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Abstract. In the laterally heterogeneous and anisotropic
earth the particle motions of seismic waves are three-
dimensionally polarized. This paper presents a method
for determining a local wave coordinate system using
the zeros of some component operators in rotated sys-
tems. It is applicable to broad-band composite wave-
forms and offers higher precision and resolution for
the determination of azimuth and incidence angle than
the usual least-squares techniques. The algorithms have
been implemented in an interactive program for pre-
processing three-component digital recordings. In ad-
dition, the program allows the use of particle motion
diagrams and component products for the determi-
nation of wave types, onset times and pulse durations.
Its performance is demonstrated on regional and tele-
seismic events recorded at the European broad-band
stations GRF (Grifenberg, West Germany), KHC
(Kasperské Hory, Czechoslovakia) and KSP (Ksiaz,
Poland).

Key words: Broad-band seismology - Polarization
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tion - Component products

Introduction

The seismic wave field is a superposition of many over-
lapping wave groups: direct, reflected, refracted, con-
verted and scattered body and surface waves. At any
point in the earth each wave group has its own shape,
velocity and direction. Broad-band stations record the
complex local wave field with “high fidelity” as a pro-
nounced multi-pulse seismogram, as compared to the
smooth seismograms recorded at narrow-band stations.
For further analysis and interpretation, it is essential to
separate and identify the various wave groups. This can
best be accomplished by a transformation of the seis-
mograms from the coordinate system of the recording
seismometers to the apparent local wave coordinate
systems of the different wave groups.

At any point on a seismic ray, an intrinsic coor-
dinate system, the Frenet frame, is defined by the basis
vectors {t,n, b} parallel to the tangent, normal and
binormal, respectively (for example, see Aki and Rich-
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ards, 1980). For a spherically symmetric and isotro-
pic model earth, the tangent t and the normal n would
be in the plane determined by the source, station and
centre of the earth. P waves and S waves would be
polarized in the t direction and in the n—b plane,
respectively. The Frenet frame could then be deter-
mined at a three-component point station using only
the polarizations of P and S waves.

In the laterally heterogeneous and anisotropic earth,
however, the particle motion of seismic waves is three-
dimensionally polarized. Additional criteria are neces-
sary to define a local wave coordinate system, which is
no longer directly correlated to the Frenet frame. For
narrow-band, quasi-harmonic wave groups an ellip-
soidal least-squares fit can be used to determine the
local wave coordinate system (for example, see Mat-
sumura, 1981). For broad-band waveforms with arbi-
trary polarization, an average system can be derived for
each wave group from the zeros of some component
products and sums in rotated analysis systems. The
orientation of the wave system for each wave group in
a composite seismogram, described by its azimuth and
incidence angle, is important information for the in-
vestigation of heterogeneous and anisotropic structures.
Furthermore, seismograms, particle motion diagrams
and component products calculated in the wave coor-
dinate systems can be used for discrimination of wave
type, and for the determination of onset time and esti-
mation of pulse duration.

An interactive procedure for such analysis is dem-
onstrated on regional and teleseismic events recorded
at the European broad-band stations GRF
(Gréfenberg, West Germany), KHC (Ka3perské Hory,
Czechoslovakia) and KSP (Ksiaz, Poland).

Apparent local wave coordinate system

Given the seismograms s,(f), sg(t), sy(t) of a three-
component station recording in the right-handed verti-
cal-east-north system with the basis vectors {e,, eg, ey},
the orientation of a local wave system with the basis
vectors {e,, e,, er} can be defined by two angles: a and
i

The longitudinal unit vector e; (P direction) is given
in the recording system by

e, =(cosi, —sinisina, —sini cosa). 1)
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a (0°<a<360° is the back-azimuth (to the epicentre)
of the projection of e, into the horizontal plane against
north and i (0°<i<90° for a station on the earth’s
surface) is the incidence angle between e; and e,.

