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13°-100°
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Mozartstrasse 57, 91052 Erlangen, Germany, Fax9133 8104 099,
E-mail: klinge@szgrf.bgr.de

Version October, 2001

Note: Most of the examples given below show either rezafdthe German Regional Seismic
Network (GRSN; aperture about 500 x 800 km) orhef Grafenberg broadband array (GRF;
aperture 45 x 110 km; see Figs. 8.14 and 9.4amthnual Chapters 8 and 9). The following
abbreviations have been used: D — epicentral distemdegree, BAZ — backazimuth in degree, h
— focal depth in kilometer. Complementary comméiatge been added by the Editor.

Example 1. Earthquake in Greece

USGS NEIC-data:1999-09-07 OT 11:56:50 38.13N 23.B85E10km mb = 5.8
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Figure la Broadband vertical-component seismograms recoatléd GRF/GRSN stations
within the distance range D = 13.4° (WET) to 18(BSEG). Traces have been sorted
according to increasing distance. A complex P wavellowed by S and surface waves with
longer-periods than P. Both body waves are infledriay upper mantle discontinuities. Note
the large P-wave amplitude at the most distantostaBSEG because amplitudes increase
rapidly towards the “20° discontinuity” (see Figl3 in Chapter 3).
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Figure 1d KIRNOS-filtered three-component seismogram froen @RF-array station GRA1
(D = 14.55°, BAZ = 138°). The horizontal componeNtsand E have been rotated into the
radial (R) and transverse (T) direction. The onséthe body waves P and S and of the long-
period surface waves LQ (Q) and LR (R) have beerkeda

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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9 KV BHZ
KV BHZ

Figure le Low-pass (left) and high-frequency band-pass 8itef0.5-5 Hz) seismograms of

the same earthquake recorded at station KIV (Kmlisk; Russia) at the distance D = 15.2°.
The horizontal components N and E have been rotatedhe R and T direction. No long-

period waves are visible in the high-frequency rédoourtesy of Lars Ottemoller, 2002).
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Example 2: Earthquake in NW-TURKEY

USGS NEIC-data:1999-11-12 OT 16:57:20 40.79N 31.AH10km Mw = 7.1
(D = 16.5° to GRF, BAZ = 115°)

17.08.1998 izmi{ Earthquake FaultRupture s

Known Faults
=== = Frobabls Faults hased on seism

Tekir: .

BOGAZIC| UNIVERSITY
KANDILLI OBSERVATORY and EARTHQUAKE RESEARCH INSTITUTE
SEISMOLOGY LABORATORY
Levent GULEN and Dogan KALAFAT

© 12111999 Mw 7.1 (NEIC)

Figure 2a The Duzce earthquake of November 12, 1999 occwabedt 110 km east of the

earlier Izmit earthquake of August 17, 1999. Theprshows the epicenter regions of both
earthquakes together with one moment-tensor solufior the Izmit event) and the right

lateral surface displacement values (in cm) obskafter the first shock.
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Figure 2b Broadband vertical-component seismograms recoedetl2 GRSN stations.
Traces are sorted according to increasing distéidce 14.7° from GEC2 and 19.6° from
BUG). A clear P wave is followed by a relativelyakeS and strong dispersed surface waves
with much longer-periods than P. The P and S wawmedp influenced by upper mantle
discontinuities, show a complicated structure. Ntite growing P-wave complexity and
amplitudes with increasing distance towards the ‘@6continuity” (see Fig. 2.29 in Chapter
2 and Fig. 3.13 in Chapter 3).
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Figure 2c Broadband vertical-component seismogram with Pemansets recorded at all
GRF-array stations. Traces are sorted accordinopdeeasing distance (D = 12.86° from
GRC3 and 13.03° from GRA1) and shifted in time adocw to a reference station
(beamforming). All signal onsets are coherent. Weak first arrival of the P-wave onset is
marked on the GRF-station GRAL.
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Figure 2d Broadband seismogram with P, weak S and long-pesiothce waves from
station GRAL (at D = 13.0°).
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Example 3: Earthquake in Southern TURKEY

USGS QED-data: 1998-06-27 OT 13:55:49 36.95N 3518% 10G Ms =6.2

(D = 21.6° to GRF)
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Figure 3a Broadband seismograms with high time resolutionnéhg the complex P-wave
groups. Records were made on vertical component$0ofSRSN stations at epicentral

distances between D =

19.7° (GEC2) and 24.8° (GSiBces are sorted according to

increasing distance. P waves on the individualesaare influenced by upper mantle
discontinuities and signals are not coherent.
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Figure 3b Broadband seismogram with P- and S-wave onsetwded at 12 GRF-array
stations. Traces are sorted according to increadistgnce. P and S waves on the individual
traces are influenced by upper mantle discontiesiiénd signals are also not coherent.
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Figure 3c Three-component displacement-proportional KIRNQ®+ed seismogram
recorded at the GRF-main-station GRA1 (D = 21.G%e original N- and E- horizontal
components have been rotated with R showing irgostiurce direction. The time difference
between the onsets SH (horizontal polarized S wand) SV (vertical polarized S wave) is
about 4 sec. The reason for this difference mahéanisotropy of upper mantle layers.
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Example 4: Earthquake in ICELAND REGION

USGS QED-data: 1998-06-04 OT 21:36:54.2 64.00912W h = 10G
mb =5.1 Ms = 5.1 (D = 22.5° to GRF)
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Figure 4a Broadband vertical-component seismograms recoated3 GRSN stations.
Traces are sorted according to increasing epidafist@nce (D = 18.9° to BSEG and 24.2° to
GEC?2), shifted in time and aligned for better slgo@mparison. All signals are incoherent
and influenced by upper mantle discontinuities.
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Figure 4b Broadband vertical-component seismograms recoati¢de GRF-array stations.

