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Interplanetary characteristics and geoeffectiveness during recurrent geomagnetic

activities of the Solar cycles 23 and 24

Abstract

Recurrent geomagnetic activity represents an important component of solar-terrestrial
interactions and is mainly associated with high-speed solar wind streams originating from long-
lived coronal holes. This study aims to investigate the interplanetary characteristics and
geoeffectiveness of this type of activity observed during solar cycles 23 and 24 (1996-2019).
Twenty-eight (28) recurrent geomagnetic events were identified using the Aa index and the
Sudden Storm Commencement (SSC) dates. Solar wind parameters (speed, proton density,
dynamic pressure, and IMF Bz component) and the Dst index were investigated through
individual-event analysis, Superposed Epoch Analysis (SEA), and correlation analysis. The
individual-event analysis showed that 26 of the 28 events share common interplanetary
signatures that are consistently reproduced by the SEA composite profiles. These analysis
reveal the typical SIR/CIR signature, characterized by a progressive increase in solar wind
speed, early enhancements in proton density and dynamic pressure, recurrent southward IMF
Bz intervals, and a decrease in Dst reaching weak-to-moderate storm levels. Correlation
analyses further highlight the temporal relationships between interplanetary parameters and
geomagnetic activity : solar wind speed acts as a precursor of geomagnetic activity, while the
IMF Bz component has a more direct influence on the development of geomagnetic storms
through the reconnection phenomenon. Proton density and dynamic pressure modulate the
intensity of the magnetospheric response during the principal phase. These findings confirm
the important contribution of CIR-related high-speed streams to recurrent geomagnetic activity
and improve our understanding of the physical processes controlling their geoeffectiveness.
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1. Introduction

For over a century, researchers have investigated Earth's magnetic field, its perturbations,
and the sources of these perturbations. Early studies by (1), (2) and (3) established the
foundations of modern geomagnetism by demonstrating that geomagnetic variations are linked
to solar activity. These discoveries transformed geomagnetism from a purely terrestrial

discipline into a solar-terrestrial science and paved the way for modern space weather research.

Modern space weather research has shown that most geomagnetic disturbances can be linked
to specific solar and interplanetary phenomena, including sunspots, coronal mass ejections, and
solar wind structures (4). Thus, the work of (5) and (6), based on a statistical analysis of over
a century of data (1868-1978) directly related to solar phenomena and utilizing the geomagnetic
index Aa established by (7), laid the foundations for the classification of geomagnetic activities.
They distinguished four main classes: (a) quiet activity related to normal solar wind conditions
and characterized by weak geomagnetic perturbation, (b) shock activity caused by coronal mass
ejections (CMEs), (c) recurrent activity associated with high-speed solar wind streams from
coronal holes, and (d) fluctuating activity due to irregular variations (fluctuations) in the solar
wind during its flow. This classification was later confirmed and refined by several authors,
including (8), (9, (10), thereby contributing to a more robust and standardized classification of
geomagnetic activity. (11) refined the classification of (5), (6) using a larger database (1868 —
2009) and taking into account the effect of active regions and moderate winds that were
embedded in the fluctuating ones. This approach preserved the four-class classification of
geomagnetic activity while adjusting the aa-index thresholds and reducing the range of
fluctuating activity in favor of recurrent and shock activities. Although these studies established
a clear association between recurrent geomagnetic activity and high-speed solar wind streams
originating from coronal holes, the detailed evolution of solar wind parameters during recurrent

events and their contribution to geoeffectiveness remain a path to explore.

Moreover, the ability of a solar or interplanetary event to produce measurable geomagnetic
disturbances on Earth is termed geoeffectiveness (12, 13, 14). Geomagnetic storms, which
represent the most significant manifestation of geomagnetic disturbances, are commonly
quantified using indices such as Dst (Disturbance storm time), Kp, AE (Auroral Electrojet),
SYM-H (15, 16, 17, 18). The Dst index, the most widely used index, associated with the
enhancement of the ring current (15). A decrease in Dst occurs when the interplanetary
magnetic field (IMF) is oriented southward and the solar wind speed is high. This promotes

magnetic reconnection and the injection of energy into the ring current. Understanding how



interplanetary parameters govern geomagnetic disturbances is therefore essential for assessing

the geoeffectiveness of recurrent geomagnetic activity.

