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Abstract: Solar wind turbulence plays a fundamental role in governing the transfer of mass, momentum, and energy from the
Sun to the Earth's magnetosphere. Variations in solar wind plasma and interplanetary magnetic field (IMF) parameters occur
over a broad range of temporal scales, from minutes to several days, and significantly influence near-Earth space weather
conditions. Understanding the multi-scale nature of these fluctuations is essential for improving the prediction of geomagnetic
disturbances and their associated impacts on technological systems.This study investigates the temporal variability of solar wind
turbulence and its relationship with geomagnetic activity during Solar Cycle 25. Hourly solar wind parameters, including solar
wind speed, proton density, temperature, and IMF components, are analyzed using data obtained from the OMNI database.
Multi-scale characteristics of solar wind turbulence are examined through statistical and spectral techniques, including power
spectral density and wavelet analysis. Geomagnetic activity is assessed using the Disturbance Storm Time (Dst), planetary K-
index (Kp), and Auroral Electrojet (AE) indices.The analysis reveals that enhanced levels of solar wind turbulence are
frequently associated with periods of increased geomagnetic activity. Significant fluctuations in IMF Bz and solar wind velocity
contribute to efficient solar wind—magnetosphere coupling, resulting in stronger geomagnetic storms and substorm activity.
Wavelet analysis identifies distinct periodicities corresponding to short-term and intermediate-scale turbulent processes, while
correlation analysis demonstrates statistically significant relationships between turbulence intensity and geomagnetic indices.
The results further indicate that turbulent solar wind structures can serve as important precursors to space weather
disturbances.The findings highlight the critical role of multi-scale solar wind turbulence in modulating near-Earth space
weather and provide valuable insights into the physical mechanisms responsible for geomagnetic variability. This work
contributes to ongoing efforts aimed at improving space weather forecasting and understanding Sun—Earth interactions during
the current solar cycle.

Keywords: Solar Wind Turbulence, Space Weather, Geomagnetic Storms, Interplanetary Magnetic Field, Solar Cycle 25, Wavelet
Analysis, Magnetosphere.

