes in near-

earthquake recordings is also illustrated by Fit48. Even seismic records at the same
station from two different sources at nearly thmsalistance and with similar azimuth may

look very different. This may be because the wdves the two earthquakes travel along

slightly different paths through the highly hetezagous Alpine mountain range. However,

the fault-plane orientation and related energyatamin with respect to the different take-off

angles of Pn and Pg, may also have been diffépetitese two earthquakes.
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Fig. 11.44 Vertical-component short-period filtered broadibaseismograms 4 order
Butterworth high-pass filter, f = 0.7 Hz; normalizamplitudes) from a local earthquake at
Kerkrade, Netherlands, recorded at 15 GRSN, GRREFE and GEOFON stations. M| =
4.0; epicentral distances between 112 km (BUG)&O@km (GEC2). Note the variability of
waveforms and relative phase amplitudes of loggildreal earthquakes in network recordings
in different azimuths and epicentral distances. $higability of filters for determination of
local phase onsets has to be tested. Local ma@gsitddtermined from a Wood-Anderson
simulation.
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Fig. 11.45 Vertical-component short-period filtered BB seisams (¥ order Butterworth
high-pass filter, f = 0.7 Hz, normalized amplitudé®m a local mining-induced earthquake
at the French-German border recorded at 11 GRSNRESEand GEOFON stations (Ml =
3.7; epicentral distances between 80 km (WLF )z0km (GEC?2).

Note that in Figs. 11.39a and b and Fig. 11.4§.(station WLF), the longer period Rg
waves, following Sg, are particularly well develdpe records of near-surface quarry blasts
or shallow mining-induced earthquakes but not m nlatural earthquake records (as in Fig.
11.43).

As mentioned above, at distances beyond about 60@@k#&, Pn and Sn become the
dominating body-wave onsets that for shallow sairaee followed by well-developed
surface-wave trains. Figure 6a in DS 11.1 showp&al 3-component BB-velocity record of
such an earthquake in Italy made at station GRAGemmany (D = 10.3°). Figure 6¢ shows
the respective BB recordings of the same shodk atations of the GRSN (D = 8°- 12°). Pg
and Sg are no longer recognizable. In fact, PnSamdt these regional distances are no longer
pure head waves from the Moho discontinuity buteraiso-called diving phases of P and S
which have penetrated into the uppermost mantldrbuel also with the sub-Moho velocity
of Pn of about 8 km/s. These diving phases may folerger periods than Pn at shorter
distances. One should also be aware that locatemdnal earthquakes do not only appear in
short-period recordings. Strong near events witlgnitades above 4 usually generate also
strong long-period waves (see Figs. 11.8 and 11.10)



11.5 Examples of seismogram analysis |

Pn Pg Sn

U | I

2: MOx 2

1: MOX 2

125.0 150.0 175.0 200,0 225.0

Fig. 11.46 Comparison of Z-component short-period filteredords at station MOX,
Germany, of two earthquakes in Northern Italy ¢¢rd: 28 May 1998; trace 2: 24 Oct. 1994)
at about the same epicentral distance (D = 505 kan586 km, respectively) and with only
slightly different backazimuth (BAZ = 171° and 18%éspectively). Note the very different
relative amplitudes between Pn and Pg, due torethestal heterogeneities along the ray
paths or differences in rupture orientation witbpect to the different take-off angles of Pn
and Pg rays.

In general, regional stations and local networksgiement each other in the analysis of smallercasuat local
distances. Additionally, source processes andcsoparameters can be estimated using local stdtitmn For
this purpose, first motion polarities (compressioar +, dilatation d or -) for phases Pg, Pn, Sd amplitude
ratios (P/SV) should be measured for fault plaslet®on and moment tensor inversion (see 3.4 afjil f
regions with a poor station coverage, the meanigpogc of location may be several
kilometers and source depths may then only be mi@ted with teleseismic depth phases by

way of waveform modeling (see 2.8).

An important aspect to consider in digital recogsirand data analysis of local and regional
seismograms is the sampling rate. Sampling withentioan 80 s.p.s. is generally suitable for
near seismic events. With lower sampling rate ssohtee most essential information about
the seismic source process such as the cornerefmeguof the spectrum and its high-
frequency decay, may be lost. Fig. 11.47 givesxamgle.
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Fig. 11.47 Top: BB-velocity seismogram from a local earthquakerrigad Ems (11 Oct.
1998; MI = 3.2) recorded at the GRSN station TNSHB0 km). Different sampling rates
were used for data acquisition. Traces 1 — 3 wanepled at 20 Hz and traces 4 — 6 at 80 Hz.
In the records with the higher sampling rate, theveforms are much more complex and
contain higher frequencies. The high frequencytemnis suppressed with the lower
sampling rateBottom: Fourier spectrum of traces 1 (sampling rate 20-Hzink) and 4
(sampling rate 80 Hz — red). The lower samplirtg cats off the high-frequency components
of the seismic signal. Thus the corner frequencyhefsignal at about 20Hz and the high-
frequency decay could not be determined from thek @pectrum. The green spectrum
represents the seismic noise.
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In the example considered in Fig. 11.47 only theHd80data stream with a Nyquist frequency
of 40 Hz allows the corner frequency near 20 Hadaetermined. However, in some regions,
or when studying very small local earthquakes| Bigher frequencies have to be analyzed.
This may require sampling rates between 100 a0l Hx.

Note, that besides the regional phases Sn and égelleseismic phase PcP also may be
observed in the far regional distance range (6)-#0%short-period seismograms of strong
events (Ml > 4). PcP, which gives a good controsafirce depth, can be identified in array
recordings because of its very small slowness.

