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XXI, On the Annual and Semi-Annual Seismic Periods.
By Cuarres Davison, M.A., Mathematical Master at King Edward’s High School,

Bermangham.
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w 1. I~ 1834 the existence of an annual period of earthquake frequency was pointed

out by MErIaN, and his discovery has been fully confirmed by the work of later
seismologists. No result of equal importance was, however, added to our knowledge
until fifty years afterwards, when a valuable memoir* was presented by Dr. C. G. KNorr
to the Seismological Society of Japan. As the present paper follows somewhat
closely in the lines laid down by Dr. Kyorr, T will first give a short account of the
results obtained by him, and in the next section will describe his method of
investigation.

One of the objects of Dr. KNorT's work was to ascertain whether any trace could
be detected of a six-monthly, as well as of an annual, period. He examined for this
purpose lists of earthquakes in Japan from 1872 to 1880 (Mirxg), Europe and the
adjacent parts of Asia and Africa from 306 to 1843 (PERREY), the Grecian Archipelago
from 1859 to 1878 (Scmmipr), the East Indian Archipelago from 1873 to 1881
(Berasma), New Zealand from 1869 to 1879, and Chili from 1873 to 1881 (VERGARA).
The chief results obtained from this discussion are the following : (1) In five of the
six districts selected there is a well-marked annual period, the maximum occurring
about December or January in Europe, the Grecian Archipelago, and Japan, and
between June and September in New Zealand and Chili; 4.e., during the winter
season in every case: while in the East Indies, lying close to and on either side of
the equator, no such period could be discerned.. (2) With the exception again of the
East Indies there seems to be in the earthquakes of each district a semi-annual period.
the maxima occurring about Januaryt and June or July in Europe, about March and
September in the Grecian Archipelago, about June and November in Japan, about
February and August in New Zealand, and about April (for the first maximum) in
Chili, the second not being clearly defined. In the case of Furope, the semi-annual
period is not very pronounced, and the smoothness of the curve representing it as
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* ¢ Earthquake Frequency ” [18é4], ‘Japan, Seismol. Soc. Trans.,” vol. Q, part 1, 1886, pp. 1-20.
t These dates differ from those given by Dr. Kxorr, The reason for the change is stated below in § 3.
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1108 MR. C. DAVISON ON THE ANNUAL

compared with the others “almost suggests,” says Dr. Kxort, ¢ that this semi-annual
characteristic is almost accidental, and that with a sufficient number of observations it
might vanish altogether ” ; *and yet,” he adds, ¢ it seems too general to be accidental.”

It appears to me, therefore, desirable to examine the seismic records of other
countries besides those which were at the disposal of Dr. KNoTT in 1884, and this I
shall endeavour to do in the present paper. The relation of seismic periodicity to
intensity will also be considered, though the materials are somewhat inadequate for
the purpose. In the closing paragraphs, a summary is given of the principal
conclusions arrived at, and an attempt is made to show that the annual variation in
barometric pressure may be the cause of the annual seismic period.

With regard to the origin of the semi-annual period, I regret that I am unable to
offer any definite suggestion.

MEerHOD OF INVESTIGATION.

2. Dr. Kxorr's Method.—If f(0) be a periodic function of a variable 6, we may

write
J(0) = ay+ @y cos (0 4 @) 4 agcos (20 + &) + . . . 4+ a,cos (n0 + ) + .

from which it follows that

2% ["r6yas=a,+ S;nd)cos(ﬁ +a)
0—¢
| + HBELZP sil(;% 0s (20 + a,) + . a” SH(;M) cos (nf + «,) + .

the latter equation giving the mean value of f () through an interval ¢ on either
side of 6.

Let T and S be the values of the last series when ¢ is put equal to #/4 and /2
respectively, then

2 \/2a1

cos (0 + «,) +%(£2-cos(26+a9)—|-...

4o, sin na

+ _—7—— Co8 (n@ + au) +.

T = a, +

S= 61,0+%~cos (9+a1)-—. cos (30 4+ o) + . .

2a, sin 2n'7r

+ 08 (n0 + &) + .


http://rsta.royalsocietypublishing.org/

A A

JA '\

/ y

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A A

A \
1~

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

AND SEMI-ANNUAL SEISMIC PERIODS. 1109
and
r_ LN w2
S — " __ao<l —\/2> — cos (20 4 o) +

+ %(sin Lnm — /2 sin inw) cos (nf + o) + . . .;

where in T all terms are absent which invelve multiples of 46, in S all those
involving multiples of 26, while, in the third expression, the terms involving 6 and
all multiples of 46 disappear.

If, then, we take 27 to represent a period of one year, T represents the result of
taking three-monthly means, and the effect of this is to eliminate the three-monthly
period, if there be one, and all periods which are fractions of three months, and also
to diminish the amplitudes of all other periods relatively to that of the annual
period. In like manner, S represents the result of taking six-monthly means, the
effect being to eliminate the six-monthly period, if there be one, and all periods
which are fractions of six months, and also to diminish the amplitudes of all other
periods relatively to that of the annual period. The result of the third operation is to
eliminate the annual period, and to give special prominence to the six-monthly and
four-monthly periods, if such exist.

Now, if we have a record of all the earthquakes felt during a given interval
(containing an exact number of years) over a definite area, and if we group together
all the earthquakes felt during each month of the year, we may regard the numbers
so obtained as representing the average number for each month felt on the middle day
of that month. The mean of the numbers for the months of December, January, and
February, will be the three-monthly mean corresponding to the middle of January ;
and the mean of the numbers for the months of November, December, January,
February, March and April, will be the six-monthly mean corresponding to the end of
January. If three-monthly and six-monthly means be calculated in this manner for
each month, and if' the results be plotted in the usual Wa,y, the first of the curves so
‘obtained will show no trace of a three-monthly period, and the second none of a six-
monthly period.  To eliminate the annual period, arithmetic means are interpolated
between each pair of numbers in the two series, the means of the first series giving
the three-monthly means corresponding to the end of each month, and those of the
second series the six-monthly means corresponding to the middle of each month.
Multiplying each number of the first series by 1/,/2, or *707 . . ., and subtracting it
from the corresponding number of the second series, the curve obtained by plotting
the resulting differences will show mno ‘trace of an annual period, and will give
special prominence to the six-monthly and four-monthly periods, if such exist.
Lastly, i each of the twenty-four differences be divided by the average of all, the
curves so obtained for different intervals and for different areas of observation will be
more directly comparable with one another.
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1110 MR. C. DAVISON ON THK ANNUAL

8. If the third and succeeding terms in the expression for S — T/,/2 may be
neglected in comparison with the first and second, it is evident that S — T/,/2 will
be a maximum when the second term (which determines the six-monthly period) is a
minimum, and wvice versd. By a slight oversight, Dr. Kxorr has reversed the sign of
this term, and consequently the epochs which he obtains for the maxima of the six-
monthly period are in reality those of the minima, and vice versd.

4. Method adopted in this Paper.—I have described in some detail the method
employed by Dr. KNotT, for, in principle, it is the same as that adopted in this Paper.
The chief differences are that I have used the same method in investigating both the
annual and semi-annual periods,* and have also taken into account the variable length
of the month.

Whenever possible I have grouped the earthquakes in half-monthly, instead of in
monthly intervals, the first half of February containing fourteen days, and of all other
months fifteen days. The numbers so obtained are then reduced to equal half-monthly
intervals of fifteen days.

In investigating the annual period, the reduced figures for the halves of each month
areadded together, giving the numbers of earthquakes corresponding to equal monthly
intervals of thirty days. Six-monthly means are then taken of these numbers, as in
Dr. KNoTT's method, and the mean thus obtained for the end of each month is divided
by the average of all twelve means.

For the semi-annual period, the reduced figures for the first half of January and the
first half of July are added together, and so on. Six-half-monthly means are then
taken of these numbers, and the mean thus obtained for the end of each half-month
is divided by the average of all twelve means.

5. Seismologists generally group earthquakes in monthly intervals, and in some
cases I have only been able to make use of such tables. In a few others, also, for
reasons which will be obvious, I have used them though having access to the catalogues
~on which they were founded. The results obtained in this way are not of equal value
for purposes of comparison, as they probably depend on different definitions of the unit
earthquake.

- In all these cases the monthly numbers are first reduced to equal intervals of thirty
days. The discussion for the annual period is then continued as before.

For the semi-annual period the numbers for January and July are added together,
and so on. Three-monthly means are then taken of these six numbers, and the mean
thus obtained for the middle of each month is divided by the average of all six means,
The method, of course, chiefly differs from the preceding in giving fewer points upon
the curve.

6. Again, in taking six-monthly means for the annual period, and dividing each by
the average of all twelve, it is evident, from the expression for S in §2, that every

* In investigating the semi-annual period by this method, it is obvious that the annual period is
eliminated (see § 10).


http://rsta.royalsocietypublishing.org/

%

a
L
/%
AL B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A

%

S

JA \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

AND SEMI-ANNUAL SEISMIC PERIODS. 1111

ordinate in the curve so obtained is reduced in the ratio 2 :7r. It is also further reduced
by the method of grouping the earthquakes in monthly intervals. For, instead of
using the actual ordinate for cos 6, we use the average ordinate over an interval #/6,
that is

G [o-+m/2 12 . = ;
~.( cos 0df, or — sin .—cos¥.
T J g—m/12 T 12

Now, the value of 12 sin %5 #/m is ‘9886, Hence the difference between each
reduced six-monthly mean and unity must be multiplied by the factor 1 /9886 or
1-589. The same remark applies to the case of taking six-half-monthly means for the
semi-annual period. In like manner, in investigating the latter period by means of
monthly intervals and taking three-monthly means, the corresponding augmenting
factor is 1-645.

7. Comparison of the Methods of Investigating the Semi-Annual Period.—The
method here employed for investigating the semi-annual period seems to me to possess
several advantages. (1) It is less laborious to apply than Dr. Kxorr’s method ; (2) it
avoids the interpolation of arithmetic means in the series of three-monthly and six-
monthly means ; and (8) it eliminates, or diminishes more completely, the effect of
shorter periods, if any such should exist. The latter point requires a brief
examination.