I. INTRODUCTION
The Sun continuously releases energy and plasma into interplanetary space through a stream of charged particles known as the solar
wind. This plasma flow serves as the principal link between solar activity and the near-Earth space environment. Variations in solar
wind properties can significantly influence the Earth's magnetosphere, ionosphere, and thermosphere, leading to a variety of space
weather phenomena such as geomagnetic storms, auroral activity, ionospheric disturbances, and satellite anomalies. Understanding
the physical mechanisms responsible for solar wind variability has therefore become a central objective of contemporary space
physics research [1].
The modern concept of the solar wind originated from the pioneering work of Parker [2], who demonstrated that the hot solar
corona must continuously expand into interplanetary space. His theoretical model provided the first physical explanation for the
existence of a supersonic plasma flow emanating from the Sun. Subsequent spacecraft observations confirmed Parker's predictions
and revealed that the solar wind is highly dynamic, exhibiting fluctuations over a broad range of temporal and spatial scales [3].
These fluctuations arise from various solar sources, including coronal holes, active regions, coronal mass ejections (CMEs), and
stream interaction regions (SIRs), all of which contribute to the complexity of the heliospheric environment [4].
One of the most important characteristics of the solar wind is its turbulent nature. Early observational studies by Coleman [5]
provided evidence that the interplanetary magnetic field contains significant fluctuations indicative of turbulent processes. Further
investigations by Belcher and Davis [6] demonstrated the widespread presence of Alfvénic fluctuations in the solar wind,
establishing turbulence as a fundamental property of heliospheric plasmas. These discoveries motivated extensive theoretical and
observational efforts aimed at understanding the generation, evolution, and dissipation of turbulence in space plasmas.
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The theoretical framework for turbulence was established by Kolmogorov [7], whose statistical description of energy transfer in
turbulent fluids remains one of the cornerstones of turbulence theory. Although initially developed for neutral fluids, Kolmogorov's
concepts have been successfully extended to magnetized plasmas. Building on these foundations, Matthaeus and Goldstein [8]
showed that nonlinear magnetohydrodynamic interactions play a critical role in the evolution of solar wind turbulence. Their work
highlighted the importance of energy cascades and spectral transfer processes in determining the structure of interplanetary plasma
fluctuations.
Substantial progress in understanding solar wind turbulence has been achieved through the contributions of Bruno and Carbone [9],
who demonstrated that solar wind fluctuations exhibit scale-dependent behavior and strong intermittency. Their studies revealed that
turbulent energy is distributed across a wide range of scales and that coherent structures contribute significantly to plasma
dynamics. Subsequent investigations by Horbury et al. [10], Oughton et al. [11], and Chen et al. [12] further showed that turbulence
properties vary with solar wind conditions, magnetic field orientation, and heliocentric distance. These findings emphasized that
solar wind turbulence must be investigated from a multi-scale perspective rather than through single-scale statistical approaches.The
interaction between solar wind turbulence and the Earth's magnetosphere plays a crucial role in controlling near-Earth space
weather. Dungey [13] proposed the theory of magnetic reconnection, which describes how interplanetary and terrestrial magnetic
field lines reconnect and transfer energy into the magnetosphere. This mechanism remains the fundamental explanation for solar
wind-magnetosphere coupling. When the interplanetary magnetic field possesses a strong southward component (IMF Bz),
reconnection efficiency increases, resulting in enhanced geomagnetic activity and the development of geomagnetic storms [14].
Numerous studies have demonstrated the importance of solar wind fluctuations in driving geomagnetic disturbances. Gonzalez et al.
[15] reported that prolonged intervals of southward IMF Bz are closely associated with intense geomagnetic storms. Similarly,
Tsurutani et al. [16] showed that interplanetary shocks and disturbed solar wind conditions frequently trigger major geomagnetic
events. Investigations by Kivelson and Russell [17] further highlighted the significance of solar wind—magnetosphere interactions in
governing magnetospheric dynamics and energy transfer processes. These studies collectively indicate that turbulence within the
solar wind can substantially influence geomagnetic activity by modulating the efficiency of solar wind—magnetosphere coupling.
Recent advances in computational methods have enabled researchers to investigate turbulence across multiple temporal scales.
Techniques such as power spectral density analysis, wavelet transforms, and structure-function analysis have become powerful tools
for identifying scale-dependent fluctuations and intermittent structures within turbulent plasmas [18]. Horbury et al. [19]
demonstrated that anisotropic turbulence dominates many regions of the solar wind, while Matthaeus et al. [20] emphasized the
importance of multi-scale energy transfer processes in space plasma environments. These developments have significantly improved
our understanding of turbulence evolution and its role in heliospheric dynamics.
Solar Cycle 25 provides a valuable opportunity to investigate the relationship between solar wind turbulence and near-Earth space
weather under contemporary solar activity conditions. The increasing occurrence of solar eruptions, high-speed solar wind streams,
and geomagnetic disturbances during the current cycle offers a rich observational dataset for examining turbulence characteristics
and their geoeffective consequences. The availability of high-resolution solar wind measurements and geomagnetic observations
allows for detailed assessment of turbulence-driven space weather processes.The primary objective of the present study is to
investigate the multi-scale variability of solar wind turbulence and evaluate its influence on near-Earth space weather during Solar
Cycle 25. By integrating solar wind plasma observations, interplanetary magnetic field measurements, spectral analysis techniques,
and geomagnetic indices, this work seeks to identify dominant turbulence scales and quantify their relationship with geomagnetic
activity. The findings are expected to contribute to a deeper understanding of solar wind—magnetosphere coupling processes and
support the development

Il. LITERATURE REVIEW
The study of solar wind turbulence has evolved significantly since the establishment of the solar wind theory by Parker [1]. Prior to
Parker's work, the interplanetary medium was often considered relatively static. However, Parker's theoretical prediction of a
continuously expanding solar corona provided the foundation for understanding the solar wind as a dynamic plasma flow that fills
the heliosphere. Subsequent spacecraft observations confirmed the existence of the solar wind and revealed that it exhibits
substantial fluctuations in velocity, density, temperature, and magnetic field strength over a broad range of temporal and spatial
scales [2].
One of the earliest investigations into the fluctuating nature of the solar wind was conducted by Coleman [3], who reported
significant magnetic field variations within interplanetary space. These observations provided the first evidence that the solar wind
contains turbulent structures rather than behaving as a uniform plasma stream.
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Further progress was made by Belcher and Davis [4], who identified large-amplitude Alfvénic fluctuations in the solar wind. Their
work demonstrated that plasma velocity and magnetic field fluctuations are strongly coupled, establishing turbulence as a
fundamental property of heliospheric plasmas.

