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The Local Characteristics of Earth-Currents (III)* 

By TAKASABURO Y OSHIMA TSU 

CHAPTER II 

UNIVERSAL EARTH-CURRENTS AND THEIR LOCAL CHARACTERISTICS 

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

1. Introduction 

In the preceding paragraph has been studied experimentally the p1oblem of the 

principal direction of eatth-currents observed at several stations ove1 the world. As a 

next step the local characteristics of the magnitude of universal earth-:;urrents are to 

be clarified by using available data as many as possible. However, before treating 

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て urrents,but also for the purpose 

of studying any o出er 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 between maximum range of Sq of earth-currents and 

relative sunspot number 

〔A〕.Statistics f oグ calmdays 

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. 

持 Continuationfrom the two previous papers on the same title. 
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L. A. BauerC40 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 solat 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 (Zurich) 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 fox the correlation 

between R 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, 

R1＝α1＋β1・s, R2＝α2＋β2・s＋γ2・s2, R~＝a(S＋め：1~.

I cal.-obs. I 
The va巾 usconstants contained in R’s and ~ I i.. I I 18 are calculated as 

I ODS. I 

follows in unit of m V /km, 

α β a γ b ミユ｜いプ 1’｜一一与三：I!18 
J ODS. I 

R1 16. 6 l O附｜！
R2 16.8 I 0.附 o… I 0.仰

Ra I 1. 37 I 143 0. O弱

where one can find no superiority of any one expression as compared with others as 

far as these data are concerned. 

Therefore, for the sake of simplicity 

the linear expression given by R, 

will be used for the following state・ 

ment. 

The results shown in Fig. 40 

are written as follows, 

R<;,=R'b，»＋α：~ s 

R';,=Rも，N＋α~V.S, 

where R~1 and R°N are respectively 

the annual mean maximum ranges 

given in m V /km for east-component 
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Table 13. Relationship between the maximum ・ranges of the annual mean Sq and 
relative sunspot number(Ziirich). 
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( b) All days. 
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no shows It that Kakioka, however, deviates so much from the line component at 

On this fairly good. it holds relationship, but for the summer season distinct such 

discussion wiJl be made in later paragraphs. point a precise 

m On the other hand, if one looks more precisely at the distribution of points 

some notices one above, mentioned general feature the apart from these figures, 

yearly rate of change of Re does not seem for example, interesting mode of changes, 

and even for components. 

near the maximum or minimum epoch of S 

to be constant, but slightly differs for different solax cycles, 

namely, And also during some intervals, 

observed values fluctuate more remarkably than when the curve of S changes slowly, 

so at especially and at Tucson be more conspicuous to seems The latter others. 
、

in latter paragraphs. point will be also retouched and this Kakioka, 

Statistics for all days 〔B〕．

and case for all days’mean the result is given in Table 13 (b) Regarding the 

Japan; m stations adding the similar data at three graphically shown in Fig. 41 (B), 

Haranomachi, Kanoya and Memambetsu, where earth-cuxrents obse1vations have been 

continued up to date for some yearsσig. 42). 
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days and relative sunspot number, 
Harnnomachi, Kanoya and Memam-
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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も，11 

and αf are given in Table 15. 

From t~ese tables one can easily accept that in the winter season R varies in 

wide range, and' consequently αf 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 

1s 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 1 S mer ! Winter I Equinox -II Y叶s…I Winter I Equinox 
1934 ! 石20.~m mV/km mV/km'[ mV/km mV／「 mV/km 

19.3 25. 7 1943 19.6 15.1 31. 5 
35 i 19.7 18. 7 20.2 44 26.1 18.4 21.5 

36 ! 30.4 17.5 25.6 45 18.5 19.2 16.8 

37 I 24.9 19.4 27.6 46 20. 7 21.5 22.2 

38 27.4 • 17.6 24.6 47 31.1 22.5 27.6 

39 25.6 13.8 30.4 48 32.7 22.9 26.8 

23.8 19.9 23.4 49 30.9 27.6 27.0 

18.4 18.4 20.5 50 25.5 23.3 25.1 

22.9 18.9 20.6 51 27.9 21.9 24.8 

Summer Winter Equinox 
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Table 15. R~ 1: and αf for each season et 
Kakioka, 1934四1951.

Rら，11 18. 0 m V /km I 18. 6 m V /km 1 18. 4 m V ／民m
1: a.・ c 9. s. 10-2 I 2. 4. 10・2 6.6.10・2

times that of winter, and con-

sequcntly it agree5 fairly well 

with the value expectable from the diagram （α：：，Rもn)as shown in Fig. 41 (A). The 
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Fig. 43(A). Relationship between maximum range of 
geomagnetic Sq for calm days at Kakioka and 
relative sunspot number. 

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

/(JJ i泊 3 fore, that Sq at Kakioka 

makes a remarkable sea-

sonal change in respect 

to east-component, and 

consequently one may pre・ 

fer summer to the other 

Year・

草色 、民

Winter 

seasons for some inves・ 

Sumrzer tigations of the solar and 

． terrestrial relationships 

in the vicinity of Kakioka. 

Further, in order 

to support the statement 

before-mentioned a similar correlation between S and the maximum range of the 

Fig. 43 (B). 

geomagnetic Sq-field was examined at Kakioka. 

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

correlation between S and R;,・maximumrange of Sq of the geomagnetic horizontal 
intensity in winter season, while a fairly good connection can be seen between S and 

RI≫ maximum range for declination. The former just corresponds to the case of east・ 



64 

d.~ 

12lx'/O 

10 

3 

6 

q 

2 

T. YOSHIMATSU 

6 s 1o 12 "14 ぁ IK20 R~ 
Fig. 44. Relation between α；and Rち，z for 

geomagnetic and earth-current Sq 
variations. 
Suf!ix x : H, D, East-and North-

component, respectively. 
y : Mean for year 
s : Mean for summer 

component of earth申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『currentsdoes. In Fig. 44 

is shown such a correspondence behyeen 

earth-currents and geomagnetic field 

with respect toα；L 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). 
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and α：for the geomagnetic three clements at Kakioka (.x : H, D, Z). 
Year 

I-I D I z z D 日

γ 
14.6 4.2 

2.2 

Winter 

~.叉

z 
γ 
19.5 

γ 
11. 7 2.5 

γ 
17.3 

2. 7 

γ 
18. 7 

11.3 3.4 11. 2 

Table 17. 

RC 
l),:r 

100α； 11. 5 6.9 9.3 1.4 

and KαMollα αt winter t'l mode of Sq Long period change of the 3. 

suns会otmtmbeγ 

Introduction 〔A〕．、． 

decreasing amplitude of east-In connection with the phenomena of abnormally 

further touch to important be to component of earth-currents at Kakioka, it seems 

some characteristic changes of the mode of Sq in the course of long years. 

encountering latitude middle Kakioka may be probably a typical station in the 

overhead equivalent of the with different mode of distribution of the northern focus 

And it has been recently establishedC川 byusing the data of current system qf Sq. 

make frequently of Sq the Second Polar Year that the intensity and position of foci 

The matter, however, has been scarecely known yet about how remarkable changes. 

especially with respect to the solar does this mode change in the long course of time, 

Kakioka at data the on Although the following statistics are mainly based act1v1ty. 

information to the contribute a they may cycles, during the latest two sunspot new 

question stated above. 

extγeme the occurrence of of time of rt!.111.• Long peγt'od change 〔B〕．

in wt'nterσt Kallt'O/?a mt'nimurn of Sq of earth-currents, 
、

E.M.M.T.J 
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however, 

Fig. 45. Yearly mean Sq of earth-current potential 
gradient at Kakioku, 1934～1944 (five calm days). 

form of Sq shown in the figure, 

the mode of occurrence that is, 
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Fig. 46. Hourly frequencies of田currcnce
0£ extreme maximum nnd minimum 
of Sq for east-component, 1934-1951, 
(calm days). 
Solid line : extreme maximum. 
Broken line : extreme minimum. 

of the extreme values does not remam 

constant in the course of the sunspot cycle. 

