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ABSTRACT
This study reassesses the claim of  an anomalous geomagnetic di-

urnal variation two months prior to and northwest of  the eventual 

epicenter of  the 2011 Tohoku earthquake, Japan (Mw 9.0). Instead 

of  discussing the ratios of  geomagnetic diurnal variation ranges at 

observation and reference stations, which previous studies have ana-

lyzed, the ranges themselves are examined in the present work. For the 

reassessment, the technique to identify the range of  typical variations 

is improved, leading to more appropriate values of  the geomagnetic 

diurnal variation range than those obtained by previous studies. The 

variations that were deemed anomalous by previous authors can be 

explained by coupling of  the ranges of  three components of  the ge-

omagnetic diurnal variation; this coupling effect was not discussed 

in previous studies. The cause of  the high ratio was a combination 

of  low-amplitude quiet-day diurnal solar variations in the geomag-

netic field in winter, day-to-day variations, and a weak magnetic 

disturbance during the period. It is therefore not strictly correct that 

the observed variations were anomalous and, as such, they cannot be 

unambiguously related to seismo-magnetic phenomena due to crustal 

activity prior to the megathrust earthquake. In addition, due to issues 

with the statistical treatment of  samples in previous studies, a more 

appropriate statistical discussion of  the matter is presented.

1. Introduction
Daily variations in the geomagnetic field when so-

lar-terrestrial disturbances are absent are called solar quiet 
daily variations (Sq), whose characteristics were described 
in detail by Chapman and Bartels [1940]. Their amplitudes 
depend on the latitude and local-time longitude relative to 
the meridian through the sun, and increases with the sun-
spot number. Daily changes in Sq are much greater during 
daylight hours than during darkness; Sq also undergoes 

considerable annual variations, which particularly affect its 
amplitude, and some day-to-day variability in Sq has been 
found. The direction of  change in Sq in the horizontal 
plane at mid-latitudes in the northern hemisphere ro-
tates clockwise from north to east and upward during 
the daytime. In extra-tropical latitudes, the range of  
daily variations in each element is greatest in summer 
and lowest in winter.

Sq is regarded as being caused by both the iono-
spheric currents, which are external to the Earth, and 
Earth induction, which is internal [Campbell 2003]. 
Spherical harmonic analysis of  geomagnetic data can 
separate Sq into components with external and in-
ternal origins. For Sq in the mid-latitudes, Campbell 
[2003] also showed that while the horizontal Sq with 
external and internal origins are parallel, their vertical 
components are anti-parallel. It is also well known that 
in the frequency domain, the vertical component of  
the geomagnetic field variation is linearly related to the 
two horizontal components of  the variations, depend-
ing on the electrical resistivity structure surrounding 
the observation point and the frequency [see, for ex-
ample, Vozoff  1991].

The geomagnetic diurnal variation range, here-
after called GDVR, can be defined as the difference 
between the maximum and minimum values of  the 
northward (+X), eastward (+Y), and downward (+Z) 
components of  the geomagnetic field for each day, tak-
en from the records at each geomagnetic station. It is 
expected that, on quiet days, the GDVR is dominated 
by Sq. Based on statistical analyses, Xu et al. [2013], 
Han et al. [2015, 2016], and Han et al. [2017] claim that 
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the GDVR decreased prior to the 2011 off  the Pacific 
coast of  Tohoku Earthquake, Japan (Mw 9.0), which 
occurred at 05:46:18, March 11, 2011 UT with its epi-
center 38°06.2’N, 142°51.6’E according to unified 
earthquake catalog by Japan Meteorological Agen-
cy ( JMA). The earthquake is hereafter referred to as 
the 2011 Tohoku earthquake. It is claimed that two 
months preceding the occurrence of  the megathrust 
earthquake, a decrease was found only in the vertical 
component of  GDVR at geomagnetic stations north-
west of  the epicenter, at distance approximately 180 
km from the point of  rupture initiation. Since they do 
not use GDVR itself, but instead compute the ratio 
of  GDVR at a reference station divided by the corre-
sponding value at a target station (not its reciprocal), 
the magnitude of  the change of  the GDVR itself  is 
unclear. Han et al. [2016] ascribes the likely cause to 
the electrical resistivity change of  the crust around 
the stations close to the epicenter, due to pre-seismic 
strain changes. By examining the spatial and tempo-
ral relationships between the GDVR decrease and 
geodetic data collected close to the epicenter, Han 
et al. [2016] concluded that the coupling of  multiple 
pre-earthquake phenomena may help to understand 
the preparation process of  mega earthquakes in sub-
duction zones.

However, despite its insensitivity to long-term DC-
like tendencies in geomagnetic field variations, GDVR 
is sensitive to various factors that affect geomagnetic 
variations on a variety of  timescales. Geomagnetic phe-
nomena, such as magnetic storms, sudden impulses, 
bays, and solar flare effects, can perturb GDVR values. 
In addition, Xu et al. [2013], Han et al. [2015, 2016], and 
Han et al. [2017] primarily focus on the vertical compo-
nent of  the GDVR. The variation of  the vertical com-
ponent couples with horizontal component variations 
due to geomagnetic phenomena which are dominant in 
the horizontal components. The coupling coefficients 
in the frequency domain depends on both the period 
and the electrical resistivity structure surrounding the 
geomagnetic station. A careful investigation of  relative 
vertical component GDVR ratios is therefore required, 
especially with respect to locality.

This study aims to investigate basic features of  
GDVR that were not discussed by previous studies. As 
such, the spatial and temporal distribution of  GDVR 
in Japan in early January 2011 are carefully reassessed. 
This work shows that temporal changes in GDVR in 
the epicentral area can be explained by geomagnetic 
phenomena without invoking seismo-magnetic phe-
nomena by anomalous crustal activity.

2. Analysis

2.1 Original data 
Time series of  geomagnetic data sampled in 

one-minute intervals at the 17 stations listed in Table 
1 are analyzed in this study. The national network of  
geomagnetic stations in Japan is operated by the Geo-
spatial Information Authority of  Japan (GIAJ) and the 
JMA. Their locations, along with the reference loca-
tion of  the epicenter of  the 2011 Tohoku earthquake, 
are shown in Figure 1. The original time series data 
are in D (declination), H (horizontal component), and 
Z in UT. The X (positive north) and Y (positive east) 
components can then be calculated as X = H cos D 
and Y = H sin D, respectively. Since only the definitive 
data are analyzed in the present study, the period of  
data analyzed depends on the status of  data distribu-
tion for each station; these are also listed in Table 1. 
The total number of  days from 1 January 1997 to 31 
December 2015 during which geomagnetic data at 
ESA, MIZ, KNZ, MMB, KAK, and KNY are analyzed 
is 6939. The resolution of  H and Z is 0.1nT. The Q 
component (where Q = X, Y, or Z) at the geomagnetic 
station whose code is ABC is hereafter referred to as 
ABCQ.