Traces are sorted according to increasing distdbce 22.48° to GRA3 and 23.27° to

GRC3), shifted in time and aligned for better slgpamparison. Because of the smaller
aperture of the array as compared to the GRSN mktaignals are more similar. At the

nearest stations (GRA3 up to GRA4) a second omgetaas about 10 s after P.
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Figure 4c Simple three-component broadband seismogramtairs@RAL1 (D = 22.5°) with
clear P, S and surface waves. Horizontal comportests been rotated (ZRT) with R into
source direction.

Example 5: Earthquake at the Afghanistan -Tajikisan border region

USGS QED-data: 1998-05-30 OT 06:22:28.7 37.050M8GE h = 33N
mb =5.8 Ms = 6.9 (D = 43.5° and BAZ = 83.7° frolRB5
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Figure 5a Three-component long-period seismogram (WWSSN-LRukition filter)
recorded at station MOX (D = 43.2°, BAZ = 85°) wlh S and dispersed surface waves. The
nuclear explosion in Pakistan (see Figure 6.2) reasrded within the coda of this strong
earthquake. As compared with the earthquake naseirivaves has been recorded from the
nuclear explosion.
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Figure 5b Short-period filtered P-wave onsets (WWSSN-SP satm) recorded at 13
GRSN stations within the distance range betweerd.7° (BRG) and 46.5° (GSH). P-wave
trains are rather complex as compared with therdscof the nearby underground nuclear
explosions (see DS 11.4, Figures 2 and 3).
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Example 6: Deep-focus earthquake in the HINDUKUSHREGION

USGS NEIC-data:1999-06-21 OT 17:37:29 36.40N 70.68E 249km
mb = 5.7 (D = 44.3° to GRF, BAZ = 84.1 deg)
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Figure 6a Short-period filtered seismogram (WWSSN-SP sitmig recorded at 12 GRSN,
GRF(GRA1), GERESS and GEOFON stations. Tracesatedsaccording to distance (D =
42.4° to BRG and 47.6° to WLF), shifted and aligiedP onsets. Note that the travel-time
curves for PcP and PP intersect in this distanogeaDepth phases pP and sP (see the
marked theoretically expected arrival times) aré wigible on this short-period filtered
record.
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Figure 6b Stations and source parameter as in Figure 6agVmwecords of displacement-
proportional Kirnos-simulation. Phases P, PP aeddétpth phases sP, sPP are clearly visible
on these records while the phase pP is recogninaibyeat GEC2.
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Example 7: Earthquake in the Laptev Sea Region

USGS NEIC-data: 1996-06-22 OT 16:47:13.1 75.81BM.710 E h = 10G
mb=56Ms=5.5
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Figure 7a Vertical (Z) componenshort-period seismograms (WWSSN-SP simulationrfilte

recorded at 14 GRSN stations. Traces are sortemfding to increasing epicentral distance
which ranges between D = 44.5° for RGN (with BAAZZ5°) and 51.4° for BFO (with BAZ

= 14.7°). P, PcP and PP are clearly visible. Nogedecreasing travel-time difference (PcP -
P) with increasing epicentral distance and thetedl@amall slowness values (sl<4 s/deg) for
the core-reflected wave PcP. At a distance of ald&dt (see record of station RGN) the
travel-time curves of PcP and PP intersect. GelyefatP is well recorded on short-period
filtered records, however no PcP onset is recotphezabove the noise level in the records of
stations STU, MOX and BUG.
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Figure 7b The same records as in Figure 7a, however, traaes been time-shifted and

aligned for the P onsets. This figure shows moearty the decreasing travel-time difference
(PcP - P) with increasing distance from the epeent
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Figure 7c Short-period filtered seismograms recorded at tRé--@rray. Traces are sorted
according to increasing distance (D = 49.48° to GR#Ad 50.33° to GRC?2), shifted in time
and aligned for P onsets. Phases P, PcP and PPohawemarked. Because of the smaller
spacing of the array-stations as compared withHdR&N stations, the decrease of the travel-
time difference PcP-P is less obvious.
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Example 8: Record of an earthquake in Mongolia

USGS-QED-data; 1998-09-24 OT 18:53:40.2 46.27406.237 E h = 33km
mb = 5.3 Ms = 5.4, (D = 59.4° and BAZ =54° from QBRAL1))

24-5EP-1933_13:03:42,655  >0pdd<
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MO® Z

Filters G_MWSSH_SP
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T | T

13:03:45

13:03:50
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13:04:00

Figure 8a This is an example for an event with coherent tsperiod P waves within the
GRSN (WWSSN-SP simulation filter). Additionally,etmecord of the GEOFON-station WLF
in Luxembourg is shown on trace No.14. The traces sorted according to increasing
distance (D = 57.3° to BRG and 62.1° to WLF), ddfand aligned for P onsets. The most
remarkable feature is the strong variability of tRewave signal-amplitudes within this
regional network. The table below gives the meabaraplitudes together with the calculated
magnitudes. Body-wave magnitudes mb vary betwedn(GEC2) and 6.2 (GRAL). The
depth phase pP was used to estimate a better sbeptie (h = 44 km) than the value given in
the QED (h = 33 km).