The objective of this study is therefore to characterize the behavior of solar wind parameters
during recurrent geomagnetic activity and to evaluate their contribution to geoeffectiveness

using individual-event analysis, superposed epoch analysis, and correlation techniques.

2. Data and Methods
2.1. Data
The present study uses the following datasets :

» Storm Sudden Commencement (SSC) dates and daily mean values of the geomagnetic
Aa index. These data are used to identify days of recurrent geomagnetic activity and are
available through the International Service of Geomagnetic Indices (ISGI);

» Solar wind parameters, including solar wind speed, proton density, dynamic pressure,
and Bz component of the interplanetary magnetic field expressed in the GSM coordinate
system. These parameters were used to characterize the interplanetary conditions
associated with recurrent events and to investigate their contribution to
geoeffectiveness. The corresponding hourly data are obtained from the OMNI database
(18, 20) through the OMNIWeb service;

« Hourly Dst index values, which is used to assess the geoeffectiveness of recurrent
geomagnetic activity events. Hourly Dst values were also obtained from the OMNIWeb
database

All dataseys cover solar cycles 23 and 24 (1996 — 2019).

2.2. Method
« ldentification of recurrent geomagnetic activity days

According to (21), recurrent geomagnetic activity results primarily from with high-speed solar
wind streams originating from long — lived coronal holes and is characterized by a periodicity
close to the synodic solar rotation period (~27 days). Subsequent studies, including those of (9)
and (10), confirmed this definition and further refined the criteria used to identify the different
classes of geomagnetic activity. These criteria are based on daily values of the geomagnetic Aa
index and Storm Sudden Commencement (SSC) dates. According to these criteria, recurrent
geomagnetic activity is defined by daily values = 40 nT observed for at least two consecutive
days and recurring over at least two successive Bartels rotations. The criteria can be represented
using pixel diagrams, which are widely employed to visualize and identify the different classes

of geomagnetic activity (5, 6, 9). Examples of recurrent events identified using this procedure



are shown in Figures 1 and 2. Figure 1 illustrates a recurrent event observed on 21 — 22

September 1996 and recurring on 18 — 19 October 1996, corresponding to recurrent

geomagnetic activity over two successive Bartels rotations. Figure 2 shows a more persistent

event extending from August to December 2003 and recurring over five successive Bartels

rotations.
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a common reference time (¢t = 0) in order to construct composite profiles representative of the

average behavior of the investigated parameters. SEA reduces the influence of event-to-event



variability and highlights the characteristic mean signatures of recurrent geomagnetic activity

events.

For each event, the analysis window extends from one day before the event onset to one day
after its end. This time window allows both the pre-event conditions and the post-event recovery
phase to be include in the composite analysis. Moreover, time is defined such that t = 0
corresponds to the onset of the event. The onset of a recurrent event is identified as the firs hour
of the first day of recurrent geomagnetic activity determined from the pixel diagram. The time

t = n corresponds to the end of the event, where n denotes the event duration in hours. For
example, t = 48h corresponds to the end of a recurrent geomagnetic event lasting two days.

To evaluate the robustness of the trends revealed by the composite profiles, uncertainty bands

corresponding to the mean + standard error of the mean (SEM) were associated with each

composite profile. These bands provide information on the dispersion of observations around

the mean behavior and allow the inter-event variation to be assessed.

