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Abstract

Geomagnetic activity reflects the complex coupling between the solar wind, magneto-sphere and
ionosphere. While the global Kp index serves as a standard proxy for geo-magnetic disturbances, it
obscures regional variations linked to local current systems and ionospheric conductivity. This study
investigates regional features of geomagnetic activity using the local K index from the Almaty (AAA)
observatory and compares its temporal dynamics with Kp for 2007-2025. A combination of statistical,
spectral, wavelet, and nonlinear methods was applied, including power spectral density, continuous
and cross-wavelet transforms, multifractal detrended fluctuation analysis, and permutation entropy.
These approaches capture both linear and nonlinear features of variability and reveal scale-
dependent structures in geomagnetic fluctuations. The results show a high correlation (r = 0.84)
between K and Kp, but with a consistent positive offset of the local index, indicating sensitivity to
regional ionospheric processes. Wavelet coherence highlights strong coupling in the 13-27-day band
associated with solar rotation. Multifractal spectra reveal broader, more heterogeneous scaling in Kp
and narrower, more intermittent dynamics in K during disturbed periods. Local indices, like K thus
provide essential insight into mid-latitude electrodynamics, complementing global measures in
characterising the nonlinear spatio-temporal complexity of geomagnetic activity.

Keywords: geomagnetic activity; K index; Kp index; wavelet coherence; cross-wavelet transform;
power spectral density; multifractal detrended fluctuation analysis; permutation entropy;
solar-terrestrial coupling

1. Introduction

Geomagnetic activity reflects the redistribution of energy between the solar wind, Earth’s
magnetosphere, and ionosphere, serving as a key indicator of space weather [1,2]. The K and Kp
indices have traditionally been used to quantify the intensity of geomagnetic disturbances. While Kp
provides an integrated global measure, local K indices derived from individual observatories reveal
regional electrodynamic features. Since its introduction in 1932, Kp has become the primary global
parameter characterizing planetary-scale magnetospheric activity. However, spatial inhomogeneities
in Earth’s magnetic field and variations in the geoelectrical properties of the lithosphere lead to
significant regional differences in geomagnetic manifestations. As emphasized by [3], local magnetic
disturbances may diverge substantially from the global Kp-based metrics. A systematic comparison
of local K indices with global data is therefore essential for accurate assessment and forecasting of
space weather effects at the regional scale.

The Almaty geomagnetic observatory (code AAA), located in southeastern Kazakhstan,
occupies a transition zone between middle and low latitudes, making it an important site for
monitoring geomagnetic field variations. Its position in a region of complex magnetosphere—
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ionosphere coupling enhances its sensitivity to regional effects such as daytime variations linked to
local conductivity, current system geometry, and substorm activity. Paper [4] demonstrated that
AAA is particularly responsive to ULF magnetic wave variations during substorms, underscoring its
diagnostic value for local magnetospheric dynamics. Previous comparative studies of local versus
global geomagnetic indices have focused mainly on well-monitored regions such as Europe, North
America, and Japan [5,6], while Central Asia remains underrepresented in global analyses.
Consequently, data from observatories such as Almaty (AAA) offer an opportunity to fill this
scientific gap and refine models of geomagnetic variability.

Despite the widespread use of Kp, the consistency between global and local indices remains
uncertain, particularly in geophysically complex regions such as the Tian Shan. As noted by [5] and
[7], global indices often obscure local features driven by Sq current system variations [8], ring current
enhancement [9], or longitude-asymmetric substorms [10]. In this context, local indices like K (AAA)
provide a unique means of detecting regional deviations, time shifts, and amplitude enhancements
linked to ionospheric conductivity and the observatory’s location relative to the solar terminator [11].

This study compares long-term time series of the local K index from the Almaty observatory
(2007-2025) with the global Kp index, using a multifaceted approach:

1. Statistical analysis: correlation and regression between local and global indices;

2. Temporal analysis: seasonal-diurnal structures and the Russell-McPherron effect;
3. Spectral and wavelet analysis: identification of periodicities and coherence;
4

Multifractal analysis: exploration of nonlinear scaling and dynamical complexity.

This integrated framework enables not only a quantitative assessment of local-global
consistency but also the identification of physical mechanisms underlying regional geomagnetic
variability.

The novelty of this work lies in the systematic investigation of Central Asian geomagnetic
activity using nonlinear and multifractal techniques. Modern approaches—wavelet analysis,
multifractal detrended fluctuation analysis, and entropy-based metrics—allow a deeper
understanding of temporal scalability and stochastic structure beyond linear correlations. The
findings aim to improve the representation of solar—terrestrial coupling and enhance the predictive
modeling of geomagnetic disturbances in midlatitude regions.

The main objective is to identify regional features of geomagnetic activity from the K(AAA)
index and compare them with Kp, under the hypothesis that the local index exhibits stronger
intermittency and structural multifractality than the global one.

2. Materials and Methods

2.1. Data Sources and Temporal Synchronisation

This study utilised long-term time series of the local geomagnetic activity index K, derived from
observations at the Almaty Geomagnetic Observatory (code AAA, 43.25° N, 76.92° E), and the global
Kp index, published by the German Research Centre for Geosciences (GFZ Potsdam). Global Kp data
were obtained from the official GFZ website (https://www.gfz-potsdam.de/en/kp-index), while local
K index values computed from the Almaty observatory data were retrieved from the geomagnetic
observatory portal (https://ionos.kz/geomagnetic-observatory/). The local dataset covers the period
2007-2025 with a three-hour temporal resolution, corresponding to eight intervals per day (00-03,
03-06, ..., 21-24 UTC). The K(AAA) index was calculated based on data from a vector magnetometer,
followed by an assessment of amplitude deviations from the quiet baseline, according to the standard
methodology described by [12]. Both time series were synchronised on a unified three-hour grid and
normalised to ensure comparability. For the seasonal and diurnal analyses, the data were further
parameterised using day-of-year and universal time (UTC hour) coordinates, allowing the
investigation of temporal patterns across multiple scales.
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To eliminate phase discrepancies between the local and global datasets, all three-hour values
were aligned with the centers of their respective intervals (for example, the 00-03 UTC interval was
assigned to 01:30 UTC). After temporal synchronization, anomalous outliers were filtered out, and
isolated missing values were linearly interpolated, ensuring that both time series were comparable
in length and sampling structure. The resulting datasets have identical temporal resolution and are
expressed in standardised units (0-9 K-scale values), enabling direct statistical and spectral
comparisons. The series were thoroughly cleaned of gaps, time-aligned, and subsequently used to
evaluate correlation coefficients, regression slopes, and difference distributions between the local and
global geomagnetic indices.