17
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Table 8a Result of the seismogram analysis shown in FigareT8e table was printed from
the GRSN databank and contains in the uppermastsimirce parameters like date, an event
identification number (ev_id) and the name of thalgst (KLI for Klinge). The following
lines give the analyzed stations, onset times, gfapolarities, components, periods T,
maximum amplitudes A, body- and/or surface-wave mtages mb/MS, epicentral distances
D, beam-slowness b_slo, beam_azimuths b_az. Thertoost part of the table contains
source parameters like analysis center (SZGRRJjmotime OT, latitude, longitude, average
magnitude values for mb and MS, depth of the soantesource region. Note the significant
differences between the magnitude estimates mb feaords of different network stations.

ev_id 980924007 kLI
19958-09-24

BRQ 19:03:27.2 e P Z T 1.2 A 135.5 mbh 5.9 D0 58,3
BLTGH 19:03:27.2 e P T 1.1 A 124.1 mh 5.8
BSEG 19:03:28.2 e P Z T 1.1 A 188.3 mbh 6.0 D 58.4
CLL 19:03:28.6 e P Z T 0.9 A898.9 mh 5.8 D 58.5
GECZ2 13:02:36.3 1 P cf T1.2 & 4E.9 mb 5.4 D 59.6
CLE 19:03:36.6 e P £ T1.1 A17°7.7 mbh 6.0 D 59.6
M 19:03:36.9 e P T 1.2 A122.4 mbh 5.2 D 59.6
WET 19:03:38.5% e P Z T1.2 A 107.2 mb 5.7 D 59.9
BRG 19:03:33.3 e pP pal
GR&1  19:03:42.6 7 P 2 T 1.1 & 286.5 mbh 6.2 D BO.4

b_slo 5.8 b_az 54
BUG 19:03:48.5 e P £ T1.1 A 162.4 mbh 5.8 D B1.4
FUR 19:03:48.6 e P 2 T1.1 A174.3 mbh 5.8 D B1.3
TNS 19:03:49.9 e P Z T 1.1 A 103.0 mbh 5.0 I B1.5
G5H 19:03:54.5 e P 2 T1.3 A 132.3 mbh 5.0 I 2.3
aRa1l  19:03:55.0 e pP z
BFO 19:03:57.4 e P Z T 1.1 & 55.2 mbh 5.6 I B2.8
WLF 19:04:00.1 e P Z T1.7 & 80.3 mbh 5.6 D B3.0
GRAa1T  19:11:52.2 e § E 0 B0.4
GECZ2 19:30:36.0 e L £ T 19.9 4 3895.8 M5 5.5
GRAa1 19:31:03.6 e L T 2006 & 3398.7 M5 5.5

SZ0RF OT 18:53:39.3 45.30M 106.84E mb_ay 5.8 MS_avy 5.5

DEP 44k MONGOLTA
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Example 9: Earthquake in California

SZGRF-data:1999-10-16 OT 09:46:55 34.9N 115.9M¥=6.6 Ms=7.9
The event happened east of Los Angeles (D = 832 8319° from GRF) .

16-0CT-1333_03:59:19,062  »5,07<  Filter: Mone LastCmd: Alian

131 ALIGN -
F

123 GRCE Z-—r—srrerry -

113 GREZ 2=y -

103 GRC1 Zr—mrmey -

9: GRBS & —— ™ -

8 GRC4 & = -

71 GRE3Z & =iy -

B GREZ & ————"= -

By GREL 2~ -
P
45 GRA4 2 e U1 _
P

3t GRAZ & —esromrnnee

|
2 GRAL Z W: II(U M —
I

1: GRAZ & —enmmenmmet—ny

| T T T T T T T T T T

T
03:53:40,007 10301120, 007 10303500, 007

Figure 9a Broadband vertical-component seismograms recortld@ &RF-array stations.
Traces are sorted according to increasing distébce 83.6° to GRA3 and 84.4° to GRC3),
shifted in time and aligned for P onsets. The cetiephases P and PP are marked, however
some more onsets appear ahead of PP.
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16-0CT-1333_03:58:45,734  >5,03<  Filter: KIRNOS LastCmd: Beam

14+ BEAM ZWMW _
P PP

13+ GEC2 Z;WWW\\W _
P 2P

12: FUR 2 —"_J

Wy WET & ————— + -
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3: BFO Z _‘—N\NJ\MW\—NW—\/\W\PJW -
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B CLL 2 —WW/\VWW _
P PP

T+ MOY 7 _WMMMWMW —
P

B TN Z ——W\J”WJ\«M/\»M“\/\M -
P P

B 27 ——— -
P up

dr WLF 2 7MWJWWWW\/\| _

PR

33 RGN 2 Ao M/\/\Nw\_n =

P

24 BUG 7 ——-WWJ\/\WWW\/\NWW _
P P
1: BSEGZ—~——~—”\,J‘J\ AW\MMN\/\/W’\A\/\[\MW -
T 'I T T T T | T T T T | T

09159:45 10301120 1030305

Figure 9b Broadband vertical-component seismograms recordeti3aGRSN-stations.

