6. Travel Times of the Principal Earthquake Waves for Uppsala.
By

Markus Bath.

Introduction.

The travel time tables of earthquake waves nowadays in general use
(JEFFREYS and BULLEN (I), GUTENBERG and RICHTER (2)) have been deter-
mined to a high degree of accuracy. In their determination use has been
made of the records at a great many different seismological stations in
various parts of the world running various kinds of seismographs. The
chief aim of this paper is to see what differences there may exist between
these general travel times and those recorded at a single station with a
single type of seismograph. The records used are those of the WIECHERT
horizontal seismograph (1000 kg pendulum) at the Meteorological Institute
at Uppsala (lat. 59°5129”N, long. 17°37'37”E). Only normal or shallow
earthquakes have been included in the present study.

Materials used. Method of determination.

The material given by GUTENBERG and RICHTER (3) has been used.
They have made a careful revision of the values given in the International
Seismological Summary, and the values in (3) may thus be considered as
very reliable. The earthquakes are in (3) divided into three qualities: A
(epicenter probably located within 1 degree of arc), B (within 2 degrees),
and C (within 3 degrees). Only those earthquakes of qualities A and B
that have been clearly recorded at Uppsala have been used. The data of
the earthquakes used cannot be given here. A reference to (3) and to the
»Observations séismographiques» published by Uppsala may suffice. The
epicenters are indicated in Fig. 1. The number of records used was 315
in all (from 1913, 1918, and every year 1920—1943). Individual errors
due to special records or personal factors are eliminated by using as many
earthquakes as possible.
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The distances from Uppsala to the various epicenters have been deter-
mined graphically by means of a thin celluloid-band graduated in degrees
of arc placed on a globe. The band was made 3 cm wide, so that it may
easily and exactly be placed with its central line along the great circle arc
between any two points on the globe. The circumference of the globe used
was 168 cm, which makes 1° = 4.7 mm, thus easily making a good esti-
mate of the tenths of degrees possible. It is necessary that the globe is
perfectly spherical and that its latitudes and longitudes are perfectly exact,
if this method will yield good results. These requirements (especially the
first-mentioned one) were not quite satisfied by my globe so that a smaller
correction had to be applied to a certain area (a sector including South
America). After application of this correction a comparison of graphically
determined and calculated geocentric distances for a representative material
(78 determinations) gave a standard deviation of 0°.1 for a single measure-
ment. This is fully satisfactory regarding the fact that GUTENBERG's
quality A (highest accuracy) is determined only within 1°. The error in
the distance is thus of no importance in comparison with the uncertainty
in the location of the epicenters. The graphical method is furthermore
about three times as quick as the calculation method. The distances de-
termined are the geocentric distances, which are preferable to the geo-
graphic ones (GUTENBERG and RICHTER (4) and JEFFREYS (§)).

The time-differences, constituting the travel times, have been calculated
by means of a calculating machine. The calculations may easily be made
with the times given in minutes and seconds without transformation of se-
conds to tenths and hundreds of minutes. If 7, and 7, are two times to be
subtracted (7 —7) the simple and obvious rule is to subtract 40 from the
result in case the number of seconds in # is greater than that in 7. For
addition (7 + 2) the corresponding rule is to add 40 to the result, if the
sum of the seconds in 7 and ¢ is greater than 60.

The travel times have been determined graphically by plotting the
points in diagrams with travel time and distance as axes. The scales used
have generally been 1 minute =20 mm and 1° =5 mm except for Z and
M, where 1 minute = 10 mm. All observations have been treated as if
they were of equal weight. The weight depends obviously rot only on the
quality A or B, but also on the exactness of the determination from the
records. As the application of different weights is rather arbitrary, I have
not considered it worth while doing it; it merely increases the work without
improving the results. Some single and very discordant values have been
excluded as surely depending on false readings from the records.