2.2. Statistical and Correlation Analysis

The first stage of the study involved assessing the linear relationship between the local K(AAA)
and global Kp indices. For this purpose, Pearson correlation coefficients, linear regression

parameters, and the distribution of index differences A=K Kp,

were calculated to quantify
regional deviations of local geomagnetic activity from the global level. The seasonal-diurnal
structure of both indices was analyzed using median values of K and Kp, as well as the frequency of
threshold exceedances Kaaa> Kp. To visualise temporal variations, two-dimensional heat maps were
constructed in the coordinates “day of year x hour (UTC)”, highlighting characteristic zones of
enhanced or reduced geomagnetic activity. The consistency of extreme events was evaluated using
the criterion Kp 2 6, corresponding to moderate and intense magnetic storms. To quantitatively assess
the predictive reliability and sensitivity of the local K(AAA) index relative to global disturbances, a
ROC analysis was performed. This approach follows methodologies similar to those described by
[13,14], where the AUC serves as a quantitative measure of the index’s ability to discriminate
geomagnetic disturbances of varying intensity.

2.3. Spectral and Wavelet Analysis

The analysis of the frequency—time structure of geomagnetic activity was based on two
complementary approaches—spectral decomposition and continuous wavelet transform (CWT)—
which together enable the identification of both persistent cyclic components and their temporal
evolution. The investigation aimed to detect dominant periodicities associated with solar-rotational
and intra-seasonal variations, as well as to assess the coherence between fluctuations of the local
K(Almaty) and global Kp indices.

For an initial assessment of the frequency content and energy distribution of variations in K and
Kp, a spectral analysis was performed using Welch’s method of power spectral density (PSD)
estimation [15]. This technique reduces the variance of spectral power estimates compared with the
classical periodogram approach by averaging spectra computed over overlapping subsegments of
the time series. Such averaging ensures robustness to irregular bursts and nonstationary features,
which are typical of geomagnetic data. The method has proven effective in analyzing geophysical
time series with nonstationary structures, including geomagnetic index variations [16].

The original time series were normalized and apodized using a Hamming window, which
minimized edge effects during the Fourier transform. The subwindow length was set to 256 samples
(=32 days) with 50% overlap between adjacent segments, providing sufficient frequency resolution to
capture variations ranging from diurnal to multi-week timescales. The PSD values were normalized
by the square of the signal’s standard deviation, allowing direct comparison of the spectral energy
distributions of the local and global indices in relative energy units. All computations were
performed using the discrete Fast Fourier Transform (FFT) implementation of the scipy.signal.welch
function.

To investigate the temporal variability and scale-dependent organization of geomagnetic index
fluctuations, a complex continuous wavelet transform (CWT) was applied using the Morlet mother
wavelet with a dimensionless central frequency of wo = 6. This approach enables simultaneous
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localization of features in both time and frequency domains. The CWT method has been widely
employed to identify solar-rotational and seasonal components in geomagnetic activity series [17,18],
offering a robust framework for analyzing nonstationary and multiscale dynamics in geomagnetic
data. This type of mother wavelet provides an optimal balance between time and frequency
resolution, which is particularly important when analyzing quasi-periodic oscillations typical of
magnetosphere—ionosphere system dynamics. The time step of the input data was 3 h (At = 3h),
corresponding to the standard format of three-hour geomagnetic activity indices.

The range of analyzed scales was selected to encompass processes from diurnal to solar-
rotational timescales. The minimum scale (Smin) corresponded to a period of approximately 18 h,
while the maximum scale (Smax) extended to about 64 days. This configuration allowed the detection
of oscillations with characteristic periods of 10-30 days, representing modulation of solar wind fluxes
and reorganization of magnetospheric current systems. The scales were logarithmically spaced with
a step of 8j =0.125, providing approximately eight levels of detail per octave. This ensured adequate
coverage of both short-term fluctuations and longer periodic components, enabling a detailed
examination of multi-scale variability in the K(AAA) and Kp index time series.

To evaluate phase relationships between the local (K) and global (Kp) indices, cross-wavelet
transform (XWT) and wavelet coherence (WTC) analyses were applied, both using the same Morlet
mother wavelet. In both cases, Gaussian smoothing in time and scale domains (3x3 window) was

employed to suppress noise and stabilize coherent structures. Statistical significance was assessed at
2
the 95% confidence level relative to a red-noise background model using an X - test. Phase arrows

plotted on the coherence diagrams were used to interpret temporal phase shifts between the two
series: right-pointing arrows indicate in-phase behavior, whereas left-pointing arrows correspond to
anti-phase relationships, meaning that variations in Kp lead those in K(AAA). These methods allow
for the identification of intervals of stable, coherent behavior in the energy contributions of both
indices and the determination of phase delays and lead-lag relationships between signals [19]. Such
an approach provides a detailed view of the synchronization and temporal coupling between
regional and global geomagnetic activity variations.

The combined application of spectral and wavelet methods made it possible not only to identify
persistent solar-rotational rhythms (~27 days) but also to quantitatively characterize differences in
the energy distribution between local and global geomagnetic indicators. These findings are
consistent with the results reported by [4,20], confirming the presence of region-specific energy
responses within the broader framework of solar-terrestrial coupling.

2.4. Multifractal and Nonlinear Analysis

To characterize the nonlinear structure of the geomagnetic index time series, the Multifractal
Detrended Fluctuation Analysis (MFDFA) method was applied. The analysis was implemented in a
custom Python module with adaptive selection of scales and g-parameters, based on the open-source
MFDFA package [19,20].

The MFDFA technique is grounded in evaluating the dependence of fluctuation functions on the
window scale, allowing the detection of hidden scale hierarchies in the signal, manifested through
the Hurst exponent h(q) variability. For each moment order q, a set of h(q) estimates was obtained,
from which the singularity spectrum f(«) was derived, describing the distribution of local scaling
exponents in the signal.

In this study, the range of moments was set to q € [-5, +5] with 25 uniform steps, ensuring a
balanced characterization of both strong (q > 0) and weak (q < 0) fluctuations. The segmentation scales
s varied from 27 points up to N/4, where N is the total length of the series.

To analyze temporal variability in the multifractal properties, a sliding-window approach was
applied with a window length of 365 days and a step of 14 days, enabling the tracking of temporal
evolution in multifractal parameters and the identification of periods associated with enhanced
dynamical complexity of geomagnetic activity.
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Based on the h(q) dependencies, a spectrum of singularities f(ct) was constructed, where
a=h(q)+q and f(a)=q[a—h(q)]+1. The main quantitative indicators were extracted from it: the width of
the spectrum Aa = amax — atmin, reflecting the degree of multifractality; asymmetry, characterising the
predominance of weak or strong fluctuations; the position of the maximum f(a) — o, corresponding
to the most probable local scaling exponent; and the entropy of the spectrum, which estimates the
probability distribution over a. It is defined by the expression:

S, = —Zn: P(a)nP(e), P(e;)= M
> @) ®
j=1

where (%) s the normalized distribution of the spectrum density.
The obtained characteristics were interpreted as quantitative markers of the structural

complexity of geomagnetic variations. High values of spectrum width (Ax) and spectral entropy ( 5
) indicate the presence of multiple active scales and strong nonlinear correlations, whereas a narrow
spectrum with low entropy corresponds to more homogeneous and stationary processes.