In Box 1 below a summary is given of essential fezd that can be observed in records of
local and regional seismograms. For more recordsisndistance range see DS 11.1.

BOX 1. General rules for local and regional events

* The frequency content of local events (D < 2°)gsally high (f= 0.2 - 100 Hz).
Therefore they are best recorded on SP or SPditd8B instruments with
sampling rates £ 80 Hz. The overall duration of short-period loaad regional
(D < 20@) seismograms ranges between a few seconds asddmbminutes.

« Strong local/regional sources radiate long-periagtrgy too and are well
recorded by BB and LP seismographs. In the faroredirange the record
duration may exceed half an hour (see Fig. 1.2).

» Important seismic phases in seismograms of loaaices are Pg, Sg, Lg and Rg
and in seismograms of regional sources additiorRlly and Sn, which arrive
beyond 1.3°-2° as the first P- and S-wave onsédis. H waves are usually best
recorded on vertical and the S waves on horizamtadponents.

* Note that Pg is not generally seen in records fsmwces in the oceanic crust.
Also, deep (sub-crustal) earthquakes lack localragobnal crustal phases.

* For rough estimates of the epicentral distance D] [&f local sources, multiply
the time difference Sg-Pg [s] by 8, and in the aafseegional sources the time
difference Sn-Pn [s] by 10. For more accurate edts of D use local and
regional travel-time curves or tables or calcolagi based on more appropriate
local/regional crustal models.

* The largest amplitudes in records of local andamegii events are usually the
crustal channel waves Lg (sometimes even beyon)l 86U for near-surface
sources the short-period fundamental Rayleigh mBde For near-surface
explosions or mining-induced earthquakes, Rg, Vaitiyer periods than Sg, may
dominate the record, however usually not beyond 4°.

* For routine analysis the following station/networkadings should be
made: (1) the onset time and polarity of observesdt motion phases; (2)
onset times of secondary local and regional pha&stocal magnitude
based either on maximum amplitude or duration. dtal/regional
calibration functions, properly scaled to the arai magnitude definition
by Richter (1935), are not available it is recomdeshto use the original
Richter equation and calibration function, togettvaith local station
corrections.




11.5.2 Teleseismic earthquakes (15° < D < 180°)

11.5.2.1 Distance range 15° < £28°

At distances beyond 15°, sometimes referred tofassrégional”, Pn and Sn amplitudes
become too small (except in some shield regiong)the first arrival phase has a travel path
through deeper parts of the upper mantle. The comnomenclature for these waves with
longer periods than Pn and Sn is P and S, respéctivFor the next 12°, the records look
rather simple in one respect, namely, that onlgghmnajor wave groups are recognizable (P,
S, and surface waves, see Fig. 11.48).
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Fig. 11.48 Three-component broadband seismograms from angeaik in Iceland on 04
June 1998, recorded at GRF-array station GRAL1 (E25°). P, S and surface waves are
recognizable. Horizontal traces have been rotaked= (Radial, T = Transverse) with R
showing into the source direction. The overall tioraof the record is about 15 min.

The body-wave groups themselves, however, arerratimeplicated because of the refraction
and reflection of P and S at the pronounced veladitrease at the bottom of the upper
mantle (410 km discontinuity) and at the bottonth# transition zone to the lower mantle
(660 km discontinuity). These strong increasesigrdad in wave velocity give rise to the
development of two triplications of the P-wave #&hiime curve with prograde and
retrograde branches which in some distance rarajlesviclosely each other (see Fig. 2.29),
thus forming a sequence of successive P- (and & wnsets (see Fig. 11.49 ). The largest
amplitudes occur in the range of the left-side casphe 660 km discontinuity triplication
(P660P) between about 18° and 20° (also termed-di&ontinuity”) but with weaker P-
wave first arrivals some 5 to 10 s earlier. Accogtly, small differences in epicentral distance
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can lead to large differences in the appearandbéeobody-wave groups in seismic records
(see Fig. 11.49). Generally, P waves are rathemptex and wave onsets emergent. Surface
waves of shallow earthquakes, however, are strdegrly separated from S waves and very
useful for surface wave magnitude (Ms) estimation.

Fig. 11.49 shows BB-velocity seismograms from amhegake in Turkey recorded at stations

of the GRSN in the distance range between abo&f Bhd 19.5°. Note the increase of the P-
wave amplitudes with distance when approaching-t6€ontinuity”.
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Fig. 11.49 Vertical-component BB-velocity seismograms from tteanaging earthquake in
Duzce, NW-Turkey, recorded at 12 GRSN-stationshea distance range 14.5° to 19.5°.
(Source data from NEIC-QED: 12 Nov. 1999, OT 1&87:40.79N, 31.1FE; h = 10 km;
Mw = 7.1; D = 16.5° and BAZ = 115° from GRFO). Teacare sorted according to distance.
Incoherent and complex P waves are followed by w&akaves and distinct and clearly
dispersed surface waves, which have longer petl@misthe S waves. The body waves P and
S are affected by upper mantle discontinuitiesteNbe increase in P-wave amplitudes with
distance due to the cusp of P660P around 18° tgsE@°Fig. 2.29).

