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The Local Characteristics of Earth—Currents (IIT)*
By TAKASABURO YOSHIMATSU

Cuarter 1I

UnNiveErsAL EARTH-CURRENTS AND THEIR LocaL CHARACTERISTICS

§ 3. Time variations of the mode of Sq of earth-currents and solar activity

1. Iniroduction

In the preceding paragraph has been studied experimentally the problem of the
principal direction of earth-currents observed at several stations over the world. As a
next step the local characteristics olf the magnitude of universal earth-currents are to
be clarified by using available data as many as possible. = However, before tieating
with this problem it is needed at first to see to what extent the magnitude of earth-
currents can be variable under different conditions of the solar activity in order to
make clearly the statement of the problem.

On the other hand, this is also useful not only for the investigation of the solar
and terrestrial relationships from the side of earth-currents, but also for the purpose
of studying any other kind of local or world-wide phenomena, not suffered from the
solar influence. In this paragraph will be discussed various subjects in such a field of
interest with respect to the time variations of the mode of Sq at many stations over

the world, especially at Kakioka.

2. Correlation beiween maximum range of Sq of carth-currents and
relative sunspoi number
[(A). Statistics for calm days
In recent years relatively long continued observations of earth-currents have been
carried out, or continuing up to date at the following four observatories, Tucson,

Arizona, U.S. A.; Huancayo, Pelu; Watheroo, West Australia and Kakioka, Japan.

* Continuation from the two previous papers on the sama title.
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L. A. Bauer™ has studied something about the solar and terrestrial relationships from
the side of earth-currents observed at Ebro, Tortosa, Spain, during the interval 1914-
1918. For the present investigation as a measure of the solar influence upon the
potential gradient of the daily variation is simply adopted the maximum range, R, of
each annual mean Sq, because it is simple and sufficient for the present purpose. By
this means the relationship between R and annual sunspot number S (Ziirich) was
studied by using the available data at these observatories during the latest one or
two sunspot cycles. At first the following three possible expressions for the correlation
between K and S are examined in respect to the maximum range of east-component

for all days at Kakioka in the period from 1934 to 1951,
Ry=a,+B:+S, R.=alo+ B, S+, S%, Ry=a(S+b)".

cal.—obs.

The various constants contained in R’s and 3] ; S / 18 are calculated as
follows in unit of mV/km, '
{ cfeal. -obs.| !
. t A E ! . 2518
e " A ) PE
R, 16.6 ] 0.0462 | | ; 0. 059
R, | 16.8 | 0.0255 | 0.012.107 | | 0.054
! |
Ry ; ‘ L7 | 148 0.058

where one can find no superiority of any one expression as compared with others as
far as these data are concerned.

nl/Km NS
Therefore, for the sake of simplicity 7

Tucson
the linear expression given by R,
will be used for the following state-

ment,

The results shown in Fig. 40

6

5

4 .

3l " Huancayo

are written as follows, 2 /

Ry=Ro,ptad S —’_‘—M.—_'__.n’_ﬁ_/gthen

/ eag—=2

0

20 40 60 80 100 /20 0 S
Fig. 40(A). Relationship between maximum
the annual mean maximum ranges range R}, of the annual mean Sq

(10 least disturbed days) and relative
given in mV/km for east-component sunspot number S, 1932~1942,

Ry=R% y+al' S,

where RS and RS are respectively
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and north-component, while K; . Tucson
and K, , are meant by fictional u;r;ﬁm EW Huancayo
similar quantities which would be o Tucson
appeared when S=0. By the method 37 l‘l'hyfﬁcﬁ?
of least square the coefficients a.’s 2 * h g %me-{a‘?
and K7’s are cal culated as given in e S S 01
Table 13(a), to which some material 0 3) 4'0 69 m /:%; /3‘9 w S 00

at Toyohara™), Saghalien, is added. Fig.40(B). Relationship between maximum range
R; of the annual mean Sq (10 least disturbed

days) and relative sunspot number S,1932~1942,

020 4w 60 80 | )
e I N R N
St . . |
6l . e : All .
g2 . : ' NS ’
2+ ] < Calm i
bf ¥ ) " !
z;-—"“"#’- ‘ i
2l . |
20 e - All l
| . e EW |
/5t !
o N - o s Calm
00 x> xpe—77"
,{5‘. x x
10

Fig. 40(C). Relationship between maximum ranges Ry and Rg of the annual

mean Sq and relative sunspot number S, Kakioka,
Calm days : 1934~1945. All days : 1934~1951.

Table 13. Relationship between the maximum ranges of the annual mean Sq and
relative sunspot number (Ziirich).

(a) Calm days.

Station Latitude ' R§ y» R}, 100ad 100aZ Period
Watheroo | 30° 191 S 0.8 0.10 049 0.02 \
Huancayo 12 027 S @ 1.8 236 112 146 Im'“lm days, 1932-1942
Tucson 322 148 N 437 175 236 110 _
Kakioka 3 13.9 N  4.20 18.0 2.63 4.00 | Ocalmdays,1934-1951
Toyohara 6 58 N 260 6.60 099 3.23 | 5-calm days,1933-1936

i
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(b) All days.

Station Latitude R} x RE p 100a; 100af Period

. . [ i
Tucson 32 14f8 N | 3.99 162 2.39 0.9 . 1932—1942
Kakioka 36 13.9 N i 3.84 16.6 2.09 4.26 1934—1951
Toyohara 46 58 N | 270 7.30 230 482 1933—1936
Haranomachi | 37 37 N | 43 43 26 15 1947—1951
Kanoya 312 N |1 27 10 22 1950—1952
Memambetsu 43 55 N l 1.4 2.3 1.5 1950—1953
allely)
10 10>
[A] As seen in Fig. 41(A)
o Kak (Summer) the connection between
Ro’s and a’s manifests
approximately a definite
commonstraight line pass-
ing through the origin,
o Kak.

not depending upon the
direction of the base line.
The two expressions men-

tioned above, therefore,

can be rewritten in the

16 18 20 RELRE)

following single form,

<Ak R, =R(1+mec «S),
me =0.54.10-2 .

The magnitude of i

nearly equals to that of the

similar quantity which is

! ) \ fin s i 2 rma well-known in the fields
2 4 6 & 10 12 1 16 18 20 Ryu(Rye)

Fig, 41. Relation between a@”(a¥) and’ *Ro,xw(Ro,r) for calm
and all days. Suffix c : Calm days, a :All days.; ionosphere. The east-
Black circle : East-component; Cross mark North-

component.

of geomagnetism and
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component at Kakioka, however, deviates so much from the line that it shows no
such distinct relationship, but for the summer season it holds fairly good. On this
point a precise discussion will be made in later paragraphs.

On the other hand, if one looks more precisely at the distribution of points in
these figures, apart from the general feature mentioned above, one notices some
interesting mode of changes, for example, yearly rate of change of R. does not seem
to be constant, but slightly differs for different solar cycles, and even for components.
And also during some intervals, namely, near the maximum or miniml:lm epoch of S
when the curve of S changes slowly, observed values fluctuate more remarkably than
others. The latter seems to be more conspicuous at Tucson and especially so at
Kakioka, and this point will be also retouched in latter paragraphs.

(B). Statistics for all days

Regarding the case for all days’ mean the result is given in Table 13 (b) and
graphically shown in Fig. 41(B), adding the similar data at three stations in Japan;
Haranomachi, Kanoya and Memambetsu, where earth-currents observations have been
continued up to date for some years (Fig. 42).

The expression corresponding to R. is given as follows,

Ra=ER% (1+4+ma+S), ma=0.54.107%, a”(‘l__éo_ﬁp*ﬁ'.a__'sp—@ Q’(}_HQ_@_S
AR
10, NS
where the values of east-component at both § Varanomacht

c (/149~1952) nl/Km

Kakioka and Haranomachi are ‘excluded from 6 & -

the computation of R. because of the same 4 /h}f’

reason as mentioned above in the case for calm i ¥

days. Comparing (A) statistics with(B), it is j ;%;‘%3?52) 3 s ig

safely said that there is no appreciable difference s /
Memambel su

between two solar proportional constants e é
(1950~1733)

and m. as far as the present statistics are

concerned.

C). Seasonal changes.of Sq of earth-
2 ges.of Sqof Fig. 42. Relationship between maximum

currents and geomagnetic ficld ranges of the annual mean Sq for all
. days and relative sunspot number,
at Kakioka Haranomachi, Kanoya and Memam-

betsu, Japan.
In order to clarify the apparent dis-
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crepancy of east-component in relationship between R and S at Kakioka and in its vici-
nity, it is necessary to ascertain whether or not the same relation holds for each
season. The maximum ranges of east component at Kakioka are given in Table 14,
classifying into three seasons, equinox (III, IV, IX, X), summer (V, VI, VII, VIII, )
and winter (I, II, XI, XII)for each year, 1934~1951. The calculated values of R 4
and «} are given in Table 15.

From these tables one can easily accept that in the winter season R varies in
wide range, and consequently &? amounts merely to 1/3~1/4 times those of other
seasons. Furthermore, it seems that there exists no connection between R and S in
the last sunspot cycle, 1934~1944, and only appears a slight correlation in the present
cycle. Contrary to these winter characteristics of the amplitude of Sq, the relation

is closer in equinox, showing no definite difference between two cycles except for

Table 14, Maximum range of the solar daily variation of earth-currents for each season
for east-component at Kakioka, 1934-1951. (calm days)

Year _; Summer Winter Equinox Year Summer Winter Equinox
| my/km mV7km mV/km) mV/km|  mV/km: _ mV/km

1934 | 20.2 19.3 2.7 | 143 | 196 15.1 [ 315
3% . 19.7 18.7 2002 | M 26.1 18.4 21.5
36 | 30.4 17.5 25.6 45 18.5 19.2 = 16.8
37 . 24.9 19.4 27.6 | 46 20,7 21.5 22.2
38 ' 27.4 ,| 17.6 246 | 47| 3L1 2.5 | 21.6
39 | 256 13.8 3.4 | 48 32.7 29 | 28
40 = 23.8 19.9 23.4 49 30.9 2716 | 210
4 | 184 18.4 20.5 50 25.5 23.3 25.1
42 | 229 18.9 20.6 ‘ 51 | 27.9 2.9 | 248

Table 15. R} , and af for each season at two larger values of K’s in 1934

Kakioka, 1934-1951. and 1943, these values being

Siiikiiias | Winter Eiiftias omitted from the computation of

Table 15. In summer, however,

Ry 18.0mV/km | 18.6 mV/km ' 18.4 mV/km
af 9.5.10 | 2.4.107 6.6.10~

L]

af becomes as large as four

times that of winter, and con-

sequently it agrees fairly well

with the value expectable from the diagram (a7, R% ,) as shown in Fig.41(A). The
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inequality of the solar
effect said above can
be also detectable in
other terrestrial phe-
nomena, for example,
at Washington™s) the
f¥a

in winter shows about

noon value oi

202 smaller ¢ in the
epoch 1944 ~ 1952
than that in 1935~19
43 provided the linear
correlation with S. It

is concluded, there-

0 20 40 60

L, & G o
.

0__ 0w _& &

! s 0 __ 120 S
D (1934~1943), Kakioka.

Year

- - = Winler
x % ®
e 5 Summer

-

Co Mo

O &

Fig. 43(A). Reclationship between maximum range of
geomagnetic Sq for calm days at Kakioka and
relative sunspot number,

(A) : Declination. (B) : Horizontal intensity.

fore, that Sq at Kakioka

80w S

35|_ 'H (‘;gﬂ‘_ﬁ;;3)' Ka&aﬁa Y makes a remarkable sea-
251 ooy o sonal change in respect
20k . to east-component, and
;’;- . x x consequently one may pre-
20"__* Sy = % Wixer fer summer to the other
I5F % :
sl seasons for some inves-
33 tigations of the solar and
25 terrestrial relationships
20 in the vicinity of Kakioka,
order

before-mentioned a similar correlation between S and

Fig. 43 (B).

geomagnetic Sq-field was examined at Kakioka.

Further, in

to support the statement

the maximum range of the

As seen easily from Table 16 and Table 17, or Fig. 43, there is scarcely a linear

correlation between S and K$,, maximum range of Sq of the geomagnetic horizontal

intensity in winter season, while a fairly good connection can be seen between S and

R§, maximum range for declination. The former just corresponds to the case of east-
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Fig. 44. Relation between ai and R, , for
geomagnetic and earth-current Sq

variations,

Suffix x:H,D, East-and North-
component, respectively.
» : Mean for year

s : Mean for summer

component of earth-currents, while the
latter does to that of north-component.
And it is also to be noted that in sum-
mer the horizontal intensity shows the
closest correlation with S as east~compo-
nent of earth-currents does. In Fig. 44
is shown such a correspondence between
earth-currents and geomagnetic field
with respect to aZ’s, where suffix «x
represents H, D, Z, E and N, respec-
tively.

