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Abstract

Fluctuations in Solar Wind (SW) and Interplanetary Magnetic Field (IMF) have a relevant effect on the
Geomagnetic Field (GF) measurements particularly during extreme space weather events. The current
study investigates the variations of horizontal (H), vertical (Z) geomagnetic components under quiet
and disturbed IMF and solar conditions as well as the effect of underground conductivity on the
stationary geomagnetic measurements in Japan. Results of data analysis show that the response of
the GF to IMF and solar parameters fluctuations is variable. The H and Z components were in good
agreement with high visual correlation along a latitudinal profile across Japan during quiet times.
On the other hand, during the disturbed times related to a Coronal Mass Ejection (CME) launched
on 13 May 2005, the GF components varied with the disturbance of IMF and solar parameters. The
H components showed highly correlated variations with a significant reduction along the examined
profile due to the intensified ionospheric currents, while the Z components recorded in the northern
part of Japan showed abnormal daily variations pattern (positive daily variations) with an enhanced
amplitude which is opposite to the normal behavior of daily variations recorded in the central and
southern parts of Japan (negative daily variations). The observed enhanced and abnormal daily
variation of Z components in north Japan, which we consider a remarkable observation here, is
possibly linked with underground conductivity anomaly in this region.

Keywords: Daily Geomagnetic Variations (DGVs); Geomagnetic components; Quiet and disturbed
times; Interplanetary Magnetic Field (IMF); Coronal Mass Ejection (CME); Underground conductivity
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1. Introduction

The Earth’s magnetic field, also known as the Geomagnetic Field (GF), varies in time and space. This field can
be approximated by a dipolar field located in the center of the Earth. The main part of the total GF is generated
internally due to the self-exciting dynamo process in the Earth’s core [Merrill et al., 1996; Mandea and Purucker,
2005]. In addition to the internal source, the GF has sources in the Earth’s crust (crustal field) as well as in the
magnetosphere (external field) related to the solar activity. Due to changes in these internal and external sources,
the measurable GF on the Earth’s surface is not constant, and it undergoes significant variations and oscillations.
Over time, observable periodic and random variations of the GF occur in a wide range starting from fractions of
seconds to thousands of years. These temporal variations can have long or short-term periods. Changes of internal
origin usually have long-term periods while changes due to external sources particularly those associated with solar
activity have short-term ones [Courtillot and le Mouel, 1988].

The Sun emits charged particles travelling consistently in what is known as solar wind in the Earth’s direction.
When these particles reach the near-Earth environment, their flow is interrupted by the presence of the
GF [Hundhausen, 1972]. The solar wind also carries the magnetic field of the Sun that fills the whole interplanetary
space and is known as the Interplanetary Magnetic Field (IMF). The interaction between the IMF, solar wind and
the GF occurs mainly in a region called the magnetosphere. The geomagnetic disturbances resulting from this
interaction are generally limited to the high-latitude regions unless the vertical component of IMF (Bz) is lastly
persistent (several hours or more) in its southward orientation and with considerable magnitudes [Devi et al., 2008].
This interaction mainly depends on the relative orientation of the IMF and GF, especially during extreme solar
events [Bothmer and Schwenn, 1998]. Normally, the Earth’s magnetosphere does not respond to external sources
of variation such as solar wind and IMF, so the magnetospheric currents keep their symmetry. Differently, when
conditions are favorable, the magnetosphere responds to external sources of variation and as a result a decrease
in the intensity of GF will be observed with different magnitude at different locations and a geomagnetic storm
might take place.

One of the most important and significant space weather events is the Coronal Mass Ejection (CME), which can
be defined as observable changes in coronal structure of the Sun. CMEs occur with a duration of a few minutes
to several hours where outward motion of solar plasma can be detected. During extreme solar events like CME,
filament eruptions and massive clouds of solar plasma containing magnetic fields expelled from the Sun are
thrown out [Schwenn et al., 2005]. Generally, severe, and huge space weather disturbances in the near-Earth
environment are generated by CMEs, which take a few days to propagate from the Sun to the Earth [Kilpua et al.,
2019]. On reaching the near-Earth space environment, if CMEs can alter the IMF to have a northward orientation
as the GF, then almost no interaction occurs between them. On the other hand, if the CMEs can cause the IMF to
have a southward orientation that is opposite to the orientation of the GF, the two fields can effectively interact
with each other. In this case, such interaction is known as magnetic reconnection [Dungey, 1961]. During this
magnetic reconnection, efficient amounts of energy and huge fluxes of charged particles are transferred from
solar wind into magnetosphere. Under the effect of GF, these charged particles circulate around the Earth
generating a belt of currents system, known as the ring currents [Daglis et al., 1999]. Another important current
system resulting from the solar wind-magnetosphere interaction is the field-aligned currents system. These
ionospheric current systems generate magnetic fields, which contribute to the total GF observed on the surface
of Earth [Bisi, 2010].