For the first time a remarkable differe-

nce between winter and the other two seasons 

can be seen in the hourly frequency distribu-

tion of T~tn. as shown in Fig. 46. This 

seasonal inequality is most conspicuous for 

east-component m winter. 

Concerning Tふνoccurrencetime 

of the extreme maximum, one can find no 

such a thing. Then, in the following 

statement one may confine himself to T:?,111. 

of east『 componentin winter only. The 

frequency of occurrence of r:;,111. in the 

forenoon hours amounts to 75% of the total 

number during the period 1934～1951. In 

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 T~山. and T:,111. 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 five years are situated in the in-

creasing phases of sunspot numbers as far as the latest two sunspot cycles are concerned. 

As a whole, r::.111. undergoes a remarkable long period char e 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 poiQt, however, it was found out that there is 

a good parallelism between the curve and that of 6.S／ムt=S11+i-Sn, 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 inequality of the form of Sq. 

At last it may be worthy to touch again the problem of Tf:i,11. in winter in an 



THE LOCAL CHARACTERISTICS OF EARTH-CURRENTS (Ill) 67 

another way. Let the 

number of months sa-

tisfying T!in. > T:/,az. out 

of four winter months be 

denoted by n, and its 

year-to-year change 1s 

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 

curves in the figures are 

drawn by using four years' 

running average of n. 
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fig. 47. Long period change of Tι＂・. of Sq for cast-
component in winter at Kakioka (A) and time 
gradient of re la ti ve sunspot number t::.S / fl.t. 
where t::.t is one year (B). t::.S / t::.t’s for annual 
and wint包rmeans of S are expressed by black 
circles and cross marks, respectively. 

〔C〕.limg Period change of the made of geomagnetic Sq at 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. 

Horizontal伽tensityH : The hourly frequency of T::,1n. and Tふム are shown 

in Fig. 49. The distribution of Tιn. 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 38% of the total months in winter. Jn harmony 

with the case of earth-currents, the number of months satisfying r;:i""・ >T｛~111. out of 

four winter months is denoted by n, and its yearly change is shown by H maz. 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~恥

> T::,,., out of four winter months 
for each year at Kakiokn(calm days}. 
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Fig. 49. Hourly frequencies of extreme 
maximum and minimum of 
geomagnetic Sq for the hori-
wntal intensity H at Kakioka. 
1925～1945 (culm days). 
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and less one in 1935 ; 

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. 

Dulinatt'on Dュ

Comparing with H, the 

form of Sq of D 

is remarkably stable,. 

and the maximum and 

minimum occur almost 

at 13hr and 9hr, respec・ 

Fig. 50. Long period changes of the mode of geomagnetic tively. The frequencies 
Sq in winter for the horizontal intensity H, 
declination D and vertical intensity Z at Kakioka. of T~?ia.:. and T~1肌 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 Hmnz・asshown by Drr.{tz・
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in Fig. 50. But the sense of variation 

is such that the more frequently H 

Table 18. Frequency （~6) of T，~ 
at Kakiokn, 1925-1945. 

shows the summer-or equinox-type, 

the more nearly T:?icu・approaches

to 13 hr. In other words, deviations 

of T~叫. from the most frequent 

8 骨 9

15 I 69 15 

of Tふ

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

V tJrtical fntE11sity Z : T;;,111. appears in the interval 8 hr～11 hr, namely, 50% 

at 9 hr, and 835広in9hr～10 hr, while T~位. 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 betu:an n and f requrncy of so-callιd "E-type”of Sq 

in winter at J(akiokα 

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 

ts natural to find a good parallelism between two curves, because characteristics 

j守純泌総 50 52 54 
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Fig. 51. Long period variations of 11 and 
N in winter ttt Knkioka. 

of n ought to be controlled by N. 

The criterion for classifying the 

type of the solar daily variation has 

been discussed by the Ionosphere 

γL 
Research Science Committee, 

Council of Japan, to which larger 

parts of the present data of11E-type" 

have been presented by the Kakioka 

Magnetic Observatory. Now, con-

sidering the connection between n 

and ムSIムtobtained above, the 

frequency N of "E-type" of Sq should 
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also be understood in the sense ofムS/!:it, but not S itself. On the other hand, as 

to the average state of Sq, the position of focus in the riorthern hemisphere attains 

its most northern latitude in the forenoon with respect to G. M. T. C43J, 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田 type''variations may manifest themselves 

when the northward wandering motion of foci is strengthened. The variation of N 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 t:J.S/ !:it. 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 n or N. 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-currents in winter 

αt Tucson 

A similar treatment with Sq was carried out for an another middle latitude station, 

Tucson, Arizona, U.S. A.αOJ, 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~1iOJ, 

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 T~山・ and r:;,1”・ foreach month as 

weJI as the frequency of deviations from the corresponding average values. The average 
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Fig. 52. Sq for 10 least disturbed days pεr Fig. 53. Long per~od changes 

month at Tucson, 1932～1942. of n and ilh at Tucson. 

values of T:i儲・ andT~tn. 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. Frequむncicsof time of occurrence of the extreme values of Sq in 
winter at Tucson. 10 least disturbed days, 1932～1942. 

Average time of occurrence of the I Number of months corresponding to the 
extreme values for each month. (1) 1 following deviations of hours from(!). 

Component I－一一一一寸一一－.－一一← I 
Extreme l Month I Average time i hrs 
value ~ I (hr） ト14-12 -3 -2 -1 0 1 2 6 7 8 9 10 11 
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minimum lags behind that of the extreme maximum, is distributed as shown in Fig. 

53, where nミ2 for both components. In the ‘figure is also shown a quantityムh.

which is the average value of .6.h=T:i1比一T：，~山． ・ 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 Perz・odchange of tlze mode of Sq in winter at !( aMoka 

〔A〕.Shorter Periodt・cchanges of n of earth-currents and geomagneUcfield 

Following the preceding paragraph a further detailed analysis of the time varia-

tion of出eoccurrence 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 

1120 22 211 26 2K 30 
「ーーーー....－－ーー

ltJnJE : (6rJ for £W-Co11q;Jncnl. 
(ATl)~ ： (4nJ }or NS-Co-npon.e,.t 
白却：ωπJ為rGeom"-<11letl.c 

恥rizonlalfnlc11~， tv. 
(Os)r = (as) for Yらarly／、1ean...-
≪fs).,,: f Js) for Wi司l.:rScaJo九

32 JI/ 36 Jf 110 //2 //4 //6 //S !≫ 52 5IJ 

f~）£ Earth-Current (Kakio~a) 

。「へ人人人 a~ ム ー

』 ベ I "4 ~－－－一、~ 可

-jん
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(A判明
2 ,..・・ ( eomar;守teiicHorizontal・ f.1den.~ity {Ka長1'ol:a)

。

<os~w 
2G 

0 

・-20

0 

-2 

Relαtiue δun~pot lvumbeγd ( Zuricl) 

Fig. 54. 4・yearperiod change of the mode of Sq in winter at Knkioka and 
its connection with that of S. 
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residuals （ム.n)z=Dz一五 arecalculated for the convenience of the study of shorter 

periodic changes, where the suffix xis to be read as N, E and H for north-component, 

east-component of earth-currents and geomagnetic horizontal intensity, respectively, 

Dz being the 4 years’running average of n. They are shown in Fig. 54. 

