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Abstract

We analyzed the dependence of the geomagnetic Sq field variation at the Biak mag-
netic field observation station using data from a magnetometer from 1992 to 2003. The
Biak station is a low magnetic latitude station, making the dominant variation of the mag-
netic field component that related to ionospheric currents representable by H-component.
The Sq field was extracted from the magnetometer data using the 4th Harmonics Fourier
decomposition method. This technique was applied to 1-hour average data of the H-compo-
nent of the magnetic field. To investigate the dependence of the Sq field amplitude on solar
flare events, we selected Sq field variations during flare events without magnetic storms.
Additionally, before conducting the Fourier decomposition, we applied Dst index correction
to the magnetic field variation data to eliminate the effects of magnetospheric currents. The
study shows that Sq variation is highly correlated with X-class flares, which are the most
energetic type of flares. Conversely, the lowest amplitude is linked to A-class flares with the
lowest energy. These findings indicate that X-class flares generate Sq currents and induce
the strongest magnetic fields compared to other classes of flares.

Keywords: Sq fi variation, geomagnetic strom, solar flares.

1. Introduction

The Sun continuously emits electromagnetic radiation across a wide range of
wavelengths, from short wavelengths in the ultraviolet spectrum to long wavelengths in the
infrared spectrum. The solar electromagnetic radiation flux increases when solar activity
also increases. The solar activity is typically quantified using the sunspot number which is
also known as the Wolf number (Clette et al., 2014; Cliver & Svalgaard, 2007). The sunspot
number is derived from the number of sunspot groups which are distributed across the
surface of the sun (Clette et al., 2007; Hathaway et al.., 2002). Throughout a solar cycle,
the sunspot number fluctuates, with higher values indicating stronger solar activity and a
greater emission of electromagnetic radiation.

The sunspot is an active region on the surface of the sun with a stronger magnetic
field than its surroundings (Thomas & Weiss, 2009; Lopez, et al., 2018). The magnetic field
in these regions can be thousands of times stronger than the sun’s average magnetic field.
The sunspot groups are made up of spots that are connected by magnetic field lines in a
closed configuration. This configuration is naturally unstable. This instability arises due
to the sun’s plasma nature and the relative motion of magnetic field lines with opposing
polarities, causing them to draw closer or move farther apart. Consequently, the abundance
of magnetic field lines with opposing polarities leads to magnetic reconnection (Tian et al.,
2018; Luc et al., 2021), altering the sunspot group’s configuration from closed to open.
This process releases a substantial amount of energy, often culminating in solar flares and
triggering subsequent solar activities. Large solar flares can discharge energy in the form
of electromagnetic radiation, with peak flux exceeding 10* Watt/m?, spanning wavelengths
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from 0.1 to 0.8 nm. Solar flares are categorized into various classes based on the peak emitted
electromagnetic radiation flux, denoted by A, B, C, M, and X classes.

Solar flares have consequences on Earth’s response. Affecting both the magnetosphere
and the ionosphere. The impact of solar flares on the Earth’s magnetic field could be seen in
H-component. During the solar flare events, there is an increase in H-component, particularly
at high latitudes. However, H-component increment also ccurred at equator but in lower value
(Rastogi, et. al, 1999; Rastogi, 2001; Rastogi, 2003; Villante and Regi, 2008; Curto, 2020).
Solar flares also influence geomagnetic pulsations with large periods (70 to 100 s) (Kato, et. al,
1959). In the Earth’s ionosphere, solar flares enhance a dramatic ionization showed by Global
Navigation Satellite System (GNSS), which Total Electron Content (TEC) increase by 30% in
five minutes (Liu, et. al, 2021).

When solar radiation reaches the earth’s atmosphere, the dayside of the atmosphere
absorbs radiation in various ranges of the electromagnetic spectrum, resulting in an elevated
temperature of the upper atmosphere. When the thermal energy becomes sufficiently high or
surpasses the binding energy of atoms or molecules, it initiates ionization within the upper
atmosphere. The upper atmosphere is composed of a mixture of neutral and ionized particles.

This process of daytime heating leads to temperature variations between day and night,
generating upper atmospheric winds from regions of higher to lower temperatures. The neu-
tral wind causes the movement of ionized particles within the upper atmosphere or the drift of
charged particles through interactions with neutral particles, influenced by the Earth’s geo-
magnetic field. As a result, an electric field and current are generated (Kindervatter & Teixeira,
2022). These electric currents flowing within the upper atmosphere are referred to as iono-
spheric currents. The strength and concentration of these currents depend on the number
of ionized particles present, which is influenced by the amount of electromagnetic radiation
energy coming from the sun.