Taking Dr. Kxort’s method first, we have to evaluate the ratio

2ty

. .
sin — — /2 sm~~~>
2 4/ an

“ov/2 Cay
™

nm

for different values of n. If n = 3, the value of this ratio is '943; if n = 4, it is
zero; if m =5, it is *566 ; if n = 6, it is §. Hence, compared with that of the six-
monthly period, the amplitude of the four-monthly period is slightly decreased, that
of the period of one-fifth of a year is diminished by nearly one-half, while that of the
two-monthly period is diminished by two-thirds.

In the method adopted in this paper we have to evaluate the ratio

20, sin % nar
wir e
T
2e0(/m T oay

for different values of n. If n =2, its value is zero; if n =3, it is L. Hence, the
three-monthly period is eliminated, and, compared with that of the six-monthly
-period, the amplitude of the two-monthly period is diminished by two-thirds. More-
over, as will appear from § 10, both the four-monthly period and the period whose
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1112 MR. C. DAVISON ON THE ANNUAL

length is one-fifth of a year are eliminated, provided the interval over which the
seismic record extends consists of an integral number of years.

- 8. The curves in fig. 1 exhibit the close agreement in the results obtained by the
different methods of determining the semi-annual period, the seismic record chosen
being that by Professor MILNE of the earthquakes felt in Tokio during the years
1873-1881 and 1883-1890. The continuous curve is that obtained by Dr. Kxorr’s

0702 Lo7o

method, every ordinate being first, however, multiplied by = (/2 — 1)/2, or *65, s0 as
not to alter the ratio of the amplitude to that of the annual period. The broken
curve is that obtained by the method used in this paper, the earthquakes being
grouped in half-months, while the dotted curve is that obtained by the same method
when the earthquakes are grouped in months.

9. Connection between the Amplitude of the Annual Period and the Winger-to-
Summer Ratio in the Number of Earthquakes.—In discussions on earthquake frequency,
it is usual to estimate the ratio between the number of shocks felt during the six winter
months (October to March) to the number felt during the six summer months (April
to September). The ratio so obtained is, of course, only valuable when, as is fre-
quently the case, the maximum of the annual period occurs either at the end of June
or the end of December. Greater uniformity would be secured by evaluating the
ratio of the number of shocks felt during the six months bisected by the maximum
epoch to the number felt during the six months bisected by the minimum epoch. In
the present paper, I have substituted the amplitude of the annual period for the last-
named ratio, and it seems desirable to point out briefly the connection between them.

In fig. 2 let the distance AC represent the average number of earthquakes per
month, and let the curve represent the annual seismic period. Let PM and QN
represent the average length of the ordinates during the maximum and minimum
halves of the year respectively. Then the ratio of the number of shocks felt during
the maximum half to the number felt during the minimum half of the year is equal to
PM : QN, t.e., to the ratio of 1 4 2a/m to 1 — 2a/w, where « is the amplitude of the
annual period, the average number of shocks felt during each month of the year being
taken as unity.

For instance, in the case of the European earthquakes of 1865-1884 as tabulated
by Fucas (see §19), the maximum of the annual period occurs at the end of
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AND SEMI-ANNUAL SEISMIC PERIODS. 1113

December, the number of shocks felt during the six winter months is 8357, the
number during the six summer months 2142, and the ratio of one to the other 1'57.
The amplitude of the annual period is '35, and the value of the ratio 1 4 2a/w:

1 — 2a/m is 1°56.
Fig. 2.

C M N D

10. Duration of the Seismic Record.—It has been assumed in the preceding para-
graphs that the curve obtained by plotting the number of earthquakes felt in each
month is not affected by periods of longer duration than one year, or by periods which
are not exact fractions of a year. The assumption may be tested by considering a
period of 12m -+ n months, where m is either zero or a positive integer. The number
of earthquakes (F,) belonging to this period felt during the »™ month of each year
may then be represented by

acosa 4 acos(a+ 128) + ... 4 acos[a+ (N —1).128],

where B = 27/(12m 4+ n), and \ is the number of years over which the seismic record
extends. Then
F,=acos[a+ (A —1).68]sin 6AB/sin 683;

and the value of F, is zero whatever be the value of « if 608 = km, where k is an
integer, 7., when N =% (12m + n)/12. Hence, F, is zero for all values of r, and
consequently our method of investigation is not affected by the period considered,
provided the interval over which the seismic record extends includes an exact number
of these periods. v

But whatever be the number of such periods included in the seismic record, the
absolute error introduced by a given uneliminated portion of a period will be
constant, and, therefore, the relative error will be the less the greater the interval
over which the record extends. v

On another account, also, it is desirable that this interval should be as long as
possible.  For, owing chiefly to orogenic causes, there are often series of frequently
recurring shocks, lasting for one or more months, which, if the record be a short one
or imperfect, would unduly increase the numbers felt during those months. The
record should therefore be an extensive one in order to eliminate the effects of
occasional variability in the rate of orogenic action and to bring into special pro-
minence those of a periodic character.

MDCCCXCIIT.—-A. 7 ¢
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1114 MR. C. DAVISON ON THE ANNUAL

11. Definition of the Unit Earthquake.—The difficulty of deciding what constitutes
an earthquake attends all work on seismic periodicity, and, unless some uniform and
natural system is followed, our conclusions cannot possess much value. For example,
every great earthquake is preceded and followed by a large number of minor or
secondary shocks, which are no doubt intimately associated with the principal shock.
In such a case, are we to count every shock that is recorded, however slight, or are
we to regard the whole series as a single earthquake? Again, the distinction
between an earthquake and earth-tremor is a purely arbitrary one. Are we to
include every earth-tremor recorded by a most delicate instrument, and rank it
equally with the most destructive shock ; or, if not, where are we to draw the line
between the two ?

It must be admitted that these are serious difficulties, but I do not think they
would be met, as has been proposed, by taking the intensity of the shocks into
account as well as their frequency. Kven supposing it possible to estimate the
intensity correctly, it may be doubted whether the results obtainable in the finite
time at our disposal would possess much value, at any rate from the periodicity point
of view. For, whatever be the causes of seismic periodicity, it seems highly probable
that they are merely auxiliary, and determine the epoch when an earthquake shall
take place rather than that there shall be an earthquake at all. The intensity is
probably determined almost entirely by orogenic causes, the frequency partly by the
same causes, and partly by certain others which are possibly variable and periodic in
their action.

I believe, then, that, in the present state of our knowledge, it is desirable to
regard each shock felt and recorded as one earthquake.  Moreover, an approximate
uniformity in estimating the minimum intensity of an earthquake will be attained if
we consider special districts of comparatively small size—countries, for example, like
Italy and Switzerland, rather than continents or hemispheres.

There is still room, however, for some arbitrariness of treatment, owing to the
imperfection of nearly all our seismic records. The following principles have, there-
fore, been adhered to throughout this paper: (1) whenever the entry in a catalogue
is “several shocks about this time,” or some equivalent expression, without any
attempt being made to give the time of occurrence of each shock, I have always
veckoned such as a single earthquake ; (2) when the shocks have been considered
important enough to be entered separately, the time of occurrence of each being given,
every such shock has been counted, provided the interval between any two or more
was not less than five minntes ; and (3) shocks entered as doubtful and earthquake-
sounds unaccompanied by any shocks have been omitted.

12. Eaxplanation of the Tables, Figures, dc.—Table I. contains the number of
earthquakes for the different districts investigated during each half-month or month,
The reduced six-monthly means obtained in discussing the annual period, as described
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in §§ 4 and 6 are given in Table II. ; and in Table III. the reduced six half-monthly
means, or three-monthly means, obtained in investigating the semi-annual period.

At the end of the section relating to each record examined, are given the maximum
epoch and amplitude of each period. The epoch mentioned is the end of the month
or half-month indicated, the letters @ and b denoting the first and second halves of
the month. The date of the maximum and the amplitude have been taken as those
of the greatest mean. It would not have been difficult to have given the result more
minutely, but it is doubtful whether the appearance of greater accuracy would have
any value, considering the unavoidable imperfections of most seismic records.

In the same place, I have also given the date of the maximum epoch of the annual
barometric period over the greater part of the district considered, excluding high-level
stations. For this purpose I have made use of Dr. BucHAN'S great work on
Atmospheric Circulation.* The method of investigation is the same as that employed
for the annual seismic period, except that its application is much simpler in this case.

An asterisk placed before the name of a record, either in the Tables or detailed
discussion, indicates that the results obtained are probably more reliable than in other
cases. The series of six-monthly and six half-monthly means calculated from these
records are illustrated by the curves in figs. 5-15, the continuous line representing
the annual, and the dotted line the semi-annual, period.

Toe ReAvity oF THE ANNUAL PERIOD.

18. It is well known that many more earthquakes are recorded as felt during the
night than during the day, and that this is due partly to the stillness of the night,
but more, perhaps, to the position of the body during repose being more favourable
for the detection of slight tremors. Now, the maximum of the annual period occurring
during winter, it may seem possible that the periodicity may be apparent only, and
due to the greater number of shocks observed during the longer nights of winter.
The question is one that deserves examination, and the following facts seem to me
conclusive in establishing the reality of the annual period.

In the case of the earthquakes recorded at Tokio by the Gray-Milne seismograph,
there can, of course, be no doubt. But this is the only case treated in this paper in
which the shocks are registered entirely by instrumental means.

The hours of rest may be taken roughly at between 10 p.M. and 8 A, and we may
therefore divide the day into two parts, reckoning day-time from 9 A.M. to 9 P.M., and
night-time from 9 Py to 9 A.M. Using Fucus’ valuable ¢Statistik der Erdbeben,’
I have counted the number of shocks, whose time of occurrence is recorded, in Austria,

# “TReport on Atmospheric Circulation, based on the Observations made on board H.M.S. Challenger
during the years 1873-1876, and other Meteorological Observations.” ‘Report of the Scientific
Results of the Voyage of H.M.S. Challenger, &c. ; Physics and Chemistry,” vol. 2, 1889, pp. 1-263.