Traces are filtered (Kirnos-simulation), sorted aadang to increasing distance (80.1° to
BSEG and 85.3° to GEC2), shifted in time and alijfee P onsets. The used displacement
proportional broad-band filter displays clearly tt@herent part of the wave train from the
network. As in Figure 9a, coherent phases appesacabf PP that have slowness values as P.

15—0CT—1999_n39:59:13. 047 43 80<  Filter: Mone LastCmd: Set Time

T T —— nh ‘ n

T T T T T T T T T T T T T T T T T T T T
0915520 10640 11500 10323120 10131z 4 L0z 0 EROn)

Figure 9c Broadband three-component seismogram recorded &#1GR = 83.6°). The
horizontal components are rotated into the R aw@dction. Phases P, PP, S, SS and surface
waves are displayed. Rayleigh waves recorded dalradd vertical components appear later
than Love waves recorded on the transversal conmpamdy.
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Example 10: Earthquake near the coast of NICARAGUA

USGS NEIC-data: 1998-10-09 OT 11:54:29.0 11.338M-BOW h = 10km
mb = 5.6 Ms =5.6 (D = 86.3° and BAZ = 282° frorRE(GRAL))

3-0CT-199_12:07:55,680 >1,20¢0  Fiilter: G_MHSSN SRy w3 4
242 ALIGH s -

231 GEC2 Z ' =
222 BRG Z '

211 WET 2
20 CLL 2
19; GREZ Z
18; GRES 2
17+ GRC3 2
161 GRB2 Z
15; GRCL 2
147 GREL Z
131 GRC4 2
121 GRCZ Z
11: GRB4 Z

[y
=3
++

GRA4 2 ﬁ .
GRA2 Z i il
GRAZ 2
: ‘JMM

U E -\rA1hﬁw&m"ﬂhﬁ*ﬂuwﬂ—dﬁ;J\;EP #l i
: GRAL 2 WMWWW ;

s CLE 2 -

+ BSEG 2 -
: BF0 2 ’ir -

LT i : éérﬁﬁfrgjlﬂﬂfmfkﬁfﬂ
: G5H Z b“wﬁq \.,f“1f‘xr“"+’v“\fiﬁ&ufbvxﬁvmf‘4r' )
| T T T T

12307405 12307415 12307425 12207135 12:07 145 12:07:55 12:08:05

| ui =S N N . B = R R R n
£+ 4

Figure 10a Short-period seismograms (WWSSN-SP simulationrjilteom 23 broadband
stations of the GRF-array, the GRSN network andGRRESS array (GEC2). Traces are
time-shifted, aligned for P and sorted accordingntweasing distance (D = 83.1° to GSH and
88.1° to GEC2). Note the large number of onsetkiwithe first 40 sec of the P-wave group
(P, pP, X1, X2, X3, X4). The reason for these npldtionsets may be a multiple rupture
process or (in some cases) reflections from thebyesubduction zone.
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9-0CT-1938_12307:10,825 1,21 FHte SH_LF Wl o H3 s
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Figure 10b Long-period seismograms (WWSSN-LP simulation f)liefrthe same stations as
in Figure 10a, depicted with high time-resolutidinaces are aligned and sorted according to
increasing distance. Note the very long-period Remanset (T= 14 s) in the time window
between P and X2 where the P-wave amplitudes dativedy small in the short-period
filtered records whereas at X4, which is by far lrgest onset in Figure 10a, no long-period
wave onset is to be seen. This seems to speakioitiatly “slow” earthquake rupture which
then escalated into a faster rupture or the bréak“barder” asperity which generated more
short-period energy.
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3-0CT-1398_12:06:53,015  >45,21<  Filter: SRO_LF L LaztCmd: Theo (Table
SES 55 F

S——— | "

Figure 10c Time-compressed long-period filtered three-comporssismogram (SRO-LP
simulation filter) of the Nicaragua earthquake releal at station MOX (D = 86.4°, BAZ =
283°). Horizontal components have been rotated th® R (radial) and T (transverse)
direction. The seismogram shows long-period phBsé¥, SKS, SP, SS and surface waves L
(or LQ for Love wave) and R (or LR for Rayleigh vedv Note the remarkably simple
waveforms of P and PP as compared with the cometicatructure in the short-period P-

wave group in Figure 10a.
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Example 11: Earthquake in Taiwan Region

USGS NEIC-data: 1996-08-10 OT 06:23:08 24.032 R3320 E h = 46G
mb=5.2 Ms=5.2 (D =87.1° and BAZ = 56.6° fr&RO)

10-AUG-1936_06335:31,688 13,004 Filter: Mone LaztCmd; Filter

73 WET Z WMWMWWWWMMMWW“WWW—
6: THS Z WWWMWWMMMWMWWWWWWM—

Ge HOX Z WMWMWMWWWWMMWWMMWW%—

g ‘PP FFF FFPF S
4107 2 %MMWWWW -

3 CLL 7 WMWWMWWWMWWWMW—
23 BRG Z %MMMWWWM%WWWMWWMMMW—

1; BFO 2 -

06:34:53,979 06:36:39.973 06:38:13,979 06:33:59.973 06:41:33,973 06:43:19,973 06:44:59,973 06:46:33.973

Figure 11a Broadband vertical-component seismograms of thevdraiearthquake recorded
at 7 GRSN-stations within the distance range D 98and 87.1°. Only the P-wave onset is
recognizable on the records. Secondary onsetsasustrface reflections of the P and S wave
(theoretical onset times marked on the CLZ trace)at to be seen above the noise level.
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10-AUG-1336_06135:17,469 >43.56<  Filter: SRO_LF