2.2 Filtering using wavelets
To eliminate short-period disturbances and noises 

in the X, Y, and Z components of  the original 1- min-
ute geomagnetic data, a discrete wavelet transform is 
used to filter the data as a low-pass filter. A length-10 
Daubechies wavelet is convolved with the original 
time series, after Jach et al. [2006] based on the max-

Figure 1. Locations of  geomagnetic stations (squares) listed in 
Table 1 and the epicenter of  the 2011 Tohoku earthquake (cross).
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imum overlap discrete wavelet transform. Wavelet 
coefficients at level j ≤ 5, which are most sensitive to 
energy at periods less than or equal to 64 min, are set 
to 0.0. The filtering procedure up to this point is the 
same as that of  Xu et al. [2013], Han et al. [2015, 2016], 
and Han et al. [2017]. In the present study, to evaluate 
the GDVR more precisely, the same thresholding pro-
cedure is applied to eliminate wavelet coefficients at 
transform levels j ≥ 11, which localize energy at peri-
ods longer than 2048 min. This part of  the procedure 
thus behaves as a high-pass filter. Consequently, this 

technique applies a bandpass filter with corner periods 
of  64 and 2048 min to the original time series data. Fig-
ure 2 shows an example of  the time series of  filtered 
ESAX, ESAY, and ESAZ on quiet days.

2.3 Treatment of  missing data
Missing data in the original time series are treated 

as follows. In the original time series, data gaps that 
consist of  either isolated one-minute missing samples 
or sequences less than or equal to 6 min are padded 
by linear interpolation. Otherwise, an anomalous val-
ue 99999.0nT is substituted for each missing datum. 
Modified time series are obtained by these interpola-
tion and substitution rules. A filtered modified time 
series is then obtained by applying the wavelet filter 
to the modified time series. Similarly, a corresponding 
dummy time series is generated with substituted data 
set to 1.0, and 0.0 otherwise. After applying an identi-
cal wavelet filter to the dummy time series, if  the ab-
solute value of  the filtered dummy time series is larger 
than 10-5, the datum in the filtered modified time series 
at the corresponding time is regarded as influenced by 
the data missing value(s), and treated as missing. The 
threshold of  10-5 corresponds to the assumption that 
the influence of  missing data is equivalent to a toler-
ance of  up to 1nT.

Figure 2. Filtered time series from 00:00 26 January 2010 to 00:00 
28 January 2010 ( JST) of  data from ESAX (top, red), ESAY (midd-
le, green), and ESAZ (bottom, blue), respectively. For each com-
ponent, horizontal bars show the daily maximum and minimum 
for 26 and 27 January 2010 ( JST).

Station Name Code longitude(°E) latitude(°N) Organization ED (km) from/to

Memambetsu MMB 144.189 43.910 KMO 654 1997-01/2015-12

Akaigawa AKA 140.815 43.072 GIAJ 578 1999-01/2015-06

Yokohama YOK 141.240 40.993 GIAJ 350 1999-01/2015-06

Esashi ESA 141.355 39.237 GIAJ 182 1997-01/2015-12

Mizusawa MIZ 141.204 39.112 GIAJ 183 1997-01/2015-12

Haramachi HAR 140.953 37.615 GIAJ 176 1999-01/2012-06

Kakioka KAK 140.186 36.232 KMO 315 1997-01/2015-12

Otaki OTA 140.230 35.292 GIAJ 391 2001-01/2013-04

Kanozan KNZ 139.956 35.256 GIAJ 409 1997-01/2015-12

Hagiwara HAG 137.185 35.985 GIAJ 557 1999-01/2015-05

Shika SIK 136.773 37.082 GIAJ 549 1999-01/2015-05

Totsugawa TTK 135.802 33.932 GIAJ 786 1999-01/2015-08

Muroto MUR 134.122 33.318 GIAJ 952 2004-01/2015-08

Yoshiwa YOS 132.177 34.475 GIAJ 1040 1999-01/2015-09

Kuju KUJ 131.260 33.060 GIAJ 1190 1999-01/2015-09

Kanoya KNY 130.880 31.424 KMO 1322 1999-01/2015-12

Okinawa OKI 128.127 26.630 GIAJ 1877 1999-01/2015-11

Table 1. List of  geomagnetic stations, epicentral distances (EDs), and the periods of  data analyzed. Longitudes and latitudes are in 
geodetic coordinates.
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2.4 Identifying daily maxima and minima
Figure 3 shows typical time series of  geomagnetic 

data at stations ESA and KAK in a period from 00:00 
2 January 2007 JST ( Japan Standard Time, UT+9) to 
09:00 8 January 8 2007. The dates 2 and 3 January 2007 
(UT) are two of  the international five disturbed days, 
while 7 January 2007 (UT) is one of  the international 
five quietest days. According to magnetic storm and 
bay disturbance catalogs by Kakioka Magnetic Obser-
vatory (KMO), JMA, no magnetic storms were identi-
fied during this period, while bays were recorded on 
2, 3, 4, and 5 January. KMO identifies and reports the 
begin times and peaks of  bays of  ranks A and B, and 
the magnitude and polarity of  each component; for 
the bays of  rank C, only the begin time and polarity 
are identified and reported. A class B bay on 3 January 
2007, identified by KMO, started at 22:31 JST. The peak 
field strengths at KAKX, KAKY, and KAKZ were esti-
mated as +44, +15, and +22nT, respectively, at 23:51, 
23:47, and 23:52 JST, respectively. On this day, the max-
imum value of  KAKZ in the filtered time series was 
identified at 23:47 JST, close to the peak time (23:52 
JST) at KAKZ. The difference of  5 min is not inappro-
priate, considering the characteristics of  a bandpass fil-
ter with a corner period of  64 and 2048 minutes. The 
maximum value at ESAZ was attained at 03:19 JST 
and is apparently unrelated to the bay. Two cross-cor-
relation coefficients between ESAX and KAKX, and 
between ESAY and KAKY, during the period shown in 
Figure 3, are 0.984 and 0.990, respectively. ESAX and 
KAKX show high positive correlation to one another, 
so do ESAY and KAKY. The obtained GDVR of  ABCQ 
is hereafter expressed as R(ABCQ). It is therefore ex-
pected that R(KAKX) ∝ R(ESAX) and R(KAKY) ∝ R(E-
SAY). In contrast, ESAZ and KAKZ are similar only 