702
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1116 MR. C. DAVISON ON THE ANNUAL

Hungary, and Switzerland during the years 18651884, and in Italy during the years
1865-1883. The total number is 2253. In the six summer months (April to September)
the number of shocks felt during the night was 545, and during the day 858. 1In the
six winter months (October to March) the number felt during the night was 821, and
during the day 529. Thus, the ratio of the number of shocks observed during the
night to that observed during the day was 152 in summer and 1°55 in winter. These
ratios agree so closely that we may feel confident as to the reality of any marked
annual period observable in these countries.

Again, the annual period is well marked in several tropical districts Where the
length of the night is nearly constant throughout the year. And, also, as will
presently appear, there is an annual period, though of slight amplitude, in earth-
quakes which produce damage to buildings, and shocks of intensity so great could
not possibly escape observation at any time of the night or day.

SersMIc PERIODICITY IN RELATION TO INTENSITY.

14. If the causes of seismic periodicity are in the main auxiliary, as has been
suggested above, it seems possible that the periodicity might be more marked in the
case of very slight, than of very severe, earthquakes. An attempt is therefore made
in the present section to classify earthquakes according to their intensity, so far as it
is possible to do so with the incomplete materials at our disposal. ~For this purpose I
have in the first place used MarLEr’s well-known catalogue,® and have selected from
the shocks recorded by him: (1) those which may be regarded as slight, and (2)
those which are strong enough to damage buildings ; the latter class corresponding
to intensities 8 to 10 of the Rossi-Forel scale, and the former, probably, to intensities
3 and 4. Both classes contain earthquakes felt in the northern hemisphere only.

Slight Earthquakes.—The shocks included under this heading are those which,
from MALLET'S description,t can have been hardly more than perceptible even at the
places where the intensity was greatest. When two or more such shocks are felt
within the same area on the same day, these have been omitted, for they may be
regarded as equivalent to a single shock of greater intensity. And, for the same
reason, I have excluded isolated slight shocks which are members of a long and
continuous series of earthquakes of variable intensity. This has been done in four

#* ¢« (ataloguo of recorded Earthquakes,” ¢Brit. Assoc. Rep.,’ 1852, pp. 1-176; 1853, pp. 117-212;
1854, pp. 1-326.

+ The following are the terms employed by Marnrr which I have taken to characterize a slight
shock :-—A tremor, a trembling, a slight trembling, a slight tremor, a slight tremulous shock, a trembling
shock, a very fecble shock, a feeble vibration, a very slight shock, a slight shock, a slight vibration, a
slight earthquake, a scarcely perceptible shock, a slight vibratory shock, rather slight, of trifling
importance, a feeble shock, a trifling shock, a little shock, a slight undulatory motion, a very slight
subterranean commotion, a slight undulatory shock, a slight oscillating motion.
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cases, namely, the series felt at Tiflis in Georgia in 1804, at Pignerol and other places
in Piedmont during 1808 and following years, at Lunrée in Norway, beginning in

1819, and at Pesaro in Italy during the year 1826.

The period investigated is that

embraced by the third part of MALLET'S catalogue—the years 1785-1842 inclusive.

30
120
H

00

Fig. 3.

0904

\
080, N

=
()'70J

Slight earthquakes,

It seemed desirable to limit it thus closely in order to avoid any considerable
variability in the estimation of a “slight” shock. The total number of such shocks
is 187. The curves of the annual and semi-annual periods are shown in fig. 3.

Period. Maximum. Amplitude.
Annual. June, b ‘16
Semi-annual . . { iirll;’a’zy’ b } 27

Destructive Eorthquakes.-—Only those earthquakes have been counted in which it
is expressly stated that some damage was done to buildings. The whole of the
Christian era is included, but the first earthquake on which the month and day are

26
10
,r-"'\\ - -
v V28 MoSeNer T \ M J J y e
100 -
~
S

/
~</
0-90.
)
0-8

Destructive earthquakes.

definitely stated occurred in the year 528, and in several succeeding centuries the

year is frequently the only date given.

recorded by MALLET is 641.
shown in fig. 4.

The total number of destructive earthquakes
The curves of the annual and semi-annual period are
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1118 MR. C. DAVISON ON THE ANNUAL
Period. Maximum, Amplitude.
Annual January, b ‘13
. February, b—March, o - .
Semi-annual . . . . { August, b—September, a } 08

Tt follows from this examination, imperfect as it is, (1) that in slight earthquakes
both periods are more marked than in destructive ones, but that this is especially the
case with the semi-annual period, the amplitude of the annual period being increased
1'2 times, and that of the semi-annual period 84 times; and (2) that the maximum
epochs of the annual period are almost reversed.

15. Japanese Earthquakes of 1885-1889.—The organization of earthquake statistics
in Japan is under the direction of the Imperial Meteorological Bureau. Reports are
issued yearly, and abridged translations of these for the years 1885-1889, have been
published by Professor 8. SEr1vA and Professor J. MiLyE (see §51). Professor MirNE has
classified the earthquakes in monthly groups according to the areas disturbed by them.
The vesults are given below, but it should be remembered that the duration of the
record 1s short ; also that the areas given are land areas only, and many Japanese
earthquakes originate beneath the sea.

(1.) Earthquakes disturbing an area less than 100 square ri (1 squareri = 59 square
miles). Number of earthquakes, 2256.

Period. Maximum. Amplitude.
Annual. . . . . . . Septem‘ber, b—October, b 14
A f March, o v 9
Semi-annual . . . . . 1 September, a 12

(2.) Farthquakes disturbing an area less than 1000 square ri and greater than
100 square ri. Number of earthquakes, 565.

Period. Maximum. Amplitude.
Annual., . . . . . . February, b—March, b 17
. June, a .
Semi-annual . . . . . { December, a } 16

(3.) Earthquakes disturbing an area greater than 1000 square ri. Number of
earthquakes, 176.
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Period. Maximum. Amplitude.
Annual. . . . . . . March, b ‘17
Semi-annual { March, o 12
o September, o

Thus, (1) the amplitudes of both periods in all three classes are nearly the same,
though somewhat less for the slight shocks than the others; and (2) in the case of
the annual period, the maximum epoch for the slight shocks agrees nearly with the
minimum epoch for the more severe ones.

16. In nearly every case examined below, in which we have two or more records
for the same area, it will be seen that the amplitude increases with the number of
registered shocks per annum. Now, two records can only differ in this respect by the
omission or inclusion of slight shocks, for severe ones are almost certain to find a place
in every list. Thus, in these cases, the slighter the earthquakes the greater is the
amplitude of each period.

This is especially evident when, with the same catalogue, we use different defini-
tions of the unit earthquake. This has been done in three cases, namely, Zante
(§§ 45, 46), California, &c., (§§ 59, 60), and New Zealand (§§ 76, 77).

Again, for Zante, the somewhat scanty list compiled from the catalogues of
ScamipT and Fuons (§ 47) gives the maximum of the annual period in December,
and the amplitude 29 ; the much fuller catalogue of BARBIANT (§§ 45, 46) gives the
maxiroum in August, and the amplitude 10, or, using BarBiaNT'S definition of the
unit earthquake, the maximum in August, and the amplitude 29. Thus, the effect
of the first inclusion of slight shocks is to reverse approximately the maximum and
minimum epochs, but to reduce the amplitude ; the effect of including a larger
number of still slighter shocks is to maintain the reversal of epoch and to again
increase the amplitude.

17. Summary of Results.—(1) There appear to be two distinct classes of slight
shocks, one having the maximum of its annual period in winter, the other in summer,
Of the two classes, the former probably containg the stronger shocks, for their effect
is evident in the results obtained from the less incomplete of two imperfect
catalogues ; while the effect of the latter is only visible in the results obtained from
the fullest records, for example, those of the Imperial Meteorological Bureau for
Japan, and of M. BArbiaxt for Zante, or from the list drawn up from MArLLETS
catalogue in which only very slight shocks are included. (2) In both classes of slight
shocks the annual period is more marked than for strong shocks, for the effect of
including the first class of slight shocks is to keep the winter maximum epoch
unaltered and to increase the amplitude ; that of including some only of the second
clags is to interchange the maximum and minimum epochs approximately, the
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1120 MR. C. DAVISON ON THE ANNUAL

amplitude of the period being diminished; while the effect of including a large
number of slight shocks of the second class is to keep the epochs interchanged and to
increase the amplitude. (8) With regard to the semi-annual period, the results, as a
rule, show that strong shocks and slight shocks have the same maximum epochs, but
that the amplitude for the latter is somewhat greater than for the former.

Serismic PeriopiciTty 1IN THE NORTHERN IIEMISPHERE.

Northern Hemisphere.

18. R. MarreT, “ Catalogue of Recorded Earthquakes from 1606 B.c. to A.p. 1850.”
‘ Brit. Assoc. Rep.,” 1852, pp. 1-176; 1853, pp. 118-212; 1854, pp. 1-326; 1858,
pp. 46 and 57.

Duration of record, A.p. 223-1850. Number of earthquakes, 5879.

Marrer’s great catalogue includes several earthquakes which occurred before the
Christian era, but the first in which the month is stated was felt in the year A.p. 228.
It closes with the end of the year 1842, though he originally intended to bring it
down to the end of 1850. M. PERREY’S catalogues, which rendered the continuation
unnecessary, were, however, used by MALLET in his final discussion in his “ Fourth
Report.” It was found necessary to make some convention with regard to the long-
continued series of slight shocks or tremors felt at several places (Pignerol, Comrie,
&ec.), and in these cases  the slight shocks recorded for each month of the disturbed
period are grouped as forming one earthquake at the locality.” It will be seen from
Table II. that the six-monthly means for November, December and January are the
same. I have taken the intermediate month as the date of the annual maximum.

Period. Maximum. Amplitude.
Annual . . . . . . December, b ‘11
Semi-annual . .o { gebruary @ } 07
ugust, a

19. *C. W, C. Fucas, ‘ Statistik der Erdbeben,” pp. 13-286, 315-321, 357-408.