In addition, permutation entropy (PE) was calculated to quantify the degree of signal chaoticity
at small scales. Permutation entropy, based on the ordinal pattern method proposed by [23] and
further developed by [24], enables the detection of changes in the local structure of a time series
without prior assumptions about its distribution. This metric serves as a sensitive indicator of
transitions between ordered and chaotic regimes in the system’s dynamics. When combined with the
multifractal approach, PE provides complementary information, enhancing the sensitivity of the
analysis to stochastic components and short-term irregularities in geomagnetic activity.

The algorithm is based on comparing ordered subsets of length m (the embedding dimension)
with a lag T, extracted from a time series. For each subset, a permutation of the ranks of the elements
is determined, after which the probability distribution of all x(t) possible m! permutations is
calculated. The normalized Shannon entropy is:

1 m!
Hpp = _ln(—m!);pi In(p;), (2)

where 7i is the probability of the i -th permutation, characterises the relative level of chaos of the

dynamics: Hpp =1 corresponds to a completely stochastic process, Hpg =0 _ deterministic.

In this study, the parameters embedding dimension m =5 and time delay 7 = 1 were used,
providing an optimal balance between sensitivity and statistical stability for time series of several
thousand data points. Calculations were performed within a sliding window of 90 days with a 24-h
step, allowing the tracking of the temporal evolution of local entropy and the identification of
transition periods between regular and chaotic regimes. For comparison between local and global
indices, time series of normalized permutation entropy —PE (K) and PE (Kp)—were constructed,
along with scatter diagrams illustrating their mutual relationships. Elevated values of permutation
entropy, when accompanied by a broad multifractal spectrum, were interpreted as indicators of the
system’s transition to a state of enhanced turbulence and instability.

The combined application of MFDFA and entropy-based measures enabled a quantitative
description of the nonlinear dynamics of geomagnetic processes and revealed clear distinctions
between the local (K) and global (Kp) indices. It was found that the local index exhibits a more
pronounced multifractal structure and higher entropy, reflecting the sensitivity of the AAA
observatory to regional ionospheric current systems and other processes that are not fully
represented in globally averaged indicators.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1609.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 October 2025 d0i:10.20944/preprints202510.1609.v1

6 of 24

3. Results

A comparison of the three-hour values of the local K (AAA) and global Kp indices revealed a
high degree of coherence between the two time series. As shown in Figure 1, both indices exhibit
clear synchronization during periods of enhanced geomagnetic activity; however, the local index
displays larger amplitude fluctuations and pronounced diurnal variations. In contrast, the global Kp
index demonstrates a smoother behavior, reflecting the averaging of data from a distributed network
of magnetic observatories.

This discrepancy between K and Kp emphasizes that local measurements are more sensitive to
small-scale processes and can capture disturbances not evident in global indices. The overall
similarity in their dynamics during magnetic storms confirms that regional magnetospheric
responses are in phase with global solar-terrestrial processes. Nevertheless, differences in the
amplitude and structural patterns of variations indicate that the local K index serves as a
complementary diagnostic parameter, providing valuable insight into the spatial inhomogeneity of
the magnetospheric response.

To identify diurnal and seasonal patterns in local and global manifestations of geomagnetic
activity, heat maps of the median values of the K (Almaty Observatory, AAA) and Kp indices were
constructed in the coordinates “day of year —hour (UTC)”. As shown in Figure 2, both indices exhibit
pronounced spatial-temporal inhomogeneity, reflecting the combined influence of seasonal effects
and diurnal variations in magnetospheric disturbances.

For the local K index, a distinct dependence on local time is evident: maxima of median values
occur in the 18-23 UTC interval, corresponding to evening and nighttime hours in Kazakhstan. This
structure is consistent with the typical ionospheric dynamics, in which variations in conductivity and
current systems are most intense in the evening magnetospheric sector. In contrast, the global Kp
index exhibits a smoother and more uniform distribution, reflecting averaging across all latitude
zones. Nonetheless, seasonal shifts in intensity are also visible, particularly near the equinoxes,
confirming the presence of the Russell-McPherron effect [25,26], which enhances the coupling
between the interplanetary magnetic field and the magnetosphere during these periods.
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Figure 1. Comparison of time series of the local geomagnetic activity index K (AAA station, red line) and the
global Kp index (black line) for the period 2007-2025. The values are shown at three-hour resolution across all
months of the year (X-axis) and years of observation (Y-axis, UTC format).

A comparison of the maps reveals that the local K index demonstrates greater contrast and
sensitivity to regional disturbance features, whereas the global Kp index is more inertial, representing
the integrated global level of geomagnetic activity. Thus, local observations are capable of capturing
small-scale processes and short-term variations that tend to be smoothed out in the formation of
global indices.

| 'l"\" i "1 | \ i cNM ” ||' |

Hours UTC

hours UTC

150 200
Day of year

Figure 2. Comparison of heat maps of the median values of the local geomagnetic activity index K (AAA) and
the global Kp index in the coordinates “day of year —hour (UTC)”. The upper panel illustrates regional diurnal
variations of geomagnetic activity, while the lower panel shows global patterns averaged over latitude and

longitude.

Figure 3a presents a scatter plot comparing the local geomagnetic activity index K (AAA station)
and the global Kp index, calculated for three-hour intervals over the entire observation period. Each
point represents the correspondence between local and global levels of geomagnetic activity, while
the red line indicates the linear regression fit. A clear positive correlation between K and Kp
(correlation coefficient r = 0.84) is observed, indicating a strong overall consistency between regional
and global magnetospheric processes.

At the same time, the local K values exhibit a larger spread around the regression line,
particularly within the range of moderate disturbances (Kp = 2-5). This dispersion reflects the
influence of local factors, such as ionospheric current systems, the electrojet, and the geomagnetic
latitude of the station, which modify the intensity of local magnetic field variations.

The high degree of correlation, coupled with persistent local deviations, confirms the complex,
multiscale nature of magnetospheric processes, where global drivers interact with regional
electrodynamic responses.

Figure 3b shows a two-dimensional correlation map between the local geomagnetic index K
(AAA station) and the global Kp index in the coordinates “month x hour (UTC)”. The color scale
represents the Pearson correlation coefficient between the two indices, averaged over the entire
observation period (2007-2025).
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The highest correlation values (r = 0.8-0.9) are observed during the evening and nighttime hours
(18:00-03:00 UTC), when the geomagnetic field at the station is most sensitive to variations in
magnetospheric current systems, particularly during substorm activity. In contrast, the correlation
weakens slightly during daytime hours (06:00-12:00 UTC), reflecting the influence of local
ionospheric currents driven by solar heating and conductivity variations.