if  the geomagnetic field variations are quiet. On days 
on which bays are identified, maxima at KAKZ coin-
cide with the timing of  peaks of  positive bays, while 
the minima occur just around noon, as on quiet days. 
ESAZ appears sensitive to abrupt change at ESAY, and 
therefore KAKY. A negative correlation appears to ex-
ist between ESAY and ESAZ, and therefore KAKY and 
ESAZ. Cross-correlation coefficient between ESAY and 
ESAZ is -0.166, while the coefficient between KAKY 
and KAKZ is -0.094. As a result, R(KAKZ) is expected 
to be sensitive to abrupt increases in KAKX and inflat-
ed, with a similar large value for R(KAKX). R(ESAZ) is 
expected to be sensitive to abrupt decreases in KAKY 
or normal Sq. In general, it should be remembered 
that the GDVR of  the Z component is influenced by 
not only many geomagnetic factors, but also the re-
sistivity structure surrounding the geomagnetic sta-
tion. It is therefore obvious that the potential causes 
of  temporal changes in an index defined as, for exam-
ple, R(KAKZ)/R(ESAZ) are also many. R(KAKX) and 
R(KAKY) can be used to discuss the GDVR of  the Z 
component as reference data. K-indices based on data 
at KAK (hereafter expressed as K(KAK)), the period 
of  magnetic storms and the list of  bays, all of  which 
are reported by KMO are also referred to. The origi-
nal method to derive K(KAK) is reported by Yumura 
[1951]. The revision of  the scale of  K indices, and the 
correlation of  K(KAK) with Kp indices are assessed by 
Uesugi et al. [2005].

2.5 GDVR in local time
GDVR for each component at each station is de-

termined for each day in JST in the present study, un-
like Xu et al. [2013], Han et al. [2015, 2016], and Han 
et al. [2017], which discuss GDVR in UT. Based on the 
description of  Sq by Chapman and Bartels [1940], it 
is natural to define daily maxima and minima of  geo-
magnetic variations corresponding to identical Sq cur-
rent vortices in the ionosphere and the Earth, which 
move westward with the sun due to Earth’s rotation. 
Because of  the definition of  JST, GDVR on solar quiet 
days in Japan is given by maximum and minimum val-
ues for an identical daytime in JST, while it is not guar-
anteed when using UT (see Figure 2). When discussing 
geomagnetic diurnal variations in Japan in UT, the de-
termined GDVR can use maximum and minimum Sq 
values of  current vortices that skip a night, and there-
fore are influenced by temporal changes in Sq current 
vortices on timescales of  half  a day. In order to discuss 
the components in GDVR that might possibly arises 
from crustal activity, or the locality of  the GDVR, it 

Figure 3. Filtered time series of  data from ESAX (top, red), KAKX 
(top, black), ESAY (middle, green), KAKY (middle, black), ESAZ 
(bottom, blue), and KAKZ (bottom, black). Time window shown 
extends from 00:00 2 January 2007 to 09:00 6 January 2007 ( JST). 
Vertical arrows show the beginning (black) and peak (gray) times 
of  bays on each component at KAK.
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is necessary to minimize the influence of  the temporal 
changes in GDVR due to other possible sources, such as 
temporal changes in Sq current vortices due to changes 
in solar activity, which can be a cause of  the day-to-day 
variability of  Sq [Chapman and Bartels 1940]. For geo-
magnetic data recorded in Japan, adopting JST instead 
of  UT is necessary for this specific reason.

Figure 4 shows the times for each day when max-
imum or minimum values are recorded at ESAZ. R(E-
SAZ) on quiet days is mainly characterized by the min-
imum. In UT, however, minima are often identified at 
00:00 or 23:59 mainly in winter and summer. This is be-
cause, in Japan, 00:00 UT corresponds to the local morn-
ing, when Sq is already close to its peak; the exact Sq 
value, of  course, varies day-to-day and seasonally. The 
identified maximum or minimum in a UT calendar day 
is therefore under- or over- estimated if  the date changes 
in the middle of  the daily geomagnetic variation, which 
is much greater during the hours of  sunlight according 
to Chapman and Bartels [1940]. The numbers of  days 
on which the minimum of  ESAZ is identified at 00:00 
and 23:59 are 206 and 1020, respectively, using UT; in 
JST, these values are 11 and 14, respectively. Thus, by 
adopting UT days, as in Xu et al. [2013], Han et al. [2015, 
2016], and Han et al. [2017], R(ESAZ) could be under- or 

over-estimated for as much as 18% of  samples. Since it is 
natural to discuss the daily variations of  the geomagnet-
ic field based on local time, after Chapman and Bartels 
[1940], JST is used in the present study for further dis-
cussions of  GDVR. The GDVR on a given day is regard-
ed as missing in the present study when a maximum or 
minimum is identified at 00:00 or 23:59. In case where 
missing data in the filtered time series are found on a giv-
en day, the GDVR on that day is also treated as missing.

2.6 Assumption of  coupling among GDVRs
Figure 5 shows three-component GDVR time se-

ries data at stations ESA, MIZ, KNZ, and KAK from 
January 1997 to December 2015. Values during mag-

Figure 4. Time when daily maxima (blue open circles) and minima 
(red solid circles) values were identified for ESAZ in UT (upper) 
and JST (lower), respectively.

Figure 5. GDVR at ESA (red), MIZ (green), KNZ (blue), and KAK 
(black) with Σ’K(KAK) (bottom, black) from 1 January 1997 to 31 De-
cember 2015 for the X (a), Y (b), and Z (c) components, respectively.
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netic storms identified by KMO are eliminated from 
these plots. As a reference time series, the ( JST) daily 
sum of  K(KAK), expressed as Σ’K(KAK), is shown. The 
following four observations can be made from Figure 5.

(1) The X components at all stations change similarly 
with Σ’K(KAK), especially with respect to abrupt changes 
that recover within several days and a long-term change 
possibly related to the period of  11-yr sunspot cycle.

(2) An annual change in the Y-component data is 
prominent.

(3) Variations in the horizontal components are 
similar from station to station.

(4) For ESA and MIZ, the Z-component is posi-
tively correlated with Y; for KNZ and KAK, Z is posi-
tively correlated with both X and Y (see Table 2).

Based on the features of  the GDVRs shown in Fig-
ure 5, the following linear relationship is assumed for 
R(ABCQ), using KAK as the reference station:

R(ABCQ) ≈ A · R(KAKX) + B · R(KAKY) + C. (1)
The model coefficients A and B and the offset 

constant C are constants for each component of  each 
station. A, B, and C can be estimated with an ordi-
nary least-squares technique to minimize the sum of  
squares of  the residual ΔR(ABCQ) ≡ R(ABCQ) -r(AB-
CQ), where r(ABCQ) is the estimated R(ABCQ).