Duration of record, 1865-1884. Number of earthquakes, 8133 (fig. 5).

This number includes all the earthquakes recorded by Fucms as occurring in the
northern hemisphere, with the exception of those felt in the northern part of the
Malay Archipelago. I have also omitted a few shocks in places which I am unable
to identify, but the number of these is so small that it cannot possibly affect the
result. The same remark applies to the discussion for Fucns’ catalogues for the
southern hemisphere.
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1301

Northern hemisphere (Fucwms).

Period. Maximum. ‘ Amplitude. -
Annual. . . . . . . December, b 29
Semi-annual . . . . . { égtr(:{;e? b } ‘11
Annual barometric . . .| November, b, or December, b

Europe.

20. *C. W. C. Fucas, ‘¢ Statistik der Erdbeben,” pp. 13-254 (fig. 6).
Duration of record, 1865-1884. Number of earthquakes, 5499.

Fig. 6.
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Europe (Fucas).
Period. Maximum, Amplitude.

Annual. . . . . . . December, b 35

. April, a—April, b .
Semi-annual . . . . . { October, a—Oectober, b} 11
Annual barometric. . . November, b

MDCCCXCIII.—A., 7D
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1122 MR. C. DAVISON ON THE ANNUAL

21. A. Perruy, ¢ Brit. Assoc. Rep.,” 1858, p. 28.

Duration of record, 806-1843. Number of earthquakes, 1961.

This is the table used in Dr. Kworr's Memoir on * Earthquake Frequency,”
referred to at the beginning of this paper. The district includes also the adjacent
parts of Asia and Africa.

Period. Maximum. Amplitude.
Annuwal. . . . . . . December, b 22
Semi-annunal . . . . . January, @ 12

July, e

Scandinavia and Iceland.

22. A. PerrEY, ‘ Brit. Assoc. Rep.,’ 1858, p. 3.
Duration of record, 12th to 19th centuries. Number of earthquakes, 214,

Period. - Maximum. Amplitude.
Annual. . . . . . . December, b 30
Semi-annual . . . . { iebruary ) & } - +29

. ugust, a

The maximum epoch of the annual barometric period occurs in June, b, in the
greater part of Norway, and in March, b, in the south of Norway, and nearly all over
Sweden.

Great Britain.

23. A. PerrEy, ° Brit. Assoc. Rep.,” 1858, p. 5.

Duration of record, 11th to 19th centuries. Number of earthquakes, 217.

The results deduced from this table are of less value than those given below,
especially those obtained from Mr. RopEr’s list. PrrrEY’s district is more extensive
than the others, being the “ British Islands and Northern Isles.”

Period. Maximum. Amplitude.
Avnual . . . . L October, b ‘ 32
Semi-annunal . . . . . { égtl;{;e?‘, “ } 08
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24. D. MirLNgE, “ Notices of Earthquake-shocks felt in Great Britain, and especially
in Scotland,” &c. ¢ Edinburgh New Phil. Journ.,” 1841, vol. 81, pp. 95-122.

Duration of record, 1608~1838. Number of earthquakes,‘ 205 '

The figures for this district in Table I. differ somewhat from those given by Mr.
MiLNE on p. 289 of his paper. Some of the shocks counted by him are omitted on
account of the rules laid down in § 11, others, because they were felt in Jersey and
Guernsey.

Period. Maximum. Amplitude.
Apnual . . . . . . November, b 49
. March, a .
Semi-annual . . . . . { September, } 16

25. W. RopER, “ A List of the more Remarkable Earthquakes in Great Britain
and Ireland during the Christian Era,” 1889, (Published by T. BeLL, ¢ Observer”
Office, Lancaster.)

Duration of record, 1739-1888. Number of earthquakes, 297. o

This list is compiled from PErrEY’S and MALLET'S catalogues and various other
sources. Before the year 1739 the exact day of occurrence is often imperfectly given.
Slight shocks, like those felt at Comrie, are omitted from the list, and this deprives it
of much of its value for statistical purposes. I have excluded all earthquakes whose
origin probably lay outside the area of Great Britain.

Period. Maximum. Amplitude.
Annwal . . . . . . January, b 29
. ; March, a .
Semi-annual. . . . . ; { Septen;lber, o } 11
t

The maximum epoch of the annual barometric period occurs in June, b, in the north
of Scotland ; May, b, in the south of Scotland ; and March, b, over most of England.

France, dc.

26. C. W. C. Fucas, ‘¢ Statistik der Erdbeben,” pp. 117-127.
Duration of record, 1865-1884. Number of earthquakes, 193.
The number of earthquakes is small, and, during November 26-29, 1873, there was
a series of twenty-four shocks at Bagnéres de Bigorre. On these accounts the results
obtained are hardly satisfactory. | -
~ 7D 2
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1124 MR. C. DAVISON ON THE ANNUAL
Period. Maximum. Amplitude.
f
Anpual., . . . . . . 1‘ December, b 41
Semi-annual . | None

27. A. PerRyy, ‘ Brit. Assoc. Rep.,” 1858, p. 11.

Duration of record, 5th to 19th centuries. Number of earthquakes, 656.

PErREY’S region includes France, Belgium, and Holland, the limits of which,
MarLET remarks, are fixed somewhat arbitrarily.

Period. Maximum, Amplitude.
Annual. . . . . . . January, b *33
Semi-annual . . . . . { g?llll;azy, @ } 10

The maximum epoch of the annual barometric period generally occurs in Novem-
ber, b, in France, and in March, b, in Belgium and Holland. Over a large part of
France, however, the six-monthly means are irregular.

Spain and Portugal.

28. A. PERREY, ¢ Brit. Assoc. Rep.,” 1858, p. 8.
Duration of record, 12th to 19th centuries. Number of earthquakes, 201.

Period. Maximum. , Amplitude.
Annpual. . . . . . . December, b 21
Semi-annual Probably none
Annual barometric. . . November, b

Austrio.

29. *C. W. C. Fucns, ¢ Statistik der Erdbeben,” pp. 13-37. ‘
Duration of record, 1865-1884. Number of earthquakes, 461 (fig. 7).
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Fig. 7.

[‘l"@b

Austria (Fucas).

Period. Maximum. Amplitude.
Annual. . . - . . . January, b 37
. May, b—June, a .
Semi-annual , . . . { November, b—-December, } 22
Annual barometric. . . November, b

Hungary, Croatia, and Transylvanio.

80. *C. W. C. Fucnms, ¢ Statistik der Erdbeben, pp. 47-65.
Duration of record, 1865-1884. Number of earthquakes, 384 (fig. 8).

Hungary, Croatia, and Transylvania (Fucns).

Period. Maximum. Amplitude.
Anpual. . . . . . . December, b -31
. June, o .
Semi-annual . . Coe { December, a } 30
Annual barometric November, b
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1126 MR. C. DAVISON ON THE ANNUAL

Switzerlond and the Tyrol.

31. *C. W. C. Fucms, ‘Statistik der Erdbeben,” pp. 87-44, 99-117.
Duration of record: Switzerland, 1865-1884; Tyrol, 1865-1882. Number of
earthquakes: Switzerland, 411 ; Tyrol, 113 ; total, 524 (fig. 9).

Fig. 9.

rree

Switzerland and the Tyrol (FucHs).

Period. Maximurm, Amplitude.
Annuwal. . . . . . . January, b 56
. June, b .
Semi-annual . . . . . { December, b } 37
Annual barometric. . . November, b

Basin of the Rhone.

32. A. PErrmy, ‘ Brit. Assoc. Rep.,” 1848, p. 12.
Duration of record, 16th to 19th centuries. Number of earthquakes, 184,

Period. Maximum. Amplitude.
Anpual. . . . . . . November, b 46
Ry [ Janunary, a-——February, « v e
Semi-annual . U Tuly, e—-August, a ’ 13
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Basin of the Rhine and Switzerland.

33. A. PERREY, ‘ Brit. Assoc. Rep.,” 1858, p. 13. ,
Duration of record, 9th to 19th centuries. Number of earthquakes, 529.

Period. Maximum. Amplitude.
Annual. . . . . . . January, b *38
. June, a .
Semi-annual . . . . . { December, a } 15

Basin of the Danube.

34. A. PErrEy, ¢ Brit. Assoc. Rep.,’ 1858, p. 14.
Duration of record, 5th to 19th centuries. Number of earthquakes, 263.

Period. Maximum. Amplitude.
Annual. . . . . . . November, b ‘14
Semi-annual . . . . . January, o 30
July, ¢
Italy.

35. A. PErREY, ‘Brit. Assoc. Rep.,” 1858, p. 16.
Duration of record, 5th to 19th centuries. Number of earthquakes, 984.
PerrEY’S district includes the whole of Italy, Sicily, Malta, and Sardinia, as well

as the part of the Alpine region not included in Savoy or the basins of the Rhine,
Rhone, and Danube.

Period. Maximum. Amplitude.
Annuwal. . . . . . . March, b °19
. March, a .
Sami-annual. . . . . { September, a } 08

36. C. W. C. Fucas, ‘ Statistik der Erdbeben,” pp. 144-225.

Duration of record, 1865-1883. Number of earthquakes, 2350.

Fucas classifies the Italian earthquakes under three headings: Italy without the
district round Vesuvius, the district round Vesuvius, and Sicily. The results for the
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1128 MR. C. DAVISON ON THE ANNUAL

three separate regions are given below. The region here considered includes all three.
The value of the result is affected by the large number of earthquakes felt in Sicily
during March, 1883. '

Period. Maximum. Amplitude.
Annual. . . . . . . |September, band December, b ‘14
. April, b .
Semi-annual. . . . . { October, b } 14
Annual barometric. . . November, b

87. Italy, excluding Sicily and the district round Vesuvius—C. W. C. Fucas,
¢ Statistik der Erdbeben,” pp. 144-197.
Duration of record, 1865-1883. Number of earthquakes, 1513.