（ムn)/¥' : 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. 

(.£ln) E : In the interval 1934～1940, 3-or 4-year period are seen, and generally 

in an opposite sense of variation against (iln) N・

(An) n : 4-year period is apparent, and in later years the period seems to grow 

longer. The variation is approximately in opposite sense against （~n) N・

Referring to the geomagnetic vertical intensity Z, （ムn)z 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ムnfor both earth-current 

and geomagnetic field during the recent thirty years. 

〔B〕．ム.n,fF: and S 

It is interesting to know whether or not such a periodic change stated 

above does e全istin the time variations of annual relative sunspot numbers S. 

The lowest two curves of oS in Fig. 54 will answer to this question. In order 

' to eliminate 11-year period five years’running average of Sis subtracted from S. But 

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

more. The final residual oS 

is calculated for two cases, 

(oS) r for annual mean 

and (oS) w for winter, 

respectively. The con nee・ 

tion between oS and An, 

say, (iln) 11 is shown in 

Fig. 55 of which all points 

(,m)H 

z 
叫

2

J

A
U
 

f

，‘
 

-20 -l() ト、10.. 20 G司W
ー／ト勺7"-.- 29 

I .U 。I ~ 'JI 
… -2 

Fiε. 55. Values of (An) fl at Kakioka corresponding 
to maxima and minima of oS. 
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Fig. 56. Correlation between S and β・2 in winter 
at Kokubunji, Japan. 

between two quantities, 

though the numerical 

values do not always 

show so good connection, 

which _is inevitable in 

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 fF'l at Kokubunji, Tokyom1 and S, together with 

that between （ムn)N and ~f'F~. Here, f九 isthe average noon value for each winter, 

and 0/0p';l the deviation Of fJ.•2 from 8 linear expression f'F't=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 （ムn).v and of'F2. 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 of.九 canbe 

more or less found at WashingtonC6:?J and other middle latitude ionospheric stations. 

At last it may be worthy 

to add some remarks that if 

the calculation of (oS) y is ex・ 

tended to the former century, 

almost all large peaks of the 

maximum values of (oS) y fall 

on the respective sunspot maxi・ 

mum years (Table 20). More・ 

over, it is likely that (oSh 

contains some longer periods, 

say, two or four times the 

Table 20. Maximum values of (8S)y. 
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11 years. primary sunspot period, 

Harmonic analysis of Sq of earilL-curr仰向5. 

Hαrmonicα：nαlysis of Sq of earth-currentsαt f(αkiollα CA〕．

β2 
2~xio-.z 

The results of harmonic analysis of Sq up 

Table 21 given m are to the fourth harmonics 

／ 

expressed 

IS ¢’H 

are 

where 

terms 

E(N)=bC”sin (nT+<p”）， 
n 

measured from 

Fourier for each yearC:;3). 

by 

universal the of midnight the 

time T. 
戸 a
、4・6 i/ In the first place, the correlation between 

Fig.日.Relationship betweenβ＇~ and 

C~. 0 of Sq at Kakioka, 1幻4～1944.
Black circle : East-component. Cross 
mark: North吃 omponcnt.

approximately 

and 22 Table 

be can 

from 

s 
follows 

and all days 

as expressed 

C＇，~ for 

75, Fig. 

ma.'= 0. 38. 10-2, C~＝C~.o＋β：S=C~1,o (1十ma'.S), 

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

yearly for Fig.44 from calculated 0.34×10-:! to equal of ma' is nearly value The 
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value for east-and north-component and also to 0. 42×io-2, mean maximum range, 

in Table 13. 

Fourier of companson The 

for those with terms for all days 

(/) 

m shown graphically calm days is 

Fig. 58 for the average value in the 

As seen from 

appreciable no 

interval 1934～1944. 

there is the figure, 

ルIK/OκAC/f.』ト／YJ4) I 
o t:W I 
" NS I 

、

difference between them except for 

the diurnal wave of east-component, 

though for each individual year the 

good hold matter does not always 

accidental 

lS 

The amplitude of the 

east-component 

some of 

diurnal wave of 

because 

irregularities. 

so 

Comp:tri$on of Fourier coefficients 
of Sq for all days and calm days 
at Kakioka, 1934～1944. 

Fig. 58. 
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Fig. 59. Relation between phase angle <p11 of Sq for 

calm days at Kakioka and S, 1934～1944. 

J'ljq必 38 40 112 04 必 48

ヂト〉

Fig. 60. Y car-to-year change of <p叫 of
Sq for calm days at Kakioka, 
1934～1似4.

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 "ii>n represents the mean value for the n-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 Sq. The values of <p1 manifest apparently random large 
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fluctuations especially in north-component, and as a whole, there is no definite correla-

tion between <p1 and S. 

Table 21. Fourier coeCficients of Sq of earth-currents at Kakioka, 1934由 1944.

E(N) = bCn sin(nT + Q>n). Unit: 0. 01 mV /km and degree. 
n 

c : Five calm days ; a : All days. 十： Higherpotential electrode. 
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On the other hand, if year-to-year changes of <pn are drawn in Fig. 60, there is 

seen a corresponding systematic change for each rp,i, but a remarkable inequality between 

<p1 and others. This is ready to Table 22. Amplitude of Fourier coefficients 
at Kakioka. (m V /km) remind of contrast of variation 

between n andムn as already 

mentioned. That is to say, the 

c~. ，， 100βZ 

NS I EW  
0.24 ; 1.05 

II 

I NS 
1 0.22 

EW  
3.38 

4.37 

2.67 

0.43 

0.32 

1.39 

1.10 

mode of time variation of ψ1 

corresponds to that of n, while 

that of each other <p”to that of 

2 

3 

0.81 

1. 00 



.D.n. In other words, the periodic change 

with 4-year period of .D.n may be primarily 

responsible for higher harmonic waves, but 

not for the diurnal one. On the contrary 

the long period change of n or N, which 

)( 1 bears a striking resemblance to that of ムS／~t.
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may be substantially responsible for the first 

harmonic wave. 

〔B〕.Harmonic analysi・sof Sq of 

earth-currents at Tucson 

For the comparison with the results at 

Kakioka the results of harmonic analysis of 

Sq deduced from 10-least ・disturbeddays’ 

mean at Tucson are given in Table 23 for 

the interval 1932～1942. The correlation 

between Cn 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=2JCnsin(11t+q>n), t: 105。W.M.M.T.
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C刊＝C仰＋αn.S三Cr.,o(l+m’.S),m’＝ 0. 58. 10-2, 

where the diurnal term is omitted from the calculation 

because of large deviation from this expression. This 

large deviation is responsible for the maximum period of 

S, 1936～1939, and if the values of these years are ex-

eluded from the calculation of the mean value, C1 falls 

just on the line as shown by a cross mark in Fig. 61 (B); 

there might be something to intensify the diurnal term 

in this period. The value m’＝0. 58. 10-2 is nearly equal 

to mc=O. 54・10-2deduced from the (R, S) correlation, 

~＼.~じメ~is·。

兎~守広磯

号～γ~j：~·

曳勺ふ会_c.f
Fig. 62. Year-to-year 
changes of phase 
angles <p1/s of 
Sq at Tuc~on. 

and can be reasonably expected becauseψ，a does not 

change remarkably throughout the period except for the diurnal wave. 