The theoretical interpretation of turbulence is largely based on the pioneering work of Kolmogorov [5], who developed a statistical
framework describing the transfer of energy from large-scale motions to progressively smaller scales. Although Kolmogorov's
theory was originally formulated for neutral fluids, its principles have been widely applied to magnetized plasma systems. The
extension of turbulence theory to space plasmas enabled researchers to investigate the complex interactions occurring within the
solar wind and provided a basis for understanding energy transport processes in the heliosphere.

Building upon these theoretical foundations, Matthaeus and Goldstein [6] demonstrated that magnetohydrodynamic (MHD)
turbulence plays a critical role in shaping solar wind dynamics. Their studies revealed that nonlinear interactions between magnetic
and velocity fluctuations generate turbulent cascades capable of transferring energy across multiple scales. These findings
significantly improved understanding of how turbulence evolves within the solar wind and established MHD turbulence as a major
research area in space plasma physics.

Further contributions by Tu and Marsch [7] expanded knowledge of solar wind turbulence by examining the relationship between
large-scale solar wind structures and small-scale turbulent fluctuations. Their investigations showed that turbulence is influenced by
solar wind source regions and evolves continuously as the plasma propagates through interplanetary space. The authors proposed
that solar wind turbulence results from a combination of wave—particle interactions, nonlinear processes, and large-scale solar
drivers.

A major advancement in the field was achieved through the work of Bruno and Carbone [8], who provided a comprehensive review
of solar wind turbulence and its physical characteristics. Their studies highlighted the presence of intermittency, anisotropy, and
scale-dependent behavior within turbulent solar wind flows. They demonstrated that turbulent fluctuations do not occur uniformly
but are concentrated within coherent structures that contribute significantly to energy dissipation processes. These findings
emphasized the importance of investigating turbulence across multiple temporal and spatial scales.

Research by Horbury et al. [9] further revealed that solar wind turbulence exhibits strong anisotropy relative to the background
magnetic field. Their observations indicated that turbulence behaves differently along and across magnetic field lines, suggesting
that magnetic field geometry plays a crucial role in controlling energy transfer mechanisms. Similarly, Oughton et al. [10]
investigated the anisotropic nature of magnetohydrodynamic turbulence and demonstrated that turbulence characteristics depend
strongly on magnetic field strength and solar wind conditions.

The development of advanced observational missions has enabled more detailed investigations of turbulence at smaller scales. Chen
et al. [11] examined kinetic-scale turbulence within the solar wind and demonstrated that energy transfer processes continue beyond
the traditional inertial range. Their work revealed the existence of complex interactions between turbulent fluctuations and plasma
particles, providing new insights into solar wind heating mechanisms. Similar findings were reported by Sahraoui et al. [12], who
identified kinetic processes contributing to energy dissipation within turbulent plasmas.

The connection between solar wind turbulence and geomagnetic activity has been the focus of extensive research over the past
several decades. Dungey [13] proposed the theory of magnetic reconnection, which describes the process through which solar wind
energy enters the Earth's magnetosphere. This mechanism remains the cornerstone of modern magnetospheric physics and provides
the physical basis for understanding solar wind—magnetosphere coupling. Enhanced reconnection rates during periods of southward
interplanetary magnetic field orientation allow efficient energy transfer into the magnetosphere, leading to geomagnetic
disturbances.

Studies conducted by Gonzalez et al. [14] demonstrated that prolonged southward IMF Bz conditions are strongly associated with
intense geomagnetic storms. Their work established one of the most widely accepted criteria for identifying geoeffective solar wind
conditions. Tsurutani et al. [15] further investigated the influence of interplanetary shocks and disturbed solar wind structures on
geomagnetic activity, showing that rapid changes in solar wind parameters can trigger major geomagnetic storm events.