This intimate connection between

earth-currents and geomagnetic field

obtained here confirms that an abnormally small amplitude of east-component of Sq at

Kakioka or in its vicinity is not caused by any extraneous effect depending on

observational conditions, but does link into more significant geophysical circumstances

in the region considered.

Table 16. Maximum range of the solar daily variation of geomagnetic elements
at Kakioka, 1934-1943 (calm days).

| Summer Winter | Year
Year R N i — R ; ""'I
| | D |z | H | D | 2 | H| D] z
1934 | 176 | 6.47 | 231 | 166 | 2.66 | 115 l s | 460 | 171
3 | 20.6 | 702 | 27.6 | 18.8 | 3.60 | 150 | 20.1 | 4.89 | 20.0
3 | 29.9 | 8.81 ‘ 3.9 | 17.7 | 340 | 20.3 | 255 | 6.11 | 26.7
37 | 258 | 9.44 | 33.4 | 243 | 449 | 250 . 266 . 6.80 288
38 | 322 | 9.01 308 | 247 | 448 | 2.8 ' 26.9 6.5 257
39 | 2.2 | 803 | 283 | 181 | 35 [ 17.8 251 | 5.95 23.4
40 | 264 [ 770 | 229 | 17.7 | 3.09 | 17.3 248 539 210
41 | 230 | 670 | 21.2 | 17.9 | 3.01 | 16.4 ' 231 [ 529 183
42 | 210 | 6.67 | 2.7 | 201 | 290 | 16.8 | 20.8 . 4.64 'l 19.1
48 211 | 62 | 186 150 | 292 | 184 211 | 47 | 17.0
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Table 17. Rf,,x and @} for the geomagnetic three clements at Kakioka (z :H,D,Z).

' Summer Winter Year

! H '. D | 7 H D 7 H D { VA

. ! v y | o] 7 4
Ry, | 115 ) 5.5 | 187 173 | 25 | 1.7 195 | 4.2 | 14%
100a; | 112 | 34 | 13 27 | 14 ‘ 9.3 69 | 22 ! 115

3. Long period change of the mede of Sq in winicr al Kakioka and
sunspot number

CA). Introduction

In connection with the phenomena of abnormally decreasing amplitude of east-
component of earth~currents at Kakioka, it seems to be important to touch further
some characteristic changes of the mode of Sq in the course of long years.

Kakioka may be probably a typical station in the middle latitude encountering
with different mode of distribution of the northern focus of the equivalent overhead
current system of Sq. And it has been recently established™” by using the data of
the Second Polar Year that the intensity and position of foci of Sq frequently make
remarkable changes. The matter, however, has been scarecely known yet about how
does this mode change in the long course of time, especially with respect to the solar
activity.  Although the following statistics are mainly based on the data at Kakioka
during the latest two sunspot cycles, they may contribute a new information to the
question stated above.

(B). Long period change of TFE.., time of occurrence of the exireme

minimum of Sq of earih-currenis, in winier at Kakioka

The form of Sq at Kaki- ) (35 E RN

R K4 16 I8 2h
oka is such as shown in Fig. 45, mw%-‘-? L4 4 }g EEEs S S Y

in which positive sense is used

when the current flows eastwards

or northwards. It should be,

however, emphasized that the

form of Sq shown in the figure,
Fig. 45. Yearly mcan Sq of carih-current potential
that is, the mode of occurrence gradient at Kakioka, 1934~1944 (five calm days).
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of the extreme values does not remain

024 68 10 fszjg'EgﬁEh constant in the course of the sunspot cycle.
A T For the first time a remarkable differe-
Equinoz ﬁg nce between winter and the other two seasons
120 can be seen in the hourly frequency distribu-
0 tion of T”, as shown in Fig. 46. This
Summer o seasonal inequality is most conspicuous for

120 o

| l ! 0 east-component In winter,

80 Concerning TE,, , occurrence time
60 of the extreme maximum, one can find no
Wintzr 0 such a thing. Then, in the following
e K o ' | = 23 statement one may confine himself to T2,

Fig. 46. Hourly frequencies of occurrence of east-component in winter only. The
of extreme maximum and minimum
of Sq for east-component, 1934-1951,
(calm days).

Solid line : extreme maximum,

Broken line : extreme minimum. number during the period 1934~1951. In

k. in the

min,

frequency of occurrence of T

forenoon hours amounts to 75% of the total

winter, therefore, the extreme minimum of Sq appears for the most time in early
morning, contrary to the mode of Sq in summer or equinox. The time variations
of TZ,. and T%  for each annual mean Sq are shown in Fig. 47, denoting by
the marks max. and min. , respectively. It is clearly seen in the figure that out of
total twenty years only five years show the extreme minimum of Sq in the afternoon.
Furthermore, it should be noticed that all these fiveé years are situated in the in-
creasing phases of sunspot numbers as far as the latest two sunspot cycles are concerned.

As a whole, T2 undergoes a remarkable long period change with the maximum about
two years before the maximum year of S, but the form of the curve is dissimilar
with that of S itself. Concerning this point, however, it was found out that there is
a good parallelism between the curve and that of AS/A7=S,41—S», sucsessive difference
of annual sunspot numbers, which are plotted for the middle of two consecutive
years. In other words, it is found out that even in winter there exists an intimate
connection between R and S, if such a new measure is taken into consideration for
the ineqﬁa]ity of the form of Sq.

At last it may be worthy to touch again the problem of T/, in winter in an
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another way. Let the G2 3 26 38 40 42 W W6 48 50 R N

T T 1

number of months sa- 5,;,15,'_.,01: Numbers

tisfying TE >TE, out hM.m“ L M‘m. an‘“ Hin
20r :

of four winter months be (A EW- Component, Katkioka

denoted by n, and its
year-to-year change is

examined. In Fig. 48(A)

is shown the yearly change
of n for east-component,
manifesting a similar long
period change as seen
already in Fig. 47. Of
course, we have a similar
change for north-compo-
nent, though n is larger

but less amplitude of varia-

tion than east—component.

The smoothed solid Fig. 47. Long period change of TJ,, of Sq for ecast-
. . component in winter at Kakioka (A) and time
curves in the figures are gradient of relative sunspot number AS/At,

where At is one year (B). AS/A#s for annual
and winter means of S are expressed by black
running average of n. cireles and cross marks, respectively.

drawn by using four years'

(C). Long period change of the mede of gcomagneiic Sq al Kakioka

In order to ascertain the result obtained above in an another interval of years,
geomagnetic Sq at Kakioka will be examined for the period 1925~1945.

Horizonlal intensity H : The hourly frequency of T/ and T),, are shown
in Fig. 49. The distribution of Ti.. is almost steady in each season within a limit of
two hours of fluctuations, though there is a slight tendency in winter to occur within
a few hours before the midnight. On the contrary to this, the monthly mean extreme
maximum occurs during 6~9 hours by 382 of the total months in winter. In harmony

with the case of earth-currents, the number of months satisfying T7  >T/ out of

four winter months is denoted by n, and its yearly change is shown by Hnaz In

Fig. 50. The smoothed curve shows two maxima, a predominant maximum in 1927
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Fig. 48. Long period change of n, namely,
number of months satisfying T .

>TE .. out of four winter months
for each year at Kakioka(calm days).
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49, Hourly frequencies of extreme
maximum and minimum of
geomagnetic Sq for the hori-
zontal intensity H at Kakioka.
1925~1945 (calm days).

and less one in 1935;

Min.  Max

m o
/‘?2527 ZI? 3! 33 35 37 3? W 43 ({5_&/ each occurs one or two

years earlier than the
maxima of S.  This
general tendency is in
harmony pretty well with
that of earth-currents.
Declination D :
Comparing with H, the
form of Sq of D

Lo

o R3s o OS8

=

is remarkably stable,
and the maximum and

minimum occur almost

0 — =

at 13hr and 9hr, respec-

Fig. 50. Lorfg pm:iod changes of thef mode o-f geon:lagnetic tively. The frequencies
Sq in winter for the horizontal intensity H,
declination D and vertical intensity Z at Kakioka. of T2, and T, are

such as given in Table 18. If the number of months in winter, of wich daily maxima

occur earlier or later than 13 hr, the most frequent time of occurrence, be denoted by

n’, the year-to-year variation of n’ is of a similar curve with Hma=. as shown by Dnaz.
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in Fig. 50. But the sense of variation Table 18. Frequency (%) of Tmar. and T,
at Kakioka, 1925-1945.

is such that the more frequently H

: [ |
shows the summer-or equinox-type, 8 9 10 | 11 | 12 13 i 14n
| !
the more nearly T2, approaches ' | - |
: ol =] =|= =lBslea B
to 13hr. In other words, deviations a ! | |
S G 12 77 2 O I —- — —
of T2, from the most frequent " ! |

value, 13 hr, seem to be controlled by the same agency as governing the fluctuations
of TX,.

Vertical intensity Z : 77, appears in the interval 8 hr~11 hr, namely, 50%
at 9hr, and 83% in 9 hr~10 hr, while 7%, appears in two groups of hours, 4 hr~8 hr
and 13 hr~16 hr, respectively. The time variation of n, which is calculated for the

afternoon maximum, is given by the lowest curve in Fig.50, showing a similar

tendency with the other two magnetic elements.

(D). Relationship between n and frequency of so-called “E-iype” of Sq

in winiler at Kakioka
At last the variation of n of any element said above, say, east-component of
earth-currents is directly compared with that of frequency of “E-type” of Sq in winter,
N, the result being shown in Fig.51 during the latest sunspot cycle, 1944~1953. It
is natural to find a good parallelism between two curves, because characteristics

J44 46 48 50 52 M of n ought to be controlled by N.

J The criterion for classifying the

n E-W Component type of the solar daily variation has

i been discussed by the lonosphere
Research Committee, Science
Council of Japan, to which larger
parts of the present data of"E-type”
have been presented by the Kakioka

Magnetic Observatory. Now, con-

sidering the connection between n

Fig. 51. Leng period variations of n and and AS/Af obtained above, the

N in winter at Kakioka. frequency N of "E-type” of Sq should
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also be understood in the sense of AS/A#, but not S itself.  On the other hand, as
to the average state of Sq, the position of focus in the northern hemisphere attains
its most northern latitude in the forenoon with respect to G. M. T.™), while the inten-
sity of focus in the southern hemisphere raises nearly to the maximum value. Hence,
even at a station far remote from the focus, “E-type” variations may manifest themselves
when the northward wandering motion of foci is strengthened. The variation of NV at
Kakioka, therefore, seems to be apparently due to the remarkably intensified ionization,
or enlarged integrated conductivity, of the ionosphere in the southern hemisphere.
But, from ionospheric observational results and others, the yearly change of ionization
of the ionosphere, or magnitude of integrated conductivity, seems to depend solely
upon S itself, but not AS/Af. Hence, it may be apparently suggested that if the sun
does not emit some special kinds of short waves during the rapidly raising interval of
S, namely one or two years before the maximum of S, the ionospheric motion
would be subjected by some unknown mechanism in the ionosphere to intensify the
equivalent current system with the same long period as m or IN. Nevertheless, at
present one has no sufficient observations such as to be able to check possible
considerations said above.

At any rate, however, these facts obtained in the vicinity of variable locus of
foci of Sq may throw a light on the theory of Sq, especially its secular change. At the
same time some predictable informations of the type of Sq will become useful for

some practical geomagnetic and geoelectric workers.

(E). Long period change of the mode of Sq of earth-currenis in winter
at Tucson

A similar treatment with Sq was carried out for an another middle latitude station,
Tucson, Arizona, U.S. A.“9, of which material covers the former sunspot cycle 1932
~1944, but not long enough for the present object. The seasonal variation of earth-
current potential gradients at Tucson has been already discussed by W.J. Rooney,
while the present treatment is confined itself to the behavior of Sq in winter months
only in comparison with the result at Kakioka. The form of the solar daily variation
at Tucson is such as shown in Fig. 52.

In Table 19 are given the average values of 72,, and T'%, for each month as

mar., min,

well as the frequency of deviations from the corresponding average values. The average
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Fig. 52. Sq for 10 least disturbed days per Fig. 53. Long period changes
month at Tucson, 1932~1942, of n and Ak at Tucson.

values of T/, and T¥, are nearly constant for each month in respect to the whole

period as well as an individual year.