Period. Maximum. Amplitude.
Annual. . . . . . .|September,band November,b 21
. April, a—April, b .
Semi-annual . . . .. October, a—October, b } 17

38. * Dustrict round Vesuvius—C. W. C. Fucms, ¢ Statistik der Erdbeben,
pp- 198-213.
Duration of record, 1865-1883. Number of earthquakes, 513,

- Fig. 10.

+30

k1-20

Ftig

i-ov
-0-30

I0-80

Lo-70
District round Vesuvius (Fucns).

Period. Maximum. Amplitude.
Annwal . . . . . . . August, b 25
. June, o .
Semi-annual. . . . . . { December, @ } 25
Annual barometric (Naples) November, b
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89. Sicily—C. W. C. Fucas, ¢ Statistik der Erdbeben,” pp. 218-224.

Duration of record, 1865-1883. Number of earthquakes, 324.

The results, as pointed out above (§ 86), are not of great value, owing to the large
number of shocks felt during March, 1883.*

Period. | Maximum, Amplitude.
Annual. . . . . . . May, b 67
. February, b .
Semi-annual . . . . . { August, b } 46
Annual barometric. . . November, b

40. It may be interesting to compare with these results the observations made by
P. T. BErRTELLI on the relative microseismic intensity at Florence. These are sum-
marized for the interval December, 1872, to November, 1887, in his paper, “ Delle
variazioni dei valori d’'Intensitd Tromometrica relativa osservata nel Collegio alla Querce
di Firenze dell’ anno meteorico 1872-73 al 1886-87.” Observations were made with
two tromometers which are termed the “ old tromometer ” and the “normal tromo-
meter”; with the first for the whole period of 15 years, and with the second for the
last 11 years.

(1.) Old tromometer, December, 1 872—November, 1887. 61,732 observations.

Period. Maximum. Amplitude.
Annual. . . . . , . December, b 49
. May, a—dJune, a .
Semi-annual . . . . { Novémber, a—December, @ } 08

*If we omit this year we get the following results, which agree more closely with those obtained from
the Vesuvian district (the number of earthquakes being 242).

Period. Maximum. Amplitude.
Annual. . . . . . ., July, b 50
L ' June, b 1 .
Semi-annual . . . . . { Dece’mber, b } 19

MDCCOXCLIT.—A. 7TE
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11890 MR. C. DAVISON ON THE ANNUAL

(2.) Old tromometer, December, 1876-November, 1887. 388,546 observations.

Period. Maximum. Amplitude.
Annwal. . . . . . . December, b 46
Semi-annual . . . . . { May, a 04
November, o

(3.) Normal tromometer, December, 1876-November, 1887. 388,546 observations.

Period. Maximum. Amplitude.
Anpual. . . . . . . December, b 49
. May, a .
Semi-annual . . . . . { November, a } ‘03

41. The results obtained above for Italy are somewhat discordant. We may
conclude, however: (1) that the maximum of the annual seismic period occurs some
time during the last three months of the year, and the maxima of the semi-annual
period in April and October; the amplitudes of both periods being approximately
equal; (2) that the maximum of the annual period in the two volcanic districts
occurs during the summer months; and (3) that there is a marked annual micro-
seismic period, with its maximum occurring at the end of December, the semi-annual
microseismic period being comparatively very slight.

South-east of Europe, dc.

42. A. Perrry, ¢ Brit. Assoc. Rep.,” 1858, p. 18.

Duration of record, 4th to 19th centuries. Number of earthquakes, 423.

Prrrey’s district includes the whole of the Balkan peninsula, Syria, the Aigean
Islands, and the Levant. The seismic record is admittedly incomplete.

Period. Maximum. Amplitude.
Annual . . . . .. Irregular
Semi-annunal , . . . . { iilg::{:yc; @ } ‘08
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43. *J. F. J. ScamIDT, ¢ Studien iiber Erdbeben’ (Leipzig, 1879), pp. 183-355.

Duration of record, 1859-1877. Number of earthquakes, 3470 (fig. 11).

This district is also a wide one, including the Balkan peninsula and adjacent
islands, and parts of Turkey in Asia.
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Period. Maximum. Amplitude
Annual . December, b ! 21
. i March, o 1 .
Semi-annual . . { - September, a } 25

44. *Balkan Peninsula and adjacent Islands.—C. W. C. Fucms, ‘ Statistik der

Erdbeben,” pp. 44-47, 225-251.
Duration of record, 1865-1884.

heading.

Number of earthquakes, 624 (fig. 12).
This region contains Dalmatia as well as that included by Fucms under the above
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|
[ Period. Maximum. Amplitude.
1‘ - -
: Annual . December, b 27
Semi-annual . . { iﬁ}’gl&:fﬁ]:yb’ b } 37
Annual barometric . November, b
i

45. *Zante.—D. G. and B. A. BARBIANT, “ Mémoire sur les tremblements de terre
dans I'lle de Zante ;” ¢ Mém. de I'Académie de Dijon,” vol. 11, 1863, pp. 1-112.

Duration of record, 1825-1863. Number of earthquakes, 1326 (fig. 13).

These figures show that,. on an average, at least 34 carthquakes were felt every
year. This number is, however, too small, for the number of shocks following the
disastrous earthquake of October 30, 1840, was so great that M. Barsrant found
it impossible to record them all. According to the report issued by the Lord High
Commissioner, Sir HowArD DoucLas, 95 shocks, some very severe, were felt between
October 30 and November 4, M. BARBIANT gives an estimate of the total number of
shocks (p. 108), and in the next paragraph I have discussed the figures given by him.

Fig. 13.

R T

N 1-20

K x 7 100
/ %

/ 090

0-80
Zante (BARBIANI).

Period. Maximum. Amplitude.
Annual . . . ., . . August, b ‘10
. June, a .
Semi-annual . . { December, a } 19

46. D. G. BARBIANT, p. 103.

Number of earthquakes, 1663.

M. BARBIANTS estimate of the monthly number of shocks differs from the pre-
ceding, owing to_his including several slight shocks which he counted, without giving
the time of occurrence of each, as well as to his estimate of the number of shocks in
the early part of November, 1840.
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AND SEMI-ANNUAL SEISMIC PERIODS. 1133
Period. Maximum. Amplitude.
Annual. . . . . . . August, b 29
. May, a 1
Semi-annual . . . . . { November, a } 35

Thus, the effect of including these slighter shocks is to increase the amplitude of
both periods, and to place the maximum epoch of the semi-annual period a month
earlier.

47. Zoante.—ScamIpr and Fucns.

Duration of record, 1859-1878. Number of earthquakes, 246.

The list on which this discussion is founded is compiled from those given by
ScamipT and Fucns for the south-east of Kurope. The former extending from 1859
to 1878, the latter from 1865 to 1884, though not recording any shocks later than
1874. For the years 1859 to 1863, ScHMIDT’S records, with only seven exceptions,
are all taken from BARBIANT'S catalogue. Tor the remainder of the time, ScaMIDT
and FucHs do not seem to have made use of the same authorities, for their dates
agree in only a comparatively small number of cases.

Period. Maximum. Amplitude.
Annual. . . . . . . December, b . 29
. March, o 9
Semi-annual . . . . . { September, a } 33

Now, the average number of earthquakes felt in Zante every year is 34'8 or 438
according to BARBIANI, and 82 according to the list compiled from ScEMIDT’S and
Fucns’ catalogues. M. BArBIaNT's catalogue may perhaps relate to a more than
usually disturbed interval, but it was compiled by a resident in the island, and
therefore probably includes a much greater number of slight shocks than the other
list,  This may account for the difference in the maximum epoch of the annual period

(see § 17).
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1134 MR. C. DAVISON ON THE ANNUAL

Algeria.

48. C. W. C. Fucms, ‘Statistik der Erdbeben,” pp. 317-321.
Duration of record, 1865-1883. Number of earthquakes, 135.

Period. Maximum. Amplitude.
Annual. . . . . . .|December, b 67
. June, a—June, b )
Semi-annual . . . . { December, a—December, b } 30
Annual barometric. . .|November, b,and December, b
Asia.

49. C. W. C. Fucms, * Statistik der Erdbeben,” pp. 254-276.

Duration of record, 1865-1884. Number of earthquakes, 458.

The region considered includes Caucasia, which is treated separately (§ 50), and
India, but excludes Japan, Formosa, and the Malay Archipelago. The record is
probably incomplete.

Period. Maximum. Amplitude.
Apnuwal . . . . . . February, b ‘33
. February, a .
Semi-annual . . . . { August, 02 } 14
Annual barometric . . December, b
Caucasia.

50. C. W. C. Fucms, ‘ Statistik der Erdbeben,’ pp. 257-263.
Duration of record, 1865-1884. Number of earthquakes, 152.

Period. Maximum. Amplitude.
Annual . . . . . ., January, b ‘56
. . February, a .
Semi-annual . . . . { August, M } 38
Annual harometriec . . December, b
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Japan.

51. ¢Trans. of Seismol. Soc. of Japan,” vol. 10, 1887, p. 61; vol. 18, Part 1, 1889,
p- 93; vol. 15, 1890, p. 101 ; vol. 16, 1892, pp. 56 and 83.

Duration of record, 1885-1889. Number of earthquakes, 2997.

This record has already been discussed in § 17, with reference to seismic intensity.
The early epoch of the annual period is due to the very large number of shocks
disturbing an area less than 100 square ri.

Period. Maximum. Amplitude.
Annuwal . . . . . . October, b -08
. March, ¢ 1 .
Semi-annual . . . .| { September, @ f 07
Annual barometric . . December, b

52. *Tokio.—Professor J. MILNE, ‘ Trans. of Seismol. Soc. of Japan,” vol. 2, 1880,
pp. 4-14, 39; vol. 6, 1883, pp. 32-35; vol. 8, 1885, pp. 100-108; vol. 10, 1887,
pp. 97-99; vol. 15, 1890, pp. 127-134. Also (for the earthquakes recorded by the
Gray-Milne seismograph) ¢ Brit. Assoc. Rep.,” 1886, pp. 414—415; 1887, pp. 212-213 ;
1888, pp. 435-437; 1889, pp. 295-296; 1890, pp. 160-162; 1891, pp. 123-124;
1892, pp. 95-95.

