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TABIE 1

Stations from thich records were obtained, epicentral
dfstance .(8), instrument type, and component.

- 8tation Ko.

Station

GRES vowcoeuns

Hewail
Berkeley
Ukiah
Pasadona
fuoson
Viotoria
Sitks
Logen
Salt Lake
Civy
College
Rapid City
Saskatoon
Iincoln

' 3t. Louis

Chicago
Columbia
Ottawa
Burlington

Seven Falls

Instrument Component

Macelwane-3prengnether N, By Z

N,
N,

BRE,

N,
N,
B,
§,
B,
N,

N
B
B
B

B,

. e -
NN=§~‘I

RN M

E
v

Y
47.0 Milne-~Shaw
79.3 Galitzin
" 79.5 Mc Comb-Romberg
79.7 L. P. Benioff
83.8 Wood-Anderson
85.4 Milne-Shaw
86.6 VWenner
88.1 Wood~anderson
89.5 Mo Comb-Romberg
89.9 Mo Comb-Romberg
94.7 VWood-Anderson
96.3 lMilne-Shaw
97.8 Mo Comb-Romberg
- 101.7
104.6 Mo Comb-Romberg KN, E
107.5 Mo Comb-Romberg N, B
113.8 Milne-Shaw
116.6 Milne-Shaw
117.3 Milne~Shaw



LABLE 2

irsvel fimes, O -~ C {(J - B), Pexriods, and impliitudes for
sp, 3¢, and ¥Ps3

Station

Ro.

le
£e
2.
© B
4
4.
Be
€.
6.
e
8.
9,
10.
11.
12,
13.
14,
14,
15,
16.

Componsnt

Na0Y

= ]

na_!l~ oW o o om oW om W o

[ 2]

wWOowW W

a?

] 8

10=-54
3
14~16
0
14-18
£

14=-21
-9
14-30
S
14-38
-1
14-49
£
14-49
2
14-57
3
16~16

5
15-08
0

156-13
L

15-39

16-07

iravel .slmen &

0=C(J-B)
32 23
- a4 n a
13-53
- &
21-08
-7
£1=156
G
21-03
- 8
2l=-12
-1
21-22
9
22«12 23-02
8 - 8
BE-22
- 1
EE2=23
0
2e-:8
-10
LE-57
2
2E2=59 24-36
=11 3
23-06
-9
24-11
4
E4-23 256-38
0 -1
448 £6-00
10 9
LD=34 C6-44
8 4
28-27 26-48
1 8
£heb8 27-006
10 6
Z6=14 2731
-3 4

Periods in ‘ac,

a2

3.2

4.6
5.4

6.6

S

5.3
6.0
5.6
6.7
840
8.0
10.0
8.0
6.4
10.0
245
7.2

5.6

9.4

6.1
3.0
19.4
10,0
10.0

23

6.2

6.8

8.0

9.4

Amplivudes

-39

3.0

*

”
[N

€.6

5.0
De0
1.6
1.0
1.2
£.2
1.6
1.0

-8

6.1

2.45 :

1R.E
8.9
10.0

a0

in mm,

7

9.0
G5
24,1
209
3.5
6.0
8.2
4.5
4.6
7.8
30
1.7
1.0
2.0
2.0
<7

l.4

6.5
1.7
1.0

Ps

6.5

5.6

1.6
1.6

1.6
1.2
1.5
5.t

24,0
-5



Stetion Component Iravel iimes & Poriods in 8ec. 4amplitudes
O0~C (J - B} , in mm,
Ro. 8P sP PSS ap SP PS8 8P SP © PS
m s m 8 m s

17. B 22-22 28=-23

o . 6 0 10.8 7.5 £.0 1.7
18. KB 27-58 28-39 ,
‘ ‘ 6 0 . 11.8 €2 2.3 1.9
19. B £7-45 28-54 o



iABLE 3 iABLE 4

Ststion Ko, Period SP Station Ro. Period sp

eriod P3 erio
Ba 1.47 ~ ) 9 «376
9. «90 e «946
12. 1.00 4. 7
13, 1.00 5a .612
14. . 1.59 7. «736
15, 1.25 9. «5655
iﬁ. 1.20 10. «606
17. 1.44 14. 474
18. 1.26