The transverse unit vector e, (SH direction) is given
by the vector product e; x e,/|e; x e,|:

e, =(0, —cosa, sina). )

The transverse unit vector e, (SV direction) is deter-
mined by the vector product e, x e, so that the basis
vectors {e;, e,, ey} form a right-handed system. Thus
e, becomes

e,=(sini, cosisina, cosi cosa). 3)

The transformation relationship between the seismo-
gram vector s={s,, sg, Sy} in the recording system and
u={u,, uy, uy} in the local ray system can be written in
matrix notation as

uy S,
ug |=M{ s
Uy Sy
cosi —sinisina —sinicosa\ /s,
= | sini cosisina cosicosa || s; | 4)
0 —cosa sina Sy

The elements in the first, second and third line of the
transformation matrix M are the components of the
basis vectors {e;,e,,e;} in the recording system
{e,, ez, ey} given in Egs. (1) through (3).
The inverse relationship to Eq. (4) is given by
Sy u,

=-M7
sp |=M"| uy

Sy Uy
cos i sin i 0 uy,

=| —sinisina cosisina —cosa|| u, (5)
—sinicosa cosicosa sina Uy

where M7 is the transpose of M.

Determination of azimuth and apparent incidence angle

For azimuth determination the seismogram vector s is
transformed to a vector v in a rotated analysis system,
using Eq. (4) for i=90° and variable a:

Ur 0 —sina —cosa)\ /s,
v, =] 1 0 0 Sg
vy 0 —cosa sinua Sy
—sy sina—sy cosa
= Sy . 6)
—Sg cosa+sy sina

vg and vy are the radial and transverse components in
the horizontal plane and v, is the vertical component
of the seismogram vector v in the rotated analysis sys-
tem, a is the back-azimuth of the vy axis.

If a linearly polarized P wave u,(t) e, with i=i, and
a=a, arrives at a seismic station, the seismogram vec-
tor s can be derived from Eq. (5):

Sz up cos i,

. —MT — ini i

sg |=M7| 0 |=| —sinigsina, |u,. )
Sy 0 —sini, cosd,

The vector v calculated in Eq. (6) will then be:

Up cos(a,—a)sini,
v, |= cos i, uy. (8)
Uy sin(a,—a)sini,

The component products v, v, and v, v, are then:
vy v,=ui(t) sin(a,—a) sini, cos i, 9)
Vg Uz = U7 (t) cos(a, — a) sin i oS i. (10)

A SV wave u,(t)e,
scribed using Eq. (5):

with i=i;, and a=a, can be de-

Sy, 0 sin i,
s =M, | =1 cosigsinag | ug. (11)
Sy 0 cos iy cos dy

Inserting Eq. (11) into Eq. (6) the vector v will be:

Ux —cos(ay,—a) cosi,
v, |= sin i, Ug- (12)
vy —sin(a,—a) cos i,

The component products v, v, and vy v, are then given
by

vy, = —ug(t) sin (ag —a) cosi, sin iy, (13)

VR U= —up(t) cos(ay—a) cos iy sin i (14)

The product v, v, has a zero with regard to a at a, for
both linearly polarized P waves and SV waves and can
therefore be used as an operator for the determination
of the azimuth a,,.

For a SH wave, up(t)e; with i=i, and a=aq,, Eq.
(5) gives:

Sz 0 0

. — T —

S |=M"1 0 )= |—cosay| u;. (15)
Sy Uy sina,

Inserting Eq. (15) into Eq. (6) it follows for the vector v:

U —sin(ay,—a)
v, |= 0 Up. (16)
vy cos(ay—a)

The component products v, v, and vy v, are given by

vpv,=0, (17
vrU,=0. (18)



For a sinusoidal Rayleigh-wave (g, cos wt, &, sinwt, 0)
with surface ellipticity ¢, (ratio of horizontal to vertical
amplitudes) and back-azimuth a,, Eq. (5) gives, with i,
=90°:

Sy, U, sin wt
sp |=MT| uy |=| —&osina, coswt |. (19)
Sy 0 — &, COS Ay COS Wt

Inserting Eq. (19) into Eq. (6) it follows:

g &, COS (a, —a) cos wt
r, |= sin wt . (20)
Uy &, sin(a, —a) cos wt

The component product vy v, is given by
vr v, =0.5 ¢, cos(a,—a) sin 2wt. (21

For Love-waves (0,0, u;), the component product vy v,
is given by Eq. (18).

As a function of time, the component product vgv,
is therefore always positive for P waves [Eq. (10)], neg-
ative for SV waves [Eq. (14)] and zero for SH and Love
waves [Eq. (18)]. For Rayleigh waves, vgv, oscillates
between positive and negative values with frequency 2w
for sinusoidal Rayleigh waves of frequency o [Eq.
(21)]. vgv, can therefore be used as an operator for
wave type discrimination. (REMODE-Filter; for exam-
ple, see Kanasewich, 1981).