Fig. 11.50 shows 3-component records (Z, R, T) detmating the presence of the 20°
discontinuity in another part of the world. Thesseograms are from an earthquake that
occurred in the southern part of the New Hebride35akm depth, recorded between 16.9°
and 23.6° by a regional network of portable broadb@struments deployed in Queensland,
Australia (seismometers CMG3ESP; unfiltered veloogsponse). The complex P wavelets



appear in Z and R only. In their later parts theayroontain PnPn arrivals. Similarly complex
S-wave groups appear in R and T, and may inclu@Sn
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Fig. 11.50 Three-component BB records made in Queenslandya#lisstfrom an earthquake
in the New Hebrides between D = 16.9° and 23.6teNbe complexity of P- and S-wave
arrivals around the 20° discontinuity. On eachadetcords the predicted phase arrival times
for the AK135 model (see Fig. 2.53) are shown ast lines. However, there might be no
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clear onset visible at these times above the nmisgignal-coda level of previous phases.
Never use such theoretical onset marks for pickimget times! (Courtesy of B.L.N. Kennett).

11.5.2.2 Distance range 28° < 8100°

The main arrivals at this distance range up to ai864, have traveled through the lower
mantle and may include reflections from the corevteaboundary (CMB) (Fig. 11.53). The
lower mantle is more homogeneous than the uppetlen@ee Fig. 2.53). Accordingly, P and
S waves and their multiples form rather simple lpegod seismograms (Figs. 11.9 and
11.52; see also files 4 and 5 in IS 11.3 and amimain CD-ROM). Between 3(and 55, the
waves reflected from the core (e.g., PcP, ScP ate.plso often recorded as sharp pulses on
short-period records, particularly on records oémlearthquakes where depth phases appear
well after the core reflections (see Fig. 11.16).afound 40°, the travel-time curve of PcP
intersects those of PP and PPP (see Fig. 11.53pdmatizontal components PcS intersects S,
and ScS intersects SS and SSS. This complicatpsmpbase separation, at least for the later
phases on long-period records, where SS and SS®enstyong. ScP, however, may also be
rather strong on short-period vertical componesé (Fig. 11.53). Note that PP, PS, SP and
SS are Hilbert-transformed (see 2.5.4.3). Theiebaad amplitude picks can be improved by
inverse Hilbert transformation, which is part of seon analysis software such as Seismic
Handler (SH and SHM). The amplitudes of the cofeecdons decrease for larger distances
but they may be observed up to epicentral distah@bdout 80° (ScP and ScS) or 90° (PcP),
respectively, beyond which ScS merges with theelrtitne curves of SKS and S and PcP
with that of P (compare travel-time curves in Fegdrof EX 11.2 with Figs. 11.16 and 11.55).
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Fig. 11.51 Seismic ray paths through the mantle and core ef&harth with the respective
phase names according to the international nomiemelésee Fig. 2.48 and overlay for related



travel-time curves, and IS 2.1 for phase namestlagid definition). The red rays relate to the
3-component analog Kirnos SKD BB-displacement réadrbody waves from an earthquake
at D = 112.5° at station MOX, Germany.
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Fig. 11.52 Long-period Z- (left) and T-component seismogramsd(@le) of a shallow
earthquake in western India recorded in the digtaange 51° to 56° at stations of the GRSN.
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Two cutout sections from short-period Z-componestords of multiple core phases are
shown on the right and the related ray paths atoghéfor animation see file 4 in IS 11.3).
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Fig. 11.53 Vertical-component Kirnos SKD BB-displacement tjlend WWSSN-SP
seismograms (right) from an intermediate depth @2% km) earthquake in the Afghanistan-
Tajikistan border region recorded at stations ef@RSN. Besides P the depth phases pP, sP,
pPP, sPP and pPPP and the core reflections PcBahdre clearly visible, particularly on



the short-period records. The ray traces of thésesgs are shown in the upper right corner
(see also file 3in IS 11.3 and related animatioiC®-ROM).

Fig. 11.54 shows the ray paths for S, ScS and Sk their related travel-time curves
according to the IASP91 model for the whole distarange from 60° to 180° and Fig. 11.55
both short- and long-period records for these wanetseen 50° and 80°.
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Fig. 11.54 Ray paths for S, ScS and SKS and their relatactitime curves according to the
IASP91 model for the whole distance range fromt6Qr80°.
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Fig. 11.55 SP (left) and LP (right) horizontal-component seagnams from a deep-focus
earthquake in the Sea of Okhotsk (20 April 1984,/th9, h = 588 km) recorded by stations
in the distance range 50.1° to 82.2°. Note theewbffit amplitude scaling. Accordingly, the
amplitudes of various transverse phases are 2 torie3 larger in long-period records when
compared with short-period records. Four distinfthges are identified: S, ScS, sS and SS.
SKS, which emerges at distances larger than 60€Wwery overlaps with ScS between about
65° and 75°. S, ScS and SKS start to coalescestende increases toward 82°. Beyond this
distance SKS arrives before S, SKKS and ScS (regrifrom Anatomy of Seismograms,
Kulhanek, Plate 40, p.137-138;1990; with permission from Elsevier Science).

Arrays and network records, which also allow f-kiarespagram analysis are very useful for
identifying the core reflections PcP, ScP and Se&bse their slownesses differ significantly
from those of P, S and their multiple reflectiossd Fig. 11.52 as well as Figures 6a and b



and 7b in DS 11.2). Surface reflections PP, PPB, afkd SSS are well developed in this
distance range in long-period filtered records eonverted waves PS/SP at distances above
40°. Sometimes the surface reflections are the stsingmly-wave onsets at large distances
(see Figures 10c and 11b in DS 11.2). Their ideatibn can be made easier when network
records are available so vespagram analysis camsée (e.g., Figure 11c in DS 11.2). In
short-period filtered network records it is sometsralso possible to correlate well in this
distance range multiple reflected core phases sagscRKPPKP or P'P', SKPPKP and even
SKPPKPPKP (see Fig. 1.4).