19. 1.00
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FIGURE 7

AMPLITUDE RATIO OF sP TO SP
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INTRODUCTION

The surface reflected waves sP, SP, and PS are fre-
quently observed at ocertain distances. However, there has
been only & limited study made of these waves. The PS
wave travel-times have been studied by Gutemberg and
Riohter (1934), and in & later paper (1935), they dis-
cussed the energy going into the transformed SP end PS
waves. Jeffreys (1942) published the travel times of the
8P wave., 4is far as the writer knows no energy study has
been mude of the sP wave. This paper presents date con-
eerning travel-timee, amplitudes, and periods of the sP,
8P, and P3S waves.

The earthquake of May 25, 1944 with its eploenter near
the Tonga Islands wses seleoted for study &8s it placed mahy
Horth American stations at a distance well suited for a
-atudy of 8P, 3P, and PS waves. A deep-foocus earthquake weg
doéirod &8s 8P, 3P, and PS waves are usually well defined
waves and are not usually confused with other waves with
nearly the same travel times.

EPICENTTR ABD TIME OF ORGIH_

The method used to find the eplcenter was a simple one,
yet acourate eaongh for the results desired. 'Epioentere for
this Qarthquako have been published by the United States
Coast and Geodetic Survey3 and the Seismological Service
of Canada%. Using each one as an assumed eplcenter, the
distance between epicenter and station wue computed. Then

teking an assumed time of.orgin. the travel time of the P

13-



wave wag computed from the J-B tables and ochecked with the
observed P readings for the following stations, Riverview,
Hawaii, Sitke, Passdena, Teoubaya, Perth, Wellington, and
Brisbane. These stations were used as they gave good con-
trol both eaet-west and north-south of the epicenter, They
&l80 have quite sensitive ipstruments. Then the assumed
epicenter and time of orgin were shifted until the residusls
of the ocomputed and observed travel times for the eight
statlions were all within six seconds with an average of
gsero. The finsl eplcenter was placed at 22°S8 and®178°w
with a time of orgis at Olh O6m 388 U. T., May 25, 1944.
DEPTH OF FPOCUS
The laok of lsrge surface waves &and the clearly developéd
pP wave, with the large time interval pP-P, indicated an
unusual depth of foocus. Thie ipterval at 101.7 degrees
‘(St..Loula) is 133 seconds. By use of a graph, pP-F time
intervel plotted Jgninst depth (the Gutenberg-Richter, 1936,
table for the travel time of the pP wave at different depths)
the caloulated depth wae interpolated for each atétion. The
average depth for all the stations wes 605 kilometers, with
a variation of from 590 kilometere to 618 kilometers. The
adopted depth was 605 kilometers below the gurface com e-
sponding to 0.09 of the earth's radius below the base of
the orust.
This earthquake is evidently one 61 the most deep-
geated disturbances that has occured in recent yesars. It
| is ip the same ares and at about the same depth as one
reported by Brunmer (1938-1939).
-]l 4~-



DATA

Stetions from which data were obtained, the distance
from station io epicenter, the type and components of in-
struments at each station are given in Table 1. ?he epl~
center-station distance was computed usinog the geocentric
coordinates s8 given by Macelwane and Sohon®, Hsoh station
wae assigned a number, which identifies it in the various
figures.

' Where possible, the travel-times, periode, and amplitudes
of &P, SP, snd PS were messured. This duta is given 1in
Table 2. The travel=times for SP and PS were cslculated
from the standard Jeffreys-Bullem (1937-1940) tables, and
‘the travel-times for sP were calowlated from tables by
Jeffreys {1942). Table 3 gives the observed period ratio
of 8P to PS8, and Taile 4 gives the observed period ratio
of 8P to SP. |

Pigurcs 2, 3, 4, apnd 5 are tracings of the eeiano-'
grems thet were messured. The vertical lines indicete the
points mhere the phases designated sbove them should errive
agoording to tﬁe J-B tables.

