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Abstract

On the basis of a temporal analysis of yearly values of the 10.7 cm solar radio flux (F10.7),
the maximum coronal mass ejection (CME) speed index (MCMES]I), interplanetary magnetic
field strength (scalar B), the solar wind speed, cosmic ray intensity and the geomagnetic Ap,
Dst and AE indices, we point out the particularities of solar and geomagnetic activity during
the last Solar Cycle (Cycle 24). We also analyze the temporal offset between the F10.7 and the
above-mentioned solar, geomagnetic, cosmic and interplanetary indices. It is found that this
solar activity index, analyzed jointly with interplanetary parameters, cosmic ray intensity, and
geomagnetic activity indices, shows a hysteresis phenomenon. It is observed that these
parameters follow different paths for the ascending and descending phases of Cycle 24. The
hysteresis phenomenon represents a clue in the search for physical processes responsible for
linking the solar activity to near-Earth and geomagnetic responses.

Keywords: 10.7 cm solar radio flux; Solar and geomagnetic activity indices; Solar cycle 24;
Hysteresis phenomenon.

Introduction

The dynamic nature of solar activity has profound effects on Earth's environment, making it
a critical area of study in solar-terrestrial physics. Solar activity is characterized by various
indices, including the 10.7 cm solar radio flux (F10.7), which measures the Sun’s radio emission
and correlates with the level of solar activity (Barbieri & Mahmot, 2004). Another significant
indicator is the maximum coronal mass ejection (CME) speed index (MCMESI), which
highlights the power of CMEs, explosive events that eject solar material into space. These solar
phenomena influence the interplanetary magnetic field (IMF), solar wind speed, cosmic ray
intensity, and geomagnetic indices such as Ap, Dst, and AE.

Solar Cycle 24 (December 2008 - December 2019) exhibited unique characteristics,
particularly its notably low solar activity. This cycle presents an invaluable opportunity to
explore the interrelationships among various solar, geomagnetic, cosmic, and interplanetary
parameters. The cyclic nature of solar activity influences the frequency and intensity of solar
flares, CMEs, and other solar events that directly impact Earth's geomagnetic field (Hathaway
et al., 2002; Ozgiic et al., 2022).

The study of these interactions has shown that geomagnetic activity, measured through
indices like Ap, Dst, and AE, is closely related to solar activity (Verbanac et al., 2011; Sarp &
Kilcik, 2018). These geomagnetic indices help quantify the effects of solar phenomena on
Earth's magnetic environment, illustrating how solar activity drives geomagnetic responses
(Obridko & Shelting, 2009; Kirov et al., 2013).

A phenomenon of particular interest is hysteresis, where solar and geomagnetic parameters
exhibit different behaviors during the different phases of a solar cycle. This behavior provides
insights into the physical processes that link solar activity to geomagnetic effects (Demetrescu
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& Dobrica, 2008). Understanding these relationships is crucial for improving our ability to
predict space weather events and mitigate their impacts on technological systems and human
activities on Earth.,

In this study, we analyze the temporal variations, cross-correlations, and hysteresis patterns
of the 10.7 cm solar radio flux, MCMESI, scalar B, solar wind speed, cosmic ray intensity, and
geomagnetic indices during Solar Cycle 24. By examining these parameters, we aim to
elucidate the complex interactions between solar and geomagnetic activity and contribute to the
broader understanding of solar-terrestrial relationships. Data and methods are detailed in
Section 2, results are presented in Section 3, and conclusions is provided in Section 4.

Data

This study uses datasets covering Solar Cycle 24 (December 2008 - December 2019) to analyze
solar and geomagnetic activities. The data and their sources are detailed below:

i) 10.7 cm Solar Radio Flux (F10.7): The solar radio flux at 10.7 cm (2800 MHz) is an
excellent indicator of solar activity. Often called the F10.7 index, it is one of the longest running
records of solar activity. The F10.7 radio emissions originates high in the chromosphere and
low in the corona of the solar atmosphere. It correlates well with the sunspot number as well as
a number of UltraViolet (UV) and visible solar irradiance records. The F10.7 has been measured
consistently in Canada since 1947, first at Ottawa, Ontario; and then at the Penticton Radio
Observatory in British Columbia, Canada. Unlike many solar indices, the F10.7 radio flux can
easily be measured reliably on a day-to-day basis from the Earth’s surface, in all conditions of
weather. Therefore, it is a very robust data set with few gaps due to the calibration issues.

i) Maximum Coronal Mass Ejection Speed Index (MCMESI): It introduced by Kilcik A,
et al., (2011) as a new solar and geomagnetic activity index as a measure of the linear speed of
the fastest CME observed in a day. The MCMESI displays better correlation with geomagnetic
indices than the ISSN, which suggests that the MCMESI may be a powerful indicator of both
solar and geomagnetic activity (Kilcik et al., 2011).