Beyond 83 SKS moves ahead of S and its amplitude relativB tocreases with distance.
Network and array analysis yields different slovenealues for S and SKS because of their
diverging travel-time curves (see Fig. 11.54). Thwdps to identify these phases correctly.
Note that the differential travel time SKS-P in@es only slowly with distance (see Figure 4
in EX 11.2). Misinterpretation of SKS as S may #fere result in an underestimation of D by
up to 20°! Since SKS is polarized in the verticine it can be observed and separated well
from S in radial and vertical components of rotasedsmograms (see Figures 10c, 13e, 14e,
and 15b in DS 11.2). The same applies for PcSSuR] which are also polarized in the
vertical plane in the direction of wave propagation

In the distance range between about 30° and 103fipteureflected core phases P'N or
between about 10° < D° < 130° the phases PNKP, With reflections either at the free
surface (P'N) or from the inner side of the coreatieaboundary (PNKP) may appear in short-
period records some 13 min to 80 min after P. Aangxe for PKPPKP (P'P') and PKKKKP
(P4KP) is given in Fig. 11.52. These phases arécptarly strong near caustics, e.g., P'P"
(see Fig. 11.69) and P'P'P' (P'3) near 70° and PKéd? 100° (see Fig. 11.71) but they are
not necessarily observable at all theoreticallgvedld distances. Figures 9 and 10 in EX 11.3,
however, document the rather wide distance rangeealf observations of these phases at
station CLL (for P'P' between 40° and 105° andHEKP between 80° and 126°). Note the
different, sometimes negative slowness of thessgsavore record examples, together with
the ray paths of these waves, are presented ir@asection on late core phases (11.5.3).
For differential travel-time curves PKKP-P and PKIPFPP see Figures 9 and 10 in EX 11.3.
Also PKIiKP, a weak core phase reflected from thdéase of the inner core (ICB), may be
found in short-period array recordings throughd& whole distance range, about 4.5 to 12
min after P. Its slowness is less than 2s/°. Bey@s( P waves show regionally variable,
fluctuating amplitudes. Their short-period amplésdiecay rapidly (see Fig. 3.13) because of
the influence of the core (core-shadow) while I@agiod P waves may be diffracted around
the curved core-mantle boundary (Pdif, see Figb9land 11.63 as well as Figures 1, 2, 4b
and 6¢c and b in DS 11.3).

In any event, comprehensive seismogram analysisildhbe carried out for strong
earthquakes which produce many secondary phasésowWn phase arrivals should also be
reported for further investigations into the stune of the Earth. When reporting both
identified and unknown phases to international datnters the IASPEI-proposed
international nomenclature should strictly be obedr(see IS 2.1).

11.5.2.3 Distance range 100°< £144°

Within this distance range, the ray paths of thea®es pass through the core of the Earth.
Due to the large reduction of the P-wave velocttyha core-mantle boundary (CMB) from
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about 13.7 km/s to 8.0 km/s (see Fig. 2.53) seisays are strongly refracted into the core
(i.e., towards the normal at this discontinuityhid causes the formation of a "core shadow".
This "shadow zone" commences at an epicentral distammeen@éd 100. The shadow edge is

quite sharp for short-period P waves but diffuse lamg-period P and S waves that are
diffracted around the curved CMB (compare Figuesed c as well as 7a and b in DS 11.3).
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For strong earthquakes Pdif and Sdif may be obdeow to distances of about 150° (see
Figs. 11.56, 11.59 and 11.63).

Fig. 11.56 SRO-LP filtered 3-component seismograms at staB&®A1, Germany, in D =
117.5° from an earthquake in Papua New Guinea (dy’ 1P98, Ms = 7.0). The N and E
components have been rotated into the R and Ttainsc Phases Pdif, PP, PPP (not marked)
and a strong SP are visible on the vertical compprehereas the phases SKS, SKKS and
PS, which are polarized in the vertical propagatmane, are strong on the radial (R)
component (as are PP and PPP). Sdif, SS and SS8arg on the transverse (T) component.
Note that Pdiff and Sdiff are still acceptable adtdive phase names for Pdif and Sdif.

Fig. 11.57 shows rotated (R-T) horizontal comporf®RO-LP recordings at GRSN stations
from two intermediate deep events in the Chile-Baliborder region and in the Mariana
Islands, respectively. The related ray paths apectexl in the upper part. The records cover
the transition from the P-wave range into the Pevasre shadow. Magnified cut-outs, also of
the related Z-component records, are presenteldofthr earthquakes in Figures 1 and 2 of DS
11.3. They show more clearly the first arrivingdandinal waves and their depth phases. The
following conclusions can be drawn from a compariebthese figures:

e Pdif arrives about 4 minutes (at larger distanceéaup min; see Fig. 11.63) earlier
than the stronger PP;

 The largest phases (see also Fig. 11.60) are yskRl PPP, PS, SP, Sdif, SKS,
SKKS, SS and SSS;



6.5 Chile-Bolivia border region (NEIC)

123km Mw

2002-03-28 OT 04:56:21.7 21.65;68.2W h

SKS is the first arriving shear wave, followed bigKS, SP or PS (and the related

depth phases), all on the R component;

S/Sdiff and SS may be strong(est) in T or R, omamneboth components, depending

on the SV/SH ratio of shear-wave energy radiatethbysource.
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Fig. 11.57 SRO-LP filtered records of GRSN stations on R ar@mponents in the distance
range between 96° and 109° from two earthquakespposite backazimuth. Left: Chile-
Bolivia Border region; right: Mariana Islands (soeiidata according to the NEIC).