Duration of record, 1876-1881 and 1883-1891. Number of earthquakes, 1104
(fig. 14).

Professor MILNE’s record of earthquakes felt in Tokio, begins in September, 1872.
From the end of 1875 until the present time, the earthquakes were all registered by
instrumental means. PALMERI'S seismograph was used until April, 1885, and the
Gray-Milne seismograph after that date. At the end of the year 1882, observations
were suspended during the removal of the instrument; this year is accordingly
omitted.

Fig. 14.
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Period. Maximnm Amplitude.
Annual . February, b ‘19
. May, .
Semi-annual . . . . . . { November, o } 21
Annual barometric (Tokio) . December, b

Omitting the year 1885, during which the change of seismographs was made, we
have the following results, differing but slightly from the preceding, (Number of
earthquakes, 1039.) '
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Period. Maximuom. Amplitude.
Annual February, b 19
. May, a .05
Semi-annual . . . . . { November, a } 22

53. Tokio.—Professor J. MirLNE, ‘Trans. of Seismol. Soc. of Japan,’ vol. 2, 1880,
pp. 7-14, 39.

Duration of record, 1878-1881. Number of earthquakes, 246.

The results for this shorter interval are given for comparison with those from the
next district,

|
Period. - Maximum. Amplitude.
Annual . . . . . . December, b 46
Semi-annual . . . . . . January, b ‘19
July, b

54. Yokohama.—'T. H. SrtrEErs, M.D. (U.S. Navy), “A Four Years’ Record of
Earthquakes in Japan, studied in their Relation to the Weather and Seasons”:
“ Amer. Journ. of Science’, 3rd ser., vol. 25, 1883, pp. 361-367.

Duration of record, 1878-1881. Number of earthquakes, 130.

Dr. StreETS’ list is compiled from the weather statistics kept at the United States
Naval Hospital at Yokohama, a station for taking international meteorological obser-
vations. It ““includes every shock that could be appreciated without the aid of a
seismometer.” The results are interesting as showing the fairly close agreement in
lists kept at places separated by a few miles, one with, and the other without, the aid
of a seismograph ; but they possess little value otherwise
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AND SEMI-ANNUAL SEISMIC PERIODS. 1187
Period. Maximum, Amplitude.
Annual . . . . . .| December, b and March, b 41
. Janunary, b y
Semi-annual . . . . { Tuly, b } 29
India.

55. *T. OLpmAM, “ A Catalogue of Indian Earthquakes from the Earliest Time to
the End of A.p. 1869”7 ; ¢ India Geol. Survey Mem.,” vol. 19, part 3, pp. 1-48.
Duration of record, 1803-1869. Number of earthquakes, 320 (fig. 15.)

140

Fig. 15.

~ ~

India (OLpHAM).

"Period. Maximum. Amplitude.
Annual . . .. . . October, b 25
Semi-annual . . . . { iirll;a;y ) ¢ } 38

North America.

56. *C. W. C. Fucas, ‘Statistik der Erdbeben,” pp. 377-401.
Duration of record, 1865~1884. Number of earthquakes, 552 (fig. 16).
This district includes the whole of the continent north of Mexico.

b

Period. Maximum. Amplitude.
Annual . . . . . . November, b 35
: April, a .
Semi-annual . . . . { October, a } 14
Annual barometric . .| November, b and December, b

MDCCCXCIIT.—A, 7 r
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Fig. 16.
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North America (Fucus).

Unated States and Canada.

57. A. PrrrEy, ‘Brit. Assoc. Rep.,” 1858, p. 23.
Duration of record, 17th to 19th centuries. Number of earthquakes, 134.

Period. Maximum, Amplitude.
Annual., . . . . . . December, b ‘46
Semi-annual . . . . . January, o ‘15
July, a
Annual barometric. . .|November,band December, b

New England.

58. W. T. BricuAwm, “ Volcanic Manifestations in New England, being an Enu-
meration of the Principal Earthquakes from 1638 to 1869”; ¢ Boston Soc. Nat. Hist.
Mem.,” vol. 2, 1873, pp. 1-28. '

Duration of record, 1638-1869. Number of earthquakes, 212.

Period. Maximum. Amplitude.
Annuwal. . . . . . . December, b 51
. “June, b ox
Semi-annual . [ D]]elace;nber, b } 25
Annual barometric. . . November, b
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AND SEMI-ANNUAL SEISMIC PERIODS. 1139

Calyfornia, dc.

59. *E. S. HoLpex, “ List of Recorded Earthquakes in California, Lower California,
Oregon, and Washington Territory ” (Sacramento, 1887).

Duration of record, 1850--1886. Number of earthquakes, 949 (fig. 17).

The six-monthly means for October, November, and December being very nearly
equal, it is possible that the epoch of the maximum of the annual period may be
placed too early.

Fig. 17.
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California, &e. (Hornpey).

Period. Maximum. Amplitude.

Annuval. . . . . . . ' October, b 30

Semi-annual . . . . . { égzéte?, o } ‘16

Annual barometric. . .| December, b and January, b

60. Tn Table A. of his memoir (p. 11) Professor HoLpeN has given the number of
earthquakes for each year grouped in monthly intervals. Using these figures, we
have the following results (the number of earthquakes being 768) :—

Period. Maximum. Amplitude.
Annwal . . . . . . October, b 19
. April, ¢ .
Semi-annual . . . . . { October, « } 16

Thus, while the maximum epochs are practically the same, as also the amplitude of
the semi-annual period, the amplitude of the annual period increases with the number
of earthquakes, that is, by including a greater number of slight shocks,

7F 2
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1140 MR. ¢, DAVISON ON THE ANNUAL

61. San Francisco.—E. S. HorpeN, p. 13, Table B.
Duration of record, 1850-1886. Number of earthquakes, 254.

_ i
Period. Maximuam. Amplitude.
Apnual . . . . . . . L L. December, b 41
. April, a .
Semi-annunal . . . . . . . . { October, o } 21 i
Annual barometric (San Francisco) January, b

62. San José and Santw Clara.—E. S. HoLpeN, p. 15, Table C.

Duration of record, 1850-1886. Number of earthquakes, 54.

Professor HoLpEN remarks that the record for these two places is very incomplete ;
he thinks that probably, if the record had been well kept, the number would have
been as great as at San Francisco. As it is, it is too small to yield reliable results.

Period. Maximum, Amplitude.
Annual . . . . . . December, b 56
., March, o .
Semi-annual . . . . { September, « } 33
Meaxico.
63. C. W. C. Fucss, ¢ Statistik der Erdbeben,” pp. 372-376.
Duration of record, 1865-1882 Number of earthquakes, 86.
The annual period, if one exists, is very irregular.
Period. Maximum. Amplitude.
Annwal . . . . . . December, b 43
. April, a .
Semi-annual . . . . . { October, o } 79

The maximum of the annual barometric period occurs in January at places near
the sea-level, and in September and October on the high ground which occupies so
large a part of the country.
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AND SEMI-ANNUAL SEISMIC PERIODS, 1141

Central America,

64. C. W. C. Fuons, ¢ Statistik der Erdbeben,” pp. 357-363.
Duration of record, 1865-1884. Number of earthquakes, 190.

Period. Maximum, - Amplitude.
Annual . ., . . . April, b 32
. April, a ‘ , 0K
Semi-annual . . . . . { October, o } 25
Annual barometric. . . January, b—April, b

West Indies.

65. C. W. C. Fucas, ‘Statistik der Erdbeben,” pp. 364-371.

Duration of record, 1865-1883. Number of earthquakes, 205.

In November, 1867, a large number of earthquakes were felt at St, Thomas, more
than four hundred between the 19th and 28th insts. Except in the few cases where
the exact times are given, the shocks of each day are counted as a single earthquake.

Period, Maximum. Amplitude,
Annual . ., , . . . October, b ‘59
. June, b o
Semi.annual . , . . { Dece,mber, b } 59
Annual barometric. . .| January, b—April, b

66. A. PerrEY, ‘ Brit. Assoc. Rep.,” 1858, pp. 24, 25.

Duration of record, 16th to 19th centuries. Number of earthquakes, 221.

Marrer remarks that PERrREY was obliged to adopt some convention with regard
to some of the prolonged earthquake-series. He reckoned ‘each month of such
shocks as equivalent to one great earthquake.”

Period. Maximuom. . Amplitude.
Annual . .. L L August, b ‘11
o f March, a .
Semi-annual . . [ 1 September, a 16
| .
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1142 MR. C. DAVISON ON THE ANNUAL

Sandwich Islands.

67. C. W. C. Fucns, ¢ Statistik der Erdbeben,’ pp. 404-408.
Duration of record, 1865-1882. Number of earthquakes, 245.

Period. Maximum. Amplitude.
Annuwal . . . . . . June, b 33
. February, b .
Semi-annual ., . . . { Augnst, } 25

BucaAN gives the results of two series of barometric observations at Honolulu.
The first series gives the maximum epoch of the annual period in May, b; the second
in April, b; the amplitudes, or semi-ranges, being ‘025 and *033 inch, respectively.

Sersmic PeriopIcrTy 1n COUNTRIES NEAR THE FEQUATOR.

Malay Archipelago.

68. *C. W. C. Fucas, ‘ Statistik der Erdbeben,’ pp. 286-308.
Duration of record, 1865-1884. Number of earthquakes, 598.

Tig. 18.

Malay Archipelago (Fuems).

Period. Maximuom. Amplitude. |
Annwal . . . . . . . May, b ‘19 %
. January, « oK |
Semi-annual . . . . { July, @ } 25 "

The maximum of the annual barometric period occurs in March, b, at Buitenzorg ;
in August, b, at Batavia ; and in September, b, at Padang.


http://rsta.royalsocietypublishing.org/

A
/A A
a

A

THE ROYAL |
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

\

A
A
Y

A
S

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

AND SEMI-ANNUAL SEISMIC PERIODS. 1143

69. C. G. Knorr,  Trans. of Seismol. Soc. of Japan,” vol. 9, pt. 1, 1886, Table A.*
Duration of record, 1873-1881. Number of earthquakes, 515.