The number of months n, in which average time of occurrence of the extreme

Table 19. Frequencies of time of occurrence of the extreme values of S, in
winter at Tucson, 10 least disturbed days, 1932~1942.

Average time of occurrence of the Number of months corresponding to the
extreme values for each month. (1) following deviations of hours from(1).
Component |—-——— - — —-—— e e el o e
Extreme | Month | Average time i hrs
value (ht) |4-12-8-2-L 012 678 91011
| | £, B is 1 g ?
| : 5 i 12 ~ 13 ! 1
| Xl 12~ 13 1 3 6 1
| Xi| 12 ~ 13 8 3
NS [ e —_—
5, 828 | Bhz. 7
_ H 8~ _
P Xi 7~ 8 593
it 9 ~ 10 | 5 4 2
1 | 14~15 191
- N 4~15 29 1 32
. Xt . 15~ 16 1 3 2 5
x| 15~ 16 s I 521
EW |[—— S B RN S
- EPE 1 2123 1 1
I i |
R o m | B g 35 2
| | 10~11 | 3 53
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minimum lags behind that of the extreme maximum, is distributed as shown in Fig.
53, where n =2 for both components. In the'figure is also shown a quantity AJ,
which is the average value of AR=TE  —TF . Comparing these results with those
at Kakioka, a similar tendency can be found, but less remarkable at Tucson. This
is probably due to the inequality of their relative positions to the focus of the Sq

current system in spite of their nearly same geographical coordinate of latitude.

4. 4-year period change of the mode of Sq in winler al Kakioka

(A). Shorter periodic changes of m of earth-currents and geomagnetic field

Following the preceding paragraph a further detailed analysis of the time varia-
tion of the occurrence time of the extreme values will be performed in this paragraph.

It is easily found out in Fig. 48 or Fig. 50 that there may exist some shorter
periodic variations superposed on the long period change mentioned above. Since
apparently fluctuations with about 4-year period can be seen in these figures, the

190 22 20 2 28 30 32 U 36 38 40 42 44 4 4{)‘ 54? 5? 53
T T T T T e Earth-Current (Kakioka)

) : (a1 for EN-Comgonent. 0

@y (an) for NS-Componenl | _ |_

(N)y: M) for Geomagnelic j
brezontal Inlensily.

(@), : (ds) for Yearly Mean.
s)y: @s) for Winler Season. 0 \wm\ (qu:AvAT

L
(an)y . . . .
2 Geomagnelic Horizontal " Intensity (Kakioka)
0 T N

%

5 f\/-\/
0 N

(55w Relative Sunspot Numbers (Ziirich)

4 ,\[\U/\ A A

Fig. 54. 4-year period change of the mode of Sq in winter at Kakioka and
its connection with that of S,
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residuals (An);=n;—n; are calculated for the convenience of the study of shorter
periodic changes, where the suffix x is to be read as N, E and H for north-component,
east-component of earth-currents and geomagnetic horizontal intensity, respectively,
n: being the 4 years’ running average of n. They are shown in Fig. 54.

(An)  : During the interval from 1934 to 1949 4-year period is apparent, while
in the period 1951~1953 observational points are more or less scattered and tend to
show longer period as well as increasing amplitude. At least, 4-year period in the
interval 1934~1949 is statistically significant by 1.3% level of the criterion of the

periodogram analysis,

(An)z : In the interval 1934~1940, 3-or 4-year period are seen, and generally
in an opposite sense of variation against(An) y.

(An) y : 4-year period is apparent, and in later years the period seems to grow
longer. The variation is approximately in opposite sense against(An) y.

Referring to the geomagnetic vertical intensity Z, (An)y shows no distinct
periodicity because of small amplitude.

From these facts it is evident that there is contained a predominant periodic
change with period about 4 years in the time variation of An for both earth-current
and geomagnetic field during the recent thirty years.

(B). An, ff, and S

It is interesting to know whether or not such a periodic change stated
above does ekist in the time variations of annual relative sunspot numbers S.
The lowest two curves of 8S in Fig. 54 will answer to this question. In order
to eliminate 1l-year period five years’ running average of S is subtracted from S. But

for convenience of treatment of data, thc same process of average is repeated twise

more. The final residual 8S an)y
is calculated for two cases, -2
(8S)y for annual mean 5 i

and (8S)w for winter, _2‘0 Z% 2'0 185) =37 -!b ) !bizzao G

respectively. The connec- 2

tion between &S and An, : 7 ey

&

Fig. 55. Values of (An); at Kakioka corresponding
Fig.55 of which all points to maxima and minima of 3S.

say, (An), is shown in
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correspond to the maxi-
Q_10 20 30 40 %0 60 70 80 % 100110 0 /¥ M0 K0 ) S ma and minima of 3S.

fr

12 MC/sec

W 47 There is seen clearly an
x

inverse sense of variation

3 between two quantities,

§
6 I14e_46 4 3052 3 though the numerical
l - £=3
a[—-oﬁl};u’—‘*-—h s, values do not always
")‘ ¢ L]
ag | fesme X : show so good connection,
a0 A‘y"*—\:ﬁ"éfﬁ
-05 5

which is inevitable in
Fig. 56. Ccrrelation between S and fF, in winter

G e such a case of treatment.

On the other hand
it is also interesting to see whether or not the corresponding shorter periodic change
does exist in the time variations of the ionospheric elements. For example, in Fig. 56
are shown the correlation between ffy at Kokubunji, Tokyo''¥and S, together with
that between (An)y and 8f%,. Here, ff is the average noon value for each winter,
and 8f % the deviation of fj», from a linear expression f 7 =6.7—0.041. S which is
calculated by the method of least square. As seen in the figure a fairly good positive
correlation can be found between (An)y and 8f %, showing that the ionosphere over
Kokubunji in winter may be simultaneously changeable in a similar way as Sq field,
since Sq is mainly originated in the E-layer. A similar change of &ff can be

more or less found at Washington™ and other middle latitude ionospheric stations.

At last it may be worthy Table 20. Maximum values of (35)y.
to add some remarks that if — [ S e
Year 85 Year S Year 3S
the calculation of (8S)y is ex- ___ez_l 3 (_ o ) i ei___( ) i
tended to the former century, 1832 11 1974 3 1909 | 7
almost all large peaks of the 36 3L i 12 2 | 8
41 4 81 10 17 | 21
maximum values of (8S)y fall 45 3 84 7 2 | 7
on the respective sunspot maxi- 48 25 89 5 25 9
52 8 92 13 28 | 8
mum years (Table 20). More- 54 1 08 1 39 I 13
over, it is likely that (8S)y 59 15 1900 7 37 8
i & 64 11 5 8 43 31
contains some lenger periods, |
70 30 |

say, two or four times the - i e
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primary sunspot period, 11 years.

5. Harmonic analysis of Sq of earih-currents

CA). Harmonic analysis of Sq of earth-currenis ai K akioka

The results of harmonic analysis of Sq up
to the fourth harmonics are given in Table 21
for each year™). Fourier terms are expressed
by EW)=>Cnsin (#T+,), where @, is
measured froﬂm the midnight of the universal
time T.

In the first place, the correlation between
C% for all days and S can be approximately
follows from Table 22

expressed as and

Fig. 75,

a

ﬂ -
21x/07*

0 : i, L

2 4 6 Ch

Fig. 57. Relationship between 8% and
Cy.0 of Sq at Kakioka, 1934~1944.
Black circle : East-component. Cross
mark : North-component.

Ca=C4.0+84S=Ch,o(Q+ma".S), md=0.38.10"2,

where the fourth term is excluded from the calculation because of small amplitude.

The value of m," is nearly equal to 0.34x10™* calculated from Fig.44 for yearly

maximum range, and also to 0.42X%107%, mean value for east- and north- component

All

i

g s s e
| KAK 10KA m.ic-mrm“
[ o Eiy

230[ x NS |

240~
208
160 &
120- ;!'-'.B'
'.F;uﬁ'n Via
§0; -;f ()
I 05

AR . — | )
] £ 5 anK«:ﬁ%‘taw
7 R/ R T R R R T S I 4
Calm
Fig. 58. Comparison of Fourier coefficients
of Sq for all days and calm days
at Kakioka, 1934~1944,

in Table 13.

The comparison of Fourier
terms for all days with those for
calm days is graphically shown in
Fig. 58 for the average value in the
interval 1934~1944. As seen from
the figure, there is no appreciable
difference between them except for
the diurnal wave of east-component,
though for each individual year the
matter does not always hold good
so because of some accidental

irregularities, The amplitude of the

diurnal wave of east-component is
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Fig. 59. Relation between phase angle ¢, of Sq for Fig. 60, Ycar-to-year change of ¢n of

. . . Sq for calm days at Kakioka,
calm days at Kakioka and S, 1934~1944, 19341944,

relatively larger for all days, while the phase angle shows only a minor difference.

Referring to this point, it may be worthy to raise a question that whether or
not the solar flare effects would be intensified during prevailing disturbances as compared
with those on calm days. From the result obtained here it seems to be no appreciable
difference as a whole between two cases, and if any, it may be probably responsible
for a contribution from the diurnal term. :

In the second place, the correlation between phase angles for calm days and S is
graphically shown in Fig. 59, in wich @, represents the mean value for the zn-th
harmonic wave. It is easily seen that there is no appreciable connection
between S and the phase angles of the second and third harmonic waves, the former

being the largest wave of Sgq. The values of @, manifest apparently random large
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fluctuations especially in north-component, and as a whole, there is no definite correla-

tion between @, and S.

Table 21. Fourier coefficients of Sq of earth-currents at Kakioka, 1934-1944.
E(N)=>1Cpusin(nT+@s). Unit:0.01 mV/km and degree.
< ,

¢ : Five calm days ; a: All days. -+: Higher potential clectrode.

EW* | NS* ! EW+ NS*
Ci C: €| ci] &l €

03'04.‘?1 ‘P:‘*Psl@"alq’: ¢2I¢’s|€ﬂc

1934 308 | 545|299| 78| 34| 155|128| 39| 89 84| 62| 26| 217|149| 124| 99
a| 388|480 254 59| 21| 97|112| 34| 74, 95| 57| 30| 262 | 154 | 123| 93

35°¢ 311 |515] 291| 66| 28| 101|118| 34| 85| 82| 47| 26| 196 | 143 | 116 | 88
a|416 | 510| 323| 81| 43| 112|119 40{ 75 99| 54| 46| 191 | 152| 119| 94

36 ¢ 359 | 578 | 356| 84| 61| 136|137| 36| 98| 84| 45| 10| 162 | 139| 112| 87
a|435|514|321| 98| 60 (126 123| 35| 72| 93| 46| 9| 162 | 141|111 78

37°¢ 324 | 586|451 125| 64 |151|157| 60| 83| 91| 59| 48| 176 | 146 | 121 | 96
a|489 | 672|452\ 154 62 | 149 156| 53| 73| 93| 66| 40| 174 | 150| 121 | 94

38 ¢ 270 | 591391 69| 49| 121|131| 35| 97| 92| 50| 13| 188 | 147| 115| 77
a|462|602)|347| 59| 31 (121|127 31| 74| 95| 50| 6195 | 149| 118| 83

39°¢ 325 1599|404| 125| 30| 118(125( 39| 73| 87| 48| 25| 168 | 148 | 114| 69
a|499 | 508|338 69| 28 |104|113| 32| 62 | 101| 56| 358| 201 | 156| 115} 77

40° 356 | 528 | 355| 116 54 | 107 120( 49| 70 | 86| 55| 44| 198 | 152| 119| 98
a|512 (499 | 367| 89| 38| 100| 117| 40| 64 | 88| 54| 44( 210|151 111| 99

41¢|364|41513817| 37| 36102/ 110| 42 67 88| 54| 27| 196|154 | 119| 98
a|416 | 476 |323| 151| 31| 90| 104| 38| 58 104| 66 12| 202 | 154| 114 17

42°€ 373 | 528 | 352 117 29 106|111 42 73 93| 54, 24(176 | 151 | 113' 88
a|398 478|322\ 122| 25 871106 39, 63 :104| 60| 12| 201 | 153 116 52

43¢ 287 517(332|114| 14' 97 108| 46| 73! 13| 43| 11/ 159 | 150 105i 90
a|521|417 | 258 68| 19| 89| 92| 37 61 83| 47 17;r 69 | 146 | 113 ' 101

¢ |272(541|316| o4 28, 80[102| 46 83 95| 50| 36| 100 |153| 124 99
a|341 494 |311| 89| 26| 80| 100( 44 64 104 62 33| 72 (165|127 98

19341944 | 317 | 539 | 350| 97| 36 113 122{ 41 81 89| 52| 27180 148 118 91
~193%a | 422 | 511 |327| 90| 27 106 115 38| 67 97! 57' 24|184|152]117 92

i

On the other hand, if year-to-year changes of @, are drawn in Fig. 60, there is
seen a corresponding systematic change for each @, but a remarkable inequality between

@1 and others. This is ready to Table 22, Amplitude of Fouricr cocfficients

remind of contrast of variation at Kakioka. (mV/km)

between n and An as already n o -4 1008%
mentioned. That is to say, the ~ | NS | EW | NS | EW
1 0.22 3.38 0.24 1.05
mode of time wvariation of @, 2 I 0.8l | 437 ol | 12
corresponds to that of n, while 3 ' 1.00 9 67 0.32 } 1.10

that of each other ¢, to that of
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Fig. 61. Correlation between Fourier

An. In other words, the periodic change
with 4-year period of An may be primarily
responsible for higher harmonic waves, but
not for the diurnal one. On the contrary
the long period change of m or N, which
bears a striking resemblance to that of AS/A,
may be substantially responsible for the first

harmonic wave.