2.7 Averaging of  daily ranges
For comparison with the results by Han et al. 

[2015, 2016], and Han et al. [2017], a 15-day running 
average is calculated. This 15-day window was chosen 
by Han et al. [2015, 2016] and Han et al. [2017] accord-
ing to Liu et al. [2006] and Kon et al. [2011], claiming 
that it has been frequently used to obtain reliable back-
ground variations in previous ionospheric studies. The 
date of  the center of  each time window is given as the 
timestamp of  the averaged value in the present study, 
while in Han et al. [2016] a backwards-running win-
dow was adopted. In the present study, in cases where 
eight or more observations in the original 15-day 
GDVR window are missing, the averaged value for the 

given date is treated as missing. In case where seven 
or fewer data from a given 15-day window are miss-
ing, the computation uses a weighted average, with 
a weight of  0 for missing data and 1 otherwise. No 
thresholding with respect to Σ’K(KAK) is applied to 
obtain the running average in the present study; Han 
et al. [2016] applied thresholding by excluding data on 
days when there were one or more Kp indices of  > 5 
determined and reported by Space Weather Prediction 
Center (SWPC), National Oceanic and Atmospheric 
Administration, USA, during the day, while by Han et 
al. [2015] > 6. Notice that during the period shown in 
Figure 3, the Kp indices are at most 5. The method to 
derive Kp by SWPC is based on Takahashi et al. [2001], 
assuming that Kp values derived by this method can be 
an appropriate proxy for Kp derived from worldwide 
geomagnetic data.

The averaged value of  R(ABCQ) is hereafter ex-
pressed as R̄  (ABCQ). Similar to Equation (1),
R̄  (ABCQ) ≈, Ā · R̄  (KAKX) + B

_
  · R̄  (KAKY) + C̄ , (2)

is assumed where Ā and B
_
  are the coefficients and C̄   

is the offset constant for R̄  (ABCQ), respectively. The 
residual ΔR̄  (ABCQ) ≡ R̄  (ABCQ) -r̄ (ABCQ), where  
r̄ (ABCQ) is the estimated R̄  (ABCQ), is treated as the 
index of  the anomalous value for R̄  (ABCQ). The sum of  
squares of  ΔR̄  (ABCQ) is minimized to obtain Ā ,B 

_
 , and 

C̄ . To determine whether or not unique anomalous 
geomagnetic diurnal variations occurred in the period 
from 1 to 15 January 2011, Ā , B 

_
  , and C̄  were determined 

for a data set in which the samples during this period 
are excluded.

Notice that R̄  (ABCQ) is mainly discussed in the 
present study with R̄  (KAKX) and R̄  (KAKY), based on 
the nature of  GDVRs which appears in the geomag-
netic data shown above. Xu et al. [2013], Han et al. 
[2015, 2016], and Han et al. [2017] discussed averaged 
R(KAKQ)/R(ABCQ). This discrepancy is discussed af-
ter discussing the features of  R̄  (ABCQ) with respect to 
its relationships with R̄  (KAKX) and R̄  (KAKY).

3. Results

3.1 GDVR residuals: observed vs. expected values
Figure 6 shows ΔR̄  (ESAZ), ΔR̄  (MIZZ), ΔR̄  (KNZZ), 

and ΔR̄  (KAKZ) from 1 January 1997 through 31 Decem-
ber 2015 without thresholding GDVRs with respect to 
Σ’K(KAK). Data recorded during the magnetic storm de-
termined by KMO with the data at KAK are eliminated 
from procedures to determine constants and residuals. 
KMO monthly reports magnetic storm data including the 
date and time in UT of  each storm. The period of  a mag-

R(KAKX) R(KAKY)

R(ESAZ) 0.289 0.649

R(MIZZ) 0.312 0.681

R(KNZZ) 0.658 0.617

R(KAKZ) 0.597 0.637

R(KAKY) 0.410 —

Table 2. Correlation coefficients between R(ABCZ) and R(KA-
KX), and between R(ABCZ) and R(KAKY).
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netic storm is defi ned in the present study as the period 
in JST between the beginning and end date and time. A 
GDVR datum on a day on which magnetic storms begin, 
continue, or end is regarded to be infl uenced by magnet-
ic storms and eliminated in the analyses. The number of  
analyzed samples varies slightly from station to station, 
because of  missing data and those due to cases where 15-
day running averaged GDVR cannot be determined. The 
coeffi cient of  determination R2 obtained in determining  
Ā , B

_
  and C̄  is between 0.69 and 0.77. Red symbols show 

values in the objective period between 1 and 15 January 
2011. During this period, the ranges of ΔR̄  (ESAZ) and 
ΔR̄  (MIZZ) are -2.6 to -1.4nT and -2.2 to -0.8nT, respec-
tively. The absolute values of  the ranges are < 1s for each 
station, where s is the standard deviation. The coeffi -
cients and offset constants were determined without the 
GDVR during the objective period.

The values of  ΔR̄  (ESAZ) and ΔR̄  (MIZZ) in the 
objective period are as small as one standard devia-
tion at each station and the values of  ΔR̄  (KNZZ) and 
ΔR̄  (KAKZ) in the same period. This result suggests 
that R̄ (ESAZ) and R̄ (MIZZ) are well-explained, with  
R̄ (KAKX) and R̄ (KAKY) equal to R̄ (KNZZ) and ΔR̄  

(KAKZ). The periods when either ΔR̄  (ESAZ), ΔR̄  
(MIZZ), ΔR̄  (KNZZ), or ΔR̄  (KAKZ) exceed 3s are list-
ed in Table 3. The anomalous periods when the resid-
uals exceed 3s are grouped into three.

(a) The periods which appear immediately preced-
ing or after a magnetic storm: the time window is 7 
days, a half  of  15 days. The length equals to the time 
window of  averaging.

(b) The periods which appear simultaneously at 
all stations.

(c) The periods which appear at KNZ and KAK 
separately or simultaneously.

The anomalous periods at ESA and MIZ belong to 
either the fi rst or the second groups.

3.2 Features of  model coeffi cients and offset constants
The analyses applied to the data from four ge-

omagnetic stations can be applied similarly to data 
from other sites. Figure 7 shows the distribution of   
Ā , B

_
  and C̄  obtained for the GDVR of  the Z compo-

nent of  each station. Ā , B
_
  and C̄  obtained with data 

Figure 6. ΔR̄(ESAZ), ΔR̄(MIZZ), ΔR̄(KNZZ), and ΔR̄(KAKZ) 
(from top to bottom) between 1 January 1997 and 31 December 
2015. Red symbols show values between 1 and 15 January 2011. 
Error bars show one standard error for estimating residuals. Right 
vertical axes show GDVR normalized by s (standard deviation). 
Blue lines show ±3s signifi cance levels.