The ground motion generated by an incident body
wave at the free surface is a superposition of three
waves: the incident P or S wave, the reflected P or S
wave and the converted S or P wave. The displacement
recorded by a three-component station thus differs
from that of the incident wave. For linearly polarized
incident P waves the particle motion remains linear in
the plane of incidence for any angle of incidence. For
linearly polarized S waves with an under-critical angle
of incidence, all three components are in phase and the
resultant particle motion remains linear. In the over-
critical case the components are out of phase and the
resultant motion becomes three-dimensional. The re-
lationships between the apparent and true angle are
expressed by conversion formulas published, for exam-
ple, by Nuttli and Whitmore (1961). A practical appli-
cation of the conversion formulas is epicentre location
with a single three-component station. For the inver-
sion of seismograms and particle motion diagrams with
synthetics, the conversion at the earth’s surface is in-
corporated in the numerical algorithm.

To determine the apparent angle of incidence, the
seismogram vector s is transformed to a vector v’ in a
rotated analysis system, using a=a, and i'=i+45° in
Eqg. (4):

’

v 5z C0si" +uvgsini
ty |=| szsini’ —vgcosi (22)
Uy —Sp COSdg+ Sy Sinag

where vy is calculated from Eq. (6) for a=a,. Inserting
Eq. (7) for a linearly polarized P wave into Eq. (22) and
using Eq. (6) for vy and a=a,, the component differ-
ence v — vy, is given by
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vy —Vp=1/2uy sin (i, —i). (23)

Using Eq. (11) for a SV wave, it then follows in the
same way for the component sum v} + v:

vy + v =1/2ug sin (i —i). (24)

In terms of the rotation angle i, the component differ-
ence v, —vj, and the component sum v} +v;, have zeros
at i=i, for linearly polarized P waves anﬁ SV waves,
respectively, and can therefore be used as operators for
the determination of the apparent incidence angle i,.

Interactive analysis

An efficient application of the algorithm is provided by
an interactive program using a graphics terminal. Anal-
ysis takes place in two steps. First, the azimuth and
apparent angle of incidence are determined for each
wave group using component operators. Then the seis-
mograms are calculated in the wave coordinate systems
and plotted along with particle motion diagrams and
the component products.

The component operators yielding the best resolu-
tion for the determination of azimuth, incidence angle
and onset time are summarized in Table 1. Correspond-
ing to Egs. (9) and (13), the component product v, v,
calculated for linearly polarized P waves and pure SV
waves using Eq. (6), changes sign if the azimuth of the
rotated system passes the wave azimuth a,. If the P or
SV wave is non-linearly polarized, the change of first-
motion sign of v,v, determines the first-motion azi-
muth. The average azimuth is defined by the condition
[vr(a)v,dt=0, where the integration interval can be
obtained from the pulse duration of the component
product vg(a)v,. In the same way, the first-motion and
average incidence angles for P and SV waves can be
determined l}sing vp—vy [Eq. (23)] and vp+v, [Eq.
(24)], respectively.

After the determination of azimuth and apparent
incidence angle, seismograms and component products
are calculated in the L—Q—T wave system using Eq.
(4). They can be displayed along with particle motion
diagrams on a graphics terminal. It is also possible to
identify and mark phases and to measure onset-times
on seismogram traces as well as particle motion dia-
grams and component products. Marked times can be
indicated in the other representations.

Table 1. Component operators for polarization analysis

Determination of Wave type Component operator
Azimuth a, P, SV vr(a)- vy
Apparent P vp.(ag, i) —vg(ag, i)
Incidence angle i, N2 vy (ao, i)+ vp(ag, i)
Onset time P

vg(ae) vy
Pulse duration N4
Wave type SH vr(ae)
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Examples

The polarization analysis is demonstrated on digital
broad-band recordings of events from Hokkaido, Af-
ghanistan, the Aegean Sea and the Swabian Jura. The
hypocentral and station parameters are summarized in
Table 2. The digital recordings of stations KHC (Kas-
perské Hory) and KSP (Ksiaz) are proportional to dis-
placement in the period range from T, to T given in
Table 2. They were obtained from the original analog
(FM) broad-band velocity-proportional magnetic tape
recordings by analog filtering (Plésinger and Horalek,
1976) and computer-aided A/D conversion (Pl&singer,
1981). The displacement seismograms of stations
GRFA1 and GRFBI1 of the Grifenberg array (Harjes
and Seidl, 1978; Seid]l and Stammler, 1984) are calculat-
ed from the original broad-band velocity-proportional
recordings by digital restoration filtering (Seidl, 1980)
for the period band T; to T,.