(B). Harmonic analysis of Sq of

earth-currents ai Tucson

For the comparison with the results at
Kakioka the results of harmonic analysis of
Sq deduced from 10-least - disturbed days’
mean at Tucson are given in Table 23 for
the interval 1932~1942. The correlation
between C, and S is graphically shown in
Fig. 61(A), which is of less closeness in both
maximum and minimum sunspot periods
as already seen at Kakioka. As a whole,

however, it can be expressed as follows,

Table 23, Harmonic analysis of north-component of Sq of earth-currents at Tucson,
1932~1942 (10-least disturbed days). N = > Cusin(nt+g@y,), t:105° W.M.M.T.
n

1934 I 1935 | 1936 | 1937 | 1938 | 1939 | 1940 | 1941 | 1942

1932 | 1933 |
¢, |0.50]0.59|0.58]0.60|0.90!0.94]0095]088!0.71]0.65] 0.5

Amplitude ¢, |1.11|1.26]|1.29|1.25|1.56|1.71 | 1.72|1.67 | 1.35|1.41 | 1.30
(mV/km) . 10.69]|0.80|0.83]0.85|1.01|1.24]1.14]/0.98]0.91]0.90]0.80
¢, 10.39]0.34(0.39|0.36]0.42|0.46|0.44 | 0.36|0.32|0.36 | 0.34

- o3| 82| 8| 74| 75| e8| 75| 73| 86| 89| 92

Phase o | 278| 276 | 275| 274 | 273 | 272 270| 270 | 275| 279 | 219
(degree) o | 121| 118| 120| 116 | 119 | 117 | 116 | 118 | 120| 127 | 125
336 | 333 330 | 352| 338| 344 | 342 | 338| 247 | 343

331

|
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Coa=Chryo+0tn. S=Cs,o(1+m’. S), m’=0.58.107%, 2 3 % B W0 R
T [?, T T l_qo.
) g —/—180
where the diurnal term is omitted from the calculation 70
because of large deviation from this expression. This ¢ &’3.
% = T

large deviation is responsible for the maximum period of
0"
S, 1936~1939, and if the values of these years are ex- g%&]m

o
cluded from the calculation of the mean value, C, falls

¥ ﬁasg'
just on the line as shown by a cross mark in Fig. 61(B); e /7T Iy

there might be something to intensify the diurnal term Fig. 60, Veor-to-yess

in this period. The value m’=0.58.107° is nearly equal changes of phase
angles @u’s of
to m.=0.54+10"2 deduced from the (R,S) correlation, Sq at Tucson.

and can be reasonably expected because @, does not
change remarkably throughout the period except for the diurnal wave.

As compared with the time variations of phase angles at Kakioka, @, at Tucson
shows a remarkable difference in the following point(Fig.62). The matter is that
there appears no shorter periodic change, 4-year change, in each phase angle at Tucson,
keeping a nearly constant respective value each other throughout the period except
for ¢,, which shows a similar long period change at both stations as already

] mentioned. It seems likely that the
i
307

ionosphere over Tucson exerts a

320
TUCSON (r32-1942)
o NS
230 «  EW

w different kind of action upon the

mode of year-to-year change of

Sq as compared with that over
Kakioka. Regarding this discrepancy
between two observatories, it may be
somewhat worthy to note that the
yearly rate of time variation 8f 7.
is remarkably larger in winter at

Kokubunji, while there is no appre-

W W W W W W W W ciable difference between winter

Fig 63. .Comparison of Fouricr coefficients and annual means at Washington.
of Sq for all days’ mean and calm ) . ) o
days’ one at Tucson, 1932~1942, It is desired to examine this inter-
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esting behavior of the secular change of Sq field by using as many data at stations in
similar situations as possible. From the same point of view, further continued observations
of earth-currents at Tucson, if possible, will play an important r?le for clarification of
these long period changes of Sq and other transient phenomena, some of which may be
responsible for some multiple or higher harmonics of 11-year period of sunspot numbers.

The comparison of Sq for calm days’ mean with that for all days’ mean is
graphically shown in Fig. 63, in which no appreciable difference can be seen between

them except for @,.

§ 4. Magnitude of earth-current potential gradient and its local

characteristics

1. World-wide data of Sq referred io some solar aciivily stale
The results of harmonic analysis of potential gradient of Sq observed at various
stations over the world are given in Table 24, where north- and east-component are

expressed as follows,

N=">Chsin (nt+a), E=S\Cilsin (ni+Bw),

and t is measured from midnight of the local standard time, positive direction being
reckoned towards east and north. These data, however, are based on various kinds
of sources, that is, different interval of observations, different epoch of the solar
activity, different character of adopted days and so forth, So, they are not suitable
for the synthetic study of any phenomena over the world without making reductions
of the data to some standard state of activity.
For the present purpose to treat with the general aspect of the characteristics
of amplitude of Sq, the following three criteria are allowable,
(1). Amplitude difference between all days’ mean and calm days’ one is to be
neglected.
(2). Solar influence can be generally deduced from the linear expression,
CaP=Cy P Q+m.S), m=0.58. 107, while for east components at Ka-
kioka and Haranomachi, m=0. 38-107.
(3). Fourier coefficients are satisfactorily taken up to the 4 th or 5th harmonic.
In order to check the third condition an example of the result of synthetic process

of Fourier series is shown in Fig. 64 for east-component at Kakioka, As seen from
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Table 24 (B).
Place Interval nccil:;?:(‘le;a;: Time S
Alaska Fairbanks 0"%3_‘?’%533 all days 150°W. M. M. T. 9
2 1932~1933 s

Canada Chesterfield (81 days) calm days 90°W. M, M. T. 9
e A : A

Toledo 1948 all days G.M.T. 136
Europe Ebro 1914~1918 calm days G.M.T. . 60
U.S. A, Tucson 1939~1940 ! calm days | 105°W. M. M. T. | 79
South Huancayo 1927~-1929 all days | BW.M.M.T.| 71
America San Miguel 1951~1952 all days ’ 50
Saghalien Toyohara 1934~-1936 42 .

Memambetsu| 1950~1953 50

Nemuro Jan. -Feb., 1943 (21)
Japan and Morioka 1947 6 152
South-West Hara.tuomachi 1950 all days 135°E.M.M. T. 84
Pacific region Kakioka 1934~1941 69

Owashi 1947 152

Kanoya 1950 84

Ishigaki Sep. -Oct., 1941 (56)
Australia Watheroo 1924~-1927 all days 120°E.M.M. T. 49

the figure the third condition may be allowable for an ordinary synthesis of harmonic
series, while the other two criteria have been already stated so as to be acceptable.

Table 25 is thus prepared for the estimated amplitudes Ch., and Ca.., which
would manifest themselves when S were absent, provided that the second connection
is valid up to the extreme value when S=0.

Fig. 64. Relative errors of synthetic values of Fourier
coefficients of Sq duc to neglected higher
harmonics. (East-component at Kakioka)

oR/R
0

04 R : Sum of hourly absolute values ot the daily
variation.

02 AR : Sum of absolute values of differences

0 ; . 2 3 4{ d 6 between observed hourly values and those

n o Vin-159 of synthetic values up to the #th harmonic.

A: (AR/R,n), B: (AR/R, 'n-15).
2. Linear relationship betwecen Ch.. and Ch.,
It is in regard to the daily vector hodograph that in the previous paragraphs we
have treated with the principal direction of earth-currents.  So it may be natural to

retouch here the same problem taking individual harmonic wave into consideration.
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As seen in Fig. 65 the connection between C,, and Ch,, is approximately linear,

as a whole, and stations can be classified into three groups from a standpoint of degree
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Fig. 65. Linear relationship between C% , and

N ;
Cuo, -First group.

of linearity.

(i). First group:
First of all the best
linearity can be seen,
and in other words, each
wave persuades its prin-
cipal axis of the eliptic
hodograph in nearly the
same direction. And the
most predominant wave
at any station is common
for both east-and north-
component as given in
Table 25 or Fig.65. The
stations which belong to
this group are as follows;
Toyohara, Memambetsu,
Nemuro, Owashi, Wa-
theroo, Ebro, Tucson and
Huancayo:

(i) . Second group:
This group is distingu-
ished from the first group
in the following point
that some one wave,
practically the first wave
only, deviates remarkably
below the straight line
determined by the other
Moriocka, Hara-

waves.
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Fig. 65. Linear relationship between Ch.» and C3.c -Second group.

nomachi, Fairbanks and Chesterfield belong to this group. The most predominant
wave is diurnal for all east components, but not always so for north-component. So
the vector of the first wave exceptionally approaches to the east-west direction.

(i1). Third group : This is of less definite linear distribution as compared
with the other two groups, and the most predominant wave appears independently of
the base line direction, Kakioka, Kanoya, Ishigaki, San Miguel and Toledo belong

to this group.
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As to the spatial distribution of these three groups, it is to be remarked that
the second group seems to appear frequently in both high and middle latitudes especially
30°~40° parallels. In Japan and her vicinity it distributes from the north to south in the
successive order of the first, second and third group except for Owashi. The mode of
distribution may relate to the electric state of the underground structure, but at some
middle latitude stations at least, it is probably responsible to some extent for the
irregular distribution of foci of Sq current system. For example, at Kakioka the
annual mean state of Sq is remarkably controlled by the corresponding mode of

appearance of the first and second waves in winter as shown in Fig. 66, while higher
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waves of #n=3 are

] ’ ” )
independent of any C7l.0 Kaktoka (1936~1937)
i @ :Summer
season. As to the s A : Winter *
higher latitude distr- x : Year
bution of the second
group, Sp current sys- i &
2 xm
tem may be taken into A Am
" o 0 . ' ! 1
consideration. / 2 3 4 5 6 7 Cfo
At any rate, it Fig. 66. Seasonal change of correlation between

N B g s
wuy be pointed out Cu., and C; , at Kakioka, 1936~1937.

that the statement said above becomes necessarily when minute features of the principal

direction of earth—currents are to be examined for some quantitative discussions.

3. Locality of Rue=j5 ‘E\;':-i- ct : and apparent resistivily pa

For the convenience to treat with the first approximate features of localities of

amplitudes, the resultant R..,o=]/ i\;ﬂ—}- C'i.- * is examined instead of treating
W0 n.,.o

separately with C¥ , or CE putting any consideration about inhomogenity of the

earth’s conductivity aside. As seen in Table 26, magnitude of Ry, is of order of
some millivolts per kilometer at most except for exceptionally small values at Toledo
and large ones at Nemuro, and as regards the average Ry, no appreciable difference
can be seen among three groups of stations mentioned above. At Huancayo, where
geomagnetic Sq manifests a well-known equatorial type of variation with large amplitude,
one can find no corresponding large Ry, as compared with others, which may strongly
suggest an underground structure with sufficient high electric conductivity so as to give
rise to rather small amplitude of earth-currents. As a reference of a general con-
ception about the magnitude of K. average values for 12 middle latitude stations,
except for Fairbanks, Chesterfield, Nemuro, Ishigaki, and Huancayo in Table 26, are
given in Table 27.

In view of the well-known electromagnetic induction theory of earth-currents
within the earth with uniform conductivity, the amplitude ratio of the horizontal com-
ponent of electric field E. to that of magnetic field H, perpendicular to the x-axis

can be expressed by the following simple equation,
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T — — 2
Table 26. R""’:}/Cﬂ:n-!- C;JB and Hy,,= /C‘;f,o—'- C::.n .