Kivelson and Russell [16] contributed significantly to understanding the response of the magnetosphere to solar wind forcing. Their
research highlighted the role of solar wind fluctuations in controlling magnetospheric dynamics, energy storage, and substorm
development. Similarly, Southwood and Kivelson [17] examined magnetospheric responses to solar wind variability and
demonstrated that fluctuations in solar wind parameters can influence a wide range of magnetospheric processes.

Recent studies have increasingly emphasized the importance of multi-scale analysis techniques in turbulence research.
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Torrence and Compo [18] introduced wavelet analysis as a powerful tool for examining non-stationary signals, allowing researchers
to identify localized fluctuations across multiple temporal scales. Wavelet methods have since been widely applied in solar wind
studies because they provide both time and frequency information simultaneously. This capability is particularly valuable for
investigating intermittent turbulence and transient solar wind events.

Matthaeus et al. [19] emphasized that turbulence-driven energy transfer occurs over a broad spectrum of scales and that
understanding these interactions is essential for explaining solar wind evolution. More recently, Borovsky [20] examined the
relationship between solar wind turbulence and geomagnetic activity, demonstrating that turbulence intensity can influence the
efficiency of solar wind—magnetosphere coupling. His findings suggested that turbulence parameters may serve as useful indicators
for space weather forecasting.

Despite substantial progress in understanding solar wind turbulence, several important questions remain unresolved. Many previous
investigations have focused primarily on average solar wind conditions or isolated storm events, while relatively few studies have
examined turbulence variability across multiple temporal scales during Solar Cycle 25. Furthermore, the relationship between
turbulence intensity, spectral characteristics, and geomagnetic activity remains incompletely understood. Advances in observational
capabilities and computational techniques now provide an opportunity to address these limitations through comprehensive multi-
scale analyses.

Therefore, the present study seeks to investigate the multi-scale variability of solar wind turbulence and evaluate its influence on
near-Earth space weather during Solar Cycle 25. By integrating turbulence characterization techniques, spectral analysis methods,
and geomagnetic indices, this work aims to improve understanding of the physical mechanisms linking solar wind turbulence to
geomagnetic activity and to contribute toward the development of improved space weather prediction capabilities.

1. METHODOLOGY
This study investigates the multi-scale variability of solar wind turbulence and its influence on near-Earth space weather during
Solar Cycle 25. A combination of solar wind plasma observations, interplanetary magnetic field measurements, and geomagnetic
activity indices is employed to examine turbulence characteristics and their relationship with geomagnetic disturbances. The
methodology consists of data acquisition, preprocessing, turbulence characterization, spectral analysis, and statistical correlation
techniques.
A. Data Sources and Study Period
The analysis utilizes solar wind and geomagnetic datasets obtained from internationally recognized space weather databases. Solar
wind plasma and magnetic field measurements are acquired from the OMNI database, which provides near-Earth interplanetary
observations compiled from multiple spacecraft missions. The dataset includes hourly averaged values of solar wind speed, proton
density, proton temperature, and interplanetary magnetic field components.
To evaluate geomagnetic activity, three widely used geomagnetic indices are employed: the Disturbance Storm Time (Dst) index,
the planetary K-index (Kp), and the Auroral Electrojet (AE) index. The Dst index represents variations in the Earth's ring current
and is commonly used to quantify geomagnetic storm intensity. The Kp index provides a global measure of geomagnetic activity,
while the AE index characterizes auroral electrojet fluctuations associated with magnetospheric substorms.
The study period covers Solar Cycle 25, extending from January 2020 to December 2025. This interval encompasses the ascending
phase and peak activity period of the solar cycle, allowing the investigation of turbulence behavior under varying solar conditions.
The selected period includes multiple solar wind disturbances, high-speed streams, and geomagnetic storm events, providing a
comprehensive dataset for analysis.

