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Effect of the Oceanic Dynamo on the Lunar Daily Geomagnetic
Variation at Kakioka, Memambetsu and Kanoya,
Japan, 1958-1973

by
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Abstract

The observed lunar daily geomagnetic variation at three Japanese observatories
has been separated into parts of the ionospheric and oceanic dynamo origin, and
it has become clear that the complicated features of the observed annual mean
lunar daily variation at these observatories are due to oceanic dynamo effect. More-
over, it has been shown that the anomalous seasonal change of the observed lunar
daily variation is somewhat revised by the removal of the oceanic dynamo effect,
but its main cause cannot be attributed to oceanic dynamo effect. As to the sunspot
cycle influence on the lunar daily variation, its result is much complicated even if
the oceanic dynamo effect is excluded, and it is not yet evident whether the
influence of the sunspot activity on the lunar daily variation is similar or not to
that on the solar daily variation.

1. Introduction

It has been considered that the lunar daily geomagnetic variation is produced
by the mechanism of an ionospheric dynamo (Chapman and Bartles, 1940; Matsushita,
1967). However, it was recently pointed out that the oceanic dynamo is another
source of the lunar daily geomagnetic variation (Malin, 1969). Oceanic dynamo is
powered by the tidal movement of the sea across the lines of force of the Earth’s main
magnetic field. The electric currents in the sea generated by this dynamo and the
associated currents induced in the earth and in the ionosphere produce the geomagnetic
variation.

In a recent paper (Shiraki, 1977, hereafter refered to as paper I) the present
auther determined the lunar daily geomagnetic variation at three Japanese observatories.
The interpretation of the lunar daily variation at these observatories was much com-
plicated as compared with that of the solar daily variation at the same observatories
which were simultaneously determined as a byproduct. In the paper I, most of the
complicated results were interpreted by the effect of oceanic dynamo, based on the
qualitative discussions.

Malin (1970) proposed a method to separate the observed lunar daily variation
into parts of ionospheric and oceanic origin. In the present paper this method has
been applied to the lunar daily varfiation at three Japanese observatories and the effect
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of oceanic dynamo has been quantitatively evaluated. Thereafter, the discussions given
in the paper I have been reexamined.

2. Analysis

The lunar daily geomagnetic variation associated with the M, component in the
tide generating potential is written by,

L=3Ly=Ylnsin[27+(n—2)t+2a) (1)
where I, and 1, are the amplitude and phase of the n-th harmonic, respectively
(Chapman and Bartels, 1940). ¢ is the local mean solar time and ¢ is the local mean
lunar time. By the method of Chapman and Miller (1940), the first four harmonics
of Eq. (1) are usually computed from the observatory data.

According to Malin (1970), the oceanic dynamo is considered to be purely semi-
diurnal in period, therefore, only the second term of L is separated into the contri-

bution of the ionospheric origin (L;) and that of the oceanic origin (Lo). L; and Lo
are written by,

Lr=l;sin 2t +4r) (2)

Lo=1lpsin 27+ 20) (3)
where (I, ;) and (lo, 20) are the amplitude and phase of geomagnetic vectors due to
ionospheric and oceanic dynamo origin, respecively. With an assumption that the
contribution of the ionospheric dynamo to L is zero at local midnight, when the

conductivity in the ionosphere is negligibly small as compared with that at local
midday, the amplitude and phase of L; and Lo are calculated by,

Iy cos Ar=—1I,cos 23—1I3cos 23—1I, cos 4, (4)
Irsin 2;=—1sin 21—l sin 23—y sin 2, (5)
locos Ag=11 cos A1 +12 cos 22+ 13 cos A3+, cos 44 (6)
losin Ao=Isin A1+ l; sin 22+ /s sin 23+, sin 44 (7)

Moreover, if p, denotes the vector probable error of the n-th harmonic, those of L;
and Lo are respectively given by,

pr=(01%+pa®+ pH)/2 (8)

po={(p1% +p2* + p3%+ ps?)\/? (9)

Details of the derivation of these formulas are found in the paper of Malin (1970).
Above formulas are applied to the lunar daily geomagnetic variation at three
Japanese observatories, Kakioka [36°14'N, 140°11’E], Memambetsu [43°55'N,
144°12'E] and Kanoya [31°25'N, 130°53’E). In the paper I the lunar daily variation
at these observatories were determined by the Chapman-Miller method using hourly
mean values of magnetic declination D, horizontal intensity A and vertical intensity
Z for the period 1958-1973. The separation of the ionospheric and oceanic dynamo
parts is carried out for all results tabulated in Tables 2L, 3L and 4L in the paper I.