Figure 7. Distribution of  the model coeffi cients (upper) and offset 
constants (lower) at each station. Error bars show one standard error. 
Solid lines show Ā  = B̄ . Gray symbols in the background of  each co-
lored symbol show distribution of  coeffi cients and offset constants at 
each geomagnetic station obtained from the data sets which include 
the data during the period from 1 to 15 January 2011.
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year 1999 2000

R
_
  (ESAZ)

period
from 0313 0210 0214 0219 0227 0303

to 0314 0211 0214 0220 0228 0304

magnetic storm 0311 0212 0213 0213 0213 0213

Σ’K(KAK)
min. 14 17 28 5 19 5

max. 18 21 28 6 21 7

Kp
min. 1 1 3 0 1 0

max. 4 4 6 3 4 3

R
_
  (MIZZ)

period
from 0313 0211 0214 0219 0226 0303

to 0314 0211 0214 0221 0228 0304

magnetic storm 0311 0212 0213 0213 0213 0213

Σ’K(KAK)
min. 14 21 28 5 18 5

max. 18 21 28 23 21 7

Kp
min. 1 2 3 0 1 0

max. 4 4 6 4 4 3

R
_
   (KNZZ)

period
from 0221 0301 0309 0322

to 0228 0306 0309 0330

magnetic storm 0213 0213 0213 0407

Σ’K(KAK)
min. 17 5 15 2

max. 25 19 15 23

Kp
min. 0 0 0 0

max. 5 4 3 4

R
_
   (KAKZ)

period
from 0221 0224 0301 0325

to 0222 0228 0306 0330

magnetic storm 0213 0213 0213 0407

Σ’K(KAK)
min. 19 18 5 2

max. 23 25 19 20

Kp
min. 0 1 0 0

max. 4 5 4 4

Table 3a. Anomalous periods when the residuals exceed the 3s threshold at geomagnetic stations ESA, MIZ, KNZ, and KAK, from 1999 to 
2000 (a), from 2002 to 2004 (b), and from 2014 to 2015 (c). Dates are in MMDD in JST. The nearest date of  the day of  magnetic storm for 
each anomalous period, minimum and maximum Σ’K(KAK) and Kp in JST during the period are also shown.
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year 2002 2004

R
_
   (ESAZ)

period
from 0713 0718 0721

to 0716 0718 0721

magnetic storm 0717 0717 0722

Σ’K(KAK)
min. 7 12 9

max. 19 12 9

Kp
min. 0 1 1

max. 4 3 3

R
_
   (MIZZ)

period
from 0415 0716

to 0415 0716

magnetic storm 0417 0717

Σ’K(KAK)
min. 12 14

max. 12 14

Kp
min. 1 0

max. 3 4

R
_
   (KNZZ)

period
from 0410

to 0416

magnetic storm 0417

Σ’K(KAK)
min. 6

max. 22

Kp
min. 0

max. 4

R
_
   (KAKZ)

period
from 0314 0321 0411

to 0314 0322 0416

magnetic storm 0323 0323 0417

Σ’K(KAK)
min. 6 16 11

max. 6 16 22

Kp
min. 0 1 1

max. 2 4 4

Table 3b.
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year 2014 2015

R
_
   (ESAZ)

period
from 0302

to 0302

magnetic storm 0317

Σ’K(KAK)
min. 23

max. 23

Kp
min. 2

max. 5

R
_
   (MIZZ)

period
from 0301

to 0304

magnetic storm 0317

Σ’K(KAK)
min. 13

max. 26

Kp
min. 1

max. 5

R
_
   (KNZZ)

period
from 0214 0222 0226 0301

to 0217 0222 0226 0306

magnetic storm 0218 0221 0228 0317

Σ’K(KAK)
min. 5 19 5 7

max. 27 19 5 26

Kp
min. 0 2 0 1

max. 5 4 2 5

R
_
   (KAKZ)

period
from 0216 0222 0226 0301

to 0217 0222 0226 0307

magnetic storm 0218 0221 0228 0317

Σ’K(KAK)
min. 14 19 5 7

max. 27 19 5 26

Kp
min. 1 2 0 1

max. 5 4 2 5

Table 3c. 
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sets which include the data during the period from 
1 to 15 January 2011 do not significantly differ from 
those obtained with the data sets which exclude the 
data during the period, considering their estimation 
errors. Seventeen geomagnetic stations are classi-
fied into three groups: Ā  > B̄ , Ā  = B̄ , and Ā  < B̄  . The 
relation Ā  > B̄ , at a station suggests that, at the sta-
tion in question, the GDVR of  the Z component is 
more sensitive to R̄(KAKX), while Ā  < B̄  is more sen-
sitive to R̄(KAKY). Figure 7 also shows that, for the 
stations with Ā  > B̄ , C̄ , values tend to be larger than at 
stations where Ā  < B̄ . As a concluding remark of  these 
results, it should be remembered that stations ESA 
and MIZ with MMB are in a subgroup of  stations for 
which the intensity of  coupling between the Z-com-

ponent GDVR and R̄(KAKX) and R̄(KAKY), defi ned as
(Ā  2 + B̄  2)1/2 is smallest; the subgroup belongs to a 
group with Ā  < B̄  .

Figures 8 and 9 show the residuals at each station 
in the groups Ā  < B̄  and Ā  > B̄  , respectively. Again, 
there is no anomalous increase or decrease during the 
objective period from 1 to 15 January 2011. Generally, 
the standard deviations of  the residuals are smaller for 
the group with Ā  < B̄   than for the group with Ā  > B̄  , 
possibly due to the insensitivity of  the Z-component of  
GDVR to R(KAKX), which is sensitive to geomagnetic 
disturbances.

4. Results 

4.1 Cause of  anomalously high R(KAKZ)/R(ESAZ) 
and R(KAKZ)/R(MIZZ)

I conclude that there is no anomalous decrease in 
R̄(ESAZ) and R̄(MIZZ) in the period between 1 and 
15 January 2011, based on considerations of  their cou-

Figure 8. ΔR̄ (MMBZ), ΔR̄ (AKAZ), R̄ (YOKZ), ΔR̄ (SIKZ), 
ΔR̄ (HAGZ), ΔR̄ (YOSZ), and ΔR̄ (KUJZ) (from top to bottom) 
between 1 January 1997 and 31 December 2015. Symbols, error 
bars, axes, and lines are the same as those in Figure 6. 