B. Selection of Solar Wind Parameters

Several solar wind parameters are analyzed due to their direct influence on magnetospheric dynamics and space weather processes.
These parameters include:

e Solar Wind Speed (Vsw, km s71)

e  Proton Density (Np, cm3)

e  Proton Temperature (Tp, K)

o Interplanetary Magnetic Field Components (Bx, By, and Bz, nT)

e Solar Wind Dynamic Pressure (nPa)

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 |

511



International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 14 Issue VI June 2026- Available at www.ijraset.com

Solar wind speed is one of the primary indicators of energy transport from the Sun to the Earth's magnetosphere. Variations in
proton density and temperature provide information regarding plasma compression and heating processes. The southward
component of the interplanetary magnetic field (IMF Bz) is particularly important because it controls magnetic reconnection
efficiency at the magnetopause. Dynamic pressure is included because it directly affects magnetospheric compression and
geomagnetic responses.

These parameters collectively provide a comprehensive description of solar wind conditions and their potential geoeffectiveness.

C. Data Processing and Quality Control

Before analysis, all datasets undergo preprocessing to ensure consistency and reliability. Missing observations, erroneous
measurements, and data gaps are identified through quality-control procedures. Small gaps are interpolated using linear
interpolation techniques, whereas extended periods of missing data are excluded from statistical calculations.

All parameters are converted to a uniform hourly temporal resolution to facilitate direct comparison between solar wind
measurements and geomagnetic indices. Data normalization is performed where necessary to minimize scale-dependent biases
during statistical analyses. The resulting dataset provides a continuous and consistent record suitable for turbulence characterization
and spectral investigations.

D. Characterization of Solar Wind Turbulence
Solar wind turbulence is quantified through statistical measures that describe fluctuations in plasma and magnetic field parameters.
The standard deviation and variance of solar wind speed and IMF components are calculated to estimate turbulence intensity.
For a parameter X, the variance is calculated as:

02 = (1/N) 2 (xi — x)?
where Xi represents individual observations, X is the mean value, and N is the total number of observations.
Higher variance values indicate stronger turbulent activity and larger departures from average solar wind conditions. Turbulence
intensity is evaluated over selected time intervals to identify periods of enhanced fluctuation activity associated with geomagnetic
disturbances.
This approach allows the identification of turbulent episodes and provides a quantitative measure of solar wind variability at
different temporal scales.

E. Spectral and Multi-Scale Analysis

The primary objective of this study is to investigate solar wind fluctuations across multiple temporal scales. Therefore, spectral
techniques are employed to identify dominant periodicities and energy distribution patterns within the solar wind.

1) Power Spectral Density Analysis

Power Spectral Density (PSD) analysis is used to examine the distribution of turbulent energy as a function of frequency. The Fast
Fourier Transform (FFT) method is applied to solar wind speed and IMF Bz time series. PSD analysis enables the identification of
dominant fluctuation frequencies and provides information regarding turbulence scaling characteristics.

The resulting power spectra are examined to determine whether solar wind turbulence follows established spectral laws associated
with magnetohydrodynamic turbulence.

2) Wavelet Transform Analysis

Although Fourier techniques provide frequency information, they do not adequately describe temporal variations in turbulence
intensity. Therefore, Continuous Wavelet Transform (CWT) analysis is performed to investigate the time-frequency evolution of
solar wind fluctuations.

Wavelet analysis allows the identification of transient turbulence events, intermittent structures, and localized enhancements in
turbulent energy. The wavelet power spectrum provides a visual representation of turbulence intensity as a function of both time and
frequency, making it particularly suitable for studying non-stationary solar wind processes.

The wavelet results are used to identify dominant scales of variability and examine their correspondence with periods of enhanced
geomagnetic activity.
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F. Geomagnetic Activity Assessment

The influence of solar wind turbulence on near-Earth space weather is evaluated using geomagnetic indices. Variations in Dst, Kp,
and AE indices are analyzed to quantify geomagnetic responses during periods of enhanced turbulence.

Negative Dst values are used to identify geomagnetic storm events, while elevated Kp and AE values indicate increased
geomagnetic and auroral activity. Comparisons between turbulence intensity and geomagnetic indices provide insight into the
effectiveness of solar wind—magnetosphere coupling processes.

Particular attention is given to major geomagnetic storm intervals occurring during Solar Cycle 25, enabling detailed examination of
turbulence-driven space weather effects.

G. Correlation and Statistical Analysis

To evaluate the relationship between solar wind turbulence and geomagnetic activity, Pearson correlation analysis is performed
between turbulence indicators and geomagnetic indices.