The composite mean was calculated using equation (1):

(1)

where N is the number of d B () represents the value of a given parameter
at time ¢t for event i.
To further quantify the statis relationships revealed by the composite profiles, Pearson
correlation and cross-correlation ses between each solar wind parameter and the Dst index
were subsequently performed. In cross-correlation analysis, the lag is interpreted as the
characteristic time interval separ variations in a solar wind parameter from the
corresponding geomagnetic respogl® observed in Dst. Consequently, the lag associated with
the maximum cross-correlation gi¥ffficient is interpreted as the characteristic response time of
Dst to the considered paramgh. Il should be noted that all correlation coefficients were
computed from the composijrofiles obtained through the SEA procedure. The mathematical

expressions of the Pearso i iciejl and the cross-correlation function are given

(2)
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where x; and y; denote the va 0 variables under consideration (e.g., solar wj

speed and Dst index), x and y thel means, and r the Pearson correl;

coefficient, which ranges from — 1 to + 1. Values of r approact a stronger,
relationship. In the cross-correlation analysis, k denotes the temporal lag, and the m;

value of Ry, (k) identifies the lag at which the two series are most strongly correlated.

lags indicate that variations in the solar wind parameter precede the corresponding
in Dst, whereas positive lags indicate that Dst variations occur first.
In the present study, only the two-day geomagnetic events were retained for the cause
they constitute the most frequent category within the sample (20 out of 28 eve provide
a homogeneous temporal framework for aligning interplanetary and geomag atures.

» Geoeffectiveness criterion

In this study, geoeffectiveness is assessed using the Dst index, which is wi Ployed as an

indicator of geomagnetic storm intensity (15). An event is considered g e when it i

associated with a decrease in Dst index reaching at least - 30 nT < - 30 nT

Following the classification proposedday (15), geomagnetic storms 3 Drized accord
to the minimum Dst™Namreacned gvent:
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3. Results

3.1. Examples of recurrent geomagnetic events
Figures 3 and 4 present representative examples of recurrent geomagnetic events identified
during solar cycle 23. Figure 3 corresponds to a recurrent geomagnetic activity observed during
the solar minimum phase (September — October 1996), whereas Figure 4 illustrates a recurrent
geomagnetic activity observed during the declining phase of the cycle (August — December
2003).

The September — October 1996 activity recurred over two consecutive Bartels rotations (2227

and 2228, respectively). In both occurrences, the IMB Bz component fluctuated around zero,



with several intervals of southward orientation. Unlike most events examined in this study,
solar wind speed was already elevated before the onset of the September 1996 event. It
gradually decreased during the first day, reached a minimum near the end of the day, and then
increased again during the second day to values characteristic of high-speed solar wind streams.
Proton density and dynamic pressure remained relatively low throughout event. The
geomagnetic response was marked by decreases in the Dst index, with minimum values ranging
from — 44 nT to - 52 nT. During the October 1996 event, solar wind speed increased rapidly.
In less than 12 hours, it rose from ~400 to ~600 km/s and it stabilized around ~600 km/s until
the end of event. Proton density and dynamic pressure peaked at the beginning of the event
before decreasing in the subsequent phase. The Dst underwent a gradual decline from the start
f the event. It reached a first minimum of - 42 nT at t = 6 h and a second minimum of - 52 nT
at t = 38h.
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Figure 3: Temporal evolution of the IMF Bz component, solar wind speed, dynamic pressure,
proton density, and the Dst index during two recurrent geomagnetic events observed near the
minimum phase of Solar Cycle 23. Panel (a) corresponds to the event of 21-22 September 1996
(Bartels rotation 2227), while panel (b) corresponds to the event of 18-19 October 1996 (Bartels
rotation 2228). The dashed red lines indicate the beginning and end of each recurrent

geomagnetic event.
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Figure 4: Temporal evolution of the IMF Bz component, solar wind speed, dynamic pressure,
proton density, and the Dst index during recurrent geomagnetic events observed the declining
phase of Solar Cycle 23. Panel (a) corresponds to the event of 21-23 August 2003 (Bartels
rotation 2321), while panel (b) corresponds to the event of 17-20 September 2003 (Bartels
rotation 2322). The dashed red lines indicate the beginning and end of each recurrent

geomagnetic event.