As compared with the time variations of phase angles at Kakioka, 'Pn 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 <pi. which shows a similar long period change at both stations as already 

:1 ．一一一 〆~·· ·• 
‘D 

100 

~＂＇ 
801 

扇一一面一一歳i)~－却 lJO lIYJ JllJ BJ" 
(a/ti 

Fig 63. . Comparison of Fourier coefficients 
of Sq for all day5' mean and calm 
days’one nt Tuc5on, 1932～1942. 

mentioned. It seems likely that the 

ionosphere over Tucson exerts a 

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 ~f 'iち

is remarkably larger in winter at 

Kokubunji, while there is no appre-

ciable difference between winter 

and annual means at Washington. 

It is desired to examine this inter-



80 T. YOSHIMATSU 

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 role 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 rp1・

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

characteristics 

1. W or/d-wide data of Sq ref err€d to some solar activUy state 

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＝＞~C~sin 切t十αふ E=2:C:!sin (rzt＋βふ
n ’‘ 

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, 

c~＜＞n=C~~：） (l+m.S), m=0.58.10－~， while・for east components at Ka-

kioka and Haranomachi, m=O. 38・10-z.

(3). Fourier coe伍cientsare satisfactorily taken up to the 4th 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). 

Interval Character of I Time ｜ 玄adopted days I ・・山M

二；；；了一｜戸；… ｜仇ts1iお 31
｜ぃω ｜習すご？｜
一二JI~~~do __ I 1品 18I 

心ldays 1150 W. M. M. T. I 9 …1-;;-M,M. T. J 9 

nll days I G.M. T. I 13~ 
calm days I G.M. T. i 60 

calm days」竺WMりム＿＿｝！___ _ 
all davs I 75°W. M. M. T. I 71 
all days I I 50 h_ a I ~~aMi~~el r i翁こi怒｜

Snghalien I Toyohara ｜附～日 42.・ 

Memambetsu 19叩～1953 50 

Nemuro Jan. -Feb., 1943 (21) 

Japan and Morioka 1947 152 

South-West Haranomachi 1950 
nll days 135"E.M.M. T. 84 

Pacific region Kakiokn 1934～1941 69 

Owashi 1947 152 

Kano ya 1950 84 

Ishigaki Sep.‘Oct・＇1941 （部）

Australia jw山 roo I脳～脱7I all days J 12o・E. M. M. T. I 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 C~.11 and C~.o , which 

would manifest themselves when S were absent, provided that the second connection 

is valid up to the extreme value when S=O. 

Fig. 64. Relntivc errors of synthetic values of Fourier 
coefficients of Sq due to neglected higher 
harmonics. (East-component at Kakioka) 
R : Sum of hourly absolute values of the daily 
vnnataon. 
aR : Sum of absolute values of differences 
between observed hourly values and those 
of synthetic values up to the 11th harmonic. 
A : (dR/R,11), B: (dR/R, If九・1~66).

2. L仰earrelatt"onshiP between C~ .n and c:;,,, 
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し andc：：.。isapproximately linear, 
as a whole, and stations can be classified into three groups from a standpoint of degree 

Ebro 
νハ’N¥0 Ow-a-6hi 

6 1.0 

0. 

。 mしz-・-
OS 1.0 C~o 

2 II C~o 

Tueづon
了。'YOhaγ＆ 

0.5 1.0 15 

as lO 
陥tlzeroo
(2) 
I I 

1.0 Huancayo 。2
Q ：〆 QI 

05 10 
0.0 。／

12 
11emambet~u 10 

g 

6 

o.st-t,, " 2 
~5 /.0 
。
2 IJ 6 8 10 

Fig. 65. Linear relationship between C!.11 and 
C~n. -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-

cipaJ axis of the eliptic 

hodograph in nearly the 

same direction. And the 

most predominant wave 

at any station ts common 

for both east-and north-

20 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. 

(ii). 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 

waves. Morioka, Hara-
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Fig. 65. Linear relationship b巴tweenc~ ... and c~.o ・・Secondgroup. 
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. 

(iii). Thかdgroup : 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, lshigaki, San Miguel and Toledo belong 

to this group. 
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Fig. 65. Linear relationship between c:i,0 and C~，o -Third group. 

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 vicin.ity 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と3 are 

independent of any 

season. As to the 

higher latitude distri-

bution of the second 

group, Sn current sys-

tern may be taken into 

consideration. 

At any rate, it 

may be pointed out 

,,.,., 
--'?lO 

.J 

2 

／ 

。

Ka色io長a ( ;q36～1q3守）
＠こSummer

2 

fl：島／仇ter
×：Year 

3 

w xm 
l:l fl(/) 

// 5 6 1 c~。
Fig. 66. Seasonal change of correlation between 

c~.。 and C~i.0 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 o川向。＝12::：＋ぷ and仰 rer.tresおit'vityPa 
For the convenience to treat with the first approximate features of localities of 

amplitudes，山町ltant Rn,o=I~し斗 cI: is examined instead of treating 
separately with c~.o or c:;,o putting any consideration about inhomogenity of the 
earth’s conductivity aside. As seen in Table 26, magnitude of R向。isof 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 R,,,o 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 R,,,o 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 R，向 averagevalues 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 Ere to that of magnetic field H 11 perpendicular to the .x-axis 

can be expressed by the following simple equation, 
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川 le26. R,,, o= I可；＋2{:a山イ志~：.

Place 
(mV/km) 

R~ u I R~.O 

Fairbanks 

Chesterfield 

Toledo 

Ebro 

Tucson 

San Miguel 

Toyohara 

Memambetsu 

Morioka 

Haranomachi 

Kakioka 

Owase 

Kano ya 

Nemuro 

Ishigaki 

Watheroo 

Huancayo 
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Table 27. Mean values of Rn,n and If n,o. 

Rn,n : Mean for 12 stations. 

H”・o: Mean for 6 stations. 

T I Ru,o I抗。 ！日持0
7一市町づ~~--1 －~~；.；－ 
12 I 1.卯 I s. 3 I 0.229 
8 I 1.24 ’ 4.6 I 0.269 

6 0.41 1.4 0.293 
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1. 8 
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1. 4 11.3 8.3 
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8.9 3.8 

38 I 20 

1.1 

4 

EJHv= i/ p(21'，° ρ＝l／σ， 

where T is a period of variation 

and σthe uniform conductivity 

of the earth. The conductivity 

σ，or specific resistance ρof the 

earth is not practically uniform 

一一一一←ー・一一一一ーーーat all, but may be a complex 
function of space co司 ordinatesx, y, 2 and generally even time, although for 

the mathematical convenience σis 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 Ez/Hv and phase difference 8 are expressed as follows, 

if it is treated as a two dimensional problemr.63), 
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EJH官＝～／PJ21てF（ρt.P2. It, T）三ilpぷ2T,
tanO = (1-2K e-u sin y-J(2e-W) / (1十2Ke-v sin y-K~e-w), 

F (f'h P2, Ii, T) = (1+2K e-!I cosy+ Kze－~り山／( 1-2/( e-v cos y + [(2e-'W) 1 /2, 

/(= ( . ..;;,2・・ －下／万）／（.／P2＋～lt>t ), y=4πhi.〆P1T,

where 1'1 and /J":!. are specific resistances of the upper layer and substratum, respectively, 

and h the thickness of the upper layer and ('a apparent resistivity called hereafter. 