]

(mV/km) (7)
Place = e =i
Ri.0 ‘ Ry | Rao | Rio | Hio - Hzxo | Hya | Hyp
Fairbanks 3.0 6.4 1.5 0.7 I [
Chesterfield 4.0 4.8 0.7 0.4 18.0 18.6 41! 2.5
Toledo 0.063| 0.126 | 0.141 | 0.069 11.0 .7, 4.0 1.2
Ebro 4.25 | 7.20 | 3.04 | 0.83 9.9/ 86| 52 18
Tucson 0.59 | 1.14 0.69 0.25 8.6 87| 44| 14
San Miguel 3.17 2.84 1.42 0.95 |
Toyohara 0.88 | 151 | 1.42 | 048 | 1.3| 83 48| 14
Memambetsu 0. 47 0.81 0.88 0.25 '
Morioka 1.87 I 2.32 I 1.97 0.34
Haranomachi 1.46 1.37 | 1.28 0.45 :
Kakioka 3.58 | 4.29 | 2.81 | 0.76 89| 7.8/ 52 1.6
Owase 111 0.53 0.62 0.19 I
Kanoya 0.93 0.40 0.68 0.29 '
Nemuro 1.37 8.3 8.6 6.5 ‘_
Ishigaki 3.4 0.9 1.6 0.7 ; i
Watheroo 0.124 | 0.261 | 0.153 | 0.038 9.7 8.9 38| L1
Huancayo 0.84 0.69 0.36 0.11 68 38 | 20 | 4

Table 27. Mean values of Rgu,0 and Hn,o.

"Ru,o : Mean for 12 stations. EJH,= 1/(,/27- - p=l/o
Hno: Mean for 6 stations.

T i Ruo Ha.o RuofH 0 where T is a period of variation
ﬁzlf__' ll.ns\g-jkm 9-3' i 0-_1‘;5‘;_ and o the uniform conductivity
i 1.90 : 83 0.2%9 of the earth. The conductivity
3 194 46 0. 269 o, or specific resistance p of the
6 0.41 : 1.4 0.293 earth is not practically uniform

— —— et -~ at all, but may be a complex
function of space co-ordinates %, ¥, 2 and generally even time, although for
the mathematical convenience o is frequently assumed in a tensor form. When
the earth is assumed to consist of several horizontal layers with respective uniform
conductivity, the matter becomes simpler; for example, in the case of two horizontal
layers the amplitude ratio E-/H, and phase difference @ are expressed as follows,

if it is treated as a two dimensional problem™®,
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EJHy=/p/2T. F(py, poy b, T) =1/pal 2T,

tanf= (1—-2Ke " sin y—K*¢) [(1+2K ¢ ¥ sin y—K*e™™),

F(py, Po b, T) = 142K e cos y+ K26~ 2/ (1 —2K ¢ cos y+K2e~) 2,
K=/p, =vVP)IWp: +vp ), y=4dzhlv/pT,

where p, and p. are specific resistances of the upper layer and substratum, respectively,
and h the thickness of the upper layer and p, apparent resistivity called hereafter.
When T is sufficiently large, namely, y is so small, the ratio E./H, is mainly
controlled by the presence of substratum and wice versa. The phase difference can
take any value within the limit of 0—z/2 by suitable combination of three quantities,
F1, p» and h, while for the uniform earth the phase difference takes a constant value
/4.

On the other hand some available geomagnetic data at hands corresponding to
that of earth-currents are given in Table 25 and Table 28, where Cx’=C3¥% Q1 +m.S),
m=0.58+107 is used for the all reductions expect m=0. 38-107* at Kakioka. At Tucson,
however, they are given for 1919~1920 because of no corresponding available data
in our hands, during which interval sunspot number shows a similar phase of the
cycle as that in the interval 1939~1940. The value of Hao=17/ ~X + ~¥ = and
the average for the six middle latitude stations excluding Chesterfield and Huancayo

are given in Table 26 and Table 27.

Table 28. Harmonic analysis of geomagnetic Sq field, X = LC sin(nt+38,),

Y= ch Sll'l(ﬂf'i"?u). Unit : v and degree.

Place C\ IC\ C:i C\ C! CI JC 'CY l 31 d2 33I34 7117"‘73 'Yl:d}:ﬁ:c.:tizi Period
| | P | 1 | " [Oct., 1932-
Chesterfiel d18. 115, 02 5' 0. gi 5.712.5 3.5 2.4 80198342 169230140156341 N W Sep. 1933 )
(calm days
Toledots6) 9.8 4. 5= 0.6 1.017. 113 1 7.1 1. 9 48209291 31 42210l 31255 N E |1948(all days)
Ebro®n 41 1.6 18 1. 112 311 46.7 2.2 99236 199 61| 3szzol 53246 N E }Sif;lzlfys)
Tucsontss 2.4 3. sl 2.1 0. 512 519 16120 99328172 3| 119426234 N E 1919-1920

(calm days)

. | | 1934-1936
Toyoharal9 . 7 2 6. 41| 4, 0' 1. 312 0 8.1 4, 5 1. 1100398&61 18217 46|226 56 N (all days)

W
Kakioka®? | 1, 7& 5.9 8.7 0912 310.0 6.4 2 o" 18335158 7o11 12221 681 N w (15810
Watherod® | 4.9, 2. 1 0.8 0211417 4 7i 1.4 26247 48 B1843BI 12 N B P T
| | | 5 [1927-1929

12 |4 85 @ % |3 I3431221342 188272 1021247340 Gall, days)

Huancayo!#2 I45 22
.
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3 /U At any rate, taking a
R’W/HM y g
simple theoretical result mentioned
06x10° ; ——_
above into consideration it was
o4t tried to see in what manner R0/
3 H,,, does correlate to 1/9/ Ty, and
02t the result is graphically shown in
Fig. 67(A). Here the observed
L 1 1

0 2 4 6 g 10 X193 values of Hpy, at Toyohara and

AT

Fig. 67(B). Relationship between Ryo/Hp,o
and 1/4/Ty for Sa. to H,,’s which would be observed

at Memambetsu and the other all Japanese earth-current stations, respectively. And

Kakioka are assumed to be equal

also for Fairbanks and San Miguel are used Ha.o's observed at Chesterfield and the
middle latitude average value given in Table 27, respectively. As seen in the figures,
as a whole, there is a nearly linear correlation between Ruo/Hun,o and 1/5/T,,
although unfortunately, the present material of earth-currents and geomagnetic forces
are not always supplied from the same stations, and also intervals of observations or
epochs of the sunspot activity differ each other at some stations, As far as the
average values given in Table 28 are concerned, a fairly good connection can be
found as shown in Fig. 67 (B). So it is confirmed that the amplitude ratio
Ru,o/Hu,p is proportional to 1/4/T, for the first approximation in many places over the
world in spite of their supposed different modes of structure of the ground as far as
such a range of period that covers those of principal harmonics of the Sq variation
is concerned. Neverthless, at some places, where there is seen scarcely a linear relation,
we may have such special ground structures that, say, for the two layers’ structure p, is
very larger than p, and the ratio Rp./Hn, shows no dependency on 1/9/7T,. On the
contrary when p,<&p, and y is very small, the amplitude ratio may become propor-

tional to 1/T», showing a concave curve in Fig. 67(A).

4. Apparent resisiivity p. and carth-resisiivily pws near the earil’s surface
Assuming such a simple structure of the earth as said above, p.’s are calculated
from Ru,o/Hno=+/Pa/2Tn and given in the second column of Table 29. They are of
order of 10*(2. cm at nine stations out of fifteen, and as small as 3~4.103Q.cm at

Huancayo and Toledo. The average value of pa corresponding to Fig.67(B) gives
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Fig. 67(A). Relationship between Rp,/Hp,o and 1/4/T), for Sq at each station.
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Table 29.

T. YOSHIMATSU

Estimated apparent resistivity

pa and earth-resistivity pe; measured

by Wenner-Gish-Looney method.

Station

Fairbanks
Chesterticld
Toledo®!3
Ebrot6sd
Tucson’ o6
Toyohara
Memambetsu
Morioka
Haranomachi
Kakicka
Owashi
Kanoya
Huancayo®67)
Watheroo8)

San Miguel

Pa
Q.cem
6.4.10¢
2.9.10¢
0.4.10¢
2.3.10%
1.5.10¢
3.9.10¢
1.1,108
6.7:10¢
3.8.10¢
1.9.10%
1.2, 10
1.4.10¢
0.3. 1¢0°
0.6. 10
1.2.10°

Pobs

- Q.cm

2.10°
11,108
3.10°
4.10°

4.108
5.10°
14,10°

33.108
13.10%
15.10°

4.10*Qcm. The remarkable variety
of pa indicates clearly the locality
of universal earth-currents.

On the other hand, at some
of the stations considered here
have been carried out some earth-
resistivity surveys with different
scale and depth of penetration, but
almost the same Wenner-Gish-
Looney method was used. These
observed earth-resistivities, denoted
by pws here, are given in the third
column of Table 29, of which
effective depth corresponding to
the inner electrode span, a, is

about 200 meters. Of course,

Pws is generally different in different direction and depth, sometimes largest values

being crowded in relatively small area in the vicinity of a station.

In practice,

however, most of surveys have been carried out to the effective depth corresponding

to a=200~300 meters at most. Now pws; at a=200 meters is assumed to be more or

less representative for the
average state of pus near
the earth’s surface in rela-
tively wide area around
the station. It becomes
then interesting to know
whether or not any connec-
tion does exist between pq
and pews, the result being
graphically shown in Fig,
scale.

68 in logarithmic

Excepting Huancayo and

log ok,

&
6

Y
" e Tol. H,
2 o o Hua
0 /
Z 3 4 v (.o’faf obs,
10° 10? 10° 10°Q.cm.

Fig. 68. Relationship between p, and observed
carth-resistivity popy.
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Kanoya, remaining eight Table 30. Earth-resistivity pes at Kanoya.

points approximately fall (Weflner‘q_wh-,llooney .l'neth_r_J(_i)_

]

on a straight line, pe,s at a | EW . NS
these two stations being :  Q.em ! Q.cm
300m 2.37.10¢ 2.40.10¢
as large as about ten times -
200 3.13 3.61
those expectab! i
pectable from this 100 5.12 5.70
linear expression. As seen 70 6.78 | 6.21
from the depth distribution 40 ' 6. 72 ] 4. 40

of pws given in Table 30,
Pes at Kanoya decreases so rapidly with increasing depth that if the upper high resis-
tivity layer be ignored, the average pas of deeper portions may fall to some thousand
ohm. cm. This is near to a reasonable magnitude expectable from the figure.  pws at
Huancayo decreases in a similar way with increasing depth, namely, it attains to 5. 10°
.cm at about @=600 meters and seems further to decrease gradually. So two
exceptionally deviated values cf both Kanoya and Huancayo would approach to the
line in Fig. 68, provided that some plausible p.s: is taken in place of the present pus
corresponding to @=200m. So as far as these stations are concerned, contribution of
the uppermost part of the earth to p. may be approximately expressed as follows,
Pa=10"%1 (pws)>* Q. cm.
Summarizing the results obtained above, it is found out that there exists a
fairly close connection between apparent resistivity ps, presumed from earth-currents
and geomagnetic field, and average earth-
f.og,ofa, Kak resistivity pws, oObserved in the upper
portion of the earth up to some hnudred

meters or more below the surface. And

the matter is not of mere chance, but
3 actually the upper portion of the earth
near any station may contribute more or

0 2'0 /Ib 6‘0 8'0 Km! D less in similar manner to the magnitude

Fig. 69. Variation of apparent resistivity of earth-currents observed. Then, it is
pa with regard to the distance
D from the nearest sea-coast
to the station, Japan. experience in applied geophysics, or electric

casy to understand such a well-known
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surveys that magnitude of natural earth-currents observed in a small area, in which
geomagnetic potential is considered to be constant, increases with increasing earth-re-
sistivity. It is also natural to expect a systematic distribution of pa, or magnitude of
earth-currents in a limited area such as the Japanese Island, of which mountainous
portions are probably of higher earth-resistivities and lower near the coast, as a
whole. Actually, as shown in Fig. 69, pa increases gradually with increasing distance
from the coast. And the large p. at Kakioka is also in consistent with high earth-
resistivity observed, which is due to the upper portion of rocky substratum of the
Tsukuba mountain block. At any rate, since there has been no synthetic statement
about the role of observed earth-resistivity to act upon the observed earth-currents,
the results obtained here will be useful not only for the interpretation of earth—currents
variations, but also for directions of earth-resistivity measurements, as far as the first

approximate considerations of the electric structure of the earth are concerned.