Results of the separation are given in Table 1.
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Table 1. The ionospheric and oceanic dynamo parts of the lunar geomagnetic
semidiurnal harmonic. Unit of amplitude is 0.01 y and that of phase

is degree.
D H Z
It o1 Ar b Po Ao It 01 Az lo Do Ao I o1 Ar l Po Ao
Kakioka
all 62 92838 38 10 328 95 17 56 31 18 167 47 8 42 69 8 247
winter 76 11 56 82 13 347 169 27 98 45 30 255 68 11 201 33 13 265

equinox 8021300 1722282 6927 8 5330139 7112 41 85 14250
summer 169 15 261 29 17 294 130 34 28 4937 141 132 11 32 90 13 238

quiet 46 12 288 44 13 312 82 21 47 50 22 157 52 9 37 77 10 242

active 78 10 287 34 12 348 11030 62 16 32 199 42 11 48 61 13 254
Memambetsu

all 64 12301 2313 15 10518 43 48 19 181 13 4 3 33 428

winter 6215 59 7516 10 138 24 107 50 27 252 60 5204 44 6 322

equinox 9823316 2225136 10529 18 6731167 36 7 46 47 8273
summer 146 18 267 1420312 177 34 16 7037 153 67 7 360 28 8 236

quiet 46 14 312 2215333 9719 35 6521 169 19 6 10 35 7274

active 8313295 3416 40 11532 48 34 34 202 8 6347 31 729
Kanoya

all 79 8280 34 9 12 7816 8 3417203 50 9 22 60 10 185

winter 7912 49 7614 16 175 31 112 59 33 257 15 16 204 63 19 153

equinox 8920282 1221 27 3128 17 4231166 6313 20 62 14 195
summer 208 17 261 1819342 8435 48 4239171 10013 22 68 14 204
quiet 66 11.269 36 13356 6022 76 5124185 4911 23 63 12 190
active 94 11'287 3413 28 9729 91 2533 241 5111 19 5713179

The separation of L; and Lo causes a considerable decrease in the precision. The
vector probable error of L; and Lo is roughly two times larger than that of the corre-
sponding Ly. The harmonic L; or Lo is considered to be significant at the five percent
level when the amplitude exceeds 2.08 times its vector probable error (Leaton, Malin
and Finch, 1962). Using this criterion all but 3 out of the 54 harmonics of L; and
33 out of the 54 harmonics of Lo are significantly obtained.

3. Discussions

3.1. Annual mean variation

The ionospheric dynamo part (L;) and oceanic dynamo part (Lo) of the annual
mean lunar semidiurnal harmonic, which correspond to “all” in Table 1, are shown
in Fig. 1 by harmonic dials, together with the total lunar semidiurnal harmonic (L»).

The amplitude of Lo is generally much smaller for D and H than that of L.
By the removal of the oceanic dynamo effect, the difference among three observatories,
which was remarked in the paper I to be more notable for L, harmonic than those for
L, or Lg harmonic, is somewhat reduced for L; harmonic in comparison with that for
L, harmonic. However, as its reduction is not so large, it may be concluded that the
major part of L, harmonic for D and H is the ionospheric dynamo origin. Therefore
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Fig. 1. Harmonic dials of Ly, L; and L, at Kakioka (K),
Memambetsu (M) and Kanoya (Y) for D, H and
Z. The dial vector is drawn only for Kakioka.
Vectors for Memambetsu and Kanoya are indicated
by their end points, The vector probable error circles
are drawn at the end points of vectors.

the discussions in the paper I given for D and H are slightly changed for the iono-
spheric dynamo part of the lunar daily variation.

Not in accordance with D or H, fit is clear that the oceanic dynamo effect for Z
is remarkably large. The amplitude of Lo(Z) is larger than that of L;(Z) for all ob-
servatories, And the vectors of Li(Z) and Lo(Z) are rather in opposite direction at
Kakioka and Kanoya. The complicated results of the observed lunar daily variation
of Z, which were noted in the paper I, are clearly due to the oceanic dynamo effect.
First, the main lunar harmonic of Z is not Ly at Kakioka and Kanoya, but when only
the ionospheric dynamo part (Ly, Ly, L3, Ls) is considered, the main harmonic becomes
L; as being expected from the ionospheric dynamo theory. Secondly, the phase of L,
at Kakioka does not lead those at Memambetsu and Kanoya being different from the
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phase of L, and Lj, and in the paper I it was suggested that for L, harmonic the
oceanic dynamo part may conceal such a phase relation as seen for L; and Ls. Really,
by the removal of the oceanic dynamo part, the phase of L; harmonic at Kakioka
leads those at Memambetsu and Kanoya similarly as L; and Lz harmonics and also
similarly as the harmonics of solar daily variation. This phenomenon for the phase
is explained by the anomalous electrical conductivity distribution beneath central Japan
(Rikitake, Yokoyama and Sato, 1956). On the other hand, looking at the phase
relation of Lo(Z), such a phenomenon is not seen for oceanic dynamo part; the phase
of Lo(Z) increases from Kanoya to Memambetsu with increasing latitude. This fact
suggests that the oceanic dynamo part of the lunar daily geomagnetic variation is
mainly caused by the dynamo currents in the sea and is little affected by the associated
currents induced in the earth though the ionospheric dynamo part of the lunar daily
variation are much affected by the induced currents in the earth. This fact may be
consistent with the fact that the oceanic dynamo part is not so large for D and H
and it is very large for Z.