This diurnal modulation of correlation indicates the coexistence of global magnetospheric
drivers and regional ionospheric responses, emphasizing the importance of local observations for
resolving the temporal and spatial structure of geomagnetic activity.
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Figure 3. Correlation structure and linear dependence of the local and global indices of geomagnetic activity: (a)
scatter plot of the local K index (AAA) and the global Kp index for three-hour intervals with a linear regression
line (red line), the black dashed line reflects the linear regression line with a correlation coefficient of 1; (b) two-

dimensional map of the correlation coefficient between K(AAA) and Kp in the coordinates “month x hour UTC”.

The scatter plot confirms a linear relationship between the magnitudes of the indices while
preserving a notable degree of dispersion, particularly in the region of moderate geomagnetic
activity. This indicates that global and local magnetic field variations are driven by the same
disturbance sources, yet the amplitude of local fluctuations strongly depends on regional current
systems and the geomagnetic latitude of the observatory.

The correlation map refines this relationship, revealing a systematic diurnal and seasonal
modulation of coherence between the indices. The highest correlation values (r > 0.8) occur during
the evening and nighttime hours, when local magnetic field variations are most in phase with global
magnetospheric processes. During the daytime, the correlation weakens slightly due to the influence
of ionospheric currents and solar heating—driven diurnal effects.

Seasonal variations are moderate but become more pronounced around the equinoxes,
consistent with the Russell-McPherron effect, which enhances the coupling between the
interplanetary magnetic field and the magnetosphere during these periods.

To quantitatively assess the discrepancies, the distribution of differences was calculated as A =
K - Kp (Figure 4). The mean difference was +0.20, the median +0.33, and the standard deviation
approximately 0.69. These results indicate that the local K index systematically exceeds the global Kp
index, while the spread of values reflects the presence of additional regional variations.

Thus, there is a consistent positive bias of the local index relative to the global one, suggesting
that the AAA observatory records geomagnetic disturbances that, on average, are stronger than those
represented by the globally averaged Kp. This bias highlights the enhanced regional sensitivity of the
Almaty station to local magnetospheric—ionospheric processes.
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Figure 4. Distribution of differences A = K - Kp for 3-h values (at interval centers). The red dotted line
corresponds to the mean value of A (+0.20), the blue dotted line to the median (+0.33).

To examine the temporal structure of the discrepancies, the dependence of the offset A = K - Kp
on month and time of day was analyzed (Figure 5a). It was found that during the nighttime hours
(01:30-04:30 UTC), the local index tends to be lower than Kp, particularly in the winter season (A =
-0.3 to -0.4). In contrast, during the daytime interval (07:30-16:30 UTC), a persistent positive anomaly
is observed (A up to +0.6 in summer), indicating an enhanced sensitivity of the Almaty observatory
to disturbances in the dayside magnetospheric sector.

In the evening hours (around 19:30 UTC), the local index also frequently exceeds the global
value, while the differences tend to diminish toward midnight. This asymmetry corresponds to
variations in ionospheric conductivity and daytime electrodynamic response, consistent with the
Russell-McPherron effect, which governs the seasonal modulation of solar wind—-magnetosphere

coupling.
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Figure 5. Comparative analysis of the differences between the local K index and the global Kp: (a) Heat map of
the mean bias A = K - Kp in month x hour UTC coordinates; (b) Frequency of cases where the local K index
exceeds the global Kp in month x hour UTC coordinates.
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An additional analysis of the frequency of cases where the local index K exceeds the global Kp
(Figure 5b) confirmed the previously identified patterns. During daytime hours, the probability of K
> Kp reaches 60-80%, with a maximum in summer. At night, this probability decreases to 20-30%,
while during the transitional seasons (spring and autumn), the contrast between day and night is
particularly pronounced.

To evaluate the ability of the local K index to reproduce global magnetic storms, defined by Kp
> 6, an event coincidence analysis was performed. In this case, an interval was classified as a
“magnetic storm.” Based on the three-hour data, a confusion matrix was constructed to represent the
matches and mismatches between the local and global indices (Figure 6):

e  True Positive (TP)—storms detected by both Kp and K: 109 cases;

¢  False Negative (FN)—storms identified by Kp but not detected at AAA: 112 cases;

e  False Positive (FP)—local events with K > 6 while Kp remained below the threshold: 122 cases;
e  True Negative (TN)—absence of storms in both datasets: 47,781 cases.

Thus, in the vast majority of intervals, the indices show strong agreement, while individual
discrepancies reflect the regional specificity of the geomagnetic field response.

For a more detailed assessment, a ROC curve was constructed using the local K index as a
classifier of geomagnetic storms relative to the global Kp index (Figure 7). The resulting AUC value
of 0.99 indicates an almost perfect agreement between the two datasets.

40000
Storm (Kp>=6) 109 122

o 30000
2
L
)

E 120000

No storm (Kp<®6) 112
r10000

Storm ('Kp>=6) No storm (Kp<6)
Predicted label

Figure 6. Error matrix for comparing extreme events by the local K index (AAA) and the global Kp index at a
threshold value of Kp > 6.

The AAA observatory demonstrates a high reliability in detecting extreme geomagnetic
disturbances. However, in some instances, it registers local enhancements that are not reflected in the
global Kp index (false positives, FP), while in other cases it misses individual global storm events
(false negatives, FN). These discrepancies are likely associated with regional characteristics of the
geomagnetic response, influenced by the specific longitude and latitude of the observatory and the
local configuration of ionospheric current systems.
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Figure 7. ROC curve for the local K index (AAA) as a magnetic storm classifier (reference: Kp > 6). The area
under the curve (AUC = 0.99) indicates a near-perfect match between local and global data. The dashed diagonal

line corresponds to random classification.

To identify the dominant periodicities in the dynamics of geomagnetic activity, a spectral
analysis of the time series of the local K index (AAA) and the global Kp index was performed.
Calculations were carried out using the Welch method with periodogram averaging, which reduced
the variance of the PSD estimates.

A comparison of the spectra (Figure 8) showed that both indices exhibit similar spectral
characteristics, reflecting the common physical origin of geomagnetic field disturbances. The most
persistent spectral peaks correspond to the following periodicities:

e ~27 days—the solar rotation period, determining the recurrence of large-scale solar wind
disturbances;
e ~13-14 days—a subharmonic of solar rotation, associated with the asymmetry of solar wind

streams within the heliospheric structure;
e  7-9 days—oscillations reflecting the dynamics of recurrent interplanetary disturbances.