71 MET 2

By TMS 2 i

55 HOK Z f
43 CLZ 2 'WWMMW

P PP pRPpRRP ‘s 55 335
2: BRG Z %MWWMWWWMMM{UWWVAW%WW\MW

1: BFO 2

T T T T | T T T T | T T T T | I'Ir

T
OE;42:44,379 0E351:04,973 0E;59;24,5979 07307:44,973

Figure 11b The same event as in Figure 11a after long-peritatifhg (SRO-LP simulation
filter). Note the pronounced onsets of PP, PPP PP&Pwell as S, SS and SSS which are
marked at the record trace of station CLL (D = 8R.Phase identification is eased by using
absolute (see overlay to Fig. 2.48) or differentidoretical travel-time curves (see Figure 4
in Exercise EX 11.2). This is essential when intetipg single station recordings. Modern
seismogram analysis program can automatically riakheoretically expected onset times
of the various phases when the epicentral distéamdbe station and the source depth are
known or assumed. When a network of stations @yas available, phase identification is
supported byespagram analysis as shown in the following figure.
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10-AUG-1996_0F: 35231, 066 »26.60¢ Filter: SRO_LP cco lastOnds Set Time
141 54+15,0 I h

131 5:14,0 -

12: 5:13.0 -

11 S::LQ,UMMM _
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102 S:ii,O%—WWvM -

9: 5:10,0 i —
FFF
Br 51 8.0 ! _
71 51 8.0 —
E: 53 7.0 _
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4y 51 0,0 F T -
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| T T T T | T T T T | T T T |I|\l T |

0E:34:30,309 0E:42:50,303 0E351:10,303 0E:53:30,303

Figure 11c For better phase identificationv@spagram analysisee 9.7.7 in Chapter 9) of
the long-period filtered traces was made. ldemtifighases have been marked on their
respective slowness trace S (e.g., P on trace sloivness S = 5.0 s/° and PP on trace 7
with S = 8.0 s/°). In the vespagram traces theeesge phases have the largest amplitudes at
their proper slowness value.
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Example 12: Earthquake in the region of Michoacan, Mexico

USGS NEIC-data: 1997-01-11 OT 20:28:26.0 18.193R.800 W h = 33G
mb =6.5 Ms =6.9 (D =90.9° and BAZ = 299.7° fr@RFO site)

11-JAN-1997 20541512841 >2,31< Filter: Mone sortid LastCmd: Filter E»
12+ WET Z M’\M,‘ —
P
11: FUR Z WMWWW -
P

103 CLL £ -

9: GRFO Z -

B: MO¥ Z WWW\WM\WMWM—
P
B: RGN Z WWW‘\N%MW\WW—

5 (L7 Z AWM—M‘NWMAWMW—

P

3: BSEG 2 '—N—FIMWMWWWWWWW =
P

2¢ BUG 7 WWWMWW\ =
P

1y TBBN Z -~y -

20141109, 986 20:41:34,936 20:41:53,986 20142124,986 20142149, 986
Figure 12a Broadband vertical-component seismograms recortld@ &RSN-stations are

shown. Traces are sorted according to increasstgriie of the stations (D = 87.7° to IBBN
and 92.1° to WET). P-wave onsets are marked.
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11-JAN-1997_20341312,841  »2,31< Filter: GoMWSSM_SP sort:d LastCud; ALP peak-
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3+ BSEG 7 —
o]
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Figure 12b Records at the same stations as in Figure 12a, Jsovedter application of a
short-period WWSSN-LP simulation filter. This is cessary for amplitude and period
measurements required for standardized mb body-wegnitude determinations. Maximum
double-amplitudes (2A) and half-periods (T/2) ararked for the first wave group. Later
onsets may belong to secondary or depth phases.
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11-JAN-1997_20:41512,841  »2,31< Filter; SHM_LP_155_4

123 WET Z Wj -
p
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Figure 12c Records at the same stations as in Figure 12ag\r@vafter application of d"4
order Butterworth low-pass filter (fc = 15 s). Thayow the long-period energy content of the
earthquake with P-wave periods of about 20s! Alglgperiod network traces are coherent. In
this case the network can be used as an array.
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11-JAM-1997_20:41:26,406 >16.37<  Filter: Mone 5 LaztCmd: Set Time

3L OLLT WWWMWWWWWW -

&) SkSac F5

2: OLL R WWWMMMWWMMMWMW% -
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20:41:19,886 20145:29,886 20343:33,886 20353143,886