3.2. Seasonal change

Seasonal mean harmonics obtained as M: component of the lunar daily geo-
magnetic variation have contributions of O; component, because the frequencies of
the harmonic constituents of My and O, components in the geomagnetic variation differ
by an amount corresponding to only one cycle per year (Schneider, 1963; Winch, 1970).
However, the contribution of O; component is ignored throughout the discussion in
this section.

Fig. 2 illustrates by the harmonic dials the annual mean and seasonal mean
harmonics of L; and Lo at Kakioka, together with those of L,. In the paper I it was
found that the seasonal change of the lunar daily variation at Kakioka and the other
two observatories is surprisingly anomalous as compared with that of the solar daily
variation at the same observatories. Such an anomalous seasonal change is clearly
seen in Fig. 2; the amplitude of Ly harmonic is smallest at equinox for all elements
and the phase difference of L, between winter and summer is very large.

By the removal of the oceanic dynamo part, the anomalous seasonal change of
the amplitude is somewhat revised for D and Z but is rather amplified for H. And
the seasonal change of the phase of L; is essentially unchanged for D and H from
that of L,. However the phase of L;(Z) decreases from winter to summer similarly as
the phase of Ly or Ly of D and H, though the phase of Lo(Z) reversely increases from
winter to summer. The features of the seasonal change of L; at Memambetsu and
Kanoya are not appreciably different from those at Kakioka.

For the numerical comparison of the seasonal change of the ionospheric dynamo
part of the lunar daily variation L(/) with that of the solar daily variation S, the
similar manner in the paper I is used here. As a measure of seasonal change the ratio
of seasonal to annual mean ranges of L(I) is calculated for each of three elements
and three observatories. The range of L(I) is defined here by,

R(L)=2(h+1r+1:+1) (10)
The weighted mean ratios from three observatories are given in Table 2 together
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KAKIOKA

Fig. 2. Harmonic dials of Ly, L; and Lo for the annual
mean and seasonal mean harmonics at Kakioka
for D, H and Z. The dial vector is drawn only for
the annual mean harmonic, but not drawn for the
seasonal mean harmonics; they are indicated only
by their end points. The dial points y refer to the
annual mean, those marked w, e, s to the winter,
equinox and summer. The vector probable error
circles are drawn at the end points of vectors.
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Table 2. The weighted mean ratio from Kakioka, Memambetsu and Kanoya of
seasonal to annual mean range of L(I), L(I+O) and S.

D H A D+H+Z D+H

winter/annual

L) 1.15+:0.05  1.58+0.08 1.331+0.08 1.28+0.04 1.27+£0.04

L(I+0) 1.40+0.04  1.54+0.07 2.09+0.08 1.54+0.03 1.43+£0.03

S 0.51 0.75 0.76 0.67 0.63
equinox/annual

LD 1.42+0.07 0.80+0.07 1.531+0.08 1.23+0.04 1.11+0.05

L{I+0) 1.31£0.05 0.74+0.06 1.37+0.06 1.16+0.03 1.08+£0.04

S 1.12 1.38 1.07 1.19 1.25
summer/annual

i 2.31+0.08 1.3940.09 2.21+0.10 1.98+0.05 1.90+0.06

L(I+0) 2.194+0.05 1.38+0.08 2.08+0.08 1.98+0.04 1.96 £0.04

S 1.50 1.25 1.27 1.34 1.38

with the result for the lunar daily variation not removed the oceanic dynamo effect
L(I+0) and the result for S which are given in Tables 6L and 6S in the paper I
The ratios of L(I) at equinox and summer are nearly equal to those for L(I+0). On
the other hand, at winter, the ratios of L(I) of D and Z and also the mean ratio of
L(I) from all elements or from D and H are smaller than those of L(I+0). Con-
sequently the anomalous seasonal change, which is mainly seen as the large ratio at
winter, is somewhat revised for L(I) (about 20%), but is very different from the
seasonal change of § as yet. Therefore it is concluded that the main cause of the
anomalous seasonal change of the lunar daily variation at three Japanese observatories
cannot be attributed to the effect of oceanic dynamo.

On the other hand, the seasonal change of Lo is also noteworthy. In Fig. 2 the
vector of Lo at winter is very different from those at equinox and summer for all
elements. Such a feature is common to all three observatories. The contribution of
O; component to the seasonal change of M; component, which is ignored throughout
discussions, may be considerable as one of the causes. However, its real explanation
of the cause is a future problem.