The Sq geomagnetic field is a magnetic field variation associated with the flow of
ionospheric current in the upper atmosphere (Matsushita & Maeda, 1965). The ionospheric
current flow induces a secondary magnetic field and adds to the ambient geomagnetic field
(Choudhary et al., 2011). The strength and fluctuation of ionospheric currents determine the
induced field, and they are affected by the level of ionization in the upper atmosphere, which
changes with local time. The dayside has a greater number of ionized particles compared to
the night side. As a result, the ionospheric currents that flow on the dayside are stronger than
those on the night side. Correspondingly, the induced field on the dayside is larger than that
on the night side. In the low-latitude, measurements of the geomagnetic field show that the
peak of the magnetic field variation occurs around noon of local time.

An increase in electromagnetic radiation during the flare induces a larger magnetic
field. In this paper, we will examine the effect of solar flares on the geomagnetic Sq field
measured by a station observing the earth’s magnetic field at low latitudes, in this case the
one observed at the Biak station, Indonesia.

2. Methodology

We analyzed the magnetic field variation observed at Biak station during the period from
June 1992 to December 2002. Biak station is a low-latitude station where the geographical
coordinate with (1.08°S; 136.1°E) and (12.2°S; 207.3°W) in the geomagnetic coordinate. The
magnetometer at Biak recorded three components of magnetic field variation in the HDZ sys-
tem for 11 years. The main field has been removed from the data. While H, D, and Z represent
the components of the geomagnetic field in the north-south, east-west, and vertically down-
ward, respectively. Additionally, the magnetometer captures a high-resolution magnetic field
with 1-second time-sampling.

In this research, we analyzed the H-component of the magnetic field variation at Biak,
which is a low-latitude station, and found that the Sq current dominantly flows eastward. We
analyzed Sq variation in 1-hour resolution. The 1-second data is needed to check if the data
contains noises that should be excluded from analyses. An example of the H-component of
the magnetic field variation recorded at the Biak station is shown in Figure 1. The horizontal
axis of the image represents the day of the month, while the vertical axis represents the H
component of the magnetic field variation in nano-tesla.
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Table 1: Number of flare C and X during 1992-2003

A number of days solar Flares associated with geo-

Year flare event magnetic storms
C X C X
1992 322 9 131 4
1993 232 - 97 -
1994 137 - 51 -
1995 65 - 18 -
1996 33 1 1 -
1997 102 3 26 1
1998 266 12 96 4
1999 326 4 86 1
2000 357 14 127 2
2001 342 17 108 12
2002 354 12 119 4
2003 286 14 124 10

The daily variation in the geomagnetic field on the ground comes from multiple sources.
The presence of ring currents in the magnetosphere is one of the primary sources. The ring
current is a diamagnetic current and becomes stronger when a magnetic storm occurs. It can
change the pattern of the geomagnetic field so that the ionospheric current cannot maintain
the daily magnetic variation. Therefore, the analysis of the Sq field in this paper was initiated
by first reducing the impact of ring currents. The Dst index (Disturbance Storm Time index)
is utilized to measure the manifestations of ring current strength that are present in the geo-
magnetic field. Yamazaki & Maute (2017) have conducted the reduction or elimination of the
ring currents’ effects, or Dst index correction, from the daily geomagnetic field data. To remove
the ring current effect in H-component data is represented by:

Hnt: a‘f’ﬁTnt +'}/D3tnt (2_1)

where Dst index represents a measurement of geomagnetic disturbances at low lati-
tudes, T represents time in Julian day, and subscript nt was used to represent night-time
data. This means Hnt that the measured H-components were selected for local night-time.
The selection criterion assumes that the ionospheric current flow is considered being small
during the local night-time. Therefore, the shifting in the H-component during this period can
be considered from the contribution from ring current. Also, we analyzed a, B, and y param-
eters by least square method.
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Figure 2-1: Monthly H-component of magnetic variation at Biak station in April 2001

Prior to applying equation (2-1), the H-component uses 1-second resolution data. When-
ever the noises were found in the data, they were excluded from the calculation of hourly
averaged data. The hourly average of the H-component was performed to match its time re-
solution with Dst index. If the parameters of a, B, and y are obtained from the corrected vari-
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ation of the H-component, the daily variation resulting from the contribution of ring current
can be derived for each hour of the day using equation (2-1). So, the corrected daily variations
were calculated as the difference between the measured H-component and the reconstructed
H-component fomr Dst index (ring-current) contribution, as follows:

H_.or = Hpeqs — (@ + BT, + yDst,) (2-2)
where H_ __and H__represent measured and corrected H-components, respectively.
Sq field variations were calculated from corrected H-component by applying the Fourier
decomposition method which was given by (Serov, 2017; Campbell, 2003),

— 2nnt
— n=4
Hypeas = ag + En:l ancos( v )

- . Zmnt
+ 2Rzt bysin (%) (2-3)
where ay is a constant from averaged value of the periodic value, a, and b, represent
Fourier coefficients and in this case, the highest harmonic number n = 4 has been chosen, t
represents time in hour.