iii) Interplanetary Magnetic Field (IMF)/Scalar B: It includes solar magnetic fields that
were carried into interplanetary space by the solar wind. The source of the fast solar wind is
thought to be coronal holes, which are open magnetic-field regions on the Sun, while slow solar
wind originates at closed magnetic regions thought to be associated with active regions. The
structure and dynamics of the IMF (scalar B) are key for understanding space weather.

iv) Solar Wind Speed: The solar wind continuously flows outward from the Sun and consists
mainly of protons and electrons in a state known as a plasma. Solar magnetic field is embedded
in the plasma and flows outward with the solar wind. Different regions on the Sun produce solar
wind of different speeds and densities. Coronal holes produce solar wind of high speed, ranging
from 500 to 800 Km/s. The north and south poles of the Sun have large, persistent coronal
holes, so high latitudes are filled with fast solar wind. In the equatorial plane, where the Earth
and the other planets orbit, the most common state of the solar wind is the slow speed wind,
with speeds of about 400 Km/s. High speed winds bring geomagnetic storms while slow speed
winds bring calm space weather condition.

v) Cosmic-Ray Intensities (CRI): Cosmic rays are high energy particles that flow into our
solar system from outer space. The intensity at which cosmic rays collide with the Earth’s
atmosphere varies. It varies also with latitude, because the flux is modulated by the Earth’s
magnetic field and cosmic rays are guided by the Earth’s magnetic field lines. The cosmic ray
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intensity also varies with altitude. The corrected cosmic ray intensity data used in this study are
taken from Oulu/Finland nétron monitor station (https://cosmicrays.oulu.fi/#solar)

vi) Geomagnetic Ap Index: The K index is used to measure changes in the horizontal
component of the magnetic field. However, since the K index is not directly related to
geomagnetic activity the Kp index was introduced and it is derived from the mean standardized
K index of 13 geomagnetic observatories located between + 44 and + 60 degrees of the
geomagnetic latitude. This planetary index is designed to measure the magnetic effect of solar
particle radiation. The 3-hourly ap index is derived from the Kp index and the Ap index used
in this study is an average of the ap index over 24 hours (Bartels, Heck, and Johnston, 1939).

vii) Geomagnetic AE (Auroral Electrojet) Index: AE index is designed to provide a global,
quantitative measure of auroral zone magnetic activity produced by enhanced lonospheric
currents flowing below and within the auroral oval. Ideally, It is the total range of deviation at
an instant of time from quiet day values of the horizontal magnetic field (h) around the auroral
oval. Defined and developed by Davis and Sugiura [1966], AE has been usefully employed
both qualitatively as a correlative index in studies of substorm morphology, the behavior of
communication satellites, radio propagation, radio scintillation, and the coupling between the
interplanetary magnetic field and the earth's magnetosphere. AE data is maintained at WDC
(World Data Center) Kyoto and NGDC (National Geophysical Data Center).

viii) Geomagnetic Disturbance Storm Time Index (Dst): It was proposed by Sugiura (1964)
to measure the magnitude of magnetospheric currents that produce an axially symmetric
disturbance field. This index is a measure of the variation of the field due to the ring current
arising in the magnetosphere during a geomagnetic storm. Data from four observatories are
used to derive the Dst index. Because of the need for good data, these observatories were chosen
sufficiently far from the auroral and equatorial electrojet regions. Irregularities observed in the
Dst index that have a negative sign and fluctuate within the —50 nT < Dst <—30 nT range are
called small storms, while those within the —100 nT < Dst <—50 nT range are called moderate
storms, —200 nT < Dst <—100 nT fluctuations are called intense storms, and a Dst index below
—250 nT defines big geomagnetic storms (Gonzalez, Tsurutani, and Clda de Gonzalez, 1999).

Method and Results
Temporal Variation Analysis
As a first step, we plot the temporal variation of used data sets (Figure 1 and Table 1). To

remove the short-term fluctuations all monthly mean data sets were smoothed with 11 step
running average smoothing method.

20 Topic: Sun and Solar Activity


https://cosmicrays.oulu.fi/#solar

Proceedings of
the Sixteenth Workshop “Solar Influences on the Magnetosphere, lonosphere and Atmosphere”