Period. Maximum. Amplitude.
Annual . . . . . . Irregular
Semi-annual . . . . / March, a } .‘,11
1 September, but irregular

New Granada and Venezuelc.

70. C. W. C. Fuoms, ‘ Statistik der Erdbeben,” pp. 847-356.
Duration of record, 1865-1884. Number of earthquakes, 272.

Period. Maximum. Amplitude.
Annual. . . . . . . February, b 64
. March, a—March, b “
Semi-annual . . .. { September, e—September, b } 27

The maximum epoch of the annual barometric period is very variable in different
parts of the district, occurring as early as April in some parts and as late as
September in others. The range is, however, very small.

SeisMmic PERIODICITY IN THE SOUTHERN HEMISPHERE.

Southern Hemasphere.

71. R. MArrEr, ‘Brit. Assoc. Rep.,” 1858, p. 57. (See also reference and note
given in § 18.)
Duration of record, 1578-1850. Number of earthquakes, 223.

Period. Maximum. Amplitude. |
Annual. . . . . . . November, b 24
. May, .
Semi-annual . . . . . { November, o } 33

# Dr. Kxo1T quotes from a list by Burasma. The reference he gives is ¢ Natunrkundig Tijdschrift
voor Nederlandsch-Indie.” I have not had an opportunity of seeing this work.
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1144 MR. ¢: DAVISON ON THE ANNUAL

72. C. W. C. Tucas, ¢ Statistik der Erdbeben,” pp. 812-817, 322-347, 356-357,
401-404,

Duration of record, 1865-1884. Number of earthquakes, 751.

The semi-annual period is not well-defined.

Period. Maximum. Amplitude.
Annuwal. . . . . . . August, b ‘ ‘37
. January, a—March, « .
Semi-pnnual . .. . . { July, a—September, ¢ } 06
Annual barometric. . . April, b-—July, b

New South Wales, Victoria, and South Australia.

73. G. HoaBEN, “ Report of the Committee . . . appointed to investigate and report
upon Seismological Phenomena in Australasia,” ¢ Trans. Austral. Assoc. for the Adv.
of Science,” vol. 4, 1892, pp. 8-27.

Duration of records: New South Wales, 1880-1891; Victoria, 1884~1891; South
Australia, 1882-1891. Number of earthquakes: New South Wales, 24; Victoria,
60 ; South Australia, 75; total, 159.

Period. Maximum. Amplitude.
Anmual. . . . . . .| May, 0 43
Semi-annual . . . . . { i?gllffé{; “ } 43
Annual barometric. . . May, b and June, ¥

New Zealand.

74. *Sir J. Hrcror, “ Report of the Committee . . . appointed to investigate and
report upon Seismological Phenomena in Australasia,” ‘Trans. Austral. Assoc. for the
Adv. of Science,” vol. 3, 1891, pp. 505-532.

Duration of record, 1868~1890. Number of earthquakes, 641 (fig. 19).

Fig. 19.

New Zealand (Hrcror).
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Period. Maximum. Amplitude.
Annual. . . . . . . March, b—May, b ‘05
Semi-annual February, 4 1 13
oot August, a J
Annual barometric. . . April, b

75. In discussing the geographical distribution of the New Zealand earthquakes,
Sir J. HecToR has classified the earthquakes in monthly groups in six districts. The
following are the results obtained from the numbers given by him :—

District I. North part of the North Island, including Hokianga, Kaipara, and
Cambridge. Number of earthquakes, 2. ' ,

District II. Central part of the North Island, including Tauranga, Taupo, Taranaki,
and Manawatu. Number of earthquakes, 184.

Period. Maximum. Amplitude.
Annuwal. . . . . . . April, b 22
. March, a .
Semi-annual . . . . . { September, a } 30

District III. East Coast of the North Island, including Gisborne, Napier, and
Wellington. Number of earthquakes, 188.

Period. Maximum. Amplitude.
Annuwal. . . . . . . May, b 11
Semi-annual . . . . . { iebrua,ry » & } 26

ugust, o

District IV. West Coast of the South Island, including Marlborough, Nelson, and
Grey. Number of earthquakes, 88.

Period. Maximum. Amplitude.
| Annual, . . . . .. July, b 32
. March, a .
Semi-annual . . . . . { September, a } 20

MDCCCXCIIT.—A, 7 G
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District V. East Coast of the South Island, including Bealey, Christchurch, South
Canterbury, Dunedin, and Southland. Number of earthquakes, 98.

Period. Maximum, Amplitude.
Annual., . . . . . . Irregular
. March, R
Semi-annual . . . . . { September, o } 28

District VI. South part of the South Island, including Central Otago. Number of
earthquakes, 30.
The number of earthquakes is far too small to yield trustworthy results.

Period. Maximum. Amplitude.
Annpual., . . . . . . Irregular
. May, o o
Semi-annual . . . . . { November, a } 56

76. *G. HocseN, “The Earthquakes of New Zealand.” ¢Trans. of the Austral.
Assoc, for the Adv. of Science,” vol. 8, 1891, pp. 37-57 ; also, “ Report of the Com-
mittee . . . appointed to investigate and report upon Seismological Phenomena in
Australasia,” vol. 4, 1892, pp. 28-33.

Duration of record, 1848-1891. Number of earthquakes, 737 (fig. 20).

Fig. 20.
+20 A AL rac
/ Sey / \'\
w10 ' AN ’ AN H1-10
o \ e b A
o F M A J A 3N O\ N D,
00 NN G < S~— '
00 7 N T hew
\‘ "( \‘\ ,.I
080 ke e Fogu
New Zealand (HoGBEN).
Period. Maximum. Amplitude.
Aunnual. . . . . . .| Between June, b and October, b | ‘06
February, «
i- 1. . . . . ’ 21
Semi-annua August, @
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77. G. HogBex, ibid., vol. 8, 1891, p. 44.

Duration of record, 1848-1890. Number of earthquakes, 745.

Counting slighter shocks, which would be reckoned together with the definition of
the unit earthquake adopted in this paper, Mr. HoeBEN has given a table of the
number of shocks felt in each month. The total number for the same years, obtained
by myself, is 695. The result is to increase the amplitudes of both periods.

{ Period. Maximum,. Amplitude.
| .
Annwal. . . . . . . July, b 14
. February, O
Semi-annual . . . . . { August, ¢ } 23
Chala.

78. A. PERrREY, ¢ Brit. Assoc. Rep.’, 1858, p. 27.

Duration of record, 16th to 19th centuries. Number of earthquakes, 178.

PrrreY’s district consists of Chili and La Plata, or, in MALLETS words, “the
region lying between the western slope of the Andes and the sea, from the 24° to the
45° south latitude, between the Desert of Atacama on the north, and the Archipelago
of Chonos on the south.” The number of earthquakes recorded by PERREY is small,
considering that, as MALLET remarks, the region is one “in which shocks of greater
or less intensity are almost of daily occurrence.”

|
Period. Maximum, Amplitude.
Annual. . . . . . . August, b ‘14
Semi-annual . . . . . Irregular

79. C. W. C. Fucas, ¢ Statistik der Exrdbeben,” pp. 822-331.

Duration of record, 1865-1883. Number of earthquakes, 316.

For the first seven years (1865-1871) Fucms’ record is a full one. During the
remainder of the time it is evidently very incomplete, there being five years (1875,
1877, 1878, 1881, 1882), without any disturbance recorded. This deprives the list of
much of its value for statistical purposes.

The figures for both periods are very irregular. The maximum six-monthly mean
(1-27) occurs at the end of August, but at the end of December it is 125, with muach
smaller values intervening. In like manner for the semi-annual period, the maximum
six-half-monthly mean (1°11) occurs in the middle of April and October, but at the
end of May and November it is 1°10.

762
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80. C. G. Kworr,  Trans. of Seismol. Soc. of Japan,” vol. 9, pt. 1, 1886, Table A.*
Duration of record, 1873-1881. Number of earthquakes, 212.

Period. Maximum. Amplitude.
1 Annual. . . . . . . August, b 48
. June, a .
Semi-annual . . . . . { December, « } 17
Annual barometric . . July, b

Peru, Bolivea, and Quito.

81. C. W. C. Fucas,  Statistik der Erdbeben,” pp. 331-347.
Duration of record, 1865-1884. Number of earthquakes, 350.

Period. Maximum. Amplitude.
Annual. . . . . . . July, b 48
Semi-annual . . . . . January, a } 24

July, o
Annual barometric . . July, b

# Dr. KnoTT quotes VERGARA as his authority, and gives as the reference ¢ Observaciones Meteoro-
logicas’ (Santiago), 1884. T have not been able to consult this work.
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SUMMARY OF RESULTS.

82. Annual Period.—The number of seismic records examined is 62, 45 belonging
to the northern hemisphere, 14 to the southern, and 3 to equatorial countries. Only
five fail to indicate a fairly well-marked anunual period, namely, South-east Europe
(PerrEY), East Indies (BerosMma), New Zealand, Districts V. and VI. (Hecror), and
Chili (Fucas) ; and in all these cases the failure may, I think, be attributed to incom-
pleteness in the seismic record. Different lists for the same district do not always
give the same date for the maximum epoch, though in most cases they agree closely
enough. The principal exceptions are Italy, Zante, Japan, West Indies, and the
Southern Hemisphere ; and in the three first of these districts the discrepancy may,
perhaps, be explained. Excluding these somewhat doubtful cases, the distribution in
time of the maximum epochs is given in the following table :—

Northern Equatorial Southern
hemisphere. countries. hemisphere.
January 6 0 0
February . 1 1 0
March . 0 0 0
April 1 0 2
May . 1 1 2
June 1 0 0
July. . 0 0 3
August. . 1 0 2
" September 0 0 0
October 3 -0 0
November. 4 0 0
December . 16 0 0

These figures strongly support the view that the maximum of the annual period
occurs during the local winter in each hemisphere. The evidence for equatorial
countries is somewhat scanty, but it shows that in them, also, there is a well-marked
annual period. If we were to include the two districts of India and Peru, Bolivia and
Quito as equatorial, this conclusion will be further strengthened, the date of the
maximum epoch being variable. v

83. In amplitude, the results given by different lists for the same districts are
more variable; and this is due in a great measure, I believe, to different definitions
of the unit earthquake. This is especially shown in three cases in which the
periodicity has been investigated both with my own definition and with that adopted
by the cataloguer (§§ 45, 46, 59, 60, 76, 77).