Figure 9. ΔR̄  (HARZ), ΔR̄  (OTAZ), ΔR̄  (TTKZ), ΔR̄  (MURZ),
ΔR̄   (KNYZ), and ΔR̄     (OKIZ) (from top to bottom) between 1 Ja-
nuary 1997 and 31 December 2015. Symbols, error bars, axes, and 
lines are the same as those in Figure 6.



OGAWA

12

pling, mainly with R̄(KAKY). Xu et al. [2013], Han et 
al. [2015, 2016], and Han et al. [2017] neglected the 
coupling of  R(ESAZ), R(MIZZ), and R(KAKZ) with 
R(KAKX) and R(KAKY), which could be one of  the 
reason why they regarded R(KAKZ)/R(ESAZ) or 
R(KAKZ)/R(MIZZ) as anomalous during the same 
period. Xu et al. [2013] and Han et al. [2017] discussed 
the small amplitude of  ESAZ and MIZZ during the ob-
jective period as causes of  anomalously high averaged 
R(KAKZ)/R(ESAZ) and R(KAKZ)/R(MIZZ). Due to 
the fact that Sq varies day-to-day (Chapman and Bar-
tels, 1940), and the finding that R̄(ESAZ) and R̄(MIZZ) 
couple mainly with R̄(KAKY), it is better to examine 
the horizontal components of  Sq and its variations 
during this period more carefully. Figure 10 shows the 
geomagnetic variation at KAK, BMT (Beijing Ming 
Tombs, China), CNB (Canberra, Australia), SPT (San 
Pablo-Toledo, Spain), and HER (Hermanus, South 
Africa) during a period that includes the objective pe-
riod. The time series data are filtered with the band-
pass technique described above. The geodetic latitudes 
of  these stations are 36.232°N, 40.300°N, 35.314°S, 
39.547°N, and 34.425°S, respectively. Qualitatively, the 
decrease in amplitudes of  the horizontal component 
of  Sq (X or Y) in early January 2011 (through 6 January 

2011, UT) was global. After a geomagnetic disturbance 
on 6 January 2011, the amplitudes began to recover. 
The decrease in R̄(ESAZ) and R̄(MIZZ) in this period 
can be related to corresponding global decreases in 
amplitudes of  the horizontal component of  Sq via the 
coefficient B̄ .

Although a characteristic spatial pattern can be 
found for the distributions of  geomagnetic stations 
with Ā  > B̄  or Ā  < B̄ , it is necessary to discuss this 
with respect to resistivity structures on spatial scales as 
large as the induction scale length with a period of  1 
day and its overtones, which principally comprise the 
GDVR. However, a discussion of  the resistivity struc-
tures surrounding each geomagnetic station does not 
require GDVR. As was already described, since GDVR 
is an index influenced by many factors that affect geo-
magnetic variation, it is inadequate to explain GDVR 
in terms of  resistivity structures alone. If  discussion of  
resistivity changes due to strain changes prior to a me-
ga-earthquake is intended, then a direct discussion of  
resistivity structures estimated with electromagnetic 
soundings (e.g., by magnetotelluric methods) would 
be far more appropriate.

4.2 Thresholding using geomagnetic disturbances
Another cause of  the reported increase in averaged 

R(KAKZ)/R(ESAZ) and R(KAKZ)/R(MIZZ) in early 
January 2011 was the misleading use of  thresholding by 
Han et al. [2016] when computing running averages of  
R(KAKZ)/R(ESAZ). For example, SWPC reports that 
Kp = 5 for 21:00-24:00, 6 January 2011 (UT). The other 
Kp indices on that day were 0 or 1. On 7 January 2011 
(UT), the Kp value was 4 for 00:00-03:00 and between 1 
and 3 for the rest of  the day. There were no other days 
in January 2011 in which Kp > 3. Based on the thresh-
olding by Han et al. [2015] or Han et al. [2016], in which 
geomagnetic data are excluded from the days when one 
or more Kp indices are greater than 6 or 5, respectively, 
none of  the data in January 2011 are excluded from the 
running averaging. It is possible to change the threshold 
of Kp and confirm the effects on the result, the proce-
dure of  which is important to show the robustness of  
the original result, and therefore to confirm whether 
or not an anomalous GDVR is present.

Instead of  such a confirmation, the present study 
simply confirms the contribution of  the GDVR on 7 
January 2011 JST by treating the corresponding datum 
as missing, because the period from 21:00 on 6 January 
to 03:00 on 7 January in UT belongs to 7 January 2011 
JST. As references, results with a datum on 6 or 8 on 
January 2011 ( JST) treated as missing are compared. 

Figure 10. The X (blue) and Y (red) components of  the geomagne-
tic variations between 30 December 2010 and 15 January 2011 UT at 
KAK, BMT, CNB, SPT, and HER (from top to bottom).
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The comparison is a type of  procedures to extract an 
outlier from a group of  samples, which was also pos-
sible in Xu et al. [2013] and Han et al. [2015]. The pres-
ent comparison is a test directly related to the result 
of  Xu et al. [2013], which does not adopt thresholding 
in averaging, with differences in the lengths of  run-
ning average time windows taken into consideration. 
The time series computed after running averaging of  
R(KAKZ)/R(ESAZ) from 1 December 2010 to 28 Febru-
ary 2011 ( JST) are shown in Figure 11. It is clearly shown 
that the datum on 7 January 2011 JST is an outlier, which 
enhances the averaged R(KAKZ)/R(ESAZ) from 31 De-
cember 2010 to 14 January 2011 by roughly a factor of  
two. It is also shown that the averaged R(KAKZ)/R(E-
SAZ) between 31 December 2010 and 14 January 2011 
JST have large standard errors in both the original time 
series and the time series in which the datum on 6 or 8 
January 2011 are treated as missing. For the time series 
in which the datum on 7 January is treated as missing, 
the standard errors between 31 December 2010 and 14 
January 2011 JST are smaller than those of  other time 
series described above by roughly 50%. This analysis 
simply suggests that the datum of  7 January 2011 JST 
is an outlier. For the findings of  Han et al. [2016], I now 
carefully investigate whether the anomaly in early Janu-
ary 2011 is statistically significant.