Figure 12d Broadband three-component seismogram recordecht@rstCLL (D = 91.0°,
BAZ = 301°). Note that at teleseismic distances @&eas and their multiples show up most
clearly in the Z component because of the smallderce angle, decreasing with distance,
and the oscillation of P waves in ray directioneTtorizontal components are rotated, with R
into the source direction. The radial componentwahmost clearly the direction of wave
propagation (or toward the source; i.e., with a°18tbiguity which can be resolved by
taking the direction of P-wave first-motion — up @own — into account; see EX 11.2).
Accordingly, in the R component all waves show igady which are polarized in the Z-R
plane. These are, besides the primary and mulpleaves also all waves which have been
converted during their propagation at discontimsitirom P into S and vice versa such as PS,
PPS, SP, SSP etc. but also SKP, PKS, SKS, SKKST'k&latter had to travel at least one
segment along their travel path through the Earthiger core (K) which is liquid and
transmits no S waves. S waves, however, which h&en generated by mode conversion
from P waves, can oscillate only in the same Z-&elas P itself. And when a mantle S
waves hits the core-mantle boundary, only theitigalty polarized SV energy can partially
be converted into a P wave and penetrate into ther @ore while any SH energy will be
totally reflected back into the mantle. This alsglains, why multiple S-wave reflections
such as SS, SSS, SSSS contain an increasing p8H @nergy. The primary S waves, as
originating from the earthquake rupture processy mantain both SV and SH energy in
variable proportions, depending on the rupturentaigon in space. The SH part shows up in
records of the transversal (T) component. When @wimg@ energy arrivals in the S-wave time
window in the T and R components one can discriteiretween S and SKS (see figure
above). Note that SKS and PS are recorded also, ino&ever with smaller amplitudes
because of their oscillating perpendicular to @ arientation. An unknown phase, denoted
X, appears ahead of SKS in R. Surface waves argisibte because they arrive outside of
the displayed time window.
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For single station analysis phases can be detedmwita the help of (differential) travel-time
curves (see Figure 2 in Exercise EX 11.2). Foatiat network vespagram analysis (see also
Chapter 9, section 9.7.7) proves to be a muchretidysis method because of the additional
slowness determination. The following three figu(@8e - 129) show vespagrams of the
vertical (Z2), radial (R) and transverse (T) compuseecorded at 12 GRSN-stations. To get a
better signal coherency, all traces were filteréth & 4"- order long-period low-pass filter (fc
=155s).
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201 5:19.0i~uv“——mw-—-wmw\f\f\/\/\/\/\/\~\/vv\/\/\/\/\ -
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Figure 12e The identified phases from the vertical-componergpagram are marked on the
respective slowness traces where they have thejeda amplitudes (e.g. P on trace 6:
belonging to a slowness S =5 s/°, PP on tracet® $v= 8 s/°, SP on trace 12 with S = 11 s/°
and SS on trace 16 with S = 15 s/°).
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Figure 12f The identified phases from the radial-componentpagsam are marked on
slowness the respective slowness traces (SKSa@moa 7 with a slowness S = 6 s/°, PS on
trace 12 with S = 11 s/° and SS on trace 16 withlS s/°).
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Figure 12g The identified phases from the transverse-compownesppagram are marked on

their respective slowness traces (S on trace l@smonding to a slowness S = 9 s/°, SS on
trace 15 with S = 14 s/°). Note, by comparing tthentifications in Figs. 12e to 12g that the

associated slowness values might somewhat diffeause the maximum amplitudes vary

only slightly when changing the slowness for abaditor 2 s/°.
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Example 13: Earthquake near the coast of Ecuador

USGS NEIC-data: 1998-08-04 OT 18:59:18.2 0.55188BON h = 19G
mb =6.2 Ms=7.1 (D = 91.5° and BAZ = 270.9° fr@RF(GRAL1) )
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Figure 13a Broadband vertical-component seismograms recortdéd &RSN stations (D =
88.4° to 93.2°). Traces are time-shifted and alignene different waveforms observed at
different network stations are coherent in the l{pegod range.
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2: BFO 2

1: GECZ Z

I
19312136, 008 19:12:45, 006 19:12:55, 006

Figure 13b: After short-period filtering (WWSSN-SP simulatiothe coherency of the
different station-waveforms is bad. The maximum ldeuP-amplitudes used for mb-
estimation are emphasized. Because of the vatiaboli station amplitudes within the
network individual mb-values vary between 6.0 féit@and GEC2 and 6.7 for other stations.
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4-AUG-1998_19:12:25,372  »1,35< Filter: Mone LaztCmd: Localize
141 BEAM £ _

13: GRC4 2 _

12: GRCE 2 -

11: GRCZ 2 -

10: GRC1 2 -

31 GRER Z -
3: CGRE4 Z -

71 GRB3 2 -

B: GRB2 2 -

5: GRBL £ -

4: GRA4 2 e -

2: GRAZ 2 -

2+ GRAZ Z : /\/\ -
1: GRAL Z /W
N -

LA N L L A I B B B B LI L L B I B B
19:12:10 19:12:20 19:12:30 UiEI :12:40 19}2/50 13: 13 0 19:13:10 19:13:20

Figure 13c Broadband records of the vertical-components aGR¥--array stations (D =
91.5° to 91.7°). Because of the much smaller aperiéithe array as compared to the GRSN
the signal coherence is good for all array-traces.

4-AUG-1938_19:12:24,935  >0,51< Filter: G_NWSSM_
14: ALIGH —

13: GRE3 2 -

12y GRES 2

11; GREZ 2

10: GRE1 2

9y GRC3 £

81 GRE4 2 _
71 GRC4 7 — _
G2 GRCL 7 —————— -
P
5: GRA4 7 ~—~———————— - -
P
P
3Rz —————————————— -
P
2: GRA3 2 ———————— -
P
1: GRAL 2 ————————— /\/\M
T T I
19:12:25 19\{2 235 192 12 45

Figure 13d Even for the short-period filtered records of theFsarray stations (WWSSN-SP
simulation) the signal coherence is still good.
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4-AUG-1338_19:37322, 483 >42.57<  Filteri [MWSSN_LP