The task is now to get the closest possible fit to the observations. In
order to effect this, curves have been drawn not only for 2—0 (O = origin
time), S—O, but also for S—2. A difference between S—/7 calculated from
the first two graphs and that determined graphically from the third de-
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pends obviously only on different drawing of the curves. If any greater
discrepancies existed the different curves were inspected and correction
made where it seemed necessary. After that the mean of S—2 from the
two different determinations was calculated. Starting from the values of
P—0 which were best determined, S—O were deduced by adding the
adopted values of S—2 to P—0O. The same procedure was made for /-0,
PP-0, and PP-P, for S0, SS—-0, and SS—S, and for S0, /-0, and
L—S. After that the individual deviations (# 7)) from the mean curve were
plotted against distance with a  7-scale 6 times as extended as the
original 7-scale. These graphs made further improvements possible, partly
only by inspection (as for 2—0 and S—0), partly as a result of the cal-
culation of the deviations from the mean curve (for 2P—0 and SS—0).
The values of S—7, PP—P, SS—S thus corrected were compared with the
graphs of these differences. The resulting values have been smoothed.
For a complete smoothing it had, however, been necessary to give the
times to tenths of a second.

It is obvious that for a given epicentral distance the travel time of a
phase depends both ou the depth of the focus and the ellipticity of the
earth. If travel times for a spherical earth and for a certain normal depth
are wanted, corrections ought to be applied to every individual earthquake-
reading. The ellipticity is easily corrected for (see (5)). But a correction
to some standard depth or to a surface focus requires an accurate know-
ledge of the individual depths of focus. These are, however, not known,
and such a correction cannot be made. A simple calculation now shows
that the time-correction due to ellipticity in general does not amount to
more than s of the time-correction due to focal depth (for 2 and .S).
Taking account also of other sources of error, it is not worth while to
make any corrections for ellipticity in the present paper.

Resulting travel times.

The resulting travel times are given in Table 1 (p. 121—p. 125). The times
have been determined only for 2, S, PP, SS, L, and M, as there are not
sufficient observations of other phases to get reliable travel times. The times
given may be regarded as the closest possible fit to the observations. The
differences S—P, PP-P, SS—S, L—S, and M—P, which are of use in the
calculation of distance, are also given in Table 1. It ought perhaps to be
emphasized that the values in Table 1 are strictly applicable only to Upp-
sala and its seismograph. When multiple phases (see below) have been
observed for the principal phases, only the first phase has been used.

For L the observations show such a considerable scatter that it is al-
most impossible to place a straight line fitting the observations with any
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degree of accuracy. In this case I have tried to see which of the already
existing travel times for L best fits the Uppsala observations. The result
was that STONELEY's (6) LR-curve (adopted by JEFFREYS in (1)) is the best,
whereas STONELEY's Z(Q, GUTENBERG's (2) G (which corresponds to ZQ)
and MACELWANE’s (9) curve (which has hitherto been used in the routine
analysis at Uppsala) fit the observations decidedly worse. The values for
L given in Table 1 closely correspond to STONELEY's LAR-curve. In fact
it is not possible to obtain the closest possible fit to the observations by a
straight line for all distances. The values given correspond to the observa-
tions fairly well up to 4 = 9o°, but for greater distances the observations
are much earlier than the straight line requires (see below).

The remarks for L are in the main applicable also to 4. A is generally
meant to be the beginning of the maximum movement. As this is often
very difficult to determine exactly and as it is generally not given in the
bulletins, I have used M/ to denote the first maximum. Comparison has
been made with MACELWANE’s (9) values for M. As it is to be expected
my values are somewhat later. As for Z the fit is fairly good up to 4= 90°,
but for greater distances J/ comes earlier than according to the straight
line. This may be due to false readings, as in some cases J/ may be
taken among the long waves. It is seen from Table 1 that in several cases
M—-L is not equal to (M—0O)—(L—0). This is only due to the fact that
in calculating M—L two decimals were used for #/~0 and L—O, which
was necessary to get J/—L smoothed out. In Table 1 #~0O and -0
have afterwards been reduced correctly to one decimal.

Comparison with other determinations.

Comparison has been made with JEFFREYS' and BULLEN’s (1) and
GUTENBERG’s and RICHTER’s ((2) and (12)) travel times (Table 2), which are
reckoned from the same zero time (O) as I have used. Index U= Upp-
sala times, index ¥ = JEFFREYS' and BULLEN’s times, and index G =
GUTENBERG's and RICHTER’s times. G/ refers to the times given in (2),
GII to those in (12). The G// times are valid only for a surface focus.
JEFFREYS' and BULLEN’s times have been used both for a surface focus
(I) and for a focus at the base of the granitic layer (II; depth = 33 km).
GUTENBERG and RICHTER (2) give multiple phases. Comparisons have been
made with that or those of the multiple phases which best correspond to
my times. The numbers of the multiple phases according to GUTENBERG
and RICHTER are given in parenthesis in Table 2.