5. Presumed localilies of underground eleciric siruciures in some

places in Japan

At last it may be practically interesting to estimate some plausible structure of
the shallow part of the underground mass from an electromagnetic point of view.
Here, the matter is treated simply as a two-layer problem in two dimensious as
mentioned above, and the underground structure will be estimated very roughly by
using the amplitude ratio R./Hyn, because of combining some material for short period
variations. Of course, more complicated mathematical treatment may be possible, but
it belongs to a multiple values’ problem and besides, few observational back grounds

for it have been reported. The diagrams, (Rw/Hpn, 1/./T,), at some stations in

Japan are shown in Fig. 70(A)-(D), where at Toyohara™?! CL/Cx is used in place
of Ry/H,, because the average amplitude of the short period variation corresponding
to a specified period at Toyohara is given for various kinds of variations of X and east-
component, The values marked by black circles in Fig. 70(D) are calculated from nearly
periodic variations chosen from many available records. The other short period variations
referred are all SSC’s, for which Tw's are taken twice times the duration from the
beginning to the maximum value of the geomagnetic horizontal intensity. These figures

show that all curves change convexly with increasing 1/+/T% , namely, indicating p,>>p1,
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Ro/Fin A. Haranomacke
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Fig. 70(A)-(D). Relationship between R,/H,
and 1/o/Ty at four stations in Japan
when both Sq and some short period
variations are taken into consideration.

Fig. 70 (D)

while they are approximately linear as already mentioned within the range of period
corresponding to those of principal harmonics of Sqg. So we may presume more or
less reasonably the specific resistance of the substratum p, from Sgq analysis presented
here. After some trials, considering the correlation between p. and pw.,, an adjusted
theoretical curve is drawn by a solid curve for each figure of Fig. 70, showing a
fairly good agreement with observations.

Although we have no observational evidence to check the plausibility of these
quantities obtained from the other geophysical points of view, it may be interesting to note

that in the vicinity of Tokyo the propagation velocity of earthquake waves in the upper
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Table 31. Presumed values of %, p;, and
p2 in some places in Japan.

Station h P | P2
. km | Qoem _ G.em
Toyohara 5 2.0.10% 55. 10°
Haranomachi 5 l 1.4 | 22
Kakioka 6 8.0 L 200
Kanoya 3 1.0 11

always uniquely determined.

layer of a few kilometers in thick-
ness can be distinguished from
part™, The

that of the lower

values of 2, p, and p, used
for calculations are tabulated in
Table Bi, and it should be re-

membered that the matter is not

6. Anomalous amplitude of the harmonic waves of Sq near the sea-coast

Following the preceding paragraph, here something about irregularities of the distribu-

tion of observed points in

A3 )

Fig. 67 will be treated. In

the first place, one can 06F 02 "
notice that some stations 04k 0 20 °0 60 50 KmD
x [ ]
in Japan, such as Kanoya, 02k ° -02 8
Ishigaki and etc., show e -
th kabl Il " 120 L 00 50 K0t
e remarkably sma -02f D -06
semi-diurnal waves. So 04 -08
if the deviation of observ- 06 4

ed Ru:o/Hzp from the

corresponding value (Rz,n/

. ns  Bis
Fig. 71 (A). Variation of A H, u)/

Rﬂl o 1

X . D in Japan.
H,0)on the straight line White circle : first wave.
Cross mark :third wave.

in the figure be denoted by

Black circle :second wave,

A (Rs,o/Hz,n) = (Rz.n/Hz,n)
— (R2,0/Hz,0)0, the ratio
A (Ry,0/ Hyo) / (Rayo/ Hay0)o

is almost negative, and

Lyl ()|

_monotoneously distributed o

as shown in Fig 71(A) ]

in respect to the distance 0 I /b | Zb l JmeD

D measured from the R LR [Relaie "°“"’°°“A(‘I§Zﬂ)/(‘§§’,ﬂ? 2nd D
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nearest sea—coast to the respective station. The numerical value of the ratio rapidly
increases near the sea—coast in a fairly regular form, of which average curve may be
expressed approximately as follows as shown in Fig. 71(B),

ARz 0/Hz,0) / (Rao/Hs0) o= —Ae™ 72,

A=0.54, y=0.078,

where the distance D is measured in unit of km. In the second place, however, it
is examined in vain to get such a regular distribution as said above for the other
waves, showing rémarkable fluctuations at some stations. (Fig. 71(A))

On the other hand, the ratio R;/R.s observed in various places over the
world is shown in Fig. 72 in order to check the anomalous distribution of the ampli-
tude before~mentioned within more wide range of D. The ratio falls also very
rapidly within the interval from the coast to 20~30 km distance, and tends to a nearly
constant value Ry /R, 0==0.5 as far as 1000 km from the coast. Therefore,l the anomalous
behavior of the second wave is characterized within very small distances from the
coast, and so its origin may be attributed to some phenomena related directly with
the sea. ‘

In repect to this point it may first lead us to remind of the lunar daily variation
of earth-currents, of which available data seem to be so scanty at present to establish

any definite picture of the phenomena. However,

Lz{ AN X : north component.
X Ka « : east component. it is a fact that the value of L,/S,, ratio of
4r the semidiurnal amplitude of the lunar daily
- : _ variation to that of Sq is only about 1/15 for
3t ' the geomagnetic field, while for earth-currents
! it has been known to be as large as three or
il four times the former. Furthermore, the
results of recent observations given in Table 32
; or Fig. 73 strongly suggest that the lunar daily
/ variation of earth-currents should be discussed
a3 ; ™ ‘ Tu first of all from the local standpoint of view,
0 S0 f(’?ﬂ ' Zbﬁ 4 Jbﬂ om taking the relative distribution of land and sea

into consideration. In other words, this suggests

Fig. 73. Relation of L;/S, of o .
earth-currants to D, also some similar local origins for the anomalous
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.amplitude of the second wave of Table 32. L,/S, at several stations over the worl.
Sq, since these systematic ano- Sration I NS | EW
malous effects can be found only : S =
; 1
for the semi-diurnal wave and of Lheson 0.2 0.3
Huancayo™12 0.2 0.2
comparatively large magnitude. Ebro 0.2
In the following some possible Kakioka®™ 0.2 0.2
. ) Toyoharalr 0.2 | 0.3
-explanations will be put forth. Beppulri) 0.1) 0.8
The first is that the solar Kanoya(75 4.4 1.2
/. ¥ 4 ; Haranomachi(1 0.2 ' 0.4
semi-diurnal ocean tide in the Morioka() 0.1 | o1

permanent geomagnetic field = SRR

produces the corresponding e. m.f. in the sea, which may have its leakage circuit in
the land. The relative amplitude of the solar semi-diurnal component of the tide is
about 0.32 when that of lunar semi-diurnal tide is taken as unity, while that of the
solar diurnal component is 0.11%%, So any electric field due to such a kind of origin
ought to be most predominant in the semi-diurnal term, the situation being thus
favourable to the present problem. The second is that under the same circumstance
some electrochemical potential, say, a kind of concentration cell may be formed near
the coast due to permeating sea-water into the land, or retarded underground water
streaming into the sea. They are subjected to a semi-diurnal change of concentration
with raising and falling sea-level. At some stations situated so near the sea-side,

remarkable contact potentials can be set up at the electrodes due to direct contact

with concentric saline solution of the ground adjacent to them. On the other hand,
regarding the motion of the soil liquid the third possible cause is pointed out such
as that an appreciable magnitude of so-called streaming potential may be changed,
or newly produced under suitable conditions between the sea-coast and the inner part
of the land. For example, when the sea-water raises upwards, expectable geomagnetic
induction currents may flow nearly westwards in the vicinity of Japan, and at the
same time soil liquid may become sufficiently concentrative near the coast to yield on
appreciable magnitude of electromotive force which is likely to direct towards less
.concentrated inner parts of the land.

At any rate, if the proper semi-diurnal wave of earth-currents, say east-component

be expressed by EI-sin(2{+@), positive sense reckoned eastwards, and that of



1060 T. YOSHIMATSU

local earth-currents said above by —E:isin(2{+@®!), combined value becomes as follows,
e,= Esin (2t + @) — Elsin (2{+ @) = E,sin 2l+@,),
E,=EW/1=2(E/E)cos(@:—p}) + (E./E)* ,

1 B _sing:

__ _E}  singl | :

tan @,= o B cospl tang;.
E:  cosg:

On the other hand, at several inland stations far remote from the sea~coast @,’s are
approximately equal to 7, and an average phase angle of the solar semi-diurnal wave
of the tide is also near = in the vicinity of Japan™; the semi-diurnal oscillation of the
atmospheric pressure change is known so as to have its two maxima at about 9 hr and
21 hr in local time. Furthermore, concerning observed semi-diurnal phase angles there
is found no such a definite connection with D as seen in the case of amplitude
distribution (Fig. 25). So we may assume @:—), and furthermore when (EY/E)*<1,
e, can be approximately written as follows,
e,=E)(1—E./E?)sin Qi+ ).
Hence the amplitude deviation of ¢, from Ei, is given as follows,

e—E __ Ei :
E T E

It is natural to consider the decreasing amplitude of E! with increasing distance D from

the sea-coast, and if Ei= (E:) p-o*e~%” is assumed, as seen in the case of permeating

water level in the land adjacent to a water channel™, then,
ea—E} (E2) p=o

— — . e-—dﬂ.

This expression may be applicable to an interpretaion of observational results for
A (R:0/Ha1.0) / (Re.o/ He0)o, or Rig/Reo as far as we confine the event itself to the
matter in the vicinity of Japan and neglect supposed small geomagnetic effect due to the
local currents said above.

At last, rough estimations of the order of magnitude of possible effects before-
mentioned will be made in the following. The induced e. m.f. due to the tidal motion
of sea—water is given by

E=H-y,
where H is the geomagnetic horizontal intensity of 0.3I, and v the velocity of rising

or falling of the sea-level height, k= lysin(2p7+a,). So putting #,=20 cm for an average



THE LOCAL CHARACTERISTICS OF EARTH-CURRENTS (III) 101

solar semi-diurnal tide™), and conductivity of sea-water &,=0.03 (35% salinity and
10°C), the amplitude of induced e.m.f. E! and current density I} are as follows,

Ei=0.3:2ph-1073=8. 41072 volts,

Il=0c4Ei=2.5:10"" Amp.
If I3 be assumed to flow uniformly in the ground adjacent to the sea-side, potential
difference along a stream line in the ground is

El=1Iip;»L=0.3 mV/km,

where specific resistance of the ground p;=10' Q+cm is assumed, and L the length of
a base line. As E. is of order of 0.5~2mV/km, (E!)p.p is 0.3~1.1 mV/km,
assuming (E!)p.o/E)=0.54. This value is of the same order as E!, but in the
ground equal current density as that presumed in the sea is assumed, the conductivity of
the latter being very much larger than that of the ground. So, this type of e.m.f.
seems to be unsuitable for the sufficient interpretation of the matter.

The electrochemical potential difference due to a concentric cell is given by

c=KT log( g:—),
where C, and C, are concentrations of a supposed solution around the correspoading
two electrodes, and K a constant specified by the solution, and 7" the absolute
temperature of the solution. Now, when the solution is taken as NaC! and T=291°,

u—uy K . (._C-:__)= (.Ca )
e= e S F T +log C. 11.6]0g,°\ C. (mV).

If we suppose that C is given by
C=Coe_‘aﬂ,
where D is expessed in unit of km.

Coe B0z

—pB.A
Coe-Bmsn =€

So, C./Ci=

As before-mentioned, say putting e¢=0.3mV/km and base length A=1km, we have
B=0.06,
C=C,e" "2,
The value of B is nearly equal to v in the expression of A(Rao/Hu.0)/(Re.o/H:.0)0;
a plausible explanation may be promised providing more comprehensive material.
T. Terada™ has pointed out a possibility that luminous phenomena accom-

panying destructive sea-waves (Tsunami) may be explained by taking streaming
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potential produced in the sea-bottom into account, which is proportional to the
difference of water-heads of the high water of a tsunami and normal sea-level.
For the present problem similar considerations may be applicable. In some cases
meteorological water contained in the water-bearing layer may manifest a horizontal
displacement towards the sea-side under the horizontal pressure gradient due to the
difference of vertical pressure exerting upon the layer. On the contrary, high sea-
water itself may permeate into the land in other circumstances. At any rate, expectable
change of streaming potential in the ground due to the varied height of the sea-level
may be given by

JoI 32 2L
47y

»
where ¢ is the kinetic potential (mostly 0.01~0.05 volts), # the total hydrostatic
pressure difference, D, p and 7 respectively the dielectric constant, specific resistance,
and coefficient of viscosity of the liquid. Taking 2 equéls to the pressure exerting at
the depth of sea~water of 1,=10cm, and besides, say, for the ground water, {=0.03
volts, p=10° Q+cm, D=8l and »=0.01 ({=15°), we have,
E=0.2-107" volts.
This is the same order as that requested from observations, but we have no

reliable data to refer concerning actual motion of soil liquid in any horizontal level

and some constants considered above. So the value is of very rough estimation at all.