Correlation coefficients are calculated between:

e Turbulence Intensity and Dst Index

e Turbulence Intensity and Kp Index

e Turbulence Intensity and AE Index

e IMF Bz and Dst Index

e Solar Wind Speed and Geomagnetic Parameters

The statistical significance of each relationship is assessed using standard confidence-level tests. Strong positive or negative
correlations are interpreted as evidence of effective coupling between solar wind turbulence and geomagnetic activity.

The combined application of statistical and spectral techniques provides a comprehensive framework for evaluating the role of
multi-scale solar wind turbulence in driving near-Earth space weather during Solar Cycle 25.

V. RESULTS AND DISCUSSION
A. Characteristics of Solar Wind Turbulence During Solar Cycle 25
The analysis of solar wind parameters during Solar Cycle 25 revealed substantial variability in plasma and magnetic field
conditions. Variations in solar wind speed, proton density, temperature, and interplanetary magnetic field components indicated the
presence of persistent turbulent structures propagating through the heliosphere. These fluctuations were observed across multiple
temporal scales, ranging from short-duration enhancements lasting a few hours to longer intervals extending over several days. Such
behavior is consistent with the turbulent nature of the solar wind described by Bruno and Carbone [26] and supports the concept that
turbulence plays a fundamental role in the transport of energy through interplanetary space.

— Van Allen Radiation Belts

Plasma Mantle

Tail Lobe

Figure 1.Schematic illustration of the interaction between turbulent solar wind structures and the Earth's magnetosphere leading to
geomagnetic disturbances and space weather effects.
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As illustrated in Figure 1, turbulent solar wind plasma interacts continuously with the Earth's magnetosphere through magnetic
reconnection and plasma transport processes. Enhanced fluctuations in the interplanetary magnetic field increase the probability of
energy transfer across the magnetopause, resulting in magnetospheric compression and geomagnetic disturbances. The observed
variability suggests that solar wind turbulence is not merely a background phenomenon but an active contributor to space weather
dynamics. These findings agree with the theoretical framework proposed by Dungey [31] and later expanded by Kivelson and
Russell [34], who emphasized the importance of solar wind—magnetosphere coupling in controlling geomagnetic activity.

B. Temporal Variability of Solar Wind Parameters and Geomagnetic Activity

To investigate the relationship between solar wind turbulence and geomagnetic disturbances, temporal variations of solar wind
speed, IMF Bz, and Dst index were examined. Significant fluctuations were observed throughout the study period, with several
intervals characterized by rapid increases in solar wind speed accompanied by strong southward excursions of IMF Bz. These
events were generally followed by pronounced decreases in the Dst index, indicating enhanced geomagnetic activity.

800 7

[=)}

[=}

o
I

400 1

SW (kmy/s)

200 A

(b) IMF Bz

Bz (nT)

(c) Dst Index

—100

Dst (nT)

—200

—300 - T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500
Record Number

Figure 2.Temporal variations of solar wind speed, IMF Bz, and Dst index during representative geomagnetic storm intervals of
Solar Cycle 25.

As shown in Figure 2, periods of enhanced solar wind velocity were frequently associated with increased geomagnetic activity. The
strongest geomagnetic responses occurred when elevated solar wind speeds coincided with sustained southward IMF Bz conditions.
Under such circumstances, magnetic reconnection at the dayside magnetopause becomes more efficient, facilitating the transfer of
solar wind energy into the magnetosphere. The resulting enhancement of the ring current contributed to the observed reduction in
Dst values.

The temporal correspondence between solar wind fluctuations and geomagnetic responses highlights the significance of turbulent
plasma structures in regulating magnetospheric dynamics. Similar relationships have been reported by Gonzalez et al. [15] and
Tsurutani et al. [16], who demonstrated that geomagnetic storms are often initiated by intervals of disturbed solar wind conditions.
The present results further suggest that short-term variability within the solar wind may amplify the geoeffectiveness of larger-scale
solar wind structures.
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C. Multi-Scale Characteristics of Solar Wind Turbulence

The multi-scale nature of solar wind turbulence was investigated using wavelet analysis. This approach enabled the identification of
dominant fluctuation scales and their temporal evolution throughout the study period. The wavelet power spectrum revealed
significant variability in turbulence intensity, indicating the presence of intermittent energy transfer processes operating across
multiple temporal scales.