32 NS E A{WWM\AMH —

2: THS N —wm-nnq'.««ww-.mwl,nuﬂ WMW =

P PP

1: NG 7 —“LW _

T T T T T T T T T T T T T T T T T T T T T T T T
19:18:45 13:27:05 19:35:25 13:43145 w 13:52:05

Figure 13e Three-component long-period filtered (WWSSN-LP deion) seismogram
recorded at station TNS (D = 89.7°, BAZ = 269°).t&lthe much larger P-wave amplitude in
the E-W component as compared to the N-S compdremrgtuse of the source location in the
west. Also note the strong secondary phases PRdSS&. The maximum surface-wave
amplitude on the vertical component is marked {l)e estimated magnitude is Ms = 7.2 .
This is very close to the average value determinethe USGS NEIC from data of the global
seismic network (Ms = 7.1).
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4-AUG-1938_13:23;00,976  »55,00<  Filtery WWSSM_LP

9y BRG £ -
7y CLL £ l -
Gy HOX 2 ’ -

2: G 2 -
F PP 5
13 G 2 [l N _
O S B S B S N
19:08:.00 19:24140 19:41:20 19:58:00

Figure 13f Long-period filtered (WWSSN-LP simulation) vertisedmponent records of the

Ecuador earthquake at 8 GRSN stations within tetadce range D = 88.4° (GSH) to 93.2°
(BRG). The variability of the maximum surface-waaplitudes throughout the network is
less than that of short-period body-wave amplitydesnpare with Figure 13b). Accordingly,

Ms estimates from individual stations are moreatd® than respective mb estimates.
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Example 14: Earthquake in Southern Sumatra Region

USGS NEIC-data: 2000-06-04 OT 16:28:25.8 4.773308D E h = 33G
mb =6.8 Ms =8.0 (D =94.1° and BAZ = 92.5° frGRF)

4-JUN-2000_16:41:42,628 >1.89¢  Filters None
17+ BEAN Z —~
162 BUG Z WWW -

15: TBBN Z W‘N\’J _
14: BFD 2 M,-MW -

13: THG 2 WMMWNN —

123 57U 2 ﬂ\/ﬁ\/j\w\fw\m _

113 BSEG 2 W\M/M -

103 CLZ 7 -
F

e | WWMWM\[ ]

8: FUR 2

S Wm
B RGN Z ———-—MM//\V\[/\WN\W"\W -
5: CLL Z WWW

4: WET 2

3: RUE Z -

2y GECZ 2

1: BRG 7 _”‘*"J\/\/\/\'\ /j"\\/\\/\\ //\»/\\IW -
) |

T T T I T T T T | "'VAU T T T RV T T T T T T T
16:41:32,174 15:41:EU.1? 16:42:22,174 16:42:47,174

Figure 14a Broadband vertical-component seismograms recoated6 GRSN-stations
within the distance range D = 92.5° to 96.7°. Tsaaee time-shifted and aligned for better
comparison of the individual records. Note the gamdherency of all traces. For these
broadband records the network works like an arféne weak P-wave first arrival is marked
on the record of station GRFO. Maximum P-wave ammgés were recorded about half a
minute later (multiple rupture event with succesbilarger energy release?).
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LastCmd: Beam

A=JUN-2000_16:41:42 614 1,83
17: BERM Z

Filter: SRO_LP

16: BUG Z

1%5; IBEN Z

14: BFO Z

13: THS 2

12y S5TU 2

1i1: BSEG Z

10: CLZ Z

9: GRFO Z

g: FUR Z

Fr MO Z

E: RGHM £

B: CLL £

4: WET Z

3t RUE £

2y GECZ £

TN

T T T I T T T T T T T T T T r I T T
16:41:32,174 15:41:5?.174\ / 15:42:22,1?4\\\\/7/’ ?‘5:42:4?,174 \f

Figure 14b Seismograms of the same earthquake recorded atthe stations as in Figure
14a after applying a long-period filter (SRO-LP alation). Note the very high signal
coherence of the long-period P-waves with periods P5 s. Also the amplitudes are
comparable at all stations.

1: BRG Z

A=JUN-Z2000_16141142,429  >1,89< Filter: G_WMSSM_SP LastCmd: @&P peak:
17+ BEAM 7 AAWWWWMWW%W —
16: BUG 2 Ay P, P e e e e e ey e e e e U e —
15: IBEM Z —
F
14: EFO Z | e P e e o e e A e P e e ey —
13: TNS 2 MWMWWWWMWWWMW —
12: 5TU 2 —
11: BSEG Z —
103 CLE 2 —
9: GRFO 2 WW””WMWWWWWMWW =
g: FUR 2 —
F
F: MOX E | —
E: RGN 7 WWWJWW\W\NMW\WWWMW =
5: CLL 2 —WWWWWMN%WMNVW =
4: WET 2 —
r
3: RUE = —
2: GEC2 Z ! —
1: BRG 2 WVWW =
' : ' ' T |

T T T
1E6:41:32.174 16:41:57.174 16:42:22.174 16242147 .17

Figure 14c For mb estimates short-period records (WWSSN-8Rilation) have to be used
to measure the maximum amplitudes with periods earThe respective filtered traces for
the same earthquake and stations as in Figure rédshawn. For three stations the P wave
arrivals and their maximum double-amplitudes 2Aeéhaaeen marked. The latter differ by a
factor of five for this event. This correspondsatdifference of 0.7 magnitude units!
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4=JUN-2000_163:41341,368  »>1,10< Filter: G_WWSSM_SP LastCmdy A&P peak