Figures 1-3 present the analysis of the multi-pulse P
wave group of the Hokkaido event, recorded at station
KHC.

Figure 1a shows the horizontal particle motion dia-
grams for successive 13.4-s time intervals. The first dia-
gram begins with a nearly linearly polarized pulse, fol-
lowed by signals with highly irregular two-dimensional
polarization patterns. In Fig. 1b the component pro-
duct v(a)v, is plotted for various values of the azi-
muth a. The onset of v;v, changes its sign for an
azimuth in the interval [38°, 39°]. This value is the
first-motion azimuth, corresponding to the slope of the
tangent on the particle motion diagram at the onset

HOKKAIDO P-WAVE MAR 21, 1982 HOKKAIDO P-WAVE MAR 21, 1982

KHC KHC
t = 13.4 sec a
44 ODWW\
N N

47 %
/ )
’ i
L E L E 42.0
] e g
, ‘/\,\j‘

o ; 41.0

40.0 ————J\/\\J\\/\/\/\WW |
N N 38.0 = —
I b
‘ .
P2,/ K 38.0 -
;
g RZ —/\AM/\,_ ~
54 P2
I

1
P

I
| 02:43.50.2 10 sec [b

Fig. 1. a Horizontal particle motion diagrams in consecutive
13.4-s intervals for the composite P wave group of the Hok-
kaido event in Table 2. The triangles mark the beginning of
the intervals. The dashed line is the great circle direction
towards the epicentre. The arrows indicate the onsets of the
pulses marked on the RZ trace in b. b v(a)v, traces for the
determination of the average azimuths a of the pulses in-
dicated using the condition {v,(a)v,dt=0. The integration
intervals, indicated by the hatched areas, are obtained from
the product RZ plotted for the azimuth a=41°. The first-
motion azimuth, indicated by the change of sign, is in the
interval [38°, 39°]

time. The average azimuths of the two-dimensionally
polarized wave groups P, PI and P2 are determined by
the condition [v;(a)v,dt=0, where the integration in-
tervals are obtained from the component product RZ.

Table 2. Hypocentral and station parameters for the events analysed

Hypocentral data

Station data

Location Date Origin time Latitude Longitude Depth m, Station Epicentral Azimuth Incidence
(N) (E) (km) 3~ (T, Ty) distance (degrees N) angle®
& (degrees) (degrees)
P S
GRFALl 1.9 226.2 (50) (50)
1,25
Swabian Sep03  05:08:30.7 48.34 9.14 6 ( )
Jura 1978 49 GRFB1 2.0 238.6 (50)  (50)
5.3 (1,25
KHC 3.0 256.6 (50) (50)
(0.25, 60)
Afghanistan May02 16:04:54.6 36.40 71.15 223 59 GRFALl 44.6 83.8 25 26
- 1981 (1, 60)
USSR Bor- - KHC 43.1 84.8 26 26
der Region (0.5, 150)
Aegean Sea Decl19 14:10:51.1 39.22 25.25 16 6.0 KSPp 132 148.1 (50) (50)
1981 72 (0.3, 280)
Hokkaido  Mar21 02:32:059 4223 142.46 36 63 KHC 78.5 36.2 17 19
1982 69 (0.3, 280)

* The theoretical incidence angles are taken from Pho and Behe (1972) and Chandra (1972). The values in parentheses are

estimations for a single layer crustal model
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MAR 21, 1982

HOKKAIDO HOKKAIDO P-WAVE
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P-waVE MAR 21. 1982

i i
/
P R R
i flp1
I i
' '
13.0 3
2 7 50
q i
i i
/ K 5.0
A R R
7
b2 )
g ; RZ
o |
P P1 P2
|
02:43:59. 2 10 sec

MAR 21. 1982 HOKKAIDO

KHC

i
35.0°

HOKKAIDO S-WAVE S-WAVE
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Fig. 2. a Particle motion diagrams in the R—Z (radial-verti-
cal) plane for a=41°. The dashed line indicates the theoretical
incidence angle, i;=17°. b v} — v/, traces for the determination
of the average apparent incidence angle i for the P wave
group shown in Fig.1 using the condition |[v(a,i)
—tp(a, )] dt=0. Integration intervals and labels as in Fig. 1b.
The first-motion and average apparent incidence angles are in
the same interval, [15°, 19°]