When T is sufficiently large, namely, y is so small, the ratio EJH11 is mainly 

controlled by the presence of substratum and vice versa. The phase difference can 

take any value within the limit of Oーだ／2by suitable combination of three quantities, 

Pi. (>":!. and h, while for the uniform earth the phase difference takes a constant value 

だ／4.

On the other hand some available geomagnetic data at hands corresponding to 

thal of earth-currents are given in Table 25 and Table 28, where c;cn=C~~~＞ (l+m.S), 

m=O. 58・10-2 is used for the all reductions expect m=O. 38・10-zat 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 削 inthe脱 rval193 

the av~rage for the six middle latitude stations excluding Chesterfield and Huancayo 

訂egiven in Table 26 and Table 27. 

Table沼. Harmonic analysis of geomagnetic Sq field, X =:SC~ sin(nt＋ら），

Y =:Sc~ sin(11t十'Yn). Unit ：γand degree. 

Place j~f )cご｜伴了｜仰Jcrj.叩1I Oz: 03: o‘｜γ1，＼γ2 
一 ． 一 ｜内 ｜ 1ゴ一 i ）一一一 ｜ ｜－ ｜－舟 ｜ I __ ' J～ ’J !Oct., 1幻2了
Chest巴rfieldC55】118.115.α2.51 0. 91 5. 7112. 5 3. 5『2.4~ 80198 342169230,14町田341N W JSep., 1933 

おledo"" 19. 8 4+. 4 1 0~17. 1! 
Ebro(57) I 4. 1 1. 6! 1.副1.1-12. 8.11. 4: 6. 7 2. 2, 992お199;611 35 220, 53 246' N E Iゲマ .1.v:v、

I ! ] .I I ] I I i 1 ] I I I. ,.I I鼠9~1お J
TucsonC:刷 I 2. 4~ 3.創2.引0.5112.日ロ.16.112.099328172 3111 I EI 
c I I ~I :1 I J I l ,I ! ''I '71 L：~. に｜｜協~~1釘s)
・・l 7ヤ~i 4.αl 1.31 

：：：：.~：：.， I :: 7! 3J :: :i o y2. 3. I I I 81 0. Ill. 4ill. 2 4. 711.門241iI s i a門9I 1 i li払j
謝i ~22 112 [ 4 j85 l49 2s ~ 3 I叩叩2118812η｜咋473401N E I 
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R.1l.o(H71p 

.a6ト）（10s-

At any rate, taking a 

simple theoretical result mentioned 

above into consideration it was 

0/J 

0.2 

。2 It f0 XIOサ
l/lfn. 

Fig. 67(B). Relationship between Rn,0/Ht1.o 
and 1/,./T~ for Sq. 

tried to see in what manner R,,,o/ 

H仰 doescorrelate to 1/yT,., and 

the result is graphically shown in 

Fig. 67 (A). Here the observed 

values of Hn,o at Toyohara and 

Kakioka are assumed to be equal 

to H叫o'swhich would be observed 

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

also for Fairbanks and San Miguel are used H11,,/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 Rnρ，／H.叩 and 1/ヘ庁~.

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 

R附，／H n,o is proportional to 1／ヘ々 Jfor the first approximation in many places over the 

world in spite of their supposed di鉦erentmodes 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 p2 is 

very larger than p1 and the ratio Rn，。，／H”’ashows no dependency on 1/-./1¥,. On the 
contrary when P2~P1 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 res£stivity Pa and em幼 －resistivityP凶，near the earth’S surface 

Assuming such a simple structure of the earth as said above, Pa’s are calculated 

from Rn,o/H仰＝~T” 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. lO:l!l. cm at 
Huancayo and Toledo. The average value of Pa corresponding to Fig. 67 (B) gives 
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Table 29. Estimated apparent resistivity 

ρa and earth-resistivity p00; measured 

by Wenner-Gish-Looney method. 

Station ρa P蜘

。.cm fl.cm 
6.4.10‘ 
2.9.10‘ 
O. 4.1oa 2.103 

2. 3.10~ 11.103 

1.5.10‘ 3.103 
3.9.10‘ 4.103 
1.1.10・
6. 7:10‘ 4.103 
3.8.10‘ 5.103 
1. 9.105 14.103 

1.2.101 

1.4.10‘ 33. lQS 
0. 3.103 13. lOa 

0. 6. 103 15.103 

1. 2.1os 

Fairbanks 

Chested ield 

ToledoCGI) 

EbroCG5J 

Tucsonf.GG) 

Toyohara 

Memambetsu 

Morioka 

Haranomachi 

Kakioka 

Owashi 

Kano ya 

HuancayoCon 

W atheroo(G!!J 

San Miguel 

4.10‘.Ocm. The remarkable variety 
of f'a 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 Pw1 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, 

f>o/)1 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 Po1>1 at a= 200 meters is assumed to be more or 

less representative for the 

average state of Poo1 near 
i勾A
i 

the earth’s surface in rela-

tively wide area around 6 

the station. It becomes 
/J 

。，H
w

p

h

 

o

e

J

 

n

n

n

 

L抗

n

e
o
m
h
 

o
c
h
A
 

t

y

M

U

 

：
n

b

 

n
u
c
a
 

円

H

＆
E
L

－

－
引

U

ι

日

市

包

M

t

z

・1

5

m

M

沢

r

r

t

 

e

o

s

 

u

r

e

 

u

e

o

 

’n

，d
 

n
討

n

M

比
七

o

l

－

－
I
 

‘za
－
－
‘
．
‘
r

・・

時

－
mv

－－

M

．m

F

ω

a

 

l

n

S

3

 

i

i

払
J

u

n

e

冷

前

川

．

m

m

l

h

巾

w

e

s
－

z

ヨ

L
U

引

la

t
w
⑧
：
 

－

C

H

 

h

沼

L

M

J
M

内
，
‘

A
V
L

n
n
u山

川

匂

d

叫

に

m

g

m

b

 

0 z 
102 

J 
/OJ 
'! 
104 

5 _l＇！.品。/ohs.
10;,Q.cm: 

Fig. 68. Relationship between Pa and observed 
earth-resistivity f'oot・



THE LOCAL CHARACTERISTICS OF EARTH-CURRENTS (III) 93 

g
u
 

包
de
 

v－－ LM
 
ob 

－－ 1n 
v
・
声
』p
・
p
・u
 
e
 

tn 
a
，．‘
 

P

・A・－‘
E

‘
 

qa ’n
 ．
E
 ．
 ．
 
．
 

b
 

＆
a
 
n
Y
 
e
 

2
G
 

F
b
 
n
 

包
J

w
 

唱

ae
 

v

‘
 

FL w n
 
．1
 
，n
 

‘冒．
 
．
 

w
 
vd 
A
u
 
nr a
 

r
．
 
－
 

O
 

I

H

H

A

は

g

s

s

n

n

’
s

山
一
3

a

n

‘

同

M

沼

山

m
s

・判

l

’s
．
引
川

t
N
M
4
t

：
川
L

E

a

b

u

t

－

m

h

a

 

L
げ

ιm
｜

n

叩

h

叶川

b

陀

g
由
品

$

e

r

F

t

h

＝

円

川

叶

u

，
n
令

U

，’a
s

F

1

討

．

悦

町

児

．

悶

は

E

n

仏

出

，

2α

引

u
u

，a

－－－

＆z
‘

，
L

－－h刷
炉

内

J

、．．
 

凶

－

m

H

a

o

b

・削

h

－
u

a

E

3

託

b

a

l

n

c

t

i

t

s

p

n

o

 

e

町・

h

a

c

陀

e

e

n

肝

・

略

的

郡

伊

p

d

v

A

’
a

ヨ
同
研

E

x

x

e

．m
v
k

’

L

U

t

m

p

e

e

h

l

 

v’
S

S

T

t

・

t

u

t

o

h

u

a

e

m

e

m

n

M

a

 

n

n

S

1

・
e

2

n

ρ

’

1

3

E

I

S

 

A
－

m

n

w

h

s

ー一

n
市
川

f

v

n

p

o

d

釦

d

u

h

o

p

Table 30. Earth司resistivityp001 at Kanoya. 