If no Pdif is observed, PKIKP is the first arrivalshort-period records up to 113° (see Figure
3b in DS 11.3). For distances beyond 114° PKiKRofes closely after PKPdf (alternatively
termed PKIKP). The latter has traveled throughdbter and inner core and arrives as first
onset for D> 114°. PKPdf is well recorded in short-period segnams but usually with
emergent onsets and, up to about 135° distanteyishi weaker amplitudes than PKiKP. Fig.
11.58 shows the amplitude-distance relationshigvéetn PKiKP, PKPdf and the other direct
core phases PKPab and PKPbc, which appear witedaggnplitudes beyond 143°. Fig. 11.59
depicts the ray paths and travel-time curves of, RKiKP, PKPdf, PKPab and PKPbc (for
more complete ray paths see IS 2.1). Also PKKPh(w& branches ab and bc) is often clearly
recorded between 110° and 125° (see Figures 3d an®S11.3).

LI I S S S B S S B S UL S R S B A S R I S s e B

130 135 140 145 150 155 D/°

Fig. 11.58 Smoothed amplitude-distance relationships for e phases PKiKP, PKPdf,
PKPab and PKPbc as calculated for the model 10668e distance range 130° to 160°
(modified from Houard et al., Amplitudes of corawes near the PKP caustic,...Bull. Seism.
Soc. Am., Vol. 83, No. 6, Fig. 4, p. 1840,1993; with permission of Seismological Society
of America).

Fig. 11.60 presents records of GRSN stations indie&ance range 121° to 127° from an
earthquake of intermediate depth (h = 138 km) earbgion of New Britain (see file 7 in IS
11.3 and animation CD). They show the PKPdf arsiaddout 3.5 min after Pdif together with
the dominant phases in this range, namely PP, PBPPPS and the Rayleigh-wave arrival
LR in the Z component and the SS, SSS and the @ arrival LQ in the T component.
Also shown, together with the ray paths, is theeqarase P4KPbc, which has been reflected 3
times at the surface of the Earth, and which isgazable only on the short-period filtered
vertical component. Between about 128° and 144°%soeoherent waves, probably scattered
energy from “bumps” at the CMB, may arrive as weakerunners up to a few seconds before
PKPdf. They are termed PKPpre (old PKhKP). PKPdbi®wed by clear PP, after about 2
to 3 minutes, with SKP or PKS arriving about anotnéute later (see Fig. 11.61).

SKP/PKS have their caustics at about 132° and, tesr that distance, usually have rather
large amplitudes in the early part of short-pesetsmograms (see Fig. 11.61). For medium-
sized earthquakes these phases may even be thenis to be recognized in the record and
be mistaken for PKP. Note that for near-surfacenesv&KP and PKS have the same travel
time, but with the former having relatively largamplitudes in the Z component whereas
PKS is larger in the R component. For earthquakeepth, PKS and SKP separate with the
latter arriving earlier the deeper the source (Eib.61). Beyond 135° there are usually no
clear phases between SKP and SS. Misinterpretétitben Pdif is weak or missing) of PP



and SKS or PS waves as P and S may in this destamge result in strong underestimation
of D (up to 70°). This can be avoided by looking foultiple S arrivals (SS, SSS) and for
surface waves which follow more than 40 min lagere(Table 5 in DS 3.1). For more records

see DS 11.3, examples 1 to 7.
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Fig. 11.59 Ray paths of Pdif, PKPdf, PKPab and PKPbc and tinawel-time curves for

600 km) events.
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Fig. 11.60 Main seismic phases in the distance range 121° to I27éards made at GRSN
stations. Left and middle: SRO-LP filtered Z andcdmponent, respectively. Right: SRO-LP
and WWSSN-SP components. Top right: Ray traceshag@s shown (see also file 7 in IS
11.3 and animation on CD-ROM).
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Fig. 11.61 Vertical-component seismograms at GRSN stationsrded in the distance range
135° to 141°. Left: Kirnos SKD BB-displacement;igWWSSN-SP; top: ray paths of the
phases PKPdf , PP and SKP/PKS bc. Note the predardepre.

11.5.2.4 Core distance range beyond 144°

Between 130° and 143° the first onsets of longitaticore phases are relatively weak and
complex in short-period records, but their amplsidncrease strongly towards the caustic
around 144°. At this epicentral distance three RiéRes, which have traveled along different
ray paths through the outer and inner core, nafkERdf, PKPbc (old PKP1) and PKPab (old
PKP2) arrive at the same time (see Fig. 11.59hsw £nergies superimpose to give a strong
arrival with amplitudes comparable to those of clife waves at epicentral distances around
40° (compare with Fig. 3.13). Beyond the causte titavel-time curves of these three PKP
waves split into the branches AB (or ab), BC (o) bad DF (or df) (see Fig. 11.59).
Accordingly, the various arrivals can be identifi@aiquely by attaching to the PKP symbol
for a direct longitudinal core phase the respedbiranch symbol (see Figs. 11.59 and 11.62).
Note that the PKPbc branch shown in Figs. 11.59véen the point B and C is ray-
theoretically not defined beyond 155°. However,réal seismograms one often observes
weak onsets between PKPdf and PKPab up to abolt d6@ven slightly beyond in the
continuation of the PKPbc travel-time curve. Thiage is a PKP wave diffracted around the
inner core boundary (ICB) and named PKPdif (see Figs2 and 11.63).
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Fig. 11.62 Left:Records of the direct core phases PKPdf, PKPbcPatflab as well as of
the diffracted phase PKPdif from a Kermadec Islaadhquake at stations of the GRSN in
the distance range between 153° and 16§Rt: ray paths through the Earth.