HOKKA [DO P -WAVE MAR 21, 1982
KHC a = 41.0° i =17 ¢°

HOKKAIDO
KHC

P-WAVE MAR 21,1982

2=l

|

e

1
02:43:359 2 10 sec 10 sec

I
02:43:959.2

Fig. 3. Displacement recordings for the P wave group of the
Hokkaido event and the seismograms transformed into the L
—Q—T system for a=41° and i=17° together with the RZ
product

The value of the integral changes its sign in the interval
[40.5°, 41.5°] for the P pulse. For the pulses P/ and
P2, the intervals are [43°, 45°] and [42°, 44°], respec-
tively. The great circle azimuth is 36°.

Figure 2a shows the corresponding particle motion
diagrams in the vertical-radial plane for azimuth a=41°
of the first P pulse. Again, the polarization of the first
pulse is nearly linear, followed by signals with two-
dimensional polarization patterns. Figure 2b shows the
component differences v} —vj, for various incidence
angles i. The average incidence angle for P and P is in
the interval [15° 19°], and for P2 in the interval [28°,
30°]. The true angle of incidence, taken from the tables
from Pho and Behe (1972), is 17°.

Figure 3 shows the original recordings as well as
the seismograms transformed into the L—Q—T coor-

Fig. 4. vr(a)v, and v)(a, i)+vj(a, i) traces for the determi-
nation of average azimuth a and average apparent incidence
angle i for the § wave group of the Hokkaido event using the
conditions fv;v,dt=0 and (v +v})dt=0. The arrow la-
belled S on the RZ trace indicates the Jeffreys-Bullen arrival
time. The tiny positive initial pulse results from using the
average wave-group azimuth to compute v, rather than the
azimuth determined by the first onset

dinate system for azimuth a=41° and incidence angle i
=17° together with the RZ product. The polarization
is mainly linear in the L direction with slight con-
tamination visible on the Q and T components. This is
due to the non-linearity of the polarization and the
variations in the azimuth and incidence angle for the
incoming wavefront as a function of time. Thus, the P
wave group consists of at least three different pulses.
The onset times for P and P2 are best measured using
the RZ trace.

The analysis of the S wave group of the Hokkaido
event is presented in Figs. 4 and 5. The vy v, traces in
Fig. 4 indicate a multiple wave group with an average
azimuth in the interval [42°, 44°] for the first pulse.
The diagrams of the component sum v} +v, have no
clear multiple waveform. The average incidence angle is
in the interval [18°, 22°] for the first pulse. The L—Q
— T seismograms, component products and particle
motion diagrams in Fig. 5 exhibit clear S-wave split-
ting, which cannot be resolved in the original three-
component recordings. The wave group begins with a
SV-polarized pulse §, followed by a wave group §" with
SV and SH components 7.8 s later. The pulses with SV
components can be recognized using the RZ com-
ponent product. The arrows indicate the JB arrival
times of phases S, SKS and ScS. The transition from
SV- to SH-polarization can be seen exceptionally clear-
ly in the Q — T particle motion diagram. An additional
clear onset labelled SKS can be recognized in the 0 — L
and L— T diagrams. Generally, first-motion onset times
can best be measured using the L—Q — T seismograms.
For later phases, the products TZ and RZ used in
conjunction with the L —Q — T diagrams produce high-
er accuracy and resolution for arrival time readings.

Figure 6 presents the analysis of the composite P
wave group of the event in the Aegean Sea region,
recorded at station KSP. The average azimuth for the
complete wave group is in the interval [149.5°, 150.5°].
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Fig. 5. Displacement recordings and component products as
well as seismograms and particle motion diagrams in the L
—Q —T system for the § wave group of the Hokkaido event.
The most interesting feature is the resolution of wave splitting
in the first § pulse, labelled S and §'. The arrows on the RZ
trace indicate the Jeffreys-Bullen arrival times of §, SKS and
ScS

Within the time window of the first RZ pulse, v} —vj,
changes sign in the interval [44°, 48°] for the apparent
incidence angle. The values for the great circle azimuth
and the true angle of incidence are 148° and about 50°
for a standard earth model. The seismograms and par-
ticle motion diagrams in the corresponding L—Q—T
system reveal pronounced P-wave splitting. The L trace

begins with a linearly polarized P pulse, followed by a
signal P’ with SV-polarization on the Q trace. The
delay in the onset times is 4.8s. The SH contami-
nations on the T trace are very small during the time
interval analysed. This splitting can also be seen in the
polarization diagrams for the Q —L and L—T planes,
plotted for the first 54.4-s time segment. The P pulse
duration is 12.3 s, measured on the RZ trace. The P
pulse is followed by a PL mode with regular dispersion
in the period interval from about 60 to 30s. Super-
imposed on this mode is a high-frequency P wave
group P, interpreted by Rademacher et al. (1983) as
the P — P reflection from the 400-km discontinuity.