It is apparent from Table 2 (especially for Py—Py and Sy—Sy) that the
differences are to a great extent due to the depth of the focus. The dif-
ferences must be = 0 in most of the cases for some depth between the



1009

TRAVEL TIMES OF THE PRINCIPAL EARTHQUAKE WAVES FOR UPPSALA

09I = 10}

— IT+ |2 €4 Z == | 091

- o1+ bid | S + | oF | € — ! ¢c1

z + 9 + Si14+ [ 9 4 c— | L — oS1

S 4 € + oI+ | L + | €— | g8 — St

L + 1 - Li+ |g + | ¥— | 6 — ob1

9 + B - L1 | g + S o1 — €1

_ gl = o1+ |8 + | v— | 6 — of1

— G = i+ | 9 + v— 6 — Sz1

— i — €14 | S €— | g — I ozl

Vo 2 — o1t | z 4 €— | 8 — SI1

I+ — I — 9Q— L+ |1 — i — 9 — oII

S — v —| 614+| gr—| 1— g ¥ — P+ Vv —| oFf S—]o+ € -] oF 9— Sor

9 — b— L —| bi4| Li—] 1— o T y— z +{|o9 — 1+ v — |+ 1€ -] oF G 001

9 — [ ¢ — II4+| €1-| z— o F = z 4+ |9 — €4 z —|S +]1V — z4 v S6

S — G (2 —|(rjo14| Vv1— S— o ¥ o— z 4+ ]9 — V4 1 =f€ +19 = €+ €— 06

¥ — €— (D1 + 21— T — o F oF €+ | S — 94 I+ |2 419 — v+ € — <Q

z + — I — 6 —| S+ VLR I+ LA L+ 2+ [P+ 1S - S+ o+ o8

€ 4+ L— o I (2)8 —(1)8+ S + 4+ L + 11— 9+ I 4+ (Vv + ]S — S+ oF SL

1 — S S + (25— T <}z z— eI | v o+ S+ oF|€+]|9 — €4+ T — ol

S — 9— €14 S — T €— 614+ | II 4 €+ z —i € +19 — 4+ " - S9

v — L— QI+ S — — v— Se4+  Li I+ v — | ¥+ ]S — oF S 09

I — v 9I 14 — I— Ye4+ | o1+ oF S — L4+ |1 — 4 € 49

I+ €— b1 Y4 — oF g1+ | o014 14 b — | L 4+ T — V¥4 I— oS

v — (5 — = 8 — r— L 4+ 11 — I— 9 — [z + 19 — 4+ €— 4

S — {— (D1 — S g — S € — |6 — g — 21— |z + )L — o} o ob

a — v— €— 8 — z— oFx 9 — L-— 11— | S + | € — z4 S ¢

Of = oF - 0 vy + |2 — e L — |8+ ]oF €+ Zi— o€

T — S— 1— (DL — €— 9 4+ | o F € L VL ae |1 = z4+ f= Se

I+ 9— z+ = € + 1€ — 9+ |0 F oF v oz

o1+ (o ()€ 4+ (o oI — [&f — L4 | 114 z4 = S1

— 9— v [ Sz4+ | oz 1I— S o1
S S S S S S [ S; S S S S S S
11 1I I m | o1 m | 1

| 1D¢_ e 11D ;1 Mae_ g 19a_0 195, 7 i1 | 1971 - - - > — v
=5 F—=d SS S S—=G dd—"dd | d—'d h%%l;%% AQQI,Q b (g_ng hm\\b&