(Wenner-Gish-Looney method) 

a NS 

300m 
.D..cm 

2.37. 10・ 。.cm2.40.10・
200 3.13 3.61 

100 5. 12 5. 70 

70 6.78 6.21 

40 6.72 4.40 

tivity layer be ignored, the &verage Ptillr of deeper portions may fall to some thousand 

ohm. cm. This is near to a reasonable magnitude expectable from the figur・e. p，蜘 at

Huancayo decreases in a similar way with increasing depth, namely, it attains to 5. 103 

.n. cm at about a=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山 istaken in place of the presentρ.，，，， 

corresponding to a=200 m. So as far as these stations are concerned, contribution of 

the uppermost part of the earth to Pa may be approximately expressed as follows, 

f'a= 10・11.1. (p伽） 3. ·•.n. cm. 
Summarizing the results obtained above, it is found out that there exists a 

fairly close connection between apparent resistivity Pa. presumed from earth-currents 

and geomagnetic field, and average earth・ 

、 log10fa. 

5 

。10 //() 60 80 JV悦 D

resistivity f>v，~， observed 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 

actually the upper portion of the earth 

near any station may contribute more or 

less in similar manner to the magnitude 

of earth-currents obser~ed. Then, it is 

easy to understand such a well-known 

experience in applied geophysics, or electric 

" 
3 

Fig. 69. Variation of apparent resistivity 
Pa with regard to the distance 
D from the nearest sea-coast 
to the station, Japan. 
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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 Pa at Kakioka is also in consistent with high earth-

resisti~ity 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. Presumεd localitt"es of underground electr£c structures in some 

Places in Japan 

At last it may be practicallγinterestin~ 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棺IHn, 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, (Rn/Hn, 1/ ...Jr;), at some stations in 

Japan are shown in Fig. 70 (A）ー（D),where at Toyohara（町 c::;c;is used in place 
of Rn/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 T，ゐ aretaken 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/./1.";;, namely, indicating p2'J;>p .. 
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Fig. 70 (D) 

while they are approximately linear as already mentioned within the range of period 

corresponding to those of principal harmonics of Sq. So we may presume more or 

less reasonably the specific resistance of the substratum p2 from Sq analysis presented 

here. After some trials, considering the correlation between Per and p,ib,, 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 geophγsical 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 h, p11 and 

p2 in some places in Japan. 

h I P1 I P2 
km I !f. cm ti. cm 
5 1 2. o.1oa 55.103 

Station 

Toyohara 

Haranomachi 

Kakioka 

Kano ya 

5

6

3

 
always uniquely determined. 

1.4 

8.0 

1. 。

layer of a few kilometers in thick・ 

ness can be distinguished from 

that of the lower partαの.The 

values of h, p1 and ρ2 used 

for calculations are tabulated in 内

4
《

U

’i

円

L
h
U
噌

A

円

L Table 31, and it should be re・ 

membered that the matter is not 

6. Anomalous ampUtude of the harmonic waves of Sq nenr the sea-coast 

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

tion of observed points in 

Fig. 67 will be treated. In 

the first place, one can 

notice that some stations 

in Japan, such as Kanoya, 

Ishigaki and etc., show 

the remarkably small 

semi-diurnal waves. So 

if the deviation of observ・ 

ed R2,0/ H2.o from the 

corresponding value (R2.n/ 

H2,o) on the straight line 

in the figure be denoted by 

ム（R2,o/H2,n) = (R2,o/ H2,o) 

ー（R2,o/H2,o）。， theratio 

A (R2,ol H2;n) I (R2,rl H2,o）。

is almost negative, and 

monotoneously distributed 

as shown in Fig 71 (A) 

in respect to the distance 

D measured from the 
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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), 

~ (R2,o/ H:,o) I (R:,ol H:,o）。＝ーAe-"Y・n,

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 rem~rkable fluctuations at some stations. (Fig. 71 (A)) 

On the other hand, the ratio R1,Q/R2,o 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 m.ore 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 R1,o!R:,0=:::.0. 5 as far as 1000 km from the coast. Therefore, 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 s伺．

'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 

んど:S,, ×： no~th component. 
・：eastcomponent. 

II 

3 

2 

xKa 

。

so 100 

ぬ T..u
，： ．で

200 JOO l<rn 
D 

Fig. 73. Reia~ion of L2/Sz of 
earth-currents to D 

any definite picture of the phenomena. However, 

it is a fact that the value of L2/S2, ratio of 

the semidiurnal amplitude of the lunar daily 

variation to that of Sq is only about 1/15 for 

the geomagnetic field, while for earth-currents 

it has been known to be as large as three or 

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 

first of all fro~ the local standpoint of view, 

taking the relative distribution of land and sea 

into consideration. In other words, this suggests 

also some similar local origins for the anomalous 
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.amplitude of the second wave of 

Sq, since these systematic ano・

malous effects can be found only 

for the semi-diurnal wave and of 

comparatively large magnitude. 

In the following some possible 

-explanations will be put forth. 

The first is that the solar 

semi-diurnal ocean tide in the 

permanent geomagnetic field 

Table 32. Lz!S~ at several stations over the worl. 
ー一 ーーー -.陶－

Station NS EW 

l’ 
Tucson~tlJ 0.2 0.3 
HuancayoCtJJ 0.2 0.2 
EbroCm 0.2 
KakiokaC73J 0.2 0.2 
Toyoharacr~J 0.2 0.3 
Beppu Cm (0. 1) 0.8 
KanoyaC75) 4.4 1.2 
HaranomachiG'5) 0.2 0.4 
MoriokaC75) 0.1 0. 1 

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 crcn. 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 falli'ng 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 grountl 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－ごoastand 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 

泊 metime soil liquid may become sufficiently concentrative near the coast to yield on 

appreciable magnitude of electromotive force which is likely to direct towards less 

・concentratedinner parts of the land. 

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

be expressed by E: • sin(2t＋的， positivesense reckoned eastwards, and that of 
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local earth-currents said above by -E~sin (2t + g>D, combined value becomes as follows,. 

e2=E~sin (2t+q;D -EJsin (2t+qi~） =E2sin (2t+'P2), 

Ez=E.；～h-2(EVE;)cos(<p;-ipD + （広茂32,

1 E~ sing>~ 
・ーーーー ・－－ー『岡崎・・ーー・・ー・

E~ sinip~ パ内柏市1
1-_m－.三笠空し 一一口

~ cosq.>~ 

tan q.>2 = 

On the other hand, at several inland stations far remote from the sea-coast q.>/s are-

approximately equal to民 andan average phase angle of the solar semi-diurnal wave 

of the tide is also nearπin the vicinity of JapanCm; 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 ip~－q.>~， and furthermore when (EνE~） Zく 1,.

e2 can be approximately written as follows, 

e2=EH1一政／尽）sinαt+<p~）. 