The ionospheric current systems are responsible for the occurrence of regular Daily Geomagnetic
Variations (DGVs) with a magnitude of few tens of nano Tesla (nT) that are often known as Solar quiet (Sq)
variations. This kind of variation is linked to the solar illumination and so it mainly depends on solar (local)
time (LT). Also, it is a quiet variation because it is observable only when solar wind driven turbulences are
absent (quiet solar conditions). When solar activity is strong, the resulting geomagnetic disturbances are typically
of several hundreds of nTs in magnitude at the ground surface, which can easily hide the normal DGVs. However,
DGVs have small amplitude, studies of these variations are very significant for understanding the ionospheric
electrodynamics [Richmond, 1979], and for estimating underground electrical conductivity [Campbell et al., 1998,
Okeke and Obiora, 2016]. The DGVs include signals not only related to ionospheric currents but also to underground
currents induced in the Earth’s interior [Yamazaki and Maute, 2017]. The strength of underground-induced currents
is roughly one third of the ionospheric ones [Matsushita and Maeda, 1965]. The underground-induced currents are
generated in a direction opposite to that of the source ionospheric currents. Therefore, at the ground they act to
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reduce the daily variations of vertical geomagnetic component (Z component) and increase the daily variations
in horizontal geomagnetic component (H component) as reported by Yamazaki and Maute [2017]. Since a part of
the DGV comes from the underground-induced currents, much attention must be paid to investigate anomalous
distributions of electrical conductivity within the Earth’s crust and mantle through geomagnetic and geoelectric
observations and surveys.

Since surface geomagnetic variations are generated by magnetospheric and ionospheric currents as well as
underground currents flowing in the conductive Earth layers [Kalegaev et al., 2005], geomagnetic observations
are important for monitoring and studying the temporal GF variations and investigating their generation and
mechanisms of modifications. These continuous and long-term observations are made in geomagnetic observatories
or stations. Thus, such observational measurements make it possible to study the GF variations of both external and
internal origins [Takla et al., 2011; 2012]. The geomagnetic networks such as the Geospatial Information Authority
of Japan (GSI) and the International Real-time Magnetic Observatory Network (INTERMAGNET) networks have
made their data suitable and available for studies on a global scale of the rapid geomagnetic variations caused by
external sources.

Studies of GF variations are very important particularly during severe space weather events to understand the
couple processes in the interplanetary space, magnetosphere, and ionosphere whose conditions strongly affect space
and ground based technological systems and human life in general. Based on geomagnetic observational data, some
studies have been conducted in the past to investigate how the variations in IMF during strong solar events can cause
variations in the GF like a cause-effect relationship. In the current study, we investigate the ground geomagnetic
response to disturbances in the IMF and solar conditions connected with an extreme space weather event that
occurred on 13 May 2005 as well as during quiet times. In addition, the influence of the underground conductivity
structure on local geomagnetic measurements in Japan was investigated. Such observational measurements make
it possible to determine the conductivity difference by studying the response of geomagnetic components to strong
solar events.

2. Data sets

Ground-based geomagnetic observatories and stations monitor changes in the GF, and they can be considered
as a backbone of the human knowledge about the GF structure and its variations. Currently, modern instruments
are used at geomagnetic observatories to record and produce various standardized geomagnetic data products. The
fundamental outputs of these instruments are mainly one-minute values of the three (X, Y and Z) GF components.
These one-minute data are useful and suitable for studying geomagnetic variations caused by the magnetospheric
and ionospheric currents, in particular studying daily variations of the GF and geomagnetic storms.