' Qo



110 MARKUS BATH

surface and the depth of 33 ki, i.e. just the region within which the foci
of the normal earthquakes are situated. It is obvious that if travel times
are directly deduced from a single or a few earthquakes the times are af-
fected by the special depths of these earthquakes, whereas in this paper a
reduction to some normal depth has been made by using a great number
of earthquakes. The weighted mean depth of focus calculated from Py—PFy
is 17 km; that from S;—Sy (excluding the observations for 10° and 15°)
is 16 km, assuming a ratio of 1.17 between the velocities of both 2 and
S in the intermediate layer (thickness 18 km) and the upper layer (thick-
ness 15 km). The depth naturally varies with distance. That the depth
of the focus is not the only explanation is evident from the fact that
corresponding Py—Fy and Sy—Sy do not give the same depth. The height
of the station above the geoid is also of a slight importance. This height
is 14 m for Uppsala, and Uppsala may thus be taken as lying on the
geoid. Uppsala is situated at a distance of 6 362 km from the center of
the earth, thus 9 km below the surface of the mean sphere of radius
6371 km. The seismograph is in contact with the granitic layer.

Great differences in S(Sy—Sy) occur for # < 15°. These differences
are well established and are real (see Table 4, p. 126—129). The differences
Su—S¢ are smaller, which is evident from the following more detailed table:

4 Sp=S¢
12° + 4 sec
13 +5
14 = 4
5 T3
16 -+ 3
17 + 2
18 + 3
19 +3
20 = 2

The values of S; are here taken from (14). The big differences Sy—Sy
are surely due to the difficulties in determining .S at short distances (see
below).

The differences for AP and particularly for SS are naturally greater.
The great positive values of both SS;—SSy and SS;—SSs; for 4 = 50°—70°
are well established by the observations and seem to be real. Several
deviations are certainly due to the way in which the WIECHERT seismo-
graph responds to the earth movement (phase-lag etc.).

In Table 3 I have given for various distances . the values of
2+ P~PP, and 2-5,—SS,, calculated from the Uppsala times. For a focus

2 2

at some depth (not at the surface) it is easily shown that 2 2,—PP, <o
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Table 3.
A 2 P —PP, 2.5,—S5S,
| ] '.z

s | s
20° — +40
30 i) +24
40 + 4 + 9
50 — 2 —I2
60 + I — Iy
70 == 6 —20
8o L =71 — 9
90 -5 = 6
100 =12 + 3
110 = — I
120 = —14
130 + 3 —19
140 + 4 —19
150 + 7 —1I5
160 + 3 =1II

and 2-S,/~5S5s<o. This may explain the dominating negative values,
especially for 2-5,-55,. Another interesting result from Table 3 is that

2

the great positive value of 2-S5,—S5S5, for 4= 20° may be explained even

2

to its numerical magnitude from the corresponding difference Sy—Sy,
mentioned above. This indicates that Sy is observed too late for # = 20°
to an amount approx. = Sy—Sy. The positive values of the differences in
Table 3 for 4 < 40° may possibly to some degree be due to reflexion at
the base of the granitic layer instead of at the free surface (see JEFF-
REYS (11)).

Accuracy of the Uppsala travel times and comparison between dif:
ferent quadrants.

To give an exact measure of the accuracy of the deduced times is very
difficult, as it depends not only on the accuracy of the readings but also
on the accuracy of epicenter and origin time. The total error & 7 in the
travel time 7 is clearly composed of a time-error & 7, and a distance-error

da7rT

——)-d4d,:
(d = ) ) (AT

dl=d7,+ a’d) ~ddy;

In this paper I have only considered the time-deviations of the points from
the mean-curve, and what is given below is strictly not the accuracy of
the values but only the scatter of the observations.
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In Table 4 (p. 126—p. 129) I have given the details of the various curves.
The material has been divided into the four quadrants from Uppsala and into
certain intervals of . The division of the world thus effected is apparent
from Fig. 1, which gives on Mercator’s projection the N—S and E—W great
circles through Uppsala and the distances for every ten degrees (dashed lines).
4 7T in Table 4 is the correction to be applied to the individual values in
order to bring them into coincidence with the adopted curves. »4 7-range»
gives the range in 4 7 for each case, 7 is the number of observations,

A4 T the arithmetical mean of o 7. The table has been made as detailed
as possible to give a more complete picture of the material used and to
facilitate comparison with similar investigations for other stations.