Figures 7 and 8 show the seismograms and particle
motion diagrams of the Love-Rayleigh wave segment of
the earthquake in the Aegean Sea region. The ground
motion consists of a regularly dispersed Love wave on
the T trace with three superimposed Rayleigh wave
groups. The onset of the first wave group R is indicated
by the RZ product. The onsets of the multi-pathing
wave groups R’ and R” can be determined best from
the particle motion diagrams.

Figures 9 and 10 present the analysis of the P wave
group of an intermediate-depth earthquake in the Af-
ghanistan region, recorded at stations KHC and
GRFA1. The first sections of the particle motion dia-
grams are nearly linearly polarized, followed by coda
waves with irregular two-dimensional polarization pat-
terns. The intervals for the azimuth and the apparent
incidence angle are [88.75°, 89.25°] and [25°, 27°] for
KHC, [89.25°, 8§9.75°] and [29°, 31°] for GRFAL. The
values for the great circle azimuth and the true in-
cidence angle are given in Table 2. The seismograms
and component products are summarized in Fig. 10.
The low-frequency part of the seismograms is linearly
polarized with little contamination in the @ and T
components. The superimposed high-frequency wave
groups show enhanced amplitudes in the GRFA re-
cordings with irregular polarization pattern, indicated
by the contamination in the Q and T components and
by the component products Q7T, LT and LQ. The onset
times of the various overlapping pulses can best be
measured using the RZ trace. The theoretical arrival
times are labelled for some phases.

As an example for a near event, Figs. 11-13 show
the analysis of the Pn wave group of the Swabian Jura
earthquake on September 3, 1978, recorded at stations
GRFAI1, GRFBI and KHC. The displacement seismo-
grams have a double-pulse waveform. The second pulse
was identified by Kind (1979) as being sPn. At station
GRFAI, the azimuth for the Pn and sPn pulses are in
the intervals [231°, 233°] and [225°, 227°], respectively.
The interval for the apparent incidence angle is [53°,
57°] for both phases. The most astonishing feature ap-
parent in the particle motion diagrams is the nearly
circular polarization in the radial-vertical plane for
both Pn and sPn. The seismograms in the L—Q—T
system reveal that this polarization patterns is caused
by a pulse on the Q component with a signal form
approaching the time derivative of the L-component
seismogram. This effect is also visible but less pro-
nounced on the GRFBI1 recordings shown in Fig. 12.
Possible explanations include wave propagation
through anisotropic layers and near-field terms. At



DEC 19, 1981

135

AECEaN SEA P-wavE DEC 19 1981 ] AEGEAN SEa  P-wavE DEC 19, 1981

AZGEAN SEA P-wWAVE DEC 19. 1981 AEGEAN SEA  P-WAVE |
KSP KsP KsP | KSP
t = 54.4 sec a | t = 54 & sec
\ ; N 153.0° :
N Pn NN _/
N | N 152.0 W z a
P NP £ E 151.0 ﬂrﬂv\\/\/\\,«\d_/»—x/\'
A
| ) h
\ N y P
\ \‘\ A = !
N &_V?\)
y P1
A
3
3
X
X
|
\ ] [E— 14:13:52.3 30 sec
b o [ Bl e 30 sec
AEGEAN SEA P-WAVE DEC 19, 1981 AEGEAN SEA P-WAVE DEC 19. 1981 AEGEAN SEA P-WAVE DEC 19, 1981 AEGEAN SEA P-WAVE DEC 19. 1981
KSP KSP KSP o = 150.07 i = 45 0° KSP
t = 54 4 sec | t = 54. 4 sec
i 5 ”DW
: p 7 z - L
P - p '
S . o : / P
R R 50.0 W P 2
7}
t Pt )
P1 g Q
- // 16.0
rd
It OW Pl- lp
T
z 2 380 T
.- :
|~
5 340 ! f
- —%R
/ {)
~ RZ
~ | RZ 1 1
# P P ey
1 — | 30 sec
B . 14:13:52.3 30 sec 14:13:52. 3