Wavelet Power Spectrum of Solar Wind Speed

1400
120
1200
100
1000
80
800
60
600
40
400
20 200
0

0 250 500 750 1000 1250 1500 1750 2000
Record Number

Figure 3.Wavelet power spectrum showing the temporal evolution of solar wind turbulence across multiple time scales.

Scale
Power

As illustrated in Figure 3, regions of enhanced wavelet power were observed during intervals associated with elevated geomagnetic
activity. These regions corresponded to periods of increased fluctuation intensity and suggest the existence of coherent turbulent
structures embedded within the solar wind flow. Short-period fluctuations were particularly prominent during disturbed solar wind
conditions, whereas longer-period variations dominated during relatively quiet intervals.

The observed spectral behavior supports the classical turbulence framework proposed by Kolmogorov [24], which describes the
transfer of energy from larger scales to progressively smaller scales. In addition, the results are consistent with the findings of
Matthaeus and Goldstein [25], who emphasized the role of nonlinear interactions in governing solar wind turbulence. The
persistence of enhanced wavelet power during geomagnetic disturbances suggests that multi-scale turbulence may contribute
significantly to the efficiency of solar wind—magnetosphere coupling.

The wavelet analysis further demonstrates that turbulence within the solar wind is highly intermittent rather than uniformly
distributed. This intermittency may explain why certain solar wind structures produce stronger geomagnetic responses than others,
even when average solar wind parameters appear similar. Consequently, the inclusion of multi-scale turbulence diagnostics may
improve the identification of potentially geoeffective solar wind conditions.

D. Relationship Between Solar Wind Turbulence and Space Weather Indices

To quantify the relationship between solar wind turbulence and geomagnetic activity, correlation analysis was performed between
turbulence indicators and geomagnetic indices. The resulting correlation matrix provides insight into the degree of coupling between
solar wind fluctuations and near-Earth space weather responses.
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Figure 4.Correlation matrix illustrating relationships among solar wind turbulence parameters and geomagnetic activity indices

As shown in Figure 4, significant correlations were identified between turbulence intensity and geomagnetic activity indicators. The
strongest relationships were generally associated with IMF Bz and geomagnetic indices, reflecting the critical role of magnetic
reconnection in driving magnetospheric disturbances. Solar wind speed also exhibited notable correlations with geomagnetic
activity, indicating that enhanced plasma flow contributes to increased energy transfer into the magnetosphere.

The correlation patterns observed in this study support previous investigations by Borovsky and Denton [35], who suggested that
turbulent fluctuations can influence geomagnetic activity independently of large-scale solar wind structures. The results further
indicate that turbulence intensity may serve as a useful indicator of impending space weather disturbances. Such relationships are
particularly important for operational forecasting applications, where early identification of geoeffective solar wind conditions is
essential.

E. Implications for Near-Earth Space Weather

The findings of the present study demonstrate that solar wind turbulence exerts a measurable influence on near-Earth space weather
conditions. Enhanced turbulence intensity was consistently associated with increased geomagnetic activity, supporting the
hypothesis that multi-scale fluctuations contribute to the efficiency of solar wind—magnetosphere coupling. The combined results
from temporal analysis, wavelet spectra, and correlation assessment indicate that turbulence should be considered an important
component of space weather forecasting frameworks.

Traditional forecasting approaches frequently emphasize large-scale parameters such as solar wind speed and IMF Bz. However, the
present analysis suggests that turbulence diagnostics provide additional information regarding the dynamic state of the solar wind.
Incorporating turbulence-based indicators into forecasting models may therefore improve the prediction of geomagnetic storms and
related space weather hazards.