At the same time, the spectrum of the local K index (AAA) contains more pronounced high-
frequency variations (periods <10 days), indicating the sensitivity of local observations to regional
features of the magnetosphere—ionosphere response. The Kp spectrum, in contrast, exhibits a
smoother power distribution, particularly at shorter timescales, which results from the spatial
averaging across a global network of observatories.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1609.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 October 2025

12 of 24

— IK(AAA)
. =
10
A
N
©
a 6 4 AL
: A
& 4
2 —\7\J Al
0
60 50 40 30 20 10 0

Period, days
Figure 8. Comparison of the power spectra of the K (AAA) and Kp indices calculated by the Welch method.

To analyze the temporal evolution of periodicities, a wavelet decomposition of the K and Kp
time series was performed using the complex Morlet wavelet. Figures 9a and 9b show the wavelet
scalograms of the local geomagnetic index K (AAA) and the global Kp index, obtained via the
continuous wavelet transform (CWT) with a Morlet basis. The color scale represents the normalized
wavelet power, which characterizes the relative energy of oscillations as a function of period (vertical
axis) and time (horizontal axis).

Both indices exhibit a clearly defined multiscale temporal structure. The power maxima occur at
periods between 5 and 30 days, corresponding to the characteristic timescales of magnetospheric
disturbances associated with the solar rotation period and recurrent solar wind streams. However,
the amplitude of energy contributions and the temporal stability of these components differ
significantly between the local and global indices, reflecting differences in their sensitivity to regional
versus planetary-scale processes.

In the scalogram of the local K index, short-period components dominate —ranging from 3 to 20
days—appearing as alternating bands of enhanced power. These variations reflect the influence of
local current systems and Sq-type ionospheric currents, which form under the combined effects of
diurnal and seasonal changes in atmospheric conductivity.

Frequent energy bursts with periods around 27 days correspond to solar rotation, reflecting the
recurrence of Earth’s interaction with long-lived solar wind structures. The enhancement of power
in the 15-30 day range is especially pronounced during solar maximum years (2013-2015 and 2023-
2025), indicating an intensified impact of solar disturbances on local geomagnetic processes.

The scalogram of the global Kp index reveals similar dominant periodicities; however, its energy
structure is smoother and extends to longer periods (40-80 days), indicating the contribution of
longitudinally and latitudinally averaged processes. Broad zones of elevated power are particularly
evident during periods of enhanced solar activity and magnetic storms, highlighting the integrated
global response of the magnetosphere to solar forcing.
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Figure 9. Wavelet scalograms: a) local index K (AAA) and b) global index Kp.

More extended regions of power enhancement at scales of approximately 30-60 days may be
associated with seasonal variations in the orientation of the geomagnetic field and the Earth’s axial
tilt (the Russell-McPherron effect), as well as with persistent high-speed solar wind streams.

Local power peaks in the K index often precede similar enhancements in Kp, suggesting that
local processes may act as a leading phase in the development of global geomagnetic activity. This
observation is consistent with the multifractal analysis results, which showed that local variations
exhibit a higher degree of nonequilibrium and intermittency. Hence, local data reveal a more complex
structure of high-frequency variability, whereas the global index predominantly reflects long-term
and stable modulations.

Figures 10(a, b) present the results of the cross-wavelet (XWT) and wavelet coherence (WTC)
analyses, illustrating the time-dependent interaction structure between the local and global
geomagnetic activity indices. The regions of enhanced power and coherence indicate stable in-phase
dynamics within the 10-30 day period range, confirming a common solar modulation of both local
and global magnetospheric processes.

The wavelet diagrams reveal that the relationship between local and global magnetic field
variations is distinctly multilevel and nonstationary. The most prominent zones of high cross-wavelet
power are observed within the 10-30 day period range, corresponding to the characteristic timescales
of solar-rotational disturbances. These regions indicate persistent simultaneous amplification of
oscillations in both indices, driven by the influence of long-lived high-speed solar wind streams
originating from coronal holes, which periodically interact with Earth’s magnetosphere as the Sun
rotates.

During periods of enhanced solar activity (20132015 and 2023-2025), an increase in cross-
wavelet power amplitude is evident, reflecting the globalized response of the magnetosphere, in
which local and planetary-scale processes become phase-synchronized and mutually reinforced.
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Figure 10. Results of cross- wavelet analysis: (a) cross- wavelet power (XWT); (b) wavelet coherence (WTC)
between the local geomagnetic activity index K (AAA) and the global Kp index for the period 2007-2025. The

color scale shows the relative power (XWT) and the degree of coherence (WTC), and the arrows indicate the

1]

phase relationships between the signals: to the right-in-phase behavior, to the left-antiphase, upward or

downward slope-advance or lag of one of the components.

The combined results of the cross-wavelet (XWT) and wavelet coherence (WTC) analyses
confirm the presence of a stable, scale-dependent relationship between the local and global
geomagnetic activity indices. At the same time, a pronounced asymmetry in the temporal scales of
this relationship is observed, reflecting the hierarchical organization of processes within the Sun-
magnetosphere—ionosphere system.

However, even under conditions of high coherence, certain intervals persist in which local
variations exhibit autonomous behavior and temporal inhomogeneity of energy distribution. To
achieve a deeper understanding of these discrepancies and to quantitatively assess the degree of
nonequilibrium in the signals, it is necessary to analyze their internal structure using methods of
nonlinear dynamics.

The following subsection presents the results of a multifractal analysis of the K and Kp indices,
which provides insights into the complexity of their time series and reveals differences in their scaling
behavior and entropy-based characteristics.

The multifractal analysis of the local geomagnetic activity index K (Almaty) and the global index
Kp revealed a complex structure of scale variability inherent to geomagnetic processes. The
dependences h(q) for both series show a distinct decrease with increasing moment order q,
confirming the presence of multifractality and the differences in temporal correlations between weak
and strong fluctuations.

For the local K index, the Hurst exponent range h(q) is approximately 0.74-0.83, whereas for Kp
it spans 0.79-0.90, indicating a broader and more stable scale hierarchy in the global index, which
reflects the integrated dynamics of magnetospheric processes.

Table 1 presents a summary of the estimated multifractal spectrum parameters, providing a
comparative overview of the scaling characteristics and complexity measures for both indices.

Table 1. Summary table of evaluation of parameters of multifractal spectra.

index Spectral width Olmax Spectrum asymmetry St
K 0,141 0,770 0.360 0.973
Kp 0.282 0,808 0.984 0.967
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Figure 11 presents the results of the multifractal analysis of the local geomagnetic index K (AAA)
and the global Kp index, performed using the MFDFA method. The plots of the Hurst function h(q)
(panels ¢, d) and the multifractal spectra f(a) (panels a, b) provide a quantitative description of the
scale inhomogeneity of fluctuations and highlight the differences in the variability structure of local
and global processes.
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Figure 11. Multifractal characteristics of local K(AAA) and global Kp indices of geomagnetic activity: (a)
Multifractal spectrum f(a) for the local index K; (b) Multifractal spectrum f(ct) for the global index Kp; (c)
Dependence of the Hurst function h(q) for the local index K; (d) Dependence of the Hurst function h(q) for the
global index Kp.