Fig. 6. Analysis of the composite P wave group for the Aegean Sea event in Table 2. The determination of azimuth and
apparent incidence angle is analogous to Fig. 1. The seismograms and particle motion diagrams in the L —Q — T system reveal
wave splitting in the first P pulse, labelled P and P'. The high-frequency phase P I, superimposed on the long-period PL mode,
was interpreted by Rademacher et al. (1983) as the P — P reflection from the 400-km discontinuity

AEGEAN SEA L-R WAVE DEC 19,1981
KSP o = 150.0, i = 90.0°

30 sec

14:16: 8.5

Fig. 7. Seismograms in the L—Q —T system and RZ com-
ponent product for the Love-Rayleigh wave segment of the
Aegean Sea event with labelled onsets of the Love wave and
the three Rayleigh wave groups R, R" and R”

KHC (Fig. 13) the Q component has no “derivative™
signal form. Both the Pn and sPn pulses are non-
linearly polarized in the horizontal plane, and the po-
larization anomaly in the radial-vertical (R — Z) plane is
considerably less pronounced.

Conclusions

Broad-band recordings of seismic waves are composite
waveforms, generated by multiple events, multi-path
propagation, conversion and wave splitting in the lat-
erally heterogeneous and anisotropic earth. A pro-
cedure for the time-domain analysis of digital three-
component broad-band recordings using seismograms,
particle motion diagrams and component products in
rotated coordinate systems has been described. The
orientations for these systems are determined using the
zeros of wave-type-dependent component operators. In
comparison to standard methods, such as ellipsoidal
least-squares fits of narrow-band particle motion dia-
grams (for example, see Matsumara, 1981), the method

(1) is applicable to composite waveforms with arbi-
trary three-dimensional polarization,

(2) offers higher precision and resolution for the
determination of azimuth, incidence angle, onset time
and pulse duration, and

(3) gives azimuth and incidence angle as intervals
instead of mean values with standard errors.

The procedure has been demonstrated using broad-
band displacement seismograms of regional and tele-
seismic events. The results, although presented phenom-
enologically without interpretation, illustrate the useful-
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Fig. 10. Displacement recordings as well as seismograms and component products in the L—Q— T system for the Afghanistan

earthquake. The arrows on the RZ trace indicate the theoretical arrival times for the labelled phases

Fig. 11. Determination of azimuth and apparent incidence angle as well as displacement recordings and L —Q — T seismograms
for the Pn—sPn phases of the Swabian Jura earthquake in Table 2, recorded at station GRFA 1. The most interesting feature is
the nearly circular polarization of both phases in the vertical-radial plane. Note the sharp onset of sPn on the RZ trace
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ness of polarization analysis for source studies and
structural investigations. From the variety of appli-
cations the following should be mentioned:

As has been demonstrated by Briistle (1985),
modelling of complex, multiple sources from broad-
band recordings is performed best in the time domain.
Seismogram pre-processing by polarization analysis
provides criteria for the decomposition of composite
waveforms into single pulses and for the determination
of wave parameters such as pulse duration and dis-
placement time integrals.

For the modelling of laterally heterogeneous struc-
tures, the input data are anomalies of onset times,
azimuths and incidence angles with regard to a three-
dimensional model earth. These data can be measured
for the different pulses of a composite waveform using
seismograms, particle motion diagrams and component
products in properly rotated coordinate systems. As a
special result, it has been found that the azimuth anom-
alies with respect to a spherically homogeneous earth
are usually small compared to the anomalies for the
incidence angle. This result has been confirmed for S
waves by numerical experiments performed by Cormier
(1984).

The most important application of polarization
analysis of three-component broad-band seismograms
is likely to be the investigation of anisotropic struc-
tures, especially when combined with digital band-pass
frequency filtering (Bamford, 1977; Crampin etal,
1984). In anisotropic media, both body and surface
waves are three-dimensionally polarized (Crampin,
1977; Keith and Crampin, 1977a, b, c). Rotated seismo-
grams, particle motion diagrams and component pro-
ducts enable the resolution of wave splitting, and aid in
the investigation of the fine structure of “quasi-P” and
“quasi-S” waves as well as different types of “inclined”,
“tilted” and “sloping” Rayleigh waves.
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