For examining the impact of a severe space weather event (halo CME occurred on 13 May 2005) on the ground
GF measurements as well as the influence of underground conductivity on these measurements, geomagnetic
data released by the GSI and INTERMAGNET networks are used in the present study. The GSI data are based on
data from fluxgate and proton magnetometers with one-minute sampling rate [Tanabe, 1997]. In addition, the
INTERMAGNET that is a worldwide network of digital geomagnetic observatories of ground-based magnetometers
uses standard specifications for measuring and recording instruments that also provide one-minute geomagnetic
data in near real time [Jankowski and Sucksdorff, 1996].

In the current study, data from five GSI stations and three INTERMAGNET observatories in Japan are used. The
GSI stations are the Akaigawa (AKA), Yokohama (YOK), Haramachi (HAR), Totsukawa (TTK) and Muroto (MUR)
stations. While the INTERMAGNET observatories are the Memambetsu (MMB), Kakioka (KAK), and Kanoya (KNY)
observatories. The INTERMAGNET data are used as reference points in the current study. Details and distribution
of the geomagnetic observatories and stations are listed in Table 1 and shown in Fig. 1.

In addition, one minute data of the IMF magnitude (IMF-B) and North-south component of the IMF (IMF-Bz),
and the solar parameters such as the Solar Wind (SW) speed, Flow Pressure (FP), and Electric field (Ey) are obtained
from the database at the OMNI website (URL: ominiweb.gsfc.nasa.gov). Geomagnetic data from both the GSI and
INTERMAGNET networks as well as the IMF and solar data have been processed and analyzed using MATLAB scripts
prepared for this aim.
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Figure 1. Locations of the GSI geomagnetic stations (in black) and INTERMAGNET observatories (in red) used in the

current study.

Geographic Geomagnetic
Station Network

Latitude Longitude Latitude Longitude

Memambetsu MMB INTERMAGNET 43.91 144.18 35.44 148.24
Akaigawa AKA GSI 43.07 140.82 34.31 151.09
Yokohama YOK GSI 40.99 141.24 32.28 150.43
Haramachi HAR GSI 37.62 140.95 28.90 150.25
Kakioka KAK INTERMAGNET 36.23 140.19 2747 150.78
Totsugawa TTK GSI 33.93 135.80 24.83 154.52
Muroto MUR GSI 33.32 134.12 24.10 155.99
Kanoya KNY INTERMAGNET 31.42 130.88 22.00 158.80

Table 1. The GSI and INTERMAGNET stations used in the current study.
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3. Data analysis and results

At the beginning, we examined the temporal variation of IMF and solar parameters to choose two time-intervals
representing quiet and disturbed times. The first time-interval represents a quiet geomagnetic day as shown in
the left-side panels of Fig. 2. These panels show the variations of the IMF-B, IMF-Bz, SW speed, FP, and Ey from
top to bottom respectively during 5 October 2005. As revealed from the temporal variations of the examined IMF
and solar parameters, no remarkable disturbances are observed during this day (almost a quiet period). On the
other hand, a disturbed time-interval is presented in the right-side panels of Fig. 2. This time interval represents
a very disturbed day (15 May 2005) due to the occurrence of an intense geomagnetic storm, which was triggered
by a severe space weather event. On 13 May 2005 a CME was launched from the Sun. It was an Earth-directed halo
CME that erupted following a two-ribbon M8.0 solar flare. The right-side panels of Figure 2 show the in-situ IMF
and plasma measurements from the ACE spacecraft just upstream of Earth [Bisi, 2010]. An abrupt increase was
observed in the magnitude of the IMF and reached 55 nT then gradually decreased while the Bz component of the
IMF reached -50 nT (southward). Also, large fluctuations were observed in the SW speed, FP, and Ey parameters with
maximum values of 1000 km/s, 40 nPa, and 40 mV/m respectively. This halo CME caused the strongest magnetic
storm in 2005 with a Dst index value reaching —263 nT at its minimum peak [Dasso et al., 2009].
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Figure 2. Time series plots of the IMF (B), IMF (Bz), SW speed, FP, and Ey during 5 October 2005 UT (quiet day) and
15 May 2005 UT (disturbed day) in the left- and light-side panels respectively with the same vertical scales. The
LT in Japan is UT +9.