The h(q) functions for both indices show a clear dependence on the moment order g, confirming
the presence of multifractality and the nonuniform distribution of fluctuation intensities. However,
the slope of the h(q) dependence for the local K index is steeper and more linear compared with that
of Kp, indicating a narrower range of scaling exponents and thus a lower degree of variability in
energetic fluctuations. In contrast, the h(q) curve for Kp exhibits a concave shape, characteristic of
enhanced nonlinearity and greater sensitivity to extreme disturbances, which are averaged out when
forming the global index.

The corresponding f(at) spectra support these findings. For the local K index, the spectrum peaks
near ao= 1.0 and is nearly symmetric, typical of quasi-stationary processes with moderate
intermittency. The Kp spectrum, however, is broader (Aa = 0.20-0.25) and asymmetric toward larger
a, indicating the presence of processes with stronger variability and a higher degree of
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nonequilibrium. This behavior is physically consistent with the nature of the Kp index, which
aggregates contributions from observatories located across different latitudinal zones, each
influenced by distinct magnetospheric and ionospheric current systems.

The analysis of the temporal evolution of multifractal characteristics made it possible to trace
their dynamics over the 2007-2025 period. Figure 12 shows the time variations of the main parameters
of the multifractal spectrum—its width (Aa), peak position (a), asymmetry, and entropy—calculated
within a sliding window for both the local K (AAA) and global Kp indices. These parameters provide
insight into the evolution of complexity and scale heterogeneity of geomagnetic activity over the past
two solar cycles.

The time series analysis reveals that the spectrum width (Ac) exhibits quasi-periodic oscillations
that correlate well with the phases of solar activity. For the local K index, the range of Aa values does
not exceed 0.4, indicating a relatively stable multifractal structure and a moderate degree of
intermittency. In contrast, the global Kp index shows a broader spectrum width, reaching 0.7, which
reflects a more pronounced multifractality associated with the integration of disturbances originating
from different geomagnetic latitudes and current systems.
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Figure 12. Evolution of multifractal characteristics of geomagnetic activity indices in a moving window
(MFDFA): (a) local K (AAA,) and (b) global Kp. The time changes of the main parameters of the multifractal
spectrum are shown: width Aa; position of the spectrum maximum amag spectrum asymmetry, spectrum

entropy Sr.

The parameter oo, which characterizes the dominant type of fluctuations, varies in phase with
the solar cycle, decreasing during solar maxima (around 2014 and 2022). This behavior indicates the
prevalence of rougher time series during periods of enhanced energy exchange between the solar
wind and the magnetosphere. The asymmetry of the spectrum intensifies during strong geomagnetic
storms (notably in 2009, 2015, and 2020), signifying an imbalance between positive and negative
fluctuations—a typical signature of a system transitioning into an unstable, strongly nonequilibrium
state.

The spectral entropy (Sy), which reflects the degree of statistical organization of the multifractal
structure, exhibits local minima coinciding with extreme space weather events. Sharp entropy drops
in 2015 and 2020 align with the strongest geomagnetic storms of the analyzed period, confirming its
diagnostic sensitivity to transitions between quasi-stationary and turbulent magnetospheric states.

A comparison of the two indices reveals that the local K index primarily responds to regional
fluctuations of ionospheric current systems, whereas the global Kp index captures system-wide
magnetospheric reorganizations characterized by a stronger scale hierarchy. Nevertheless, the high
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correlation between the temporal evolution of ao and entropy in both indices indicates a common
physical origin of the processes governing the fractal structure of geomagnetic activity.

To assess the degree of chaoticity and stochasticity of geomagnetic variations, a permutation
entropy (PE) analysis was performed for the local K(AAA) and global Kp indices using a sliding
window of 90 days (Figure 13). The results reveal a distinct cyclic pattern of PE variations that
correlates with the 11-year solar cycle: during periods of low solar activity, entropy values are lower,
indicating greater regularity and predictability of geomagnetic fluctuations. In contrast, during solar
maxima (2003-2005, 2013-2015, and 2021-2024), entropy increases, reflecting the enhanced chaotic
behavior of the magnetospheric response.

Throughout the entire observation period, the global Kp index exhibits systematically higher PE
values, which points to its greater statistical heterogeneity and the spatially integrated nature of
global magnetospheric dynamics. The local K(AAA) index, on the other hand, shows more
pronounced PE oscillations, indicating the high sensitivity of the single observatory to local
geomagnetic effects—including ionospheric currents, conductivity variations, and regional electrojet
dynamics.

—— PE—K
0.55 P

2008 2010 2012 2014 2016 2018 2020 2022 2024 2026
Time (UTC)

Figure 13. Temporal changes in the normalized permutation entropy (PE) in a sliding window for local (AAA,

K) and global (Kp) geomagnetic activity indices.

Notably, sharp decreases in PE(K) occur during extreme geomagnetic storms—for instance, in
2009 and 2020—which can be interpreted as a transition of the system into a more deterministic
regime under the influence of a strong external driver (the solar wind). In such conditions, the
magnetospheric response becomes more coherent and organized, consistent with the physical
expectation of reduced stochasticity during powerful solar forcing events.

The scatter plot of PE(K) vs. PE(Kp) (Figure 14) confirms a positive overall relationship between
the local and global entropy values; however, the data points are distributed asymmetrically relative
to the 1:1 line, clustering mostly above it. This indicates that the global index generally exhibits a
higher degree of chaoticity compared with the local one. Such behavior aligns with the understanding
that the integrated Kp indicator averages over numerous regional processes, including out-of-phase
responses from different geomagnetic latitudes.

The obtained results complement the findings of the multifractal analysis, confirming that
geomagnetic activity possesses pronounced structural variability, evident both in its temporal
organization and in the stochastic properties of the signals.

A comparative analysis shows that both the local and global indices contain a common set of
fundamental periodicities associated with solar-rotational modulations. At the same time, the local
K (AAA) index demonstrates greater sensitivity to high-frequency and regional processes, whereas
the Kp index represents an averaged global picture of geomagnetic activity, integrating the combined
response of multiple magnetospheric regions.
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Figure 14. Scatter plot PE(K)-PE(Kp), characterizing the consistency of local and global dynamics.

Thus, the combined use of both indices makes it possible not only to identify the global patterns
of magnetospheric dynamics, but also to trace the regional features that may play an important role
in the study of ionospheric disturbances and their impact on technological systems.

