4

International Journal of Geosciences, 2023, 14, 813-826

"“ Scientific https://www.scirp.org/journal/ijg
0 " Research :
94% Publishing ISSN Online: 2156-8367

@,

ISSN Print: 2156-8359

Distributions and Structure of the Solar Wind
during Solar Cycles 23 and 24

Somaila Koala*, Wendkouni Paulin Bere, Yacouba Sawadogo, Issamail Ki, Jean Louis Zerbo

Laboratoire de Matériaux, d’Héliophysique et Environnement (La.M.H.E), Université Nazi BONI, Bobo-Dioulasso, Burkina Faso

Email: *ismaelkoala@yahoo.com

How to cite this paper: Koala, S., Bere,
W.P., Sawadogo, Y., Ki, I. and Zerbo, J.L.
(2023) Distributions and Structure of the
Solar Wind during Solar Cycles 23 and 24.
International Journal of Geosciences, 14,
813-826.
https://doi.org/10.4236/ijg.2023.149043

Received: July 25, 2023
Accepted: September 3, 2023
Published: September 6, 2023

Copyright © 2023 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

[ONom

Abstract

To observe the level of interaction between the solar wind and the geomag-
netic activity, we analyzed the distribution of the solar wind speeds according
to the different classes of geomagnetic activity and the different phases of so-
lar activity. We found that, the magnetic quiet activity reccord 80% of the so-
lar wind speeds V < 450 km/s. The recurrent activity has observed 88% of so-
lar wind speeds V > 450 km/s. The shock activity observes 82% of the solar
wind speeds V > 450 km/s. About 70% of the solar wind speeds V > 450 km/s,
are observed in the corotating activity class. The cloud shock activity and
fluctuating activity classes observed respectively 37% and 55% of the wind
speeds V > 450 km/s. Furthermore, slow solar winds are mainly observed at
the minimum phase of each solar cycle; but exceptionally the solar maximum
phase of solar cycle 24, records a significant rate of slow solar wind. Shock
winds are mainly observed around the solar maximum and recurrent winds
are mainly observed at the descending phase of the solar cycle. Corotating
stable winds and moderate shock winds dominate respectively at the des-
cending phase and at the maximum phase.
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1. Introduction

The solar wind is a stream of plasma particles consisting mainly of ions and
electrons that are ejected from the upper atmosphere of the Sun. Its structure va-
ries in latitude with the cycle of solar activity. At the sunspot minimum, the solar
wind is strongly structured by solar latitude [1]. The fast and tenuous solar wind

comes from the polar coronal holes associated with the “open” magnetic flux [2]
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[3] [4] and [5] and the slower and denser solar wind comes from equatorial flute
belts associated with closed magnetic loops [6]. The solar wind spreads almost
radially throughout the heliosphere, meaning that the large-scale structure of the
solar wind at 1 AU is determined primarily by conditions in the upper corona
[7]. Transient structures resulting from coronal mass ejections [8] propagate
through “ambient” solar structures. While interplanetary CMEs (ICMEs) are re-
sponsible for the most severe space weather [9] [10], correctly predicting the
structure of the ambient solar wind is important for space weather because the
ambient solar wind, in particular fluxes from interaction regions (SIR), can be
geoeffective per se [10] [11]. Then the ambient solar wind can modulate both the
arrival time and the properties of ICMEs in near-Earth space [12] [13] [14].
Moreover, the ambient solar-wind structure is important for the magnetic con-
nectivity between the Sun and the Earth, which determines the transport of solar
energetic particles [15] [16]. The study of the structure and morphology of the
solar plasma provides information on the dynamics of our Star. In this work, we
will quantify the relationships between the solar wind, solar and geomagnetic ac-
tivity according to the different classes established by [4] [17] and recently im-
proved by [2]: quiet activity, recurrent activity, shock activity, magnetic cloud
activity, corotating activity and fluctuating activity. We used the pixel diagram
method for geomagnetic activity [2] [4] [17] and solar wind activity [2]. Our
work is structured as follows: in Section 2, we presented the data and methodol-
ogy, followed by the results and discussion in Section 3, and in Section 4, a sum-

mary of our results.

2. Data and Methodology

In this work we used the daily averages of the solar wind speed and the annual

sunspots number available on the site http://omniweb.gsfc.nasa.gov/ow.html, in

order to have a view overview of the structure and morphology of the solar
plasma, according to the different classes of solar and geomagnetic activity. The
determination of the different classes of solar and geomagnetic activity is done
on the basis of Pixel diagrams using the criteria of [2]. Thanks to the close solar
wind-Aa index correlation established by [18] and the classification of [2], the
different classes of solar activity are organized as follows:

1) Quiet activity: day with Aa < 20 nT. Refers to slow solar wind from the so-
lar heliosheet and very quiet days without thunderstorm activity defined by V <
350 km/s (white pixels in the diagram) and quiet days characterized by 350 km/s
<V <450 km/s (blue color in the pixel diagram). An example of a pixel diagram
is shown in Figure 1(a) and Figure 1(b).