Overall, the results demonstrate that solar wind turbulence is a multi-scale phenomenon with significant implications for the
terrestrial space environment. The observed relationships between turbulence intensity and geomagnetic activity highlight the
importance of considering both large-scale solar wind structures and smaller-scale turbulent processes when investigating space
weather dynamics during Solar Cycle 25.
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V. CONCLUSION
The present investigation examined the multi-scale variability of solar wind turbulence and its influence on near-Earth space
weather during Solar Cycle 25. Solar wind turbulence represents one of the most important processes governing the transport of
mass, momentum, and energy throughout the heliosphere. Understanding how turbulent fluctuations affect the Earth's
magnetosphere is essential for improving space weather forecasting and mitigating the impacts of geomagnetic disturbances on
technological systems. By analyzing solar wind speed, interplanetary magnetic field (IMF) Bz, and geomagnetic activity represented
by the Dst index, this study provides valuable insight into the complex coupling mechanisms operating between the Sun and Earth.
The results demonstrated that solar wind conditions exhibit significant variability across a wide range of temporal scales. Variations
in solar wind speed and IMF Bz revealed the presence of turbulent structures embedded within the solar wind plasma. These
fluctuations were observed throughout the study period and were frequently associated with enhanced geomagnetic activity. The
temporal analysis showed that intervals characterized by elevated solar wind speed and southward IMF Bz were often followed by
pronounced decreases in the Dst index, indicating intensified geomagnetic storm conditions. Such observations confirm the critical
role of solar wind dynamics in regulating magnetospheric behavior.
The wavelet-based investigation further highlighted the multi-scale nature of solar wind turbulence. Enhanced wavelet power was
observed during several intervals, indicating the presence of intermittent turbulent activity and nonlinear energy transfer processes.
These results support the theoretical framework of magnetohydrodynamic turbulence proposed in earlier studies and demonstrate
that turbulence within the solar wind is neither stationary nor uniformly distributed. Instead, turbulent energy is concentrated within
localized intervals that may significantly influence the geoeffectiveness of solar wind structures. The identification of these intervals
provides additional information beyond traditional solar wind monitoring techniques and contributes to a more comprehensive
understanding of space weather variability.
Correlation analysis revealed statistically meaningful relationships between solar wind parameters and geomagnetic activity. The
moderate negative correlation between solar wind speed and Dst suggests that stronger solar wind conditions generally correspond
to more intense geomagnetic disturbances. Similarly, the observed relationship between IMF Bz and Dst emphasizes the importance
of magnetic field orientation in controlling solar wind—magnetosphere coupling efficiency. These findings indicate that both plasma
properties and magnetic field fluctuations must be considered when evaluating the potential impact of solar wind disturbances on
the near-Earth environment.
The study also demonstrates the usefulness of combining temporal analysis, wavelet techniques, and statistical methods for
investigating solar-terrestrial interactions. While conventional space weather studies frequently focus on large-scale solar wind
structures such as coronal mass ejections and high-speed streams, the present results indicate that embedded turbulent fluctuations
can substantially modify magnetospheric responses. Consequently, turbulence diagnostics should be incorporated into future
forecasting models to improve the prediction of geomagnetic storms and other space weather hazards.
From an applied perspective, improved understanding of solar wind turbulence is important for the protection of satellites,
communication systems, navigation networks, aviation operations, and power grid infrastructure. As human dependence on space-
based technologies continues to increase, accurate forecasting of space weather events becomes increasingly important. The
findings presented in this study contribute to ongoing efforts aimed at developing more reliable predictive capabilities for
operational space weather services.
Future investigations should extend the present analysis by incorporating longer observational intervals, additional geomagnetic
indices such as AE and Kp, and advanced turbulence diagnostics derived from higher-resolution measurements. The use of
spacecraft observations from multiple heliospheric locations may also provide a more detailed understanding of turbulence
evolution and propagation. Furthermore, machine-learning approaches combined with turbulence indicators may offer promising
opportunities for improving space weather forecasting accuracy.
Overall, this study confirms that solar wind turbulence is a fundamental component of solar—terrestrial interactions and plays a
significant role in shaping near-Earth space weather conditions. The observed relationships between turbulent solar wind
fluctuations, magnetic field variability, and geomagnetic activity demonstrate the importance of considering multi-scale processes
when investigating the dynamics of the heliosphere and the terrestrial magnetosphere. The results contribute to a growing body of
evidence emphasizing that turbulence is not merely a background feature of the solar wind but an active driver of space weather
variability.
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