The August — December 2003 activity persisted over five consecutive Bartels rotations. For
brevity, only the first two recurrent events are shown in Figure 4, as the subsequent rotations
exhibit similar interplanetary and geomagnetic signatures. Figure 4 presents the first two
occurrences (Bartels rotations 2321 and 2322), which lasted three and four days, respectively.
Both events were characterized by an initial transition of the IMF Bz component from
northward to southward orientation, followed by alternating positive and negative fluctuations.
Solar wind speed increased rapidly at the onset of the events, from values typical of slow solar
wind (~400 - 500 km/s) to high-speed conditions exceeding 700 km/s. Proton density and
dynamic pressure exhibited enhanced values near the beginning of the events before decreasing
during the subsequent phase. The geomagnetic response was associated with significant
decreases in Dst, reaching minimum values between — 62 nT to — 65 nT.

Overall, the recurrent geomagnetic events analyzed in this study exhibit similar temporal
characteristics. Prior to event onset, solar wind speed is generally low and relatively stable,

while proton density and dynamic pressure tend to increase. The onset phase is characterized



by a rapid increase in solar wind speed, a transition of the IMF Bz component toward southward
values, and a simultaneous decrease in Dst. During the subsequent phase, solar wind speed
remains elevate, whereas proton density and dynamic pressure decrease and stabilize at lower
levels. The geomagnetic response is characterized by an initial rapid decrease in Dst followed
by a gradual recovery accompanied by fluctuations. These examples illustrate the typical
interplanetary and geomagnetic signatures observed during the recurrent events investigated in
this study.

3.2. Superposed Epoch Analysis (SEA)

Twenty recurrent geomagnetic events lasting two days were selected for the superposed epoch
analysis (SEA), representing 71.43% of all recurrent geomagnetic events identified during

solar cycles 23 and 24,
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Figure 5 presents the composite profiles of solar wind parameters and the Dst index. Solar wind



speed exhibits a progressive increase from approximately 430 km/s at the event onset to about
620 km/s at t = 48 h, with a maximum near 640 km/s around t = 36 A. After the event, the speed
gradually decreases. Proton density shows a moderate enhancement near the beginning of the
event before progressively decreasing during the main phase. Dynamic pressure remains
relatively low but displays a slight increase near the onset. The IMF Bz component fluctuates
around zero, with a tendency toward negative values during the central phase of the event. The
Dst index progressively decreases after event onset and reaches a minimum value close to — 50
nT around t x 26 h.



Figure 5: Superposed epoch analysis (SEA) of 20 recurrent geomagnetic events lasting two
days. Panels show the composite profiles of solar wind speed, proton density, dynamic pressure,
IMF Bz component in GSM coordinates, and the Dst index. The solid red curves represent the
mean composite profiles, while the shaded red areas indicate the uncertainty bands (mean +
SEM). Gray dots correspond to the individual event values used in the analysis. The dashed red

lines indicate the beginning (t = 0 h) and end (t = 48 h) of the recurrent geomagnetic events.

Tables 1 and 2 and Figure 6 summarize the linear and cross-correlation analyses between solar
wind parameters and Dst. The strongest linear correlation is observed between solar wind speed
and Dst (r =- 0.894). More moderate correlations are found for proton density, dynamic
pressure and IMF Bz. Cross-correlation analysis reveals characteristic lags of approximately

- 40 h for solar wind speed, - 8 A for IMF Bz, + 16 h for proton density, and + 23 h. for

dynamic pressure relative to Dst.

Table 1: Pearson correlation coefficients between composite solar wind parameters and the
composite Dst index derived from the SEA of 20 recurrent two-day geomagnetic events.

Solar wind parameters Pearson correlation coefficient (r)
Speed —-0,894
Proton density + 0,459
Dynamic pressure -0,391
IMF Bz component + 0,444

Table 2: Strongest coefficients obtained with the cross-correlation functions between
composite solar wind parameters and the composite Dst index obtained from the SEA of 20

recurrent two-day geomagnetic events, as well as the corresponding time lag.

Solar wind parameters Corrélation maximale Décalage (heures)
Speed + 0,459 —40
Proton density +0,914 +16
Dynamic pressure + 0,594 +23

IMF Bz component 0,0586 -8
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Figure 6: Cross-correlation functions between composite solar wind parameters and the
composite Dst index obtained from the superposed epoch analysis of 20 recurrent two-day

geomagnetic events.