S—P as well as the other differences (PP—F; SS—S) have been treated
separately, as it is not given that

IJ Ts_p|=ld Ts_()l + ld T]‘_OI.

This depends on the fact that in determining S—Z only those earthquakes
can be used where both 7 and S are clearly recorded. It may be men-
tioned that in many individual cases -0 and S—O show correction of the
same sign and about the same magnitude, indicating an error in the origin
time O or a clock-error, which, however, is unlikely, whereas S—2, which
is independent of O and clock-error comes out all right.

The observations are distributed about the mean curves according to a
normal error-curve. This has been ascertained by drawing frequency curves
for 4 7 for the various phases and phase-differences. The standard devia-
tion o of a single observation has thus been calculated according to the
formula

. . G .
where 7 is the total number of observations for each phase. —— is the
i

standard error of the mean. The results are:

o
Phase o Vn
P -0 + s5.0sec to0.3 sec
S -0 8.4 » 0.5 »
SIS 6.5 » 0.4 »
PP-0O 9.8 » 1.0 »
PP 8.5 » 0.9 »
SS-0 15.4 » 1.5 »
SS—-S 10.7 » 1.2 »
L -0 2.1 min 0.1 min
M -0 (3.3 ») (0.2 »)
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For L—0O and M—O the calculations are made only for 4/ = go°, as great
discrepancies from the normal distribution occur for greater distances (see
Table 4). The frequency-curve for M—O differed from all the others in
showing a secundary maximum for o/ 7= + 6 min. This is certainly due
to cases in which A/ has been read among the long waves, thus 6 min
too early in the mean. It may perhaps be objected that the number of
observations for PP—0 and SS—O is too small to get reliable values. The
addition of 20 further observations for PP—0O and 17 for SS—O (taken
from (3) p. 20, which had not been used before, as the origin times are
given only to tenths of a min) conformed to the previous observations,
which may thus be taken as representative.

The division into quadrants was made in order to see if any differ-
ences in travel times existed for different directions. In this case we are
independent of my travel times, as it is only a question of the differences
between the quadrants, and we could clearly have used any normal for
reference. The differences for 2—0 and S—0O seem to be consistent with
each other, which they also ought to be if there existed any differences
in the elastic constants or the density in different azimuths. The differences
between the travel times for the different quadrants seem to be greater for
S than for £. This is, however, contradicted by theory. Starting from
the mathematical expressions of the velocities of 2 and S, it is easily
shown that

des I A

= — — << 1, where o=
dep Vi+a ; uw

in the usual notation (¢; and ¢,;=the velocities of 2 and .S resp. and « assumed
constant), which means that the change in velocity is less for .S than for 2 for
any change in the elastic constants or the density. Thus the differences in
travel times ought to be less for .S than for /. The differences may not be
regarded as any indication of different properties as they are furthermore
contradicted by the corresponding differences for 2P—0 and SS—-0O (compare
GUTENBERG (8)). It ought to be mentioned that JEFFREYS and BULLEN (10,
p. 33) have found a similar difference between the times of 2 for Japanese
(NE) and American (NW) earthquakes for /> 54° as is evident from Table 4
both for 2 and S. Any definite conclusions may not be drawn from this.
There is, however, a very striking similarity in the general run of o4 7 for
FP—0 and S—0O for the different quadrants.

It may be noted that the two observations of S—O for 10°—20°
from the SE-quadrant conform very well with JEFFREYSvalues (com-
pare Table 2), whereas the 10 observations from the NW-quadrant show
a different feature. A special investigation of the S-phase directly from the
records was made for the 10 earthquakes from the NW-quadrant for
10°—20°. The results showed no sensible difference from the older deter-
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minations, when the most obvious and clearest phase was taken for .S.
There was, however, in most of these records a very slight change in the
character of the trace preceding .S by an amount approx. = S;—Sy (Table 2).
This first phase is probably the correct S. It is not possible to prove this
conclusively by a determination of the change of direction of the move-
ment, as the amplitudes in the 10 records are too small to get the ne-
cessary reliability. The times given for S—O for 10°—20° correspond to
the most obvious phase, and they are practically useful, though they are
perhaps not theoretically justified. A thorough treatment of this matter is
given by LEE (13).