To clarify how these IMF and solar wind fluctuations influenced ground geomagnetic observations during these
two times intervals, the recorded geomagnetic data were examined along an array of geomagnetic stations in
Japan, as shown in Fig. 1. Generally, the shape and amplitude of quiet day geomagnetic daily variations are subject
to day-to-day changes. Since several sources can contribute to the DGVs, most of the day-to-day variability is
not yet fully understood [Yamazaki and Maute, 2017). Therefore, one-minute data of the horizontal north-south
component (H component) and the vertical geomagnetic component (Z component) were used to examine the
behavior of DGVs during both quiet and disturbed time-intervals. Figure 3 shows temporal geomagnetic variations
for the H and Z components recorded along the examined profile on 5 October 2005 (a quiet day). For this quiet day,
the IMF and solar wind parameters did not show any significant fluctuations, so the magnetosphere was under quiet
conditions. Under these quiet interplanetary conditions, we can observe clear and regular daily (Sq) variations in
the geomagnetic components. Geomagnetic observations at all stations show similar patterns of daily variations for
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Figure 3. One-minute data of the H components (left side panel) and the Z components (right side panel) data recorded
along the examined profile during a quiet day on 5 October 2005 (LT).

both the H and Z components, which are caused by the Earth’s rotation, and they mainly depend on the ionospheric
current systems at the side facing the Sun. So far, the variations in H components at different stations are almost
identical, while the amplitude of daily variations of Z components shows a notable decrease at stations located in
the northern part of Japan (upper three curves in right-side panel of Fig. 3).
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Figure 4. One-minute data of the H components (left side panel) and the Z components (right side panel) data recorded
along the examined profile during a disturbed day on 15 May 2005 (LT). The red curves represent abnormal
daily variations pattern of the Z components from stations located at the northern part of Japan, the blue curve
represents the HAR station (intermediate or transition behavior), while black curves represent other stations in
the central and southern parts of Japan.
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Generally, geomagnetic activities increase in response to large increases in the magnetospheric and ionospheric
current systems, which can be monitored by ground-based magnetometers. Therefore, the geomagnetic measurements
during the second time-interval were analyzed to study the impact of severe fluctuations of the IMF and solar
parameters on the DGVs. The daily variations of the H components recorded during a disturbed day (15 May 2005)
are presented in the left side panel of Fig. 4. By examining the geomagnetic data during the second time-interval, we
can observe that, when IMF-Bz turns southward as presented in the right-side panels of Fig 2, strong fluctuations in
the Hand Z components were observed due to the magnetic reconnection between southward-directed IMF and GF
lines. This reconnection is responsible for generating the geomagnetic activity observed along the examined profile.
It is evident that there is a high correlation between the H components along the examined profile (H components
are still maintaining negative pattern of daily variations). On the other hand, the daily variations of Z components
at the northern part of Japan show positive pattern of variations (represented by upper red curves in right-side of
Fig. 4) that are seen to be conspicuously opposite to the pattern of variations observed at other stations located in
the central and southern parts of Japan which kept showing negative pattern of daily variations (represented by
lower black curves in right-side of Fig. 4). The daily variation of Z component at the HAR station seems to be an
intermediate stage between the two observed patterns of variations (red and black curves).

For better understanding, we calculated the hourly values for the Hand Z components recorded at the YOK (located
at the northern part of Japan) and KAK (reference standard observatory) on 5 October 2005 (quiet day) and on 15
May 2005 (disturbed day). The hourly values of H and Z components recorded on 5 October 2005 at the YOK are
compared with the corresponding hourly data from the KAK observatory as presented in Fig. 5.
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Figure 5. Daily variations of hourly averaged data for the H components (left side panel) and the Z components (right side
panel) recorded at the YOK and KAK stations during a quiet day on 5 October 2005 (LT).

Visual inspection indicates a high correlation between each component at both stations. In addition, scatter
plots and correlation coefficient (R) of the H and Z component recorded on that day showed a high correlation
coefficient (R = 0.97 for each component) as shown in Fig. 6.

On the other hand, during the disturbed day (15 May 2005), the hourly values of H components at YOK and
KAK kept showing a high visual correlation, while poor anti-correlation was observed between the Z components
recorded at the YOK and KAK stations as presented in Fig. 7. Also, visual observation is confirmed from the scatter
plots and correlations coefficient (R) represented in Figure 8 where the correlations coefficients were 0.99 and —0.43
for the H and Z components respectively.
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Figure 6. Scatter pots of hourly averaged data for the H components (left side panel) and the Z components (right
side panel) recorded at the YOK and KAK stations during a quiet day on 5 October 2005 (LT) with correlation
coefficient (R = 0.97) for both the H and Z components data.
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Figure 7. Daily variations of hourly averaged data for the H components (left side panel) and the Z components (right side
panel) recorded at the YOK and KAK stations during a disturbed day on 15 May 2005 (LT). Red curve represents

the abnormal daily variation of Z component (positive upward) recorded at the YOK station (North of Japan).