The d&ifferences between the computed and the obeerved
travel times for 8P, SP, and PS phuses are plotted against
epicentral distasnces in Pigure 1. '

The observed amplitude ratio of SP to PS is plotted
egulnst the eploentral distance in Pigure 6. |

-16-



THEDRETIGAL CONSIDERATIONS
The ratios of the ha;isnﬁtél displacements from sP

and SP wavee that would be expected were computed. The
methbd was patterned after Dena's (1945) ocsloulstion of
the relative amplitudes of certain wavna‘in terms of the
horizontel and vertiocal components of the displacements
which they produce at the surface of the sarth.

' The ‘amplitude, 4, of & seismic wave erriving et the
-anrféoe of the e&rth 'is given by Dana (1945) ae

4= ore e'wdD Tant. di, (1)

Sins da
The constant C depends on the emergy at the focue of

the shook and the type of wave (P, SH, &nd SV). The ratios
used here were computed for & single wave and for a eingle
shook, therefore C will cancel, The periods (T) for sP

and SP.waro roughly the same and were tukem &8 equal. The
expopeptiasl term, the absorption factor, was taken es unity
since the sbeorption is probebly smsll and &ppioximataly the
same for 8P and SP in any given case. A is the eplcentral
distance. The above equation for the ratio of thé amplitudes
then becomes

A$P 'Fsp JTQ“ i.o L

. a (2)

S P T
. L] —

(- 1

(]

|

e |} |a

=16~



The ratio%‘-((——:));fuas p}.otted~ against the smplitude
ratio Agp/Agp (Pigure 7), where Lo 18 the angle of in-
cidence at the surfece of the earth. It was found to de
very nearly comstant for digtances from 79 degrees to 102
degrees. 48 the ratio of the angles of incidence is very
nearly oconstant, it follows that the rutio of reflected
energlies is also very nexrly constant. Then the ratio
Lgp/fgp, where £ 1s the produot of square roots of the
fractions of the energy remaiping after reflection at the
surface of the earth, will be conetant. Also as the
readioge for the sP to SP ratio wers &ll, except Hawsall,
within this distance range, and if the sine ratio is nearly
constant then the tungent ratio will be nearly constent.

The amplitude retio now becomes

ﬁ‘_jf > ~\[(di°/da\sp (3)
>° (dio/da)sp

This ratio wae cslculated by use of the J-B tables.

To allow for the velosity of the P branch of the sP and
SP waves in the ornsf. the expression Siné@ 2 v/ ¥ was used,
where v is8 the true‘volooity in the surfsce material (taken
to be 6 km./sec. and 8 km./sec.), and ¥V is the apparent sw ~
face velocity of the same wave. 7V was computed from the J~B
tablél. |

The graphs given by Gutenberg (1944) were used to oom-
pute the horisontal component of the ground dieplacements
Hgp/Hgp (Pigure 3a in his peper).

These ratios were cgomputed for P waves having velocities



of 6 km./sec., and 8 km./sec. in the orustal layer, which
are the extremes expected, 4ilso, only the horizontsl com-
ponents were copeidercd ae there were too few statione with
comparable verticsl instruments.
RESULTS AHD COHCLUSIONS
In Pigure 8 the computed ourve calcoulated by equation

S is shown ag & solid line between 79 degrees and 102 degrees.
Sin(ls)sP
nl( Lo)sP
constant {Pigure 7), snd thie ussumpticn was accepted in com-

: dashed :
putiog the curve. The’part of the curve was also computed

g . Sih("l-o)sp
on this zssumption, but 1t wes found that the ratio —
P * , € Sin (Lo)sp

is known to be nearly

Between these limits the ratio

was not & constant at dietances ag short &s 47 degreee} there-~
fore the nsétulnesa of equation 3 is doubtful. Also the wh ole
curve was computed without the multiplying correction ainio =
v/¥, where v is the actual veloolty of & P wave in the orwet,
apd V is the apparent velooity teken from the J-B tables.
This correction is smsll (ainldﬁ°1). and if this ocorrection
18 spplied the resulting curves would be peurly parallel to
the upoorrected curve and glightly below. For example, at
86 degrees the uncorrected smplitude ratio is .90; for v=6 km./
aée‘ the amplitude ratio ia ,72; &nd for v = 8 km./seo. the
amplitude ratio is 82. |