The relative amplitudes between the three direagitadinal core phases change with

distance. In SP records these three phases aresepatated beyond 146°

, and PKPbc is the

dominant one up to about 153° though the separaitween these three phases is not clear

within this range in LP records (Fig. 11.63 uppart@and Figures 9a

cin DS 11.3).
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11.5 Examples of seismogram analysis |

Fig. 11.63 Short-period (bottom) and long-period (SRO-LP)efiid broadband records of
GRSN stations of PKP phases in the distance radge fo 163°. In the LP records
additionally the onsets of Pdif and PP have beerelated with their travel-time curves.

On short-period records the phases PKPdf, PKPb®&fhb are easy to identify on the basis
of their typical amplitude and travel-time pattebhcan be determined with a precision better
than 1.5° by using differential travel-time curvies the different PKP branches (see EX
11.3). On records of weaker sources, PKPbc is dffteriirst visible onset because the PKPdf,
which precedes the PKPbc, is then too weak to Iserebd above noise. On long-period
records superposed different onsets may be recalgeionly at distances larger than 153°.
Then PKPab begins to dominate the PKP-wave groughort-period records (compare Figs.
11.63). Towards the antipode, however, PKPdf (PKIKEcomes dominating again whereas
PKPab disappears beyond 176°.

On LP and BB records the dominant phases on vedigh radial components are PKP, PP,
PPP and PPS while on the transverse componenh&SSS are dominant. For deep sources,
their depth phases sSS and sSSS may be strongesFi(s 11.64). Besides PP, which has
traveled along the minor arc (epicentral distangé¢h® phase PP2, which has taken the longer
arc to the station (360° - D), may be observaldeyeall as phases such as PcCPPKP and others
(see Fig. 11.65 as well as file 9 in IS 11.3 anldteel animation on CD-ROM). SKKS,
SKKKS, SKSP etc. may still be well developed odiahcomponent records (see also Figs.
2.48 and 2.49 with the related travel-time curvertay). The whole length of BB or LP
seismograms in this distance range between theofisets and the surface wave maximum is
more than an hour (see Tab. 5in DS 3.1).

11.5.3 Late and very late core phases

For large magnitude sources, reflected core phasgsbe observed in addition to the direct
ones, sometimes with up to 4 (or even more) regeattections. These phases may be observed
at practically all teleseismic distances with dsldehind the first arriving P or PKP onsets
ranging from about 10 minutes up to about 80 meuepending on the number of multiple
reflections. These phases are clearly discerniblg io high-magnifying SP (or appropriately
filered BB) records. Most frequently observable #ne single surface reflection P'P' (also
termed PKPPKP), and the single reflection from itiver side of the core-mantle boundary,
PKKP. As for the direct core phases, these multipfeections develop different travel-time
branches according to their different penetratieptll into the outer core (see also figures in IS
2.1). Figs. 11.66 and 11.67 show the ray path®frand PKKP waves, respectively, together
with their related IASP91 travel-time curves (Kettraad Engdahl, 1991) for sources at depth h
= 0 km and h = 600 km. Where there is more thanrefhection the respective phases are often
written P'N or PNKP, respectively, with the numioeérreflections being N-1. Ray paths and
short-period record examples for P'N with N = 2 tare shown in Figs. 11. 68 to 11.70 and for
PNKP with N =2 to 5 in Figs. 11.70 and 71. Fig.64lshows a P5KP (PKKKKKP), which has
been four times reflected from the inner side & @MB. It is observed nearly 37 min after
PKP. The phase P7KP has been found in a recordna¢siown, USA, of an underground
nuclear explosion on Novaya Zemly in 1970.

All these figures show that these late arrivals stdlyhave a significant SNR. Since they appear
very late and thus isolated in short-period recastigion operators may wrongly interpret them



as being P or PKP first arrivals from independesnés. This may give rise to wrong phase
associations and event locations, which, partiulara region of low seismicity, may give a
seriously distorted picture of its seismicity. Tiias demonstrated by Ambraseys and Adams
(1986) for West Africa.