Han et al. [2016] describes the space weather 
during the period from 1 to 21 of  January 2011 as qui-
et except for a slight storm on 7 January ( JST), and 
claims that the anomaly is not likely to have resulted 
from a slight storm. On the contrary, the present test 
suggests that the anomaly was produced, or at least 
enhanced, by a so-called “slight” storm. The present 
investigation suggests that this anomaly is not due to 
decrease in the GDVR at ESAZ, but rather, an increase 
in the GDVR at KAKZ accompanying a weak distur-
bance with high Ā  for R̄(KAKZ). The day-to-day and 

seasonal variability of  Sq emphasized the abnormality 
of  averaged R(KAKZ)/R(ESAZ) during the objective 
period by decreasing R(ESAZ). The present investiga-
tion also suggests that the index defined by the ratios 
of  GDVRs of  the Z components at different stations 
is easily influenced by a disturbance with Kp = 5, and 
therefore unreliable as an indicator of  localized geo-
magnetic field variations, particularly those caused by 
crustal activities.

4.3 Normality of  the disturbance of  7 January 2011
Han et al. [2016] claims that there were a number 

of  minor storms from 1997 to 2012, that the anomaly 
appears only in January 2011, and that the anomaly like-
ly did not result from such a minor storm. However, the 
question of  whether or not the corresponding minor 
storm caused the anomalous R(KAKZ)/R(ESAZ) has 
already been discussed. A magnetic disturbance mani-
fests in many ways; Kp is one possible means of  parame-
terizing it. In cases where seismo-magnetic phenomena 
are identified in geomagnetic data, which are influenced 
by magnetic disturbances, a careful discussion of  the 
disturbances, paying attention to more parameters than 
Kp indices alone, is indispensable. The present study 
makes another simple interpretation: that the weak dis-
turbance on 7 January 2011 was one of  the rare geo-
magnetic disturbances that could cause an anomalous 
averaged R(KAKZ)/R(ESAZ).

It is natural to discuss the intensity of  the geomag-
netic disturbance in the context of  amplitude variations 
of  horizontal component data. In the present study, this 
is quantified by the GDVRs of  the horizontal compo-
nents. On 7 January 2011 JST, R(KAKX) and R(KAKY) 
were 54.2nT and 26.0nT, respectively; R(KAKZ) and 
R(ESAZ) were 29.5nT and 5.4nT, respectively. Based on 
the above discussion of  Ā , B̄ , and C̄  for R̄ (ESAZ) and 
R̄ (KAKZ), R(KAKX) > 54.2nT and R(KAKY) < 26.0nT 
can cause higher R(KAKZ)/R(ESAZ) ratios. The days on 
which these two conditions are satisfied are hereafter re-
ferred to as anomalous days; here, the data are searched 
for such anomalies. The number of  anomalous days, 
whether quiet or subject to disturbances, is eight includ-
ing 7 January 2011 ( JST). The date, R(KAKX), R(KAKY), 
R(KAKZ), R(ESAZ), Kp indices, and Σ’K(KAK) on these 
anomalous days are listed in Table 4. It is noteworthy 
that all the anomalous days are in winter, when the am-
plitude of  Sq is smaller: December, January, or Febru-
ary. Among the anomalous days, 26 January 2006 (UT) 
is the only day including a Kp index larger than 5, which 
means it was excluded from the analysis by Han et al. 
[2016] due to their thresholding criterion. The time se-

Figure 11. Original 15-day running averages of  R(KAKZ)/R(ESAZ) 
(black) and running averages without a datum on 6 January 2011 (top, 
green), 7 January 2011 (middle, red), and 8 January 2011 (bottom, 
blue). Error bars show one standard error for each mean.
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ries of  geomagnetic field variation on 3 January 2007 
JST, another day amongst the anomalous days, is shown 
in Figure 3. Since a bay is a semi-global phenomenon, 
R(KAKZ) on this day can be overestimated from the 
perspective of  discussing the locality of  GDVR, while 
R(ESAZ) cannot. Thus R(KAKZ)/R(ESAZ) can be over-
estimated. The number of  anomalous days for which 
calculations of  R(KAKZ)/R(ESAZ) cannot be discarded 
by considering geomagnetic phenomena is therefore re-
duced from eight to six. However, large R(KAKZ)/R(E-
SAZ) can have more causes than magnetic disturbances. 
It is possible to check the abnormal characteristics of  
the weak disturbance during the objective period, pay-
ing attention to the GDVRs of  all the components. In 
contrast, the present study also finds that the minor dis-
turbance of  7 January 2011 JST was typical. The minor 
disturbance caused a difference between the observed 
and expected GDVR values of  the Z component. How-
ever, this difference was smaller than 3s limit by con-
sidering the coupling among the GDVRs of  all three 
components.

4.4 Examination of  statistical discussion
The first study of  vertical component GDVR values 

to claim an anomalous increase two months prior to the 
2011 Tohoku earthquake was Xu et al. [2013]. The pres-
ent study shows that the anomaly was due to a distur-
bance on 7 January 2011 JST, not due to randomness of  
the data. Xu et al. [2013] also showed a similar feature of  
non-randomness, but derived a different conclusion that 
the anomalous GDVR can be related to the occurrence 
of  the 2011 Tohoku earthquake. However, their statis-
tical discussion did not demonstrate an anomalous 
R(KAKZ)/R(ESAZ) in January 2011. Their statistical 
discussion is inappropriate as follows.

Xu et al. [2013] began their discussion with the 
statistical hypothesis that the anomalous increase was 
due to random sampling and running averaging of  
the ratio of  R(KAKX)/R(ESAX), R(KAKY)/R(ESAY), 
and R(KAKZ)/R(ESAZ) during the period from 1 
January 2010 to 31 December 2012. The significance 
level was set to 0.05. A stochastic test was performed 
and the probability of  appearance of  the anomaly 
was measured. An anomalous datum was defined in 
their work as a sample that exceeded the threshold 
µ ± 3s, where µ and s are the mean and standard 
deviation, respectively. As an anomaly was found 
with probabilities for averaged R(KAKX)/R(ESAX), 
R(KAKY)/R(ESAY), and R(KAKZ)/R(ESAZ) of  0.026, 
0.001, and 0.013, respectively, these probabilities 
were below the significance level of  0.05 and there-

fore the hypothesis of  randomness was rejected. Al-
though the assumed probability distribution was not 
explicitly declared, a threshold of  3s coincides with 
a significance level of  0.005 in a case where a Gaussi-
an is assumed, while a level of  0.05 corresponds to a 
threshold of  2s. If  the numerical results of  their sto-
chastic test are correct, then the hypothesis cannot 
be rejected at 3s: 0.026 for R(KAKX)/R(ESAX) and 
0.013 for R(KAKZ)/R(ESAZ); only for R(KAKY)/R(E-
SAY) can the null hypothesis be rejected. However, 
Xu et al. [2013] claimed that the non-randomness of  
R(KAKY)/R(ESAY) was due to seasonal variations. 
It is finally concluded that the clear anomaly before 
the mega earthquake in R(KAKZ)/R(ESAZ) is not a 
random anomaly but a reliable one with a statistical 
significance.