§ 5. Some characteristic features of the disturbance field of earth-

currents observed in Japan

1. Iniroduciicn

In the previous paragraphs all statements on various characteristics of earth-
currents are obliged to be based on Sg field only in order to discuss the problem in
a world-wide scale of data, since no systematic material of disturbing field has been
published. However, in view of both geophysical interest and inductive nature of
earth-currents, a study of the universal earth-currents is to be promoted along the line to
analyse and interpret so-called short period variations with regard to their spectrums of
period, frequency characteristics of some specified variations and etc. Recently,

along this line of investigations various works have been carried on by the members
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of our observatory. In this paragraph some newly found characteristics of SSC and SI
changes of earth-currents observed at Kakioka and other stations in Japan will be
reported.

2. Preliminary changes of SSC and SI of earth-currenis

CA). Preliminary change

Both SSC and SI changes are characterized by their first impulsive movements
in geomagnetic field and earth-currents as A_W B- %e
well as their world-wide appearance. It has

2 C

been commonly accepted that the first move- oo

ment of SSC starts suddenly from some L\ K

point on the magnetograph or electrogram, -

: bt b e ~Ac

independent of the state of activity at that ~Ap a

time. However, in the course of preparing ?. )f - : n——AP
c

long period material of SSC ’s for the inves- I

o i . Fig. 74. Schematic figure of A-type
tigations of their diurnal and seasonal fre- ] and B-type of preliminary

quencies at Kakioka®™®, it was found out that a changes of SSC and SI.

kind of preliminary characteristic change was frequently followed by SSC or SI change. It
was strange to us to see that even when they started on the very smooth electrograms free
from any minor fluctuations, some SSC’s or SI’s were a'nticipated by small gradually
increasing or decreasing preliminary changes lasting some minutes. Some typical

Plate 1~5. Preliminary changes for east-component at Kakioka, 1947. (U.T.)

(1) (2) (3) (4) (5)
Jan. 164038 30m  Mar. 279 04h 28m May 224 22h 24m Sep. 05¢ 181 02m  Sep. 30 18" 08=

i i e ol a
ﬁ o Lo

a
-]
b c
¢ n
SN

Magnification factor « (1):1.0;(2):2.7;(3):2.7;(4):2.7;(5):0.8.
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examples of these preliminary changes are shown in Plate (1) ~(5), together with the
exaggerated schematic expression in Fig. 74, In the figure the part a~b is meant
by the present preliminary change of SSC or SI, and classified into A-type and B-type,
respectively, according to its relative motion to the main first movement. As seen
from the plate(5) the preliminary change is entirely distingushed from so-called a prel-
iminary impulse or kick of SSC* (arrow mark in SN), the latter being recorded almost
as a segment of a line on the usual electrogram with revolving speed 1.5~2.0cm per
hour. Since the magnitude, Ap, and duration time, Tp, of the preliminary change
approximately amount to a few percent of Ac and some minutes, respectively, the
records were read out by means of a tenfold power micrometer. The preliminary
changes adopted here are limitted to all changes which have their duration times less
than ten minutes and monotoneously merge into the main impulses. When SSC or S7 is
occurred during disturbances, corresponding preliminary change is omitted. Of course,
SSC* with a preliminary inverse kick is included in A-type or B-type according to
the criterion for the-preli_minary change.

In Table 33 are given the results of classification of the type of all available
preliminary changes occurred in the sunspot maximum year, 1947, together with data
of inverse kicks of sudden comments. The type is determined from the record at
Kakioka, and ? marks indicate some preliminary changes not measurable correctly
for some reasons, say, faint image of record, accidental coincidence with time marking,
masking effect by disturbances and etc. The cross mark indicates that it is difficult to
attribute any type to the variation considered.

Concerning the frequency of each type it is surprising to see that out of available
thirty preliminary changes twenty three belong to the A-type, which is too many to be
expectable from the view of a mere chance. This is the first fact that we should

pay our attention to the immediate part of an electrogram anticipated to any SSC or
SI change. -

(B). Relation beiween T, and T.
The results of readings of T', and T, duration time of the main in pulse, for
east-component are given in Table 34. As seen in Fig. 75, there exists approximately

a linear connection between T, and T, and on the average Tp==T.. The relation

seems to hold good for both A-and B-type. For purpose of reference it was checked
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Table 33. Type of prelimary changes (P.C.) and distribution of inverse kicks of
SSC and SI of earth-currents observed in Japan.

. Type of Inverse Kick 1
Date (U.T.) | = - | - - - —| Remark
! P.C. Kakioka | Morioka [Haranomach:: Owashi Mlyakunmn'
d hm [ | | —
Jan, 14 11 16 A I 2 9 | | SSC
160330 A | E N | | ' SSC
240620 B i E? N|E , ' SsC
242351 A - 2| = ' SSC
Feb. 070814 | A | 2 2 | : - SI
160300, A i - = | e ) 888
Mar. 0204 001 9 i | | E N‘|_ — y 18k
021817 A ! E N E N | E N I — — " ssC
070536 | B . E N E? E WIS
12 04 56 A ! _ = T e SSC
270428 B | N? E9 E?9 N | E N | | E N  SsC
Apr. 021015, A | - - N? e
031502 9 | E N N|E N s
082149 A E N E? N E? N —  SSC
171225 A | E N9 E N | | N  SSC
May 15 00 18 2 S S — SR s SI
222224 A : N | 9 SI
230240 B E 9 : i e me T
24 06 45 l A E N ? | E N |- —1|ssC
Jun. 050727 A E N | E N | E N |— = .8C
131749! X E N!'E N E N|E N|— — ssc
170300 2 w o= B N [ = 8l
. 171037 A E Noyes — = = &
171749 B N|—= =|= =88
Aug. 150951 A — e N | E? SSC
220911 9 E E | N ~ SSC
Sep. 02 23 26 | A ‘ N | — — | ssC
041345 A | | | — — | sI
051802 A N | ' | — — ' 8ssC
230323 2 ! ., — — SSC
301808| A N | N | — — _ 88€
Nov. 09 08 56 A — —_ SsC
110651 B R st
24175 | A N | | N | sI
271835 B — - | — = s8I
Dec. 010853 A ! s -~ = 8t
231124 A = == f s = S
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Table 34, Values of ampiitude and duration time of the main impulse and preliminary

change at Kakioka for east-component. unit : minute and mV/km
Date (U.T.) ' ‘
Tp Te Ap i Ac Ap/Ac
1947 l , 1
d h m~ | | |
Jan. 04 11 16 \ 2.0 2.8 10.4 | 107.8 0.096
16 03 30 ! 1.6 1.6 6.5 | 154.2 0.107
24 06 20 12 | 1.6 6.4 55.1 0.116
24 23 51 1.5 | 0.8 9.2 78.8 0.116
Feb. 07 08 14 | 13 ' 16 | 6.5 63.1 0.103
16 03 00 ! 0.8 | 0.9 13.9 102.0 0.136
Mar. 02 04 00 | ? ’ 9 9 9 9
02 08 17 LE | 1.1 6.5 . 24.1 0.025
07 05 36 0.2 0.4 9.2 | 915 0.101
12 04 56 . 44 4.4 0.2 | 742 0.138
27 04 28 | 2.4 | 3.0 9.2 | 103.0 0.089
Apr. 02 10 15 | L9 | 3.1 1.8 | 37.6 0.048
03 15 02 ? ? | ? F ? ?
08 21 49 1.2 | 16 | 2.7 | 1270 0.021
17 12 25 | 2.1 1.9 | 5.4 279.6 0.020
May 15 00 18 ? | ® i ? | ? ?
22 22 24 ‘ 4.0 4.0 6.7 | 8.2 0.067
23 02 40 1.2 1.1 6.3 | 102.3 0.159
24 06 45 i1 | 1.6 20.1 . 233.3 0.086
Jun, 05 07 27 0.8 | 0.8 4.8 | 329.2 0.015
13 17 49 = ] — A — —
17 03 00 ? | ? ? ? ?
S Jul. 17 10 37 1.9 1.7 2.8 37.6 0.074
17 17 49 0.8 1.0 18,7 413.2 0.045
Aug. 15 09 51 2.2 1.6 8.2 161.0 0.051
22 09 11 ? ? ? ? 9
Sep. 02 23 26 2.2 2.2 | 8.2 92.4 0. 089
04 13 45 3.6 | 28 | 104 | 933 0.110
05 18 02 3.2 3.2 4.5 | 66.3 0.068
23 03 23 ? ? A ? ?
30 18 08 2.8 2.4 1.1 95,0 0.012
Nov. 09 08 56 3.4 4.0 4.3 65.5 0. 065
11 06 51 2.6 2.9 6.4 71.2 0. 090
24 17 56 3.2 | 2.8 2.2 | 79.0 0.045
27 18 35 4.2 4.8 1.8 48.8 0.037
Dec. 01 08 53 2.5 2.7 3.7 81.2 0.045
23 11 24 1.3 1.3 3.7 97.0 0.038
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by the data of 1946 with regard to 7;

the A-type. These are the second SrMnu
fact to suggest somethin.g about the o
existence of some anticipated pheno- i .
mena for the world-wide disturbances, 3F . ® ¢
SSC and SI. 09

(C). Relalion of Ap to Ac 2r ee' @

The values of Ap and Ac for e & [C)
east-component at Kakioka are given i
in Table 34, and connection between 0 I ! L : )
them is graphically shown in Fig. 76. / 2 3 4 _?_Mfmt.
C

Roughiy speeiang, ‘thers iea tendency Fig. 75. Correlation between Tp and Tc of

that A2 in creases with increasing Ac, the preliminary change at Kakioka.

although points in the figure are remarkably scattered. But the following two points are
noticeable, (1) Ap’s of the A-type with kicks are very small as compared with others,
making the lowest boundary line of the domainjin which all observational points are
contained ; (2) Observational points seem to converge to a common point (Ap=0, Ac>~
15mV/km), in other words, at Kakioka Ac less than this value might not be accom-

panied with Ap, or such a small Ac might be forbidden to occur entirely. Concerning

the item (2), the frequency spectrum with regard to the amplitude of SSC may be

[T SO T~ N Y

20 10 & 0 10 ;&vﬁamszkazévwmﬁ;wm‘w%fw 10 sk
C

Fig. 76. Relationship betwcen Ap and Ac of the preliminary change at Kakioka.
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Table 35. Frequency spectrum of Ac for east-component
at Kakioka, 1945~1949,

(mV/km) 0~14 | 15~19 | 20~24 | 25~29 ‘ 30~39 1 40~49 | 50~59 | 60~69 | 70~-79
Numbers 1 5 6 8 ‘ 19 . 17 15 13 16
Ac 80~-89 ] 90~99 100*—109‘ 11{'.'#-»-].19‘i ]20*—-129} 130~139 140~149 150
; i
o, e e  —— Py P R . .
Numbers i 7 ‘ 17 11 ‘ 5 ‘ 5 ! 3 = 1 | 17
| | |

advisable, which is given in Table 35 for the interval of five years from 1945 to 1949
centering in 1947. From this table it is obvious that Ac contained in the interval 0~
14 mv/km occured only once out of one hundred and sixty six, and so as the lowest
magnitude of Ac for east-component at Kakioka may be taken as the same value
as that defined by a common point before-mentioned. Regarding (1), it is considered
that Ap may be decreased due to superposition of an inverse chaﬁge of kick. These
facts are the third point to suggest some preliminary changes immediately before SSC
and ST.

(D). Diurnal and seasonal variation of Ap/Ac

The amplitude ratio, Ap/Ac, is plotted in Fig. 77(A) with regard to the
nearest hour of occurrence, where the material for the A-type in 1946 is supplied to
get more numerous points for each hour. The average curve shows a predominant
maximum and minimum around noon and 18 hr, respectively. And the difference
between two three-hour means of Ap/Ac centering at these hours is statistically
high significant. Although the observational points are less numerous during night
hours, the curve seems to have a minor maximum and minimum before midimight
and near 6 hr, respectively.