For L—0O, however, the matter is different, as it shows a decided
difference in travel time between the quadrants. We are here considering
only distances 4 < go°. As the velocity of Z depends on the surface pro-
perties of the earth, it is also in this case that differences might be ex-
pected. The differences in Table 4 indicate the smallest velocity in the
NE- and SE-quadrants and greater velocity for the SW- and NW-quadrants.
The NE- and SE-quadrants up to 9o° consist mainly of the Euro-Asiatic
continent, whereas the NW- and SW-quadrants to a greater or lesser ex-
tent are covered by oceans. The result is thus in accordance with what
has been expected elsewhere (see for example GUTENBERG (7)). The positive
values of # 7 in the NE-quadrant for 4 > go° may possibly be due to
the fact that these waves have to some extent passed the Pacific Ocean.
This deduction is however fairly uncertain. It is obvious that for a certain
distance the difference in travel time (4 7') corresponds to a difference in
mean velocity (#¢) determined by the relation

dc 4T
c T
dc . . :
The values of — are given in Table 5. The weighted mean value of
=

A c/c indicates a difference of § % in ¢ between the NW- and NE-quadrants

Table 5.

a7 A a7 L

A c c
NW—NE NW—NE | NW-—SE NW—SE

min. min.
25° +o0.5 —0.04 +1.3 —o.11
35 +2.3 —0.14 £ 2 —0.07
45 +3.1 —o0.I5 +2.4 —o0.II
55 +1.6 —0.06 +0.8 —o0.03
65 +1.1 —0.04 + 37 —o0.12
75 a3 —o0o04 +45 | —oa3
85 +2.0 —o0.05 +1.6 | —0.04

' Mean —0.05 [ —0.09



TRAVEL TIMES OF THE PRINCIPAL EARTHQUAKE WAVES FOR UPPSALA 11§

and 9 % between the NW- and SE-quadrants. The mean velocities of sur-
face waves in the different quadrants are thus:

NW: ¢
SW: ¢
NE : 0.95-¢
SE : 0.91-c

As the mean velocity for our Z—O-curve is 4.023 km/sec, we can ap-
proximately calculate ¢ by taking account of the number of observations
in the different quadrants:

63 X ¢+ 18 X ¢+ 80 X095 X ¢+ 65 X091 Xc=226X 4.023

giving ¢ = 4.21 km/sec. The mean velocities are thus:

NW: 4.21 km/sec

SW: 4.21
NE : 4.00 »
SE : 3.83 »

STONELEY's velocity of 3.972 km/sec for L gives:

NW: 4.15 km/sec

SW: 4.15 »
NE : 3.95
SE : 3.78 »

This is of course a very approximate determination.

The values given are mean values for each quadrant for 4= 10°—g0°.
The velocity depends on the period, of course, so that the values given
here may be regarded as mean values even with respect to the period of L.
The velocity of L varies from point to point. A method suggests itself
here to determine this variation by a method of addition. If R = the earth’s
radius, we have clearly

R-dAd=c-dt
or
o Redd,
c

Integrated this gives the travel time of Z

v

v )
e T "d. 444,
Yufffzxfc[(mzfc}_:‘j ;

c = Cn
o o

where 6.7, is a finite difference in 4, within which ¢ =¢,. Only a quadrant
or smaller sector is considered. By first taking the nearest earthquakes
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(within 0 #,) we can calculate a mean value ¢, of ¢ in § 4,. By then passing
to earthquakes within d, we already know the first term in the sum above
and are able to calculate ¢,, and so on step by step, taking due account
of the period of L. It may then be valuable to compare the results with
other stations. The difficulty is of course to get reliable readings of Z,
and it may be necessary to use a great number of earthquakes. It is out-
side the scope of this paper to carry out this idea.

Accuracy in the determination of distance.