31 MO E

2¢ MOX N

P
T [

T | T T T T | T T T LI} I T T T T I

T T I T T T T T T T T T
16341134 985 16:41144,.985 16:41:54.980 16:42%04 8955 1EH42:14,985U 16342224985 16342134 ,985

Figure 14d Three-component single statioacord of the Sumatra earthquake at station
MOX (D = 93.9°, BAZ = 93°). The short-period filedt P-wave group is shown and the
maximum peak-to-peak amplitude 2A is marked ah@&Z component. In this display with
high time resolution the complicated rupture prgcesthis event, consisting of a series of
sub-events with successively increasing energyaselavithin the first 25 s is very obvious.
This is a very important information also for modetailed research work on source
processes. Therefore, also for routine data arsabygietailed reporting of the onset times,
amplitudes and periods of these sub-events isgifrsacommended. An example for such an
analysis is given in Tab. 3.1 of Chapter 3. In ¢ineen case, the amplitude of the P-wave
maximum around 16:42:06 is about 40 times largantihat of the first arrival. This
corresponds to a difference of 1.6 magnitude upgtisveen the initial and the largest sub-
event of this earthquake. Accordingly, instructidosmb measurements within the first five
half-cycles (NOAA in the 1960s) or within the firSts (IMS nowadays) might dramatically
underestimate not only the energy release of eaate) in general (stronger ones in
particular, because mb will always saturate ateslaround 6.5; see Figs. 3.5 and 3.16 and
related discussions in sections 3.1.2.3, 3.2.5@,32.7 of Chapter 3). Even worse, they will
particularly underestimate the high-frequency eperglease which is most relevant for
potential damage assessments and for these mlin@paily more suited than Ms or Mw
provided, that mb is determined really from the mmaxn amplitudes in short-period P-wave
train.
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A-JUN-2000_16:41:37,111  >46,.58<  Filter: Mone

Tt HOK T ———ssbwmnmtenfnpunaseivaept e

= =

2: MOK R M

=

T T T T T T T T T T T T T T T T T T T T T T T T T
16:42:19,3585 16:501393,9358 16:58:53,958 17:07:19,985 17:15:39,985 17:23:53,955

4-JUN-2000_16:41:37,566 >46.58< Filtter: SRO_LP LastCmgs Theo T
Z: HOX T M {U\,v‘ =
SkSac S5
21 MOX R —IWWMM\AANU\M M‘ WV\" =
P PR SP
11 HoR 2 —— Aoty iy ﬂ M\ﬁfm}"l =
L LI R L — T T T T T T ] T T L L
16142124, 925 16250244, 925 16:53104,925 17:07124,925 17:15:44,935 17:24104,935

Figure 14e Broadband (top) and long-period filtered 3-compurgeismograms (SRO-LP
simulation; below) of the Sumatra earthquake atstaMOX (D = 93.9°). The phases P, PP,
S, SKSac, SP, SS and the maximum surface wave & haen marked. For better phase
identification the horizontal components N and BEvéhdeen rotated into the R and T
directions. The S wave is seen best on the trasaveomponent T and P, PP, SKS and SP on
Z and on the radial horizontal component R, respelgt For surface-wave magnitude
estimation the maximum ground displacement withesioad between 18 and 22 s was
measured at the marked position L from the SRO-LEeréd vertical component.
Additionally, amplitudes from the horizontal comgoits can be used for a horizontal
surface-wave magnitude value.
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Example 15: VOLCANO ISLANDS REGION

USGS NEIC-Daten: 2000-03-28 OT 11:00:21.7 22.3628.480E h = 119D
mb = 6.8 (D = 96.8° BAZ = 43.5° from GRF(GRAL))

28-MAR-2000_11$1145%5,100 >ﬁp59< Figter: Mone

17: BFO 2

tCmd: Set Time

16y WLF 2

15 STU 2
14: FUR Z ——-—J_, . -
R T — ' -

12y BUG 2

S -
112 GRAL 2 _ ' -

10: WET 2 -'——*‘—‘—'*—*—'J -

9 IBBNE———IMMWWWMWNMWW_

8 GEC2 Z

F

7 MO 2 —————
B: OLZ Z y H -

5y CLL Z

— .'M
el Mmm
Huor

2y RUE 2

1t RGM Z

I
11113520 1151500 11:18:40 r Jl 118: 20

Figure 15a Broadband vertical-component seismograms recoatldd GRSN-, GRF- and
GEOFON-stations. Traces are sorted according teasing distance (D = 92.4° to RGN and
99.1° BFO). The phases P, PP and the depth phBsasdopPP are recorded very well.
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28-MAR-2000_11:38:47,928  >41.33¢  Filtem: WWSSN_LP o oog Lo LastCmd: Set Time
St RUET —#—*&MWLIW]JM -
S5 PG
2: RUE R MMMW -
{
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sl o :
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Figure 15b Long-period filtered (WWSSN-LP simulation) threeregponent seismogram of
the Volcano Island earthquake recorded at statid& Rear Berlin (D = 93.7°, BAZ = 45°).
The horizontal components are rotated, with R rs® direction. Phases P, pP, SP and the
onset of the Rayleigh waves LR are marked on tincaé component, SKS and PS on the
radial component and S, SS, SSS as well as the Wawes onset LQ on the transversal

component, respectively.
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