Hence the amplitude deviation of e'l. from E~， is given as follows, 

e2－~ EJ 
~ ~ 

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

the sea-coast, and if E~＝ (EDD・O・e-a-1'is assumed, as seen in the case of permeating. 

water level in the land adjacent to a water channetr.111:i, then, 

e:i -E~ = _ (E~h-o • o-届
~ ~ -

This expression may be applicable to an interpretaion of observational results for 

ム（R~・11/H川）／（あ.o/H-i.o)o, or 'R1.o/R2.岬 asfar as we confine the event itself to the・ 

matter in the vicinity of Japan and neglect supposed small geomagnetic e任ectdue 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・払

where H is the geomagnetic horizontal intensity of 0. 3I', and v the velocity of rising 

or falling of the sea-level height, h= h2sin (2Pt＋α2). So putting Its= 20 cm for an average 
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solar semi-diurnal tider•sJ, and conductivity of sea-water的＝O.03 (35% salinity and 

10°C), the amplitude of induced e. m. f. E~ and current density I~ are as follows, 

E=0.3・2Ph・10→＝8. 4・10-z volts, 

I~＝σ，・E~＝2.5・10-13Amp. 

If n be assumed to flow uniformly in the ground adjacent to the sea由 side,potential 
.difference along a stream line in the ground is 

E~＝ I~・Pi·L=O.3 mV /km, 

where specific resistance of the ground Pi= 10‘!1・cm is assumed, and L the length of 
a base line. As E~ is of order of 0. 5～ZmV/km, (EDρ・ois 0. 3～1.1 mV/km, 

assuming (EDD・olE;=O.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 

ペ Tl句（合），
where C宮 andC1 are concentrati:::ms of a supposed solution around the corresponding 

two electrodes, and K a constant specified by the solution, and T the absolute 

temperature of the solution. Now, when the solution is taken as NaCl and T = 291。，

= _1.t三 h • fi_,T ・ log(- 9~ーレ 11.6 log ( .~ .. ) (mV). 
u_+u+ F ¥ C，） ’ヘ C1/ 

If we suppose that C is given by 

C=Coe-βo, 
、

where D is expessed in unit of km. 

So, 4
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As before-mentioned, say putting e=O. 3 m V /km and base length ふ＝1 km, we ha¥・e 

β＝O.侃，

C=Coe-o o6o. 

The value of βis nearly equal toγin the expression of ム（R:.o/H~.o) I (R2.0! H:.o）。；

a plausible explanation may be promised providing more comprehensive material. 

T. TeradarsoJ 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『bearinglayer 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 

E t.・D・p ＝ュー ーーー』ーー．
4πη 

where l; is the kinetic potential (mostly 0. 01～0. 05 volts), p the total hydrostatic・ 

pressure difference, D, p and ηrespectively the dielectric constant, specific resistance, 

and coe伍cientof viscosity of the liquid. Taking p equals to the pressure exerting at 

the depth of sea-water of lz2=lOcm, and besides, say, for the ground water, l;=O. 03 

volts, p= 103 .Q・cm, D=81 and η＝0. 01 (t= 15。）, we have, 

E=0.2・10-svolts. 

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 characterfatic features of the disturbance field of earth・ 

currents observed in Japan 

1. I nfroduction 

In the previous paragraphs all statements on various characteristics of earth・ 

currents are obliged to be based on Sq 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 member& 
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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-currents 

〔A〕.Prelimz'nary change 

Both SSC and SI changes are characterized by their命説 impulsivemovements 

in geomagnetic field and earth-currents as 

well as their world-wide appearance. It has 

been commonly accepted that the first move-

ment of SSC starts suddenly from some 

point on the magnetograph or electrogram, 

independent of the state of activity at that 

time. However, in the course of preparing 

long perfod material of SSC’s for the inves・ 

tigations of their diurnal and seasonal fre-

quencies at KakiokaCstJ, it was found out that a 

A－砂ε B－~ 
c c 

6 

Fig. 74. Schematic figure of A-type 
and B-type of preliminary 
changes of SSC and SI. 

kind of preliminary characteristic change was frequently foJlowed 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 anticipated by small gradually 

increasing or decreasing preliminary changes lasting some minutes. Some typical 

Plate 1～5. Preliminary changes for cast-component at Kakioka, 1947. (U. T.) 
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examples of these preliminary changes are shown in Plate (1）～（5), together wi出 the

exaggerated schematic expression in Fig. 7 4. In the figure the part a～b is meant 

by the present preliminary change of SSC or SI, and classified into A』 typeand 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ぺarrowmark in SN), the latter being recorded almost 
as a segment of a line on the usual electrogram with revolving speed 1. 5～2. Ocm 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 SI is 

occurred during disturbances, corresponding preliminary change is omitted. 0£ course, 

SSC”with a preliminary inverse kick is included in A-type or B-type according to 
the crite.rion 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 di伍cultto 

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. 

CB〕.Relation between T P and Tc 

The results of readings of T1, and Tc, duration time of the main in pulse, for 

east-component are given in Table 34. As seen in Fig. 75, there exists approximately 

a lineat connection between TP and Tc, and on the average TP~Tc・ The relation 

seems to hold good for both A『andB-type. For purpose of reference it was checked 
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Type of prelimary changes (P. C.) and distribution of inverse kicks of 

SSC and SI of earth-currents observed in Japan. 

Table 33. 
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Table 34. Values of ampiitude and duration time of the main impulse and preliminary 

change at Kakioka for east吃omponent. unit: minute and mV/km 

Date (U. T.) ’ 
Tp Tc Ap Ac Ap/Ac 

1947 

d h m 
Jan. 04 11 16 2.0 2.8 10.4 107.8 0.096 

16 03 30 1.6 1.6 16.5 154.2 0.107 

24 06 20 1.2 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 1.3 1. 6 6.5 63.1 0.103 

16 03 00 0.8 0.9 13.9 102.0 0:136 
' 

Mar. 02 04 00 勺 。 勺 E》 9 

02 08 17 1.1 1.1 6.5 24.1 0.025 

07 05 36 0.2 0.4 9.2 91. 5 0.101 

12 04 日 ． 4.4 4.4 10.2 74.2 0.13S 

-27 04 28 2.4 3.0 9.2 103.0 0.089 

Apr. 02 10 15 1. 9 3.1 1. 8 37.6 0.04S 

03 15 02 勺 勺 。 勺 9 

08 21 49 1.2 1.6 2. 7 127.0 0.021 

17 12 25 2.1 1. 9 5.4 279.6 0.020 

May 15 00 18 勺 9 。 9 9 

22 22 24 4.0 4.0 6. 7 85.2 0.侃7

23 02 40 1.1 1.1 16.3 102.3 0.159-

24 06 45 1.1 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 一
17 03 00 勺 勺 9 9 勺

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 勺 9 9 9 9 

Sep. 02 23 26 2.2 2.2 8.2 92.4 0.089 

04 13 45 3.6 2.8 10.4 93.3 0.110 

05 18 02 3.2 3.2 4.5 66.3 0.侃8

23 03 23 勺 9 9 9 。
30 18 08 2.8 2.4 1.1 95.0 0.012 

Nov. 09 08 邸 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 

the A-type. These are the second 

fact to suggest something about the 

existence of some anticipated pheno・ 

mena for the wor Id-wide disturbances, 

SSC and SI. 