Moreover, the daily amplitude ranges of H and Z components are calculated from the maximum minus the
minimum values of each geomagnetic component recorded at the YOK and KAK during both the quiet and
disturbed days. During the quiet day, the daily amplitude range for H and Z components at the YOK station were
43 nT and 13.6 nT respectively (negative downward), while for the KAK observatory they were 31 nT and 34.7 nT
respectively (negative downward). The ratio of daily amplitude range for Z components (YOK/KAK) was ~0.4 on
the quiet day. On the other hand, during the disturbed day, the daily amplitude range for H and Z components at
the YOK station were 352.9 nT (negative downward) and 117 nT (positive upward) respectively, while for the KAK
observatory they were 339.9 nT and 107.7 nT respectively (negative downward). The ratio of daily amplitude range
for Z components (YOK/KAK) was ~1.1. This means that there is an enhancement (about two and a half times) in
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Figure 8. Scatter plots of hourly averaged data for the H components (left side panel) and the Z components (right side
panel) recorded at the YOK and KAK stations during a disturbed day on 15 May 2005 (LT) with correlation
coefficient (R =0.99) and (R = -0.43) respectively.

the amplitude of Z component recorded at the YOK station during the disturbed day compared with the quiet day
data and with reference point data (KAK).

4. Discussion

Data from two networks of geomagnetic stations (GSI) and observatories INTERMAGNET) in Japan are used for
the current study. The geomagnetic H and Z components data from eight geomagnetic stations and observatories
located on a latitudinal profile extending from the MMB station (North of Japan) to the KNY station (South of
Japan). The study mainly investigates the geomagnetic measurements during both quiet and disturbed days as
well as the effect of underground conductivity changes on the geomagnetic response to the disturbances of IMF
and solar parameters (related to a solar eruptive event of 13 May 2005). The result of data analysis reported here
show that the behavior of the geomagnetic response during quiet day differs from that observed during disturbed
day. During the quiet day, high visual correlation was observed between all stations along the selected profile
for the H and Z components. During the disturbed times, the H components along the examined profile were in
agreement with high visual correlation. On contrary, a remarkable observation is noticed in the behavior of Z
component where the Z components recorded at the northern stations (YOK, AKA, and MMB) showed a positive
daily variation (with an enhancement in their intensities) while the stations located in central and southern parts
of Japan kept showing negative daily variation (with a reduction in their intensities). In other words, two different
patterns of daily variations were observed (positive and negative daily variations). The Z- component recorded at the
HAR station (blue curve in Fig. 4) was nearly like an intermediate (transition) behavior between these two behaviors.
It is interesting here to observe the abnormal variations of the Z components at the northern part of Japan.

As was mentioned before, a record of the GF represents a superposition of signals from various internal and
external sources. The main contribution is generated internally by the dynamo process in the Earth’s core (main
field). All other sources (external and crustal sources) only contribute by a fraction of the observed GF (a few
percent). The external sources are mainly related to solar activity driving ionospheric and magnetospheric current
systems. One of the most important forms of external variations is the DGVs. These daily variations are caused by
Sq currents, particularly during quiet IMF and solar conditions [Stening et al., 2005]. These currents exist in the
ionosphere region and have 24-hours regular periods (Orlando et al., 1993). During quiet periods, the ionospheric
current systems are mostly limited to the polar zone and referred to as polar Sq [Xu, 1989]. In this case, DGVs can
be globally observed. The pattern of the daily variation systematically changes with latitude. Generally, the pattern
of daily variation in the H component tends to be symmetric about the dip equator, where the GF is completely
horizontal. Meanwhile, the daily variation patterns in the Z components reverse at the dip equator (Negative
northward and positive southward), for more details, see Yamazaki and Maute [2017].
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During disturbed times, the intensity of ionospheric currents is enhanced, and the currents system expands to
lower latitudes [Kikuchi et al., 1996; Kikuchi, 2014]. Consequently, the ionospheric currents generate an external
magnetic field, which is opposite to the GF. Therefore, when these currents are developed and intensified during
eruptive solar events such as CME, a sharp and intense reduction is observed in the horizontal component of the GF.
This sharp and intense depression of the H component of GF is known as geomagnetic storm [Gonzalez et al., 1999].
Thus, the horizontal H component generally reflects the impact of outer space on the GF, while the Z component
includes the effect of underground activities [Yuan et al., 2018].