3. Result and Discussion

Yamazaki (2022) and Gu et al (2022) have been studying the diurnal and semi-diurnal
variations of the geomagnetic field component for a considerable period. These two com-
ponents are the main sources of daily variation of geomagnetic fields at low latitudes. The
diurnal variation is affected by the amount of solar radiation that causes ionization of the up-
per atmosphere. The more ionized constituents of the upper atmosphere will cause stronger
ionospheric current flowing which in turn will result in a larger induction magnetic field in
addition to the earth’s magnetic field.
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Figure 3-1: Corrected H-component for similar data set shown in Figure 2-1.

The data shown in Figure 2-1 contains both variations in geomagnetic quiet conditions
and geomagnetic storms. As shown in Figure 2-1, a large geomagnetic storm occurred on the
day of 12 shown in grey dash line, presenting a significant fluctuation in the geomagnetic field
that dropped to a minimum peak of about 300 nano-tesla. During the geomagnetic storm, the
geomagnetic field no longer shows diurnal variation due to the strong influence of the ring
currents. Figure 3-1 depicts the application of the Dst index correction method discussed
above and illustrates the results for the data shown in Figure 2-1. With applying (2-2), the cor-
rected H-component shows the diurnal variation even during large magnetic storms. However,
the magnetic variation is lower during a magnetic storm because the ionospheric Sq currents
cannot maintain the weakening of the geomagnetic field caused by ring currents.
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Figure 3-2: Comparison of average Sq variation derived from Biak data in various classes
of flares.

While the Dst index correction does not completely remove the induced magnetic field
caused by ring currents, this aspect requires further analysis after this paper. In this paper,
we analyzed the geomagnetic data related to solar flares that were selected during periods
when magnetic storms were not observed according to the Dst index. With this choice, we ex-
pected that the Sq field is obtained from the daily variation where the influence of ionospheric
currents is dominant.

Figure 3-2 shows the average Sq field variation based on flare class, A to X. The flare
classes in A, B, C, M, and X denote the maximum order of energy emitted during the flare
event, respectively. A-class flares are the class of solar flares with the lowest emitted electro-
magnetic radiation energy, while X-class are the highest. Number of flare events that associat-
ed with analyzed Sq field are shown in Table 1. Figure 3-2 shows that the average Sq variation
is highest when X-class flares occur, followed by Sq variations related to classes of M, C, and
B-class flares and the lowest associated with A-class. This result is related to the theory that
X-class flares emit energy. The strongest radiation will cause a higher ionospheric ionization
rate compared to other classes and generate stronger electric currents and induce magnetic
fields. Similarly, A-class flare emits lower electromagnetic radiation than other classes and
produce the least ionization and the smallest induced magnetic field.

We also examined the Sq related to C-class and X-class flares as shown in Figure 3.3.
The selection of flare events performed with manually checking of Dst index to ensure that
there is no magnetic storm when the flare occurs. The gray-colored lines display the Sq varia-
tion during class C flare events, while the thick black line graph represents the average value.
The orange-colored lines depict the Sq variation during class X flare events, and the thick
red line graph represents the average value. Figure 3.3 shows that the variation of Sq and its
average values during X- flares is greater than during C- flares.
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Figure 3-3: Comparison of Sq variation and its average values associated with magnetic
storms derived from Biak data in C (gray and black lines) and X class flares
(orange and red lines).

4. Conclusions

Sq variation derived from low-latitude geomagnetic field variation observed at Biak sta-
tion for the 1992-2022 period has been analyzed. The Sq variations were analyzed to be asso-
ciated with the occurrence of solar flares. The analysis was carried out only for Sq variation
during flare events and the day when there was no magnetic storm. The results show that the
largest amplitude of Sq is associated with X-class flares which have the highest energy com-
pared to other class flares, and the lowest amplitude is associated with A-class flares which
have the lowest energy. This shows that the X-class flare with the greatest energy generates
the current Sq and the induced larger magnetic field compared to other class flares.
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