4. Discussion

The results of this study demonstrate that geomagnetic activity observed in the Almaty region
represents a complex superposition of global and local processes interacting across a wide range of
temporal and spatial scales. The findings confirm the hierarchical structure of geomagnetic and
ionospheric dynamics, reflecting interactions within multiple layers of the Sun-Earth system—from
disturbances in the IMF to responses in the lower atmosphere. The nonlinear effects identified in both
the local and global indices point to the existence of inter-sphere coupling mechanisms, through
which electromagnetic and plasma perturbations in the magnetosphere can influence the dynamics
of the atmosphere and troposphere.

In this context, the study by [27] is particularly illustrative. Based on observations in the
Northern Tien Shan, the authors demonstrated the influence of various geophysical disturbance
sources on the atmospheric electric field and thunderstorm activity. They showed that the
enhancement of the atmospheric electric field and the increase in thunderstorm frequency correlate
with magnetospheric-ionospheric variations, indicating vertical energy and charge transfer between
atmospheric layers. These results expand the understanding that geomagnetic and ionospheric
variations, as reflected in ground-based indices, can serve as indicators not only of space weather
conditions but also of meteorological processes shaped by its influence.

The strong linear correlation between K(AAA) and Kp confirms that the main dynamics of the
geomagnetic field at midlatitudes are governed by global disturbances associated with the solar wind
and IMF. However, the persistent positive bias of the local index relative to Kp, along with the
observed diurnal and seasonal asymmetry, highlights the role of regional factors that modulate the
magnetospheric and ionospheric response depending on local geophysical conditions.

The most pronounced differences between the local geomagnetic index K(AAA) and the global
index Kp are observed in the dayside sector, where the enhancement of Sq current systems and the
increase in ionospheric conductivity occur under the influence of solar radiation. This effect is well
documented in midlatitude observatory data and described by [28] and [8], who demonstrated that
daytime variations in conductivity and Sq currents depend strongly on solar illumination, local time,
and geomagnetic latitude.

The daytime maximum of K(AAA) reflects not only the impact of global current systems, but
also the contribution of local electrojets that are distributed unevenly in longitude and latitude [29].
These regional current structures can enhance magnetic field perturbations near the observatory,
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leading to a systematic excess of local index values over the global ones. This effect highlights the
higher sensitivity of local indices to the fine structure of ionospheric current systems and the geo-
electrical characteristics of the region.

The seasonal modulation of K(AAA) is in phase with the well-known Russell-McPherron effect,
which arises from the geometric dependence of magnetic reconnection efficiency at the
magnetopause on the orientation of the interplanetary magnetic field (IMF) [25,30]. The enhancement
of geomagnetic activity near the equinoxes reflects an increased energy transfer into the
magnetosphere under favorable IMF orientation, a feature evident in both global and regional indices
[31]. However, for the local K(AAA) index, this effect is amplified by regional variations in
ionospheric conductivity, resulting in more pronounced diurnal and seasonal changes in the
amplitude of geomagnetic activity.

Spectral analysis revealed that the structure of K and Kp variations is governed by several
dominant scales: the 27-day cycle associated with solar-rotational modulation, and the 3-9-day range,
related to processes within the magnetosphere and ionosphere. The more pronounced short-period
oscillations in the local index arise from its sensitivity to substorm activity and localized disturbances
in ring and polar current systems. These findings indicate that the spatial averaging inherent to the
computation of Kp suppresses many regional variations, whereas the local index captures them in
full detail.

Wavelet analysis methods revealed a complex, hierarchically organized temporal-scale structure
of geomagnetic activity. Unlike classical correlation analysis, the wavelet approach allows the
exploration of scale-dependent synchronization between signals and identifies the time intervals and
periods where local disturbances are most coherent with global magnetospheric dynamics. This
provides a means to track the evolution of phase relationships between indices, distinguishing
intervals dominated by solar-induced periodicities (e.g., rotational cycles) from those where local
processes exhibit autonomous behavior.

The local K(AAA) index is dominated by short-period and subrotational components, while the
global Kp index exhibits stronger seasonal and cyclic oscillations. The joint analysis indicates a
correlated but nonuniform dynamic relationship between local and global geomagnetic processes,
confirming the multifractal nature of Earth’s magnetic field variations.

The wavelet coherence (WTC) analysis further supports these conclusions: coherence values
exceed 0.8 in the 10-30 day range, and the interaction phase is predominantly in-phase, indicating
synchronous behavior of both components. The regions of high mutual coherence within the solar-
rotational period range (~27 days) confirm that both indices are controlled by common solar—
geophysical sources, primarily high-speed solar wind streams (HSS) and the interaction between the
solar magnetic field and Earth’s magnetosphere [32,33].

At shorter timescales (<10 days), the wavelet coherence between the local and global indices
noticeably decreases, and the phase relationship between their oscillations begins to diverge. This
effect is interpreted as a manifestation of local ionospheric processes, including electrojet activity,
conductivity variations, and the spatially heterogeneous development of current systems in
longitude and latitude [28]. Such regional effects can modulate the amplitude and phase of
geomagnetic variations, introducing additional nonlinearities into local indices. The observed phase
leads of the local K(AAA) index relative to the global Kp by 3-6 h in the dayside sector reflect the
temporal instability of the magnetosphere—ionosphere response. Similar phase shifts were previously
observed in comparisons between the AE, Dst, and Kp indices and interpreted as differences in the
energy transfer delay between regional and global systems [34]. This confirms that local ionospheric
processes respond more rapidly to solar wind disturbances than do globally integrated measures.

The ROC analysis provided a quantitative evaluation of the diagnostic capability of the local
K(AAA) index relative to the global Kp in detecting extreme geomagnetic events. A storm threshold
of Kp = 6 was adopted, following the international geomagnetic storm classification [13]. For the local
index, the true positive rate (TPR) and false positive rate (FPR) were computed to construct the ROC
curve and determine the area under the curve (AUC). The resulting AUC = 0.92 indicates high
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sensitivity and specificity, demonstrating that K(AAA) reliably detects global disturbances captured
by Kp while also identifying local events not fully represented in global indices. Similar conclusions
were reached by [14], where ROC analysis was applied to assess the performance of K-index
forecasting models.

Notably, during the onset phase of geomagnetic storms, the local index K(AAA) exhibits a lead
of several hours relative to Kp. This finding is consistent with [35] and [36], who reported that
regional ionospheric responses occur earlier due to differences in local conductivity and current
system configuration. Such behavior underscores the importance of K(AAA) for real-time
(nowcasting) and regional space weather diagnostics, particularly in regions with pronounced
ionospheric effects.

The multifractal analysis further confirmed that geomagnetic activity possesses a strongly
nonlinear, multiscale structure that cannot be reduced to simple linear correlations or stationary
processes. The broad singularity spectra f(a) and elevated entropy values indicate the intermittent
nature of geomagnetic variability, arising from the alternation of quiet and disturbed magnetospheric
states [37,38].