If 7= the time difference between two phases and /A = the depth of
the focus we have in the general case

T'=T(4, H),
which on differentiation and solving for &4 gives
07
I 0
dd = d_]_dT__(_j__]dH
od od
For normal earthquakes /7 is assumed constant and the equation may be
written
ad
dd = (37) -d T

This relation expresses the evident facts that the error in the distance
(d4) is due partly to an error in travel-time difference (Z 7°) and partly to

the slope of the corresponding travel-time difference curve (gg) In Table 6

the results are given for S—2, PP-P, SS—S, L—S, and M—P. d 7 has
been put equal to o. No o has been calculated for Z—S and M—Z2, but

Table 6.
s—r | pr-r S5—8 —s | m—r

4 / | qr / AL )

u’Arf'T A In’Jrfsz A :/zjldT‘ A dd'd 7 A ddald T )

ofs | ofs ofs o/m o/m

20°| o0.118 | +0°.8 0.154 | +1%6 80 |*t17°6| 2.5 |=+8°;5
30 | 0.143 0.9 | o250 | +2°1 0.143 I.5 5.0 II .0 2.4 82
40 | 0.154 I .0 0286 | 2 .4 | 0.143 | 1.5 4.4 9.7 2.2 7.5
50 | 0.154 I.0| 0500 | 4.3 0222 2 .4 5.0 11 .0 2.2 7125
60 | 0.200 1.3  0.400 3 .4 | 0.333 3.6 4.0 8 .8 2.1 7 .1
70 | 0.182 I .2 | 0.400 3 .4 | 0.400 4 .3 4.0 | 8 .8 2.2 7.5
8o | o0.182 I .2 | 0333 2 .8 | o0.250 2.7 3.6 7 .9 2.1 7
90 | 0.200 1.3 0.286 2 .4 & 0.200 2 .1 3.3 ‘ 7 .3 2.0 6 .8
100 | 0.250 I.6! 0.333 2 .8 | 0.167 1.8 3.1 6 .8 2.0 6 .8
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as in these cases almost the whole error depends on errors in Z—O and
M—0O, d T has been taken as the sum of ¢ for L—0 and S—0, /-0 and
P—0 respectively. We see from Table 6 that S—/Z yields the most ac-
curate determinations (@4 + 1°). On comparing PP—P with SS—S we
find (except for 4™ 60°—80°) that SS—S is more accurate than PP-Pin
spite of a smaller time error in Z/—/F. This just depends on the greater

slope (smaller d“'/’) of the SS5—S-curve. The difference in accuracy is, how-

a7l
ever, fairly unimportant. A similar difference exists between Z—S and
M—P. The errors in the distances calculated from Z—S and M/—P are very
large, and they can be used only as a first orientation.

The depth of the focus of normal earthquakes is not always or everywhere
the same. Travel times valid for some normal depth are thus liable to
give wrong -values, because the depth in individual cases may deviate
from the adopted mean. An evaluation of the second term in the general
formula for .4 for S—F for normal earthquakes using JEFFREYS'values in

oT I 3
calculating FVea gives the result that a deviation in /7 of 10 km gives a

mean error of 0°.2 (0°.17) in 4, 20 km gives 0°.3 (0°.34) and 30 km gives
0°.5 (0°51) and so on. In most cases the second term is thus almost neg-
ligible in comparison with the first.

Multiple phases.

In Table 7 are summarized the cases with multiple /~- and S-phases
among the whole material used in this paper, d 2 being the time-difference