June, 2024
—F10.7 Index —Dst Index, nT —F10.7 Index ——Scalar B, nT
160 [ 1 0 160 £ 3 8
140 E e 140 E 7
120 f 1 120 E is
100 E ~ 1 .10 100 E is
80 F 80 4
60 F A3 60 3
a0 f i 20 a0 2
20 F : 20 E ER
o E L L L L 1l 95 o By v vl g
2009 2011 2013 2015 2017 2019 2009 2011 2013 2015 2017 2019
—F10.7 Index —CRI —F10.7 Index —Solar Wind Speed, Km/s
160 g 6900 160 [ 500
140 E 6800 140 E !
120 E 6700 120 E 3 400
1 6600 E
100 E E
o F § ss00 100 ¢ 7 300
1 6400 80 F 200
60 E 3 e300 60 E
40 E 3 E
; { 6200 40 100
20 E 3 6100 20 E
0 E 1 1 1 1 1 d 5000 0 E N N N M N 0
2009 2011 2013 2015 2017 2019 2009 2011 2013 2015 2017 2019
—F10.7 Index —MCMESI, Km/s —F10.7 Index —AE Index, nT
160 g 7 600 160 250
140 E E 140 E
3 4 s00 E
120 E 3 120 E ]
100 E 400 100 E ) 1 150
80 f i 300 80 F L
60 E 1 200 80 f 7 100
40 E ] 40 E
E E E 50
20 E 100 20 E
0 E X 1 L 1 1 d o 0 E 1 i i N " 0
2008 2011 2013 2015 2017 2019 2009 2011 2013 2015 2017 2019

—F10.7 Index —Ap Index, nT

160 ¢ 7
140 E 3
120 E
100 E
80 E
60 F
40 E
20 E
0 E " L L " L

2009 2011 2013 2015 2017 2019

Figure 1. Temporal variation analysis of the relationship between F10.7 and other indices.

Table 1. Results of temporal variation analysis

Data Maximum Values|Delay between peaks
(month)

F10.7-Scalar B | 145.35 6.9 6
F10.7-Dst 145.35 -21.12 10
F10.7-Ap 145.35 12.48 12
F10.7-CRI 145.35 6103.29 7
F10.7-Solar

Wind Speed 145.35 467.42 28
F10.7-AE 145.35 220.33 12
F10.7-MCMESI| 145.35 552.57 - 27
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Cross Correlation Analysis

As a second step, we performed cross correlation analysis between F10.7 and other indices
used (Figure 2 and Table 2). The method gives the maximum correlation between two data sets
together with possible time delay. If the delay is negative that means the first parameter leads
the second one and vice versa. The error level of obtained correlation coefficients were
calculated by using Fisher’s test that gives the upper and lower boundary of the correlation

coefficient with 95 % confidence level.
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Figure 2. Cross-correlation analysis results between F10.7 and other indices.

Table 2. Results of cross correlation analysis

Data CorrelationTime Lag
Coefficient

F10.7-Scalar B |0.66 + 0.07 10
F10.7-MCMESI|0.86 + 0.04 0
F10.7-Dst -0.47 £ 0.08 11
F10.7-AE 0.40 £ 0.08 19
F10.7-Solar

\Wind Speed -0.39 £ 0.08 -24
F10.7-Ap 0.42 £ 0.08 11
F10.7-CRI -0.89 + 0.04 2
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Hysteresis Analysis

As a last step of our analysis, we plotted the hysteresis behavior between the solar radio flux
(F10.7) and the maximum (CME) speed index (MCMESI), Cosmic ray intensity (CRI), solar
wind speed, Disturbance Storm Time (Dst) index, interplanetary magnetic field (IMF)/Scalar
B, and geomagnetic Ap / AE index during solar cycle 24 (Figure 3). We choose the F10.7 solar
activity index to be the abscissa of the plots with the equal scale in below figures to display the
effects of hysteresis clearly. In general, all data sets show hysteresis behavior only around the
maximum phase of the Cycle 24. Dst and CRI data sets show counter clockwise circulation,
while the Scalar B, the MCMESI, Ap Index, Solar wind speed and AE index show clockwise
circulation which is not a normal characteristic of hysteresis in magnetic materials.
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Figure 3. The hysteresis behavior between the solar radio flux (F10.7) and the MCMESI, CRI,
solar wind speed, Dst index, IMF/Scalar B, and Ap, AE index during solar cycle 24.

Conclusion

We examined the relationship between solar, cosmic and geomagnetic activities during the
last Solar Cycle (Cycle 24) on the basis of a temporal analysis, correlation coefficient
calculations and hysteresis phenomena. Our main findings are as follows;

In general, all data sets show hysteresis behavior only around the maximum phase of
the Cycle 24. Dst and CRI data sets show counter clockwise circulation, while the
Scalar B, the MCMESI, Ap Index, Solar wind speed and AE index show clockwise
circulation which is not a normal characteristic of hysteresis in magnetic materials.
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e It is observed that these parameters follow different paths for the ascending and
descending phases of Cycle 24.

e The hysteresis phenomenon represents a clue in the search for physical processes
responsible for linking the solar activity to near-Earth and geomagnetic responses.

e We analyzed the temporal offset between the F10.7 and the above-mentioned solar,
geomagnetic, cosmic and interplanetary indices. We found that the peak of all
parameters except the MCMESI show time delay with F10.7 and all data sets used here
show meaningful correlation with F10.7.
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