〔C〕.Relation of AP to Ac 

The values of AP and Ac for 

east-component at Kakioka are given 

in Table 34, and connection between 

them is graphically shown in Fig. 76. 

Roughly speaking, there is a tendency 

that AP in creases with increasing Ac, 

7P 

4 

3 

2 

e JI亀

／どど。／ 

＠ 

2 3 //. 5 11in鉱
Tc 

Fig. 75. Correlation between Tp and Tc of 
the preliminary change at Kakioka. 

although points in the figure are remarkably scattered. But the following two points are 

noticeable, (1) AJゲsof the A-type with kicks.~are very small as compared with others .. 

making the lowest boundary line of the domain'iin which all observational points are 

contained ; (2) Observational points seem to convergeてtoa common point (AP=O, Ac=::'. 

15 m V /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 

;1ρ十rm~'Km ． ． 
。

10 ’唱。

g a慮、定

6 

ー" 2 。
初100/Zf}附邸 i部 l1J(]2).菌加却2801)) J.加盟1J］治 3却抑櫛mV/i』＇（IJl

MC 

Fig. 76. Relationship between Ap and Ac of the preliminary change at Kakioka. 
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Akm) Iト 14I 1川 20 2叫 30～3914川印～59160ゆ！70～7 
6 u山 I1 I s I 6 l 8 I 1~ I 17 I 15 I 13 I 1 

c ) _so＿~J~こ！とJ~o~－：－~0~~~~~29 , 13ゆ～13~，~－＝~~9 1 土
hers l 7 I 17 I 11 I 5 I 5 i 3 I 1 I 17 

.advisable, which is given in Table 35 for the interval of five ・years from 1945 to 1949 

<:entering in 1947. From this table it is obvious that Ac contained in the interval O～ 

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四mentioned. Regarding (1), it is considered 

that Ap may be decreased due to superposition of an inverse change of kick. These 

facts are the third point to suggest some preliminary changes immediately before SSC 

.and SI. 

CD〕.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 statisticalJy 

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 respomible 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 
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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 lin告arcorrelation 

is made by the method of variance as shown in Table 36. The ratio of the vcriance 

CJ) and ( 2・) is 9. 21. For 1 and 28 degrees of freedom th~ 5.% and 1% values of F 

1n the F-distribution are 4. 20 and 7. 64, respectively. It follows that the regression is 

signific~mt, i.e. the tendency for large values of Ap to be associated with large Yalues 

-0£ the retarded Sqー鴻riationis significant. 

Table 36. Analysis of variance of regression. 

Source of Variance Sum刊… iDegree of Freedom I 山 nee
(1) Due to J:r ession 
(C2/ 

1鎚.18

(2) About lzi~Ssion 
(S＂一

571. 70 

Total 759.邸

Sc＝三がー（＇£x')2/11, S11＝ヱ，y2－（ヱ，y")2/n,

x=Eq, y=APー7.7, n=30. 

Some years ago this writer suggested to 

-ccnsider anew the solar daily variation field or 

some radiaticn <1gency for the interpretation of 

the local time V3riation of the hourly frequency 

of SSC or SSC.＊びね Yet no plausible opinion 

hc:s been brought forward up to date, mean-

while a local time variation of Ap with a striking 

resemblance to Sι－variation has been newly 

pr~sented here. Now, i.t may be further 

-to 

1 

28 

29 

C＝三xy一三x.ヱy/n,

AP 

． 

． 
。 to 

＠ 

188.18 

． 

20.42 

20~κm 。，
Fi!_'t. 78. Reletionship be·•wcen 
Ap and Sq for 1947. 
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suggested that at least a part of cuπents 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 collaboratorsC83) 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 cuηent distribution may take such a type as that of a polar storm. But the 

phenome:1a relies alreost for its full account including an explanation of the phase 

angle centioned aboYe on the accumulated world-wide data in future. 

4. PH/t'm灼αryin℃ι~＇SC i:n会ulsc,er kick o( SSC快 rf< arth-cu：γγ£nts 

Regarding geomagnetic SSCへamongall investigators, T. NagataC'3りrecently
carried out the most comprehensive investigations, and so here something about th~ 

matter will be described from a standpoint of locality of earth-currents. From the data 

of 1947 at Kakioka four and nine SSC後 forgeomagnetic field and earth-currents can 

be respectively taken out, of which three SSC駒soccurred 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 a< companied 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 give.n 

in Table 33. 

Concerning these local characteristics of earth-currents, following two explana ・ 

tions may be possible. (a). All SSC和sare supposed to be occurred simultaneously 

in both earth-::urrents and geomagnetic field, but small rapid ones are apt to appear 

in earth-:urrents 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 s~me 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九 likekick 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－吃asterlycsoand 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 

promising！γthan (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 maすbeworthy to add some words about a question whether or 

not some other variations do manifest such changes as 'preliminary 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 each 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 Kakiol也 bothdiurnal and semidiurnal 

harmonics in winter are responsible for this inequality. 

3. Comparing the year-to-year change of the maximum range of the Sq-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 approximate！γdepends 

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 T~1n. 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／ムt,not S itself, where S is the relative sunspot 

number and t time in unit of year. We have no such a change for T!ax, 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目 mentioned. We can detect 

similar periodic variations in both geomagnetic Sq at Kakloka and f F:. at Kokubunji, 
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Tokyo, as well as relative sunspot m血hersS. 

6. On the other hand, ・phase angles <p,/s of harmonic waves of Sq show no 

systematic connection with S as a whole, contrary to the amplitude changes, though 

<p1 manifests apparently random large fluctuations, especially in north-component. 

However, the year吋O『yearchange of 'Pn is fairly systematic for each wave, but there is a 

remarkable dissimilarity between <p1 and ・other <p's, namely, the former manifests the 

long period change before-mentioned, while the tatters 4-year period changes. These 

two characteristics correspond to those of T!1n.’namely, nor 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 'P1”’s, while <p1's at both stations show th~ 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 

magnitu 

millivolts per kilometer at most, except for two stations, Toledo and Nemuro with 

exceptionally small and large values, respectively. 

middle latitude stations are as follows. 

Period (hrs）………………………24 12 

The average values for twelve 

8 6 

Amplitude (m V /km）…………1. 51 1:86 1. 22 0. 43 

8. It is confirmed that the ratio of R ,o to H11.o = 1/---2 -1-－－！！・n y c；，。＋c:;,o IS approxi・ 
mately proportional to l/.v'T;; even in many different localities in the world as far as 

such a range of T骨 thatcovers those of principal harmonics of the Sq-variation is 

concerned. This relationship, however, deviates from its lineality with increasing 

1/～／π；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 Pa's calculated from Rn,o/ H，.，戸J丙ン2九 areof order 

。f10'.Q・cmat nine. stations out of fifteen, while they are as small as 3～4. 103.Q・cm
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at Huancayo and Toledo. The average value of h’s for twelve middle latitude stations 

gives 4. 1伊Q・cm.

10. There is a fairly intimate connection between pぷsand earth-resistivities 

pゅ，＇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 present 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自uidmotions 

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, 

T 0; (3) Amplitude of the preliminary change, AP, is distributed within a definite domain 

of the (Ap, Aa) 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－℃urrents are not always accompanied simultaneously 

with geomagnetic ones, the former being more numerous. SSC射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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