For the local K(AAA) index, the multifractal spectra f(a) are broader and more asymmetric
compared to those of the global Kp index, indicating its higher sensitivity to short-lived but intense
events that enhance the multifractal properties of the time series. A similar pattern has been observed
for the AE and SYM-H indices during geomagnetic storms, when the cascade of energy exchange
between different temporal and spatial scales becomes more pronounced [39].

An increase in the spectrum width f(a) and entropy during storm periods is consistent with the
concept of multi-level energy coupling between macroscopic solar-wind flows and small-scale
ionospheric current structures [40]. This behavior indicates that the intensification of geomagnetic
activity is accompanied by a rise in multifractality, signaling the system’s approach to a critical state.
The comparison of local and global indices also shows that multifractal properties persist across
spatial scales, reflecting the universal hierarchical organization of geomagnetic processes. However,
differences in spectrum width and shape emphasize the importance of regional factors, such as
ionospheric conductivity, station location, and local current systems, which must be considered when
developing spatio-temporal magnetospheric models and nonlinear geomagnetic disturbance
indicators.

A comparison between the diurnal and seasonal variations shown in Figure 2 and the results of
multifractal analysis reveals that periods of enhanced regional activity (evening hours and equinox
seasons) correlate with broader f(a) spectra and increased asymmetry, indicating a strengthening of
nonlinear processes and a higher contribution of rare, extreme fluctuations to the overall
magnetospheric dynamics. The evening maxima of K(AAA) correspond to periods of enhanced
ionospheric currents and strong magnetosphere—ionosphere coupling, during which multifractal
metrics record a rise in scale variability —a signature of transition to a more turbulent regime. Thus,
the spatio-temporal patterns detected on heat maps are directly reflected in changes in multifractal
characteristics, confirming the tight link between the temporal structure and scale organization of
geomagnetic activity. This is consistent with the concept of the self-organized nature of
magnetospheric processes, where local variations collectively shape the global energy-exchange
dynamics between the Sun, magnetosphere, and ionosphere.

The PE analysis demonstrated that global variations exhibit greater stochasticity and lower
regularity than local ones, while local indices show entropy reduction during storms, reflecting more
deterministic behavior of the system. The long-term evolution of PE follows the solar activity cycle,
confirming the presence of nonlinear transitions between distinct magnetospheric states.

Of particular interest is the potential of multifractal characteristics as diagnostic and forecasting
parameters of geomagnetic activity. As storm conditions approach, the statistical shape of f(x)
systematically changes—its broadening, peak shift, and asymmetry increase, reflecting a transition
from quasi-stationary to nonlinear, energetically unstable regimes. To quantify their predictive
capability, binary classification methods, such as ROC analysis, can be applied to evaluate the
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sensitivity and specificity of multifractal indicators relative to storm thresholds (Kp 2 6). Preliminary
results show that integral metrics—the spectrum width (Aa) and entropy (Sf)-achieve AUC values
above 0.8, indicating a high discriminative power between quiet and disturbed magnetospheric
states.

Thus, the multifractal characteristics of K and Kp indices can serve not only as descriptors of
nonlinear geomagnetic variability, but also as physically grounded precursors of geomagnetic
storms. Their integration into ensemble forecasting models, together with solar-wind and IMF
parameters, may significantly enhance the efficiency of early-warning systems for space-weather
disturbances.

5. Conclusions

The conducted study demonstrated that regional geomagnetic activity, recorded at the Almaty
Geomagnetic Observatory (AAA), possesses a distinct structural and dynamic specificity that cannot
be reduced to the averaged global characteristics represented by the Kp index. Despite a strong
overall correlation between the two series, the local K(AAA) index exhibits a systematic positive bias
and more pronounced diurnal and equinoctial variations, associated with enhanced Sq currents and
increased ionospheric conductivity. These features reflect the contribution of regional electrodynamic
mechanisms that influence both the amplitude and phase of magnetic disturbances.

A comprehensive combination of spectral, wavelet, multifractal, and entropy-based techniques
provided a multi-level analytical framework encompassing both the time-frequency and structural-
stochastic organization of geomagnetic variability. The Welch spectral analysis identified dominant
periods linked to solar-rotational and diurnal cycles. CWT and their cross variants XWT, WTC
revealed the temporal evolution of these processes, mapped zones of coherence between local and
global indices, and identified phase relationships indicative of ionospheric delays or leads relative to
global magnetospheric perturbations.

The MFDFA quantified scale-dependent complexity and intermittency, reflecting transitions
between quasi-stationary and turbulent magnetospheric—ionospheric regimes, while the PE provided
a localized measure of chaoticity sensitive to short-term changes in signal determinism. Together,
these approaches enabled a quantitative characterization of the temporal, spectral, and nonlinear
structure of geomagnetic activity, revealing correlations between its stochastic, fractal, and coherent
components.

The combined results demonstrate that the local index captures not only global disturbances but
also regional processes arising from current redistribution in the magnetosphere and ionosphere.
Spectrally, K(AAA) exhibits enhanced components in the 3-9 day range, indicating sensitivity to
substorm dynamics, while wavelet analysis shows that Kp represents a smoother, global solar-
rotational modulation, and K(AAA) responds to short-term energetic bursts from local sources. The
high wavelet coherence (25-30 days) and phase discrepancies at shorter scales confirm the
coexistence of global and regional drivers, highlighting the value of K(AAA) for resolving spatial
structure and refining magnetospheric models.

ROC analysis revealed a high predictive capability (AUC = 0.92) of the local index in storm
detection, underscoring its potential for real-time monitoring and early warning systems. During
periods of enhanced solar activity, K(AAA) exhibited a leading response relative to Kp, reinforcing
its utility for nowcasting applications.

In summary, the local K(Almaty) index serves not merely as a regional analogue of Kp but as an
independent indicator reflecting the intrinsic multiscale dynamics of geomagnetic processes. Its
integration into international monitoring networks could improve the spatial resolution of space
weather models and deepen understanding of energy transfer mechanisms between the solar wind,
magnetosphere, and ionosphere. The findings emphasize the necessity of regional observations in
constructing global indices and point toward hybrid frameworks that combine linear and nonlinear
diagnostics for a comprehensive analysis of geomagnetic variability.
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The following abbreviations are used in this manuscript:

AAA Almaty Geomagnetic Observatory (Almaty, Kazakhstan)
CWT Continuous Wavelet Transform
WTC Wavelet Transform Coherence
XWT Cross Wavelet Transform
IMF Interplanetary Magnetic Field
MFDFA  Multifractal Detrended Fluctuation Analysis
PE Permutation Entropy
PSD Power Spectral Density
Sq Solar Quiet Current System
ROC Receiver Operating Characteristic (Curve)
AUC Area Under the ROC Curve
UTC Coordinated Universal Time
AE Auroral Electrojet Index
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