The amplitude of the annual period ranges from ‘05 (New Zealand) to ‘67 (Sicily
and Algeria). The average amplitﬁde obtained from 57 records is *33 ; the corre-
sponding ratio of the number of shocks in the maximum and mininum halves of the
year is 1'53, or, roughly, 3 : 2. '
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84. It will be seen, on examining the above tables, that the amplitude of the
annual period is small in several countries which are generally regarded as earth-
quake countries. In some cases, this is no doubt due to the definition of the unit
earthquake. Again, when the area is a wide one, the amplitude may be small,
owing to the maximum epoch for different districts occurring at different dates.
Partly to this, perhaps, is due the apparently small amplitude in the Northern
Hemisphere (Marrer), Italy (Fucns), and New Zealand (Hrcror and HocBeN).
Lastly, the amplitude is small in some insular districts, for example; Japan (*08) and
New Zealand (‘05 or ‘06).

85. Semi-Annual Period.—Ot the 62 records examined, only three fail to show a
fairly well-marked semi-annual period, namely, France .(FUCHS), Spain and Portugal
(PerrEY), and Chili (Fucns); these failures also being probably due to incomplete-
ness in the seismic record. Different records for the same district do not always
agree in giving the same epoch for the maximum of the semi-annual period; for
example, those of the Northern and Southern Hemispheres, Europe and the West
Indies. As a rule, however, the agreement is fairly close. And this is also especially
true in the case of districts adjoining and overlapping one another; for example,
Austria, Hungary, and Switzerland and the Tyrol (Fuchs); South-east Europe
(PerrEY, ScEMIDT) and the Balkan Peninsula (Fucss); California, San Francisco,
and San José and Santa Clara (HoLpeN); India (OrpraM) and the Malay Archi-
pelago (Fucas); the different districts of New Zealand (HEctor); and also Tokio
(Mr~E) and Yokohama (STrEETS), for the short period 1878-1881.  Excluding
doubtful cases, the distribution in time of the maximum epochs is given in the
following table :—

Northern Equatorial Southern
hemisphere. countries. | hemisphere,

Jannary, a, and July, o
January, b, and July, b .
February, a, and August, « .
February, b, and August b .
March, «, and September, o .
March, b, and September, b .
April, @, and October, ¢ .
April, b, and October, b

May, «, and November, « .
May, b, and November, b .
June, a, and December, a
June, b, and December b .

RNWOONUTO LW i O

SOCTCOODO H OO C -
—N =

OMHOFHFOOOWOHR O

In New Zealand and the south-east of Australia, the maximum epoch falls most
frequently in February or March, and August or September ; in North America it
usually occurs in March or April and September or October. I have not been able
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to find any general rule in other cases, and it is possible that the materials are too
imperfect to allow any law to be deduced.

86. The amplitude of the semi-annual period ranges from '06 (Southern Hemis phere,
Fucns) to '79 (Mexico), the average value being -24.

In fifteen cases the amplitude of the semi-annual period is greater than that of the
annual period, and in three others the amplitudes are equal ; the amplitude of the
annual period in the former cases ranging from 05 to *43, on an average being *19.
It is worthy of notice that different catalogues for the same district generally agree
in this respect ; especially is this the case with the Balkan Peninsula, Zante, and the
south-east of Europe, and in New Zealand.

Moreover, eleven of these fifteen records include the following insular districts,
which are among the most well-marked seismic regions in the world, namely, the
Grecian Archipelago, Japan, the Malay Archipelago, New Zealand, and the West
Indies. The average amplitude of the annual period in these cases is ‘16, and that
of the semi-annual period ‘24 ; that is, the average amplitude of the annual period is
just half that of all the districts examined, while, in the case of the semi-annual
period, the two average amplitudes are exactly the same.*

ORIGIN OF THE ANNUAL SEisMIic PERriop,

87. The most probable theory of the origin of the majority of non-volecanic earth-
quakes is that they are due to the impulsive friction occasioned by the slips which
are the elements in the growth of faults. These slips are due, in the first instance,
to endogenic causes, and, were there no external phenomena of a periodic nature to
affect them, would take place equally at all times of the year.

In nearly every part of the world, however, there is a well-marked annual
barometric period, the maximum epoch over the land-areas being somewhat variable,
but occurring as a rule during winter. The range, or double amplitude, is small, the
maximum being about one inch, and in some districts less than one-tenth of an inch.

The distortion of the earth’s surface by parallel waves of barometric elevation and
depression has been investigated by Professor G. H. Darwin.t The vertical dlsplace

ment 18
(]w}b ( -/l s
o 14 - > cos )

where the axis of « is VerticaHy downwards and the axis of z horizontal and perpendi-
cular to the barometric undulations, g gravity, » the modulus of rigidity, w the

* This phenomenon shows that the annual and semi-annual periods must have entirely different
origins.

+ “On Variations in the Vertical due to Elasticity of the Earth’s Surface,” ¢ Brit. Assoc. Report ’
1882, pp. 106-119; ‘ Phil, Mag.,” vol. 14, 1882, pp. 409--427,
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specific gravity of mercury, ~ the maximum range of the barometer, and 27b the
wave-length of the barometric undulation. To obtain an estimate of the maximum
displacement at the surface, namely, gwhb/2v, Professor DARWIN takes w = 136,
h =5 centims., 27b = 5000 miles = 4'8 X 10® centims., nearly, and v/g = 3 X 108,
which is equivalent to assuming that the superficial layers of the earth are more
rigid than the most rigid glass. With these data he finds the maximum displace-
ment of the surface to be 4'5 centims., so that the ground is 9 centims. higher under
the barometric depression than under the elevation.
The ratio of the vertical displacement at depth « to that at the surface is

(1 + z/b) o=,
1 — 2%/2b® + /305,

or

Thus, the displacement at first diminishes very slowly as the depth increases, and is
independent of the modulus of rigidity and the barometric range; being, with the
above value of b, only one-fifth per cent. less at a depth of fifty miles than it is
at the surface.

Now, since most or all earthquakes probably originate at a depth much less than
this, and since the fault-slip which produces even a moderately strong shock must be
very small, for even in the most violent earthquakes it is rarely perceptible at the
surface ; also, since the work to be done is, not the compression of solid rock, but the
slight depression of a fractured mass of rock whose support is very nearly, but not
quite, withdrawn ; on these accounts it seems possible that the annual variation in
barometric pressure may be competent to produce the annual variation in seismic
frequency.

It is not to be expected that the amplitude of the annual seismic period in different
districts should be proportional to that of the annual barometric period ; but if there
is a connection between the two periods the epoch of the seismic maximum should
coincide with, or follow closely after, that of the barometric maximum.

88. Over the greater part of the northern hemisphere, the annual barometric
maximum occurs as a rule either in November or December, except at lofty stations
or in high latitudes. In Europe the maximum occurs nearly everywhere in November,
except along the western border in latitudes north of about 45° over which the
Atlantic conditions prevail for some distance inland., In Asia the maximum is nearly
always in December. In North America it occurs in November and December, and
along part of the western coast in January.

In the seismic districts of the Southern Hem1sphere the maximum occurs as a rule
in the corresponding months :—in New Zealand in April, in the south-east of
Australia in May or June, in South America in June or July, with some few
exceptions in each case, depending either on the altitude or neighbourhood to the
coast.
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89. Comparisons between the dates of the maximum epochs of the seismic and
barometric annual periods can be made in thirty-one of the districts treated in this
paper. The epoch of the seismic maximum approximately coincides with that of the
barometric maximum in ten districts, and follows it by about one month in nine, and
by about two months in four districts. In four others (Japan, Tokio, India, Cali-
fornia), the seismic epoch precedes the barometric by about two months ; but, in the
first two of these at least, this may be due to the inclusion of slight shocks having
their maximum in summer. To the same cause, perhaps, may be due the four
exceptional cases (Scandinavia and Iceland, Great Britain, the district round and
including Vesuvius, and Sicily), though many of the Vesuvian and Sicilian earthquakes
are obviously of volcanic origin, and are probably more frequent with a low barometric
pressure. Thus, as a general rule, the epoch of the seismic maximum either coincides
with that of the barometric maximum, or follow it by a month or two.

If the epoch of the barometric or seismic maximum were constant in either hemi-
sphere, this general agreement might not possess much significance, but it continues
when the epochs vary. For example, in the southern hemisphere, we have the
following dates :-—

District. Barometrié maximum. | Seismic maximum.
South-east Australia . . May and June May
New Zealand . . . . April March—-May
Chii . . . . . . . July August
Peru, Bolivia, and Quito . July July

Again, while in both North and South America the maximum epochs of both
periods fall in the winter months, in the Sandwich Islands (lat. 20° N) the epoch of
the seismic maximum occurs in June, and that of the barometric maximum at
Honolulu in April or May.

90. Lastly, supposing the view here suggested to be correct, the annual variation in
barometric pressure cannot have any influence on seismic frequency when the earth-
quakes originate entirely beneath the sea ; for, as the barometric pressure changes, the
sea will have time to take up its equilibrium position, and the total pressure on the
sea-bottom will be unaltered. Hence, if some of the earthquakes felt in a district
originate beneath the sea and some beneath the land, the amplitude of the annual
period will be less than it would be if all were to originate underneath the land.
Since some of the foci of the earthquakes felt in Japan and New Zealand are known
to lie beneath the ocean, it seems not improbable that the small amplitude of the
annual period in these two, as well as in other, insular districts may be thus
accounted for.

MDCCOXCITI.—A, 7 K
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