Fiji Island

@
ko]
=]
5
&
< o 2
Ne 3
O [ u o
. 5 8a
- fo) o cag
~ — N @ a s b
[Q\ — () g
- - / o
O~ Q
O ~ L P
c Z
~— & o oo %
o XL < o 8 $
— N O Eetas
e "~ 4 a s »a
( ~O o)) _8
‘ @/ ﬂ_
)
~ v
oo -
— = 58
1 - - L oy
AN — ~ ¥s 859
p— - — .
" > O | ]
o~ &
o — =
% N T
< (@\ - x
" . Q
— s
AN
(Baq) @oupisiq
© 8 - a9 o @ ~n 9
3 & 5 8 ¢ g % 2
- N iy iy -~ - I - o
3 3 1 1 1 1 1 1 1 1 .?é
-3 -8 L3
-
8
-3 )
™
- o
3
Lo | o
w0 w
w <
3 8z
c
Lg 4 e -3 N =3
¥ o &
- e < 83
< g
o s
2
2 -< 4 -2
8
Y -
3 3 @
- <
3
Lo | o
g g
1] ]
= 3
2 Fe _ | = -9
o] < 0] £
g = 5 = ) x
o
5 e g[8 -2 2 B 93 8
3] = | € £ & G = 0O 2
~N B e} 3
3| Q@ 3
- g = [ -3 =
< <
— M - o
s g L <
3 3
N
Lo L o z
B B
—_ -3 Q
o -3 - = B
a =
% 4 =
—— 3 £
| o L o 3 3 - o S
] & = == L2 =
i _ = 29
3 \e}: = €
a —— =
s rs -8 \'é = 2
] N ~ I © 2
\\ -3 8
Fs L5 & \'Q
a <
o i - o
5 - =
O {x
Q & 15 1= g Q & 1944 g o
5 O (S 30 @ Lo =2} o =10 @ Lo o
g
X { T 17T o
| T T T T T T — = T T T T T T T — = T T T T T T T T2
Q2 & - o o ®» & 9 o 8 - o o ® & © O 8 - o o @ o 9
83 8 s 8 ¢ & % ¥ 3 8 s 8 ¢ & % 9 3 8 & 8 ¢ g% 5 %

(‘Baq) eoupisig (Baq) eouoisiq (Baq) @oupisiq



11.5 Examples of seismogram analysis |

Fig. 11.64 Records of GRSN stations of a deep earthquakeeifrijhisland region. Top: ray
paths and source data; bottom: records on the Zcooent (LP left and SP right) and T
component (middle) (see also file 8 in IS 11.3 mldted animation on CD-ROM).
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Fig. 11.65 Records of GRSN stations of a shallow (crustal}heprake east of the North
Island of New Zealand. Upper right: ray paths, seuwlata and wavefronts of PP and PP2
arriving in Germany; bottom: records on long-peroainponents (Z left and right; T middle).
An animation has been produced that shows the mgyagation and seismogram formation
for this earthquake (see file 9 in IS 11.3 andteglaZCD-ROM).
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Fig. 11.69 Short-periodrecord segments showing P and PKPdf (bottom) tegetlith P'2,
P'3 and P' 4 (middle) at GRSN stations. Top: Redlaty paths and source data. Note the
negative slowness for P'2 and P'4. The theordtiaa¢l-time curves relate to IASP91. Record

length is one minute.
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Fig. 11.70 Late and very late multiple core phases PKKP, R2RI3, respectively, together
with their depth phases in short-period filteredorel segments of GRSN stations from an
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propagation and seismogram formation from this @®@see file 6 in IS 11.3 and related CD.
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Fig. 11.71 ®ort-periodrecord segments of P and PKPdf (bottom) togethén thiose of
PKKP, P3KP and P5KP (middle) at GRSN stations. TRglated ray paths and source data.
Note the negative slowness for PKKP and P3KP. Tikerttical travel-time curves relate to

IASP91. Record length is one minute.
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In Figs. 11.62 to 11.71 the theoretical travel-tiougves for core phases have been shown.
For consistency, they are based on the travel-timelel IASP91 (Kennett and Engdahl,
1991), as in all earlier record sections showrtlierteleseismic distance range. An exception
Is Fig. 11.68, which shows additionally the theimadttravel-time curve for the JB model
(Jeffreys and Bullen , 1940Dne recognizes, that the model IASP91 vyields ofisets for
core phases that tend to be earlier than the rnsalts in the seismograms. This applies to both
direct and multiple reflected core phases. Theeagent between real and theoretical onsets
of core phases is better when using the JB modhel.JB model is still regularly used for the
location of teleseismic sources at the internatidiaéa centers in Boulder (NEIC), Thatcham
(ISC) and Moscow whereas the IDC of the CTBTO u#&3P91. The more recent model
AK135 (Kennett et al.,, 1995) is more appropriat@nthlASP91 for core phases. No
recommendations have been made yet by IASPEI fioigus best fitting global 1-D Earth
model as standard at all international data centéosvever, the NEIC is currently rewriting
its processing software so that it will allow toeudifferent Earth models, and AK135 will
probably be its “default” model.

Note that the difference between the azimuth of Rhevave and that of P'P' and PKKP,
respectively, is 180(seeFigs. 11.66 and 11.67)herelated angular difference of the surface
projections of their ray paths is 36 where D is the epicentral distance. Accordinghg
slowness of P'P' as well as of any even numbersXgative, i.e. their travel time decreases
with D. This also applies to PKKP and P3KP, as lbarseen from Fig. 11.71. The surface
projection of the travel paths of P'3 is 360° + i@l dhat of P'4 is % 360°—D. PKPPKP is
well observed between about 40° «<[105°. In this range it follows the onset of P [3/t8

24 min (see Figure 10 in EX 11.3 with observed Yathe existence of P'N is not limited to
PKPbc. Fig. 11.68 shows an example of P'3df, reszbrak a distance of about 67°. P'4 is
sometimes observed in the distance rangé id236. An example is given in Fig. 11.69.

Similar ray paths can be constructed for PNKP, ghase with (N-1) reflections from the
inner side of the core-mantle boundary (see Fig7I)1 Figure 9 in EX 11.3 gives the
differential travel-time curves for PKKP to thedfirarrivals P or PKP, respectively, in the
distance range between 80° and 130° together Weéhobserved data. In this range PKKP
arrives 13 to 19 min behind P or 9.5 to 12 min heél?KPdf.Higher multiple reflections from
the inner side of the CMB such as P3KP, P4KP arPR&e observed, if at all, at 37 + 1 min
after the first arriving wave. The latter is trugg P3KP following P at around 10for P4KP
following P between 45< D < 75 and for P5KP following the onset of PKPdf betwedout
130° < D < 150 (called “37- min” rule- of- thumb).