Concerning the daily variations of Ap and Ac themselves, they are shown
separately in Fig.77 (B), in which the daily variation of Ap shows a fairly good agree-
ment with that of Ap/Ac, but not so distinct for Ac as far as the present data are
concerned. Therefore, the mode of the daily variation of Ap/Ac presented here is
mainly responsible for that of Ap, though a minimum of Ap/Ac around 18 hr may be
more exaggerated by some larger values of Ac appeared near the hour.

Any definite seasonal variation of Ap/Ac could not be obtained from the present



small material, and
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Fig. 77(A). Daily variation of Ap/Ac of the preliminary

change at Kakioka.
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Fig. 77(B). Daily variations of Ap and Ac

at Kakioka,
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to the hourly frequency of occurrence as well as amplitude into consideration.  The
phenomena pictured up here may also introduce an another fact to be clarified from
the same point of view. Here, the writer suggests that a part of the original
current of SSC or SI may flow in our ionospheres.

If we compare the diurnal variation curve of Ap shown in Fig. 77 with that
of Sq, we can easily find out a striking resemblance to each other except that
the former lags about three hours behind the latter.  So the correlation between Ap
and each monthly mean Sq, of which phase angle is retarded three hours, is
graphically shown in Fig. 78. A statistical test of significance of the linear correlation
is made by the method of variance as shown in Table 36. The ratio of the vcriance
(1) and (2) is 9.21. For 1 and 28 degrees of freedom thz 5% and 1% values of F
in the F-distribution are 4,20 and 7.64, respectively. It follows that the regression is
significant, i.e. the tendency for large values of Ap to be associated with large values

of the retarded Sg-variation is significant,

Table 36. Analysis of variance of regression.

Source of Variance Sum of Squares | Degree of Freedem Variance
(1) Due to Regession 188.18 | 1 188.18
(C?/82)
(2) About Regression 571.70 28 20.42
(Sy—C?/Sx)
Total 759. 88 29

Se=3x*—(Zx)%n, S,=3y'—(Zy)m, C=Xxy—3%. Zy/n,

x=S8q, y=Ap—77, n=30.

Some years ago this writer suggested to i
<ccnsider anew thg solar daily variation field or ml/km
some radiaticn agency for the interpretation of . 2 ®
the local time variation of the hourly frequency >
of 8SC or SSCHM Vet sio plausible opinion Y Yo
hzs been brought forward up to date, mean- /:’of"/g .
while a local time variation of Ap with a striking 5 2 o) 0 20 m/km

Sg
_ _ Fia. 78. Relationship beiwcen
prasented here. Now, it may be further Ap and Sq for 1947,

resemblance to Sc-variation has been ncwly
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suggested that at least a part of currents responsible for Ap, probably for SSC or SI,
flow in or near the E-layer.

On the other hand it has been well known that the amplitude of SSC becomes
larger with increasing latitude, and T.Nagata and his collaborators®3 have recently
showed that Ds-field begins to appear in high latitudes from the very time of SSC,
suggesting some corpuscular impinging upon the auroral zone ionospheres at the time,
The origin of preliminary changes considered here may also be situated in high latitudes,
and current distribution may take such a type as that of a polar storm. But the
phenomena relies almost for its full account including an explanation of the phase

angle mentioned above on the accumulated world-wide data in future.
4. Freliminary ivversc impulsc, ¢r kick of SSC* of carih-currents

Regarding geomagnetic SSC*, among all investigators, T.Nagata®?D recently
carried out the most comprehensive investigations, and so here something about the
matter will be described from a standpoint of locality of earth-currents. From the data
of 1947 at Kakioka four and nine SSC* for geomagnetic field and earth-currents can
be respectively taken out, of which three SSC*s occurred simultaneously in both
fields. If geomagnetic SSC*s corresponding to ? marks in Table 33 are counted in,
the number increases to seven, of which five become to occur simultaneously with
those of earth-currents. Therefore, it should be first admitted that all SSC’s of earth-
currents are not always accompanied simultaneously with geomagnetic ones ; the former
being more numerous. The second point to be mentioned is that SSC*'s of earth-
currents are not always simultaneously observed at all five stations in Japan as given
in Table 33.

Concerning these local characteristics of earth-currents, following two explana-
tions may be possible. (a). All SSC*s are supposed to be occurred simultaneously
in both earth-currents and geomagnetic field, but small rapid ones are apt to appear
in earth-zurrents only. This opinion assumes first that by using suitable technique so
numerous kicks are to be observed even in the geomagnetic field in the lower latitudes,
and a lack of simultaneity of earth-currents in a rather small area such as Japan is

responsible for some inhomogenity of electric structure of the ground, or such local
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structure of the ionosphere over some specified region. (b). Even when there is no
primary agency of SSC¥ in the geomagnetic field, there may be a good chance to
observe SSC*-like kick of earth-currents in conjunction with the principal direction,
provided some suitable direction and quickness of time change of the first starting
vector of a geomagnetic SSC. These apparent SSC*s may be superposed on primary
ones.

For example, the direction of the first starting magnetic vector in Japan is
generally north-easterly®?and may change in some range of degrees. So at a station
with the south-westerly principal direction will be more numerous such lucky chances
for north-component than east-component (Table 33).

Unfortunately, there are few key points to decide which opinion is more
plausible. The writer, however, is now inclined to consider the case (b) more
promisingly than(a), although the latter would be more interesting from a geophysical
point of view. At any rate, carefully conducted simultaneous quick-run recordings
of both geomagnetic elements and earth-currents will answer this question, especially
provided high sensitive instruments and accurate timekeeping.

In conclusion it may be worthy to add some words about a question whether or
not some other variations do manifest such changes as Ppreliminary changes before-
mentioned or kicks. Some well-known variations such as pulsations, solar flare varia-
tions, bays and etc. are unlikely to show such characteristic changes, but further
efforts should be offerred to examine for other rapid changes frequently observed during

storms.

Conclusions for the Chapter II

1. It was endeavoured to collect recent data as many as possible from various
parts of the world together with our Japanese observations, and to analyse them to
deduce some general pictures of local characteristics as well as world-wide natures of
the spatial distribution and time variations of earth—currents.

2, First of all the principal direction, or restricted direction of earth-currents,
was examined by using the hodographs of the annual mean Sq observed at several
stations in U.S. A,, Europe, South-America, Japan, Australia and so on, as well as

short period variations recorded at about two dozens of stations in Japan. In spite of
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apparently random distribution of the direction, we may finally deduce three groups
of type, correlating to the actual distribution of land and sea, and topographical and
geological circumstances together with earth-resistivity surveys around the stations. At
several stations the direction is almost constant even for eac.h individual harmonic wave
of Sq, and if except for the diurnal waves at some stations, twelve stations out of
seventeen ones belong to this catalogue. So there are few stations at which principal
directions deduced separately from each harmonic wave are not always equal, but
somewhat different one another; for example, at Kakioka both diurnal and semidiurnal

harmonics in winter are responsible for this inequality.

3. Comparing the year-to-year change of the maximum range of the Sg-varia-
tion of earth~-currents to that of relative sunspot numbers, we obtained a nearly linear
correlation between them, of which proportional constant to S approximately depends
neither upon the base direction nor coordinates of latitude of stations. The east-
component at Kakioka, however, was found to be exceptionally small compared with
an expectable value from the linear expression said above, and to be attributed to the
winter characteristics of the mode of Sq. Of course, a similar consistent result
can be obtained for each harmonic wave of Sq. The facts lead us to study how does
the mode of Sq change in the long course of years at any station situated near the
locus of the wandering focus of the equivalent current system of the Sq field.

4. There is found a remarkable long period variation of Thm. of Sq, time of
occurrence of the extreme minimum for east-component in winter at Kakioka, which
has a distinct maximum about two years before the maximum of S and shows a good
parallelism with the change of AS/AZ, not S itself, where S is the relative sunspot
number and t time in unit of year. We have no such a change for Tha, time of
occurrence of the extreme maximum for east~component of Sq in winter, There is
also found a similar variation in the geomagnetic Sq field, especially in the horizontal
intensity at Kakioka, and a tendency of less significance at Tucson, an another similar
middle latitude station.

5. An another interesting aspect of the secular variation of the mode of Sq in
winter at Kakioka is that there exists some shorter period, namely, four-year period
variation superposed on the long period change before-mentioned. We can detect

similar periodic variations in both geomagnetic Sq at Kakioka and f#, at Kokubunji,
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Tokyo, as well as relative sunspot numbers S.

6. On the other hand, phase angles @,’s of harmonic waves of Sq show no
systematic connection with S as a whole, contrary to the amplitude changes, though
@, manifests apparently r.andom large fluctuations, especially in north-component.
However, the year-to~year change of @, is fairly systematic for each wave, but there is a
remarkable dissimilarity between @; and other @'s, namely, the former manifests the
long period change before-mentioned, while the latters 4-year period changes. These
two characteristics correspond to those of T, namely, n or N and An, respectively,
showing distinct different contributions from different harmonic waves to an apparent
secular change of the mode of Sq at Kakioka. @ At Tucson, however, there is found
no such 4-year period changes for @,’s, while @,s at both stations show the similar
long period change.  This discrepancy may be responsible for the different behaviors
of the ionospheres in winter over the stations. Further investigations will be desirable
from both sides of the geo-electromagnetic field and ionosphere by gathering longer
period data from various places in the world.

7. Concerning the solar daily variations observed at seventeen stations, the

magnitude of the resultant potential gradient R,,= ,/ éf.,,ﬂ',' Ce’fl.: is of order of some
millivolts per kilometer at most, except for two stations, Toledo and Nemuro with
exceptionally small and large values, respectively. The average values for twelve
middle latitude stations are as follows.
Period (hrs) =ereeeeseemnmisnnnenn24 12 8 6
Amplitude (mV/km) «:+e0ees1,51 1.86 1.22 0.43
8. It is confirmed that the ratio of R, to Huo= '/ C::—]—E’::f: is approxi-
mately proportional to 1/+/T5 even in many different localities in the world as far as
such a range of T, that covers those of principal harmonics of the Sq-variation is
concerned. This relationship, however, deviates from its lineality with increasing
1/a/T4 ; for example, at all four station in Japan the specific resistance of the ground
increases with increasing depth from the surface. Assuming a proper uniform specific
resistance of the upper several kilometers depth, a presumed two-layer structure of
the ground fits fairly well to each station.
9. Apparent resistivities pg’s calculated from Ru,o/Hu,0=/pa/2Tn are of order

of 10*Q+cm at nine stations out of fifteen, while they are as small as 3~4.10°Q-cm
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at Huancayo and Toledo. The average value of ps’s for twelve middle latitude stations
gives 4, 10°'Q-cm.

10. There is a fairly intimate connection between p.’s and earth-resistivities
Pws’s, which are observed in the shallow upper portion of the earth up to some
hundred meters or more below the surface, as far as the presenth observed earth-
resistivities are concerned.

11. The second harmonic wave of Sq near the sea—~coast contains a factor of
which amplitude decreases towards the inner part of the land with increasing distance
measured from the nearest sea—coast to the respective stations.  Since it is examined
in vain to get such a regular distribution for the other waves, it is suggested that
some local earth-currents due to, say, electrochemical actions or capillary fluid motions
may be produced near the sea—coast by the solar tidal motion of the sea~water.

12. It is pointed out that SSC and SI changes are generally anticipated by
small gradually increasing or decreasing preliminary changes lasting some minutes. These
preliminary changes are characterized by four observational facts which suggest us to
pay our attentions to the immediate parts of the electrogram anticipated to SSC and
SI changes. The four observational characteristics of the preliminary change are as
follows, (1) Preponderance of the frequency of one specified type of the variation, A-
type ; (2) Duration time of the variation, T'p, is almost equal to that of the main impulse,
Te; (3) Amplitude of the preliminary change, Ap, is distributed within a definite domain
of the (Ap, A¢) diagram ; (4) The solar daily variation of the amplitude of the preliminary
change.

13. The solar daily variation of Ap shows a striking resemblance with Sq-varia-
tion, though the phase angle of the former lags about three hours behind the latter.
This suggests that at least a part of currents responsible for Ap, probably SSC or
SI, may flow in or near the E-Layer.

14. All SSC*s of earth-currents are not always accompanied simulfaneously
with geomagnetic ones, the former being more numerous. = SSC*s of earth-currents
are not always simultaneously observed at all five stations in Japan. These local
characteristics of earth-currents may be considered to be mainly controlled by suitable
combinations of the direction and quickness of the first impulse change with the

electric structure of the ground around the very station.
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