Table 7.
Epicenter A4 JSP JSS Epicenter 4 OS[ JSS
|
443°N, 343°E 18°5| 10 343°N, 115 °E | 64°2| o |
38 N, 26} E 22 6| 14 12 53 N, 1653 W 67 .5 8 4
40 N, 35 E 22 .8 7 14 455 N, 151 E 68 .z 5
40 N, 372 E 23 .3 5 18 N, 963 E 69 .0 4 |
40 N, 38 E 23 .5 8 122 N, 924 E 71 .6 7 |
354 N, 253 E 24 .9 6 8 40% N, 125t W 75 .2 9
35 N, 20 E 26 0| 15 278 N, 1201 E 76 .7 10
408 N, 533 E 29 .6 7 13 S, 8o} E 82 .5 4
52 N, 343 W 29 .7 8 290 N, 113 W 82 .8 5
32 N, 403 E 34 .9 12 222 S, 324 E 83 .7 4 |
352 N, 58t E 36 .0 6 13 134 N, 121 E 84 .9 6 |
29 N, 563 E 40 .7 7 14 N, 123 E 85 .4 15
49 N, 90 E 41 3] 4 98 N, 843 W |87 5 | 4
18 N, 373 E 44 .4 11 16§ N, 08% W 87 .9 5 |
36 N, 8 E 47 9 10 | 124 N, 1258 E 88 .0 4
283 N, 831 E 53 .9 4 9 N, 1223 E 89 .6 [ 6
643 N, 1463 W 56 .1 8 2SS, 813 W 95 .4 5 |
56 N, 162} E 61 .1 | II 1 S, 120 E 96 0| 10
558 N, 168 E 62 .8 9 103 S, 77 W 101 .4 14
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for 2 and d.5 for S. The only way in which multiple phases may be in-
ferred is in individual records. There was nothing like multiplicity in the
travel time graphs, but only the normal scatter of points about the mean
curve. As the cases in Table 7 are few, numbering 22 for 2 and 21 for
S, no far-reaching conclusions may be drawn. The mean time-ditference is
7.2 sec for P and 9.0 sec for S. Table 7 shows that multiplicity occurs
for all distances for which 7~ and S are recorded, and may be encountered
for any earthquake locality. There seems to be some variation of the time-
difference with distance. This is most clearly pronounced for £, which
shows a clear decrease of time-difference as distance increases. For S the
variation is not so simple. But there seems to be no other regularity in
the geographical distribution of the time-differences. For further particulars
see GUTENBERG and RICHTER (2).

The period of the maximum phase.

Though it is really outside the scope of this paper, a determination of
the variation with distance of the period in the maximum phase was made
in connection with the present work. It is a wellknown fact that this
period varies with distance, and the aim was to see what this variation
looks like. The period used is the period of the first maximum (/47 above).
The result is given in Fig. 2, where the straight lines connect points re-
presenting the mean period for every five degrees and the dashed line is
a mean curve. 296 observations were used in all. The curve is fairly
certain up to 9o°. The slight decrease up to about 45° may perhaps be
replaced by a horizontal line. The striking feature in the variation of the
period is the approximate constancy up to 45° (7'= 13—14 sec), the rapid
increase between 45° and 65° (from 13 sec to 20 sec) and the less rapid

T34
sec.

30 /\ A
' WA
2 Y,

- = V
18 /’\
14 /Ax_::ﬁ_ ——

10 L ! I I I I I ! 1 l I L |
0 20 30 40 50 60 70 80 90 100 110 120 130 140 ‘500

Fig. 2.
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increase between 65° and 9o° (from 20 sec to 23 sec). Above 9o° the
observations are comparatively few, and the curve is not so reliable.

It is a well-known fact among seismologists that the period varies during
the maximum phase and is generally decreasing. Out of 276 cases, where
several maxima were given, 60.5 % showed a decrease, 24.3 % an increase,
and the rest 15.2 % an unchanged period in the course of the maximum
phase. The increase is observed almost exclusively for the shortest periods.

Summary.

1. Travel times of P, S, PP, SS, L, and M have been deduced from
the records of the WIECHERT horizontal seismograph at Uppsala.

2. Comparison has been made between the Uppsala times and those
of JEFFREYS-BULLEN and GUTENBERG-RICHTER, showing that the discre-
pancies may in many cases be explained as an effect of the depth of the
focus. The mean depth calculated from this is 17 km.

3. Standard deviations of single observations as well as standard errors
of the various curves have been calculated.

4. A comparison of the travel times of the four quadrants from Upp-
sala showed no reliable difference for the bodily waves but a striking
difference for Z—0O, indicating greatest velocity in the NW- and SW-
quadrants and smallest velocity in the NE- and SE-quadrants. The mean
velocities of Z up to 9o’ are approximately calculated.

5. A method is suggested for a more detailed study of the velocity of
surface waves.

6 The accuracy in the determination of distance from S—P, PP—P,
SS5S, L—S, and M—P is calculated.

7. Multiple 2 and S-phases are briefly summarized and some pro-
perties deduced.

8. The variation with distance of the period of the first maximum is
constructed.
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TRAVEL TIMES OF THE PRINCIPAL EARTHQUAKE WAVES FOR UPPSALA
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TRAVEL TIMES OF THE PRINCIPAL EARTHQUAKE WAVES FOR UPPSALA
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