Several studies have investigated the behavior of Z component in different regions. According to these studies,
the abnormal behavior of the Z component could be due to coastal effects (Srivastava and Sanker Narayan
1970), underground-induced currents [Rajaram et al., 1979; Xu, 2009; Schifer et al., 2011], or the existence of
high electrical conductivity in the crust related to tectonic activities or mineralization effect [Takla et al., 2012;
Yuan et al., 2018]. As a result of intensive geomagnetic observations and several geomagnetic surveys, conductivity
anomalies were reported in different regions in Japan [Honkura, 1974]. The geomagnetic variation anomalies
in Japan could be also related to the undulation of a highly conducting layer in the upper mantle [Kato et al.,
1971]. One of the conductivity anomalies was observed in northeastern part of Japan. This anomaly has different
characters compared those observed at the central and southern parts of Japan. In addition, intensive observations
of heat flow have been carried out in Japan. According to the heat flow distribution in Japan [Watanabe 1972;
Uyeda, 1972], rate of heat flow is higher in the northeastern part of Japan compared with the central and southern
parts. Moreover, the electrical conductivity structure beneath the Japan is in good agreement with the heat flow
distribution [Honkura, 1974].

The high underground conductivity increases the intensity of geomagnetic fluctuations generated by
underground currents triggered by external fluctuations and ionospheric currents, acting as an amplifier that
affects the geomagnetic measurements. When the external field increases, the effect of the amplifier from the high
underground conductivity is more evident [Zhao et al., 2022]. Thus, the underground conductivity can be the main
source of the observed abnormal behavior of Z component at the northern part of Japan,

Finally, we think that the observed reduction of H components relates to the ring currents generated due
to the disturbance conditions in the IMF and solar parameters. In addition, the amplitude enhancement and
positive daily variations of the Z components during the disturbed times observed in the northern part of Japan
indicate that the cause (source) of such behavior in this region is likely due to changes in the underground
conductivity in the northern part of Japan compared with the central and southern parts of Japan, where negative
daily variations are observed as normal behavior of daily variations at these latitudes. Therefore, the anomalous
behavior of the Z component daily variations may come from effect of the horizontal heterogeneous distribution
of the ground electrical conductivity in Japan. These results could lead to investigation on the strong relationship
between underground electric conductivity and the anomalous variations in the GF measurements (mainly in Z
component).

5. Summary and conclusion

In the present investigation, we have studied the effect of IMF/solar fluctuations linked with a halo CME launched
from the Sun on 13 May 2005 on the GF measurements. Data from an array of magnetometers belonging to the
GSI and INTERMAGNET networks in Japan are used in the current study. Geomagnetic data recorded during solar
quiet and disturbed days are analyzed to examine the DGVs of H and Z components in Japan under different IMF
and solar conditions. In addition, the impact of the underground conductivity on the geomagnetic measurements
is investigated. The main remarks drawn from the current study are listed below:

— The H and Z components recorded in different points of Japan are in good agreement and correlation during
quiet solar conditions.

— During a severe solar event (halo CME) launched on 13 May 2005, changes in the IMF and solar parameters
significantly affected the variability of the geomagnetic components along the examined profile. The H
components showed highly correlated variations along the examined profile with significant reduction. On the
other hand, abnormal behavior in the Z component daily variations (Positive daily variations) is observed in the
Northern part of Japan (MMB, AKA, and YOK stations) compared with measurements recorded in the central
and southern part of Japan (Negative daily variations).
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— Anenhancement (about 2.5 times higher) in the amplitude of Z components was observed at stations located in
the northern part of Japan compared with reference observatory data (KAK observatory).

In conclusion, under disturbed conditions with a southward orientation of IMF, a magnetic reconnection takes place,
and the ionospheric currents system is intensified causing variations in the GF. Therefore, the observed decrease in
H component can be linked with the ring currents generated due to disturbance in IMF and solar conditions, while
the abnormal pattern of the Z component daily variation in north Japan can be linked with a high underground
electrical conductivity anomaly in this region.
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