4. Discussion

The recurrent geomagnetic events analyzed in this study exhibit interplanetary signatures
characteristic of high-speed solar wind streams and stream interaction regions (SIRs/CIRS).
The recurrence of these events over successive Bartels rotations suggests an association with
long-lived coronal holes, which can persist for several solar rotations and are recognized as the
primary sources of recurrent high-speed solar wind streams (24, 25, 26). The observed increase
in solar wind speed, together with the subsequent enhancements in proton density and dynamic
pressure, are consistent with the compression plasma regions commonly observed in CIR
structures (26, 27).

The individual event analysis and the composite profiles obtained from the superposed epoch
analysis indicate that several solar wind parameters contribute to the geoeffectiveness of
recurrent geomagnetic activity through complementary physical mechanism. Solar wind speed
exhibits the strongest overall relationship with the Dst index, as evidenced by the strong Pearson
correlation coefficient obtained from the composite profile. This result supports the view that
high-speed streams are the primary drivers of recurrent geomagnetic activity, in agreement

with previous studies (28, 29). However, the occurrence of geomagnetic disturbances also



depends on the orientation of the interplanetary magnetic field. The recurrent southward Bz
intervals observed near event onset likely promote magnetic reconnection at the magnetopause
and facilitate the transfer of solar wind energy into the magnetosphere (15, 30). The
enhancements in proton density and dynamic pressure observed at the beginning of the events
are characteristic of the compressed plasma regions associated with CIRs and contribute to
strengthening the magnetospheric response.

The geomagnetic response is characterized by decreases in Dst ranging from approximately -
40 nT to - 90 nT, indicating predominantly weak to moderate geomagnetic storms conditions
according to the classification of (15). These amplitudes are characteristic of CIR-driven
storms, which are generally less intense than CME-driven storms but occur more frequently
during periods dominated by long-lived coronal holes (28, 31). The moderate intensity of the
observed disturbances may be related to the relatively short duration of the southward Bz
intervals identified during the events.

The cross-correlation analysis provides additional insight into the temporal relationships
between solar wind parameters and the geomagnetic response. The lag of approximately 40 h
between solar wind speed and Dst indicates that variations in solar wind speed precede the
geomagnetic response and therefore act as an important precursor of recurrent geomagnetic
activity. In contrast, the shorter lag observed for the IMF Bz component (approximately 8 h)
suggests a more direct influence on storm development through magnetic reconnection. Proton
density and dynamic pressure exhibit significant cross-correlations with Dst, particularly proton
density, which presents the highest maximum cross-correlation coefficient. However, the
positive lags associated with these parameters suggest that they primarily modulate the intensity
of the geomagnetic response through plasma compression processes rather than directly
triggering geomagnetic activity. The consistency between the individual-event analysis and the
superposed epoch analysis strengthens the robustness of the interpretations and highlights the
complementary roles of solar wind speed, IMF orientation, and plasma compression in

controlling the geoeffectiveness of recurrent geomagnetic events.

6. Conclusion

This study identified and characterized 28 recurrent geomagnetic events observed during solar
cycles 23 and 24. The analysis of solar wind parameters indicates that these events are primarily
associated with high-speed streams originating from long-lived coronal holes and the

corresponding stream/corotating interaction regions (SIRS/CIRs). The observed signatures



include an increase in solar wind speed, compression of the interplanetary plasma, and the
occurrence of southward Bz intervals favorable to energy transfer into the magnetosphere.
The superposed epoch analysis, combined with linear and cross-correlation analyses, shows
that solar wind speed is the parameter most strongly associated with the overall evolution of
Dst, whereas the IMF Bz component plays a key role in triggering the geomagnetic response.
Proton density and dynamic pressure mainly contribute to modulating the intensity of this
response through compression processes associated with CIRs.

The disturbances observed correspond predominantly to weak-to-moderate geomagnetic
storms, confirming that CIRs constitute an important source of recurrent geoeffectiveness
during solar cycles 23 and 24. These results contribute to a better understanding of Sun-Earth
coupling processes associated with recurrent events and highlight the relevance of solar wind

parameters for geomagnetic activity forecasting.
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