As can be seen from Table 8 the theoretiocsl curve iein
poor agreement with the observed smplitude ratiocs. However,
at sbout 85 degrees and 95 degreés both the computed and the
observed curves do have minima. Algo, the average of the

theoretical smplitude ratio curve pointe having v = 8 km./sec.



is .87, just twice as much &8 the observed amplitude ratio
curve poists, whioch e .43.
The minima observed amplitude ratio in the vinioity of

85 degrees and 95 degrees osn be sttributed to loss of part
of the energy before it reachee the surfasce or it mey be due
to errors in the travel time ourves used.

' The ratio, f_ /fs?. would be expscted to be sbout one
half from Gutemberg's work (1935) and tha-\lfﬂﬁﬁzlzf will

‘ Tan (to)SP
be approximately .7 over the range of distance for which dats

have been taken. Therefore the values calculated from equation
3 should be about three times tée large. This makes the agree~
ment between the expected and the observed ratios fair:s The -
dotted 1ine on Figure 8 shows the values aomputed from equation
2 multiplied by ome third. A

E Brunner (1938—19393 compared amplitudes of waves beginning
wi:hfth» corresponding direct waves and found both classes had
fnt&rl: the same 1nto§aity. This would give an amplitude ratio
for sP/SP of nearly ome. This is in good agreement with the
ungorrested theoretical amplitude ratio, ae its average ratio
(from 79 degrees to 102 degrees) is .95. | |

Table 3 is the observed ratio of the periods, SP to PS,

and Table 4 is the observed ratio of the periodé. eP to SP.
If thesie ratios were plotted agﬁinst distance ip & graph,
there would be just a scattering of points. Therefore within
the limita of the observed distance, the date show no murked
effeoct of distance. Gutemberg and Richter (1935) observed
the same thing for P, PP, P', 8, PKS, and SS.

=19~



The observed periods of the sF wave are quite consistent,
with only ope exceptionm. They varied from 3.2 geconds to
6.0 seconds, The one exception is the College station with
8 period of 12 seconds. The College record is of unususl
appearance &pnd it is doubtful that 12 seconds is the true
period, |

There ie & much greater variastion in the periods of the
ISP uavaa.' There are two equally common groups of the SP
pariods,auith pesarly every'reéord fslling into one or the
other of the two gfoupe.‘ One group has‘a period variation
of from 3 secondis to 6 seconds &nd the other from 9.4 seconds
to 11,5, with only St. Louis (period of 19.4 seconds) falling
much outaide eithér of the two. There is some indication
that the SP waves having thelr reflection pointe under fhe
contipent have larger periode than the SP waves haviog their
reflection under the ocean (an averuage of 2.5 seconds per
reaord)., But the pumber of records is so smull no conclusions
ahoﬁld be drawn,

~ The periods of the PS waves fall imto no groupe, nor

do they vary in any oonsistent way. Neglecting the vertical
record at St, Louis, the periods very from 6.1 seconds up to
12.2 seconda, being nearly evenly scattered.

Gutenberg und Richter (1934) found that elthough PS
can be expected to appesr &t about 650 degrees, it iz pot
found until sbout 78 degrees and then only uncertain ident-
ifiostion oun be made. At 84 degrees PS is clearly defined.
This agreee very well with the gasnlts found for this earth-

=20 =-



queke., At Pusadena (A = 79.7 degrees) uncertsin ident-
ification is made of PS on the east-west instrument, but
et Tuoson (A = 83.8 degrees) the PS wave shows up quite
olearly.

The SP wave is identified throughout the range of
stations used (47 degrees to 117 degrees distance). How-
ever, 8P can be identified only out to 101.7 degfeea. but
this ie to be expeoted s that is nearly the greatest dis-

tance that 8P can travel without touching the earth's ocore.
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