3.3. Sunspot cycle influence
Fig. 3 illustrates by the harmonic dials the sunspot cycle influence on the annual

mean harmonics of L; and Lo at Kakioka together with those of Le. The amplitude
of L; increases for D and H and decreases for Z with increasing sunspot number.
The amplitude of Lo decreases for all elements from quiet group to active one. The
same statements are also true at Memambetsu and Kanoya except for two cases
(Li(Z) at Kanoya and Lo(D) at Memambetsu).

The sunspot cycle influence are numerically evaluated in a similar manner as the
paper I using the Wolf’s formula,

r=A(1+mR) (11)

where r is the amplitude of harmonic or the range of daily variation and R is the
sunspot number. The values of m for the amplitudes of L; and Lo and the range of
L(I) are calculated for each of three elements and three observatories. And the weighted
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mean values from three observatory are given in Table 3 together with those for Lo,
L(I+0) and S obtained in the paper I. It is noted that the m values of L; and L(J)
for Z are negative and are very different from those for D or H.

KAKIOKA
D
L-zk\ Lh LO a
hY 3 +-
“\‘ qa m
*, m
m
q a q
a
9 05’

Fig. 3. Harmonic dials of Ly, L; and Lo for the annual
mean harmonics at Kakioka with respect to the
sunspot actiyity for D, H and Z. The points marked
q and a represent the harmonics determined from
groups of sunspot active years and of sunspot quiet
years, respectively. The point marked m represents
harmonic derived from group “all”. The dial vector
is drawn only for the group “all”, not for quiet or
active group. They are indicated only by their end
points. The vector probable error circles are drawn
at the end points of the vectors.

Table 3. The weighted mean values of 10¢m from Kakioka, Memambetsu and

Kanoya
D H z D+H+Z D+H
L, 8438 4040 —21422 1217 63427
L(I) 62410 59417 -5+ 8 26+ 6 62+ 9
L 23+10 30417 —11+12 13+ 7 254 8
L(I+0) 39+ 6 59413 -1+ 7 26+ 5 2+ 6
S 52 62 72 62 57

L, ~15+37 —54+£44 —18+17 —-22+15 —31+28
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As far as the mean values from D and H are concerned, the m values of L;
and L(I) are much larger than those of L, and L(I+0), respectively. It is clear that
the m value of the observed lunar daily variation is much reduced due to the effect
of the oceanic dynamo as suggested in the paper I. By the removal of the oceanic
dynamo part, the value of L; shows the median value of L, (74=+52) and L3
(55+12) and they decrease with increasing harmonics similarly as the case
of S. Moreover the m value of L(/) is close to that of S. Therefore it may be con-
cluded that, when the effect of the oceanic dynamo is removed, the lunar daily variation
is similarly affected by the sunspot activily to the solar daily variation, though this
conclusion is obtained at present only from D and H. )

On the other hand, due to the negative m value for Z, the mean values of L;
and L(JI) from all elements are not so different from those of L, and are much smaller
than that of S. Therefore, contrary to the conclusion from D and H, the conclusion
from all elements is that the lunar daily variation is affected much less by the sunspot
activity than the solar daily variation, even if the oceanic effect is excluded.

It is not yet known which of these conclusions is true. It should be clarified why
the m value for Z is very different from those for D and H. Considering the results
of the section 3.1. the effect of the oceanic dynamo seems to be well separated for Z.
However, as the method of separation is not perfect because of some assumptions,
the overestimate or underestimate of oceanic dynamo effect may be considerable as
one of causes. Further improvement of the method and its application to the observed
lunar daily variations as many as possible are very desirable.

4. Conclt;sions

Applying the method of Malin (1970), the observed lunar daily geomagnetic
variation at three Japanese observatories has been separated into parts of ionospheric
and oceanic dynamo origin, and it is found that the complicated features of the ob-
served annual mean lunar daily variation at these observatories, especially for Z, are
due to the oceanic dynamo effect. Moreover, it becomes clear that the anomalous
seasonal change of the observed lunar daily variation is somewhat revised by the
removal of the oceanic dynamo effect, but its main cause cannot be attributed to the
oceanic dynamo effect. As to the sunspot cycle influence on the lunar daily variation,
its result from D and H and that from all elements are quite unlike, even if the oceanic
dynamo effect is excluded, and it is not yet evident whether the influence of the
sunspot activity on the lunar daily variation is similar to or not to that on the solar
daily variation. In general, the observed lunar daily variation at three Japanese obser-
vatories seems to be well separated into the ionospheric and oceanic dynamo parts,
but further improvement of the method is clearly needed for the more satisfactory
and better separation of the ionospheric and oceanic dynamo origin.
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