The statistical test of  Xu et al. [2013] is implic-
itly based on an assumption that the ratio of  GDVR 
obeys a normal distribution; however, Anderson-Dar-
ling test ([Stephens 1986] can check the normality of  
the samples. To test this hypothesis in the present 
study, sample values of  R(ESAZ) and R(KAKZ) from 
1 January 2010 to 31 December 2012 UT are low-pass 
wavelet filtered to follow the GDVR preprocessing 
of  Xu et al. [2013]. Since the samples on days with 
missing data at ESA are treated as missing in the pres-
ent study, including a one-day window around the 
missing datum and the dates 1 January 2010 and 31 
December 2012, the resultant number of  samples is 
1074 for both R(ESAZ) and R(KAKZ). Applying the 
test to the obtained R(ESAZ) and R(KAKZ) values, 
the Anderson-Darling statistics for goodness of  fit of  
a normal distribution are 6.237 and 10.961, respec-
tively. Since the hypothesis of  normality is rejected 
if  the statistic exceeds 1.159 at a significance level of  
0.005, the hypotheses that R(ESAZ) and R(KAKZ) 
obey the normal distribution are rejected. The test 
statistics for the hypothesis that data follow a lognor-
mal distribution are, on the other hand, 1.080 and 
0.854 for R(ESAZ) and R(KAKZ), respectively. As-
suming a lognormal distribution is natural because 
the samples are defined as positive, and a certain 
amount of  skewness is found in the distribution of  
the samples, as shown in Xu et al. [2013]. Since the 
threshold to reject the hypothesis of  a lognormal 
distribution is also 1.159 at the 0.005 significance lev-
el, the hypotheses that R(ESAZ) and R(KAKZ) obey 
lognormal distribution cannot be rejected. The ratio 
R(ESAZ)/R(KAKZ) thus appears to obey a lognor-
mal distribution, not a normal distribution. It is pos-
sible to discuss the distribution of  bivariate samples 
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(R(ESAZ), R(KAKZ)) based on a bivariate lognormal 
distribution [Mostafa and Mahmoud 1964], since its 
marginal distributions are lognormal. Discussing the 
probability of  obtaining a given ratio is then possible 
after, for example, Pham-Gia et al. [2006]. The pres-
ent study only suggests the possibility, and follows 
the procedure above to determine the correct statis-
tical distribution of  the ratios.

The distributions of  R̄(ESAZ), R̄(KAKZ), 
R̄(KAKZ)/R̄(ESAZ), and averaged R(KAKZ)/R(ESAZ) 
computed in 10-day windows as in Xu et al. [2013], 
can also be discussed in a similar manner to the 
above. It is concluded that Xu et al. [2013] does not 
demonstrate a statistically anomalous value of  aver-
aged R(KAKZ)/R(ESAZ) two months prior to the 
2011 Tohoku earthquake, because the parameters 
are incorrect and the normality itself  is not proven. 
Alternatively, the present study clearly shows the in-
accuracy of  discussing the ratio from its nature.

5. Conclusions
The claims by Xu et al. [2013], Han et al. [2015, 

2016], and Han et al. [2017] that unique GDVR val-
ues were observed on the vertical components of  
two geomagnetic stations two months prior to the 
2011 Tohoku earthquake Japan (Mw 9.0) are reas-
sessed. The present study shows that the observed 
variations can be explained by considering their cou-
pling with the GDVRs of  horizontal components at 
the reference station KAK. The apparent unique vari-
ations in the ratios of  vertical component GDVR val-

ues are caused by coupling due to the season, when 
the amplitude of  Sq, which characterizes GDVR, 
is small, with contributions from a weak geomag-
netic disturbance. At ESA and MIZ, R(ESAZ) and 
R(MIZZ) mainly couple with the GDVRs of  Y-com-
ponent data, which are less sensitive to geomagnetic 
disturbances. Since the amplitude of  Sq is small in 
winter and was small globally in early January 2011, 
so were R(ESAZ) and R(MIZZ) during this period. 
At KAK, R(KAKZ) couples, more than R(ESAZ) and 
R(MIZZ) do, with the GDVR of  the X component, 
which is more sensitive to geomagnetic disturbanc-
es. As a result, R(KAKZ)/R(ESAZ) and R(KAKZ)/
R(MIZZ) become large due to a weak geomagnetic 
disturbance that occurred on 7 January 2011 ( JST), 
in winter when the amplitude of  Sq was small, and 
in a period when the amplitude of  Sq decreased on a 
global scale. Since Xu et al. [2013], Han et al. [2015, 
2016], and Han et al. [2017] discussed such ratios 
without considering the coupling, it can be conclud-
ed that their interpretations are not robust.

By considering the coupling among the GDVRs 
of  all three components at each station, statistically 
significant anomalies in the GDVRs of  Z-component 
data at ESA and MIZ are not found two months prior 
to the mega earthquake. It is therefore not necessary 
to discuss seismo-magnetic phenomena appearing as 
GDVRs due to a possible preparation process of  the 
mega earthquake in the manner in which Han et al. 
[2016] and Han et al. [2017] discuss. The conclusion 
of  this study are derived from the high-pass filtering 

Date ( JST) R(KAKX) R(KAKY) R(KAKZ) R(ESAZ) Kp(0) Kp(1) Σ’K(KAK)

2001-01-21 62.3 25.2 29.2 16.9 23322354 33433223 20

2001-02-06 63.7 22.1 - 16.9 12221432 32323111 20

2004-02-03 56.5 22.2 40.0 23.0 43343433 33232334 25

2005-12-11 69.1 26.0 31.2 12.0 24232342 55323101 18

2006-01-26 63.6 25.0 46.6 21.6 13344233 65431222 21

2007-01-03 56.6 22.3 34.3 12.7 32324344 43334442 26

2009-01-26 57.0 20.6 18.7 12.2 00232223 32001001 15

2011-01-07 54.2 26.0 29.5 5.4 11542222 12322122 21

Table 4.  Dates in JST with R(KAKX) > 54.2nT and R(KAKY) < 26.0nT; R(KAKX), R(KAKY), R(KAKZ) and R(ESAZ) in nT on each day; 
8 Kp indices on each day (Kp(0)) and on the following day (Kp(1)); and Σ’K(KAK) on each day. “-” means that a GDVR value could not be 
obtained. Kp(0) and Kp(1) are reorganized to correspond to times in JST (UT+9).
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of  geomagnetic data for precise discussion of  GDVR, 
computation of  GDVR using windows based on lo-
cal time, the assumption of  coupling of  geomagnetic 
data, and the statistical discussion of  the samples.
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