A particular advantage of these multiple refleatede phases is the small depth dependence
of their travel-time differences to P and PKP, sxippvely. Consequently, their identification
allows very good distance estimates to be made Bmgle station records even when the
source depth is not known. Because of the invefterehtial travel-time curves of PKPPKP
and PKKP with respect to P and PKP their identifizacan be facilitated by comparing the
onset times at neighboring stations (e.g., Fig7@L.The polarization of both the first arrival
and the possible PKKP or PKPPKP onset, determirtad 8-component records, can also aid
identification because their azimuths should beosfip to that of P or PKIKP, respectively.
Sometimes, also converted core reflections sucBKRRBPKP or SKKP can be observed in
short-period recordings. However, direct or refielctore phases, which have traveled along
both ray segments through the mantel as S waveh @s SKS, SKKS, etc.) are mostly
observed in broadband or long-period records.



11.5.4 Final remarks on the recording and analys of teleseismic events

Box 2 below, summarizes the key criteria that stidag taken into account when recording
and analyzing seismograms from sources at telegedistances (see also 11.2.6.1).

Box 2: General rules for recording and analyzing tkleseismic events

e The overall duration of teleseismic records at epial distances larger than
15°(or 20°) ranges from tens of minutes to severalr$ioli increases both
with epicental distance and the magnitude of theco

* High frequencies, of S waves in particular, areratated with distance so
recordings at long range are generally of lower (.01 - 1 Hz) frequency
than local or regional recordings.

e Usually only longitudinal waves, both direct or niple reflected P and PKP
phases, which are much less attenuated than S wereewell recorded by
short-period, narrow-band seismographs (or thelukited equivalents) with
high magnification of frequencies around 1 Hz. Heare S waves from deep
earthquakes may sometimes be found also in SReisteis records.

e Because of the specific polarization propertiestaéseismic body and
surface waves, polarization analysis is an importeol for identifying the
different types of wave arrivals.

* According to the above, teleseismic events are besbrded by high-
resolution 3-component broadband seismographs laige dynamic range
and with sampling rates f = 20 Hz.

« The main types of seismic phases from teleseisoucces are (depending
on distance range) the longitudinal waves P, AR, PcP, ScP, PP, and
PPP and the shear waves S, Sdif, SKS, ScS, PSa85,SSS. The
longitudinal waves are best recorded on vertical aadial components
whereas the shear waves appear best on transvelree eadial components.

* Multiple reflected core phases such as P'N and ENWftch appear on SP
records as isolated wavelets, well separated froan PKP, may easily be
misinterpreted as P or PKP arrivals from indepehdersmic sources if no
slowness data from arrays or networks are availaleeir proper
identification and careful analysis helps to aveing source association,
improves epicenter location and provides usefuh dat the investigation of
the deeper interior of the Earth.

» Several body wave phases such as PP, PS, SP, $apRiftd its depth
phases, SKKSac, SKKSdf, PKPPKPab, SKSSKSab ungergee shifts and
wavelet distortions at internal caustics (see 23%.4This reduces the
accuracy of their time and amplitude picks andrtkeitability for improving
source location by waveform matching with undistdrphases. Therefore it
is recommended that seismological observatoriesecbthese phase shifts
prior to parameter readings by applying the invétgdbert-transformation,
which is available in modern software for seismagemalysis.

» Surface waves of shallow events have by far thgektramplitudes while
surface wave amplitudes from deep earthquakes ange | (nuclear)
explosions are small at teleseismic distances.

e At seismic stations or network centers the follayviparameter readings
should be obligatory during routine analysis: ontsete and, if possible,




11.5 Examples of seismogram analysis |

polarity of the first arriving phase; maximum P ditygle A [nm] and period
T [s]; onset time of secondary phases; and forlehatources additionally
the maximum surface-wave amplitude 4] and period T [s].

 P-wave amplitudes for the determination of the speriod body-wave
magnitude mb have to be measured on standard pood (WWSSN-SP
simulated) records in the period-range 0.5 s < P s<whereas the surface-
wave amplitudes for the determination of the sw@faave magnitude Ms
have to be measured on standard long-period t€s&RO-LP or WWSSN-
LP simulated) records, typically in the period rariy s <T <23s.

* For more guidance on magnitude determination, usisg other phases and
records/filters, consult section 3.2.1 and relatedexes.

* Networks and arrays should additionally measurerapdrt slownesses and
azimuths for P waves.

* For improved determination of epicentre distandes theasurement and
reporting of travel-time differences such as S-F5-PSetc. are very
important, and for improved hypocenter determimatiadditionally the
proper identification and reporting of depth phasesh as pP, sP, sS and of
core reflections (PcP, ScP etc.).

* Picking and reporting of onset-times, amplitudesl geriods of other
significant phases, including those not identifiace encouraged by IASPEI
within the technical and personnel facilities aabié at observatories and
analysis centers as being a useful contributiorgladal research. These
extended possibilities for parameter reportingraoe well supported by the
recently adopted IASPEI Seismic Format (ISF), whicluch more flexible
and comprehensive than the traditional Telegrapbitnat (see 10.2 as well
as IS 10.1 and 10.2).

* For reporting of seismic phases (including onsetsiaentified) one should
exclusively use the new IASPEI phase names. Foddfi@ition of seismic
phases and their ray paths see IS 2.1.
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