2) Recurrent activity: Aa > 40 nT over at least one solar rotation (effects of fast
winds). The class of recurrent winds, is formed by recurrent strong solar winds
originating from coronal holes and extended over several solar rotations and
characterized by V = 550 km/s ((orange, red and olive-red colors in the pixel di-
agram (Figure 1(a) and Figure 1(b)).
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Figure 1. Pixel of the Aa index (a) and the speed (b) of the year 2002.

3) Shock activity: date of sudden onset of magnetic storms with Aa > 40 nT
over a period of 3 days at most (shock waves). The shock wind class is made up
of days under CME events (circle on pixel diagram) and characterized by V >
550 km/s with a duration of one, two or three days.

4) Corotating activity: the geomagnetic index is such that 20 nT < Aa < 40 nT.
This class is defined as the manifestation of solar winds, corotating stables and
having moderate magnetic effects in the vicinity of the Earth’s environment;
under these conditions the wind speeds are between 450 km/s and 550 km/s
corresponding to the yellow and green colors on the wind speed pixel diagram.
We identify this class by the recurrence zones without SSC (yellow and green
colors in Figure 1(a) and Figure 1(b));

5) Magnetic cloud activity: the days selected are the SSC dates whose effect
lasts one to three days. And the corresponding Aa range from 20 nT to 40 nT.
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This activity groups together shock events causing a suitable change in the level
of geomagnetic activity; corresponding to the speeds includes between 450 km/s
and 550 km/s (yellow and green colors in Figure 1(a) and Figure 1(b));

6) The fluctuating wind class: is made up of unidentified days in the two pre-
450 km/s). This is the class of transient and

fluctuating events that are not taken into account in the previous classes. We

vious well-organized classes (V 2

evaluate its global energy level by subtracting from the fluctuating activity [4]
the energy levels of the co-rotation class and magnetic clouds.
The start dates of sudden storms (Sudden Storm Commencement: SSC) are

available on the site https://isgi.unistra.fr. For the distribution of speeds by in-

terval, we have selected the dates and the daily values of the Aa index for each
class of geomagnetic activity with the corresponding wind speeds. Then through
the pixel diagram of the solar wind, we calculated the percentages of solar activ-
ity classes for each year and according to the different phases of solar activity,
during the two solar cycles (solar cycles 23 and 24). Figure 1 presents an exam-
ple of the pixel diagram of the Aa index and the solar wind.

3. Results and Discussions

Figure 2 presents the solar wind distributions (a) and (b) and the percentage
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Figure 2. Solar wind distribution (a) and (b) and percentage distribution of solar wind speeds (c) and (d) in the quiet activ-
ity class during solar cycles 23 and 24.
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distributions of solar wind speeds (c) and (d) in the quiet activity class during
solar cycles 23 and 24. In this figure, we observed that 82% and 85% of the solar
wind speeds respectively during solar cycles 23 and 24 blowing during quiet ac-
tivity are less than 450 km/s. In addition, statistical analysis shows that during
quiet activity 71% of solar wind speeds are of the order of 391 * 68 km/s.

Figure 3 presents the solar wind distributions (a) and (b) and the percentage
distribution of solar wind speeds (c) and (d) in the recurrent activity class during
solar cycles 23 and 24. This figure shows that 90% and 86% of the solar wind
speeds respectively during solar cycles 23 and 24, during the recurrent activity
are greater than 450 km/s. In addition, 65% of solar wind speeds are of the order
of 575 £ 100 km/s.

Figure 4 presents the solar wind distributions (a) and (b) and percentage dis-
tribution of solar wind speeds (c) and (d) in the shock activity class during solar
cycles 23 and 24. In this figure, we recorded that 78% and 86% of the solar wind
speeds respectively during solar cycles 23 and 24, are greater than 450 km/s. We
also observe that 69% of the solar wind speeds are of the order of 548 + 110 km/s

during the two solar cycles during the shock activity.
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Figure 3. Distribution of solar wind (a) and (b) and percentage distribution of solar wind speeds (c) and (d) in the recurrent
activity class during solar cycles 23 and 24.
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Figure 4. Solar wind distribution (a) and (b) and percentage distribution of solar wind speeds (c) and (d) in shock activity
class during solar cycles 23 and 24.

Figure 5 presents the solar wind distributions (a) and (b) and the percentage
distribution of solar wind speeds (c) and (d) in the class of corotating activity
during solar cycles 23 and 24. This figure shows that 69% and 71% of the solar
wind speeds respectively during solar cycle 23 and 24 are above 450 km/s. It is
also observed through a statistical analysis that 72% of the solar wind speeds are
between 415 km/s and 601 km/s during the two solar cycles during the corotat-
ing activity.

Figure 6 presents the distributions of solar wind (a) and (b) and the percen-
tage distribution of solar wind speeds (c) and (d) in the magnetic cloud activity
class during solar cycles 23 and 24. In this figure, we observe 42% and 32% of the
speeds of the solar wind respectively during solar cycles 23 and 24, are greater
than 450 km/s. Moreover the statistical analysis reveals that 71% of the solar ve-
locities are between 354 km/s and 514 km/s during the two solar cycles during
the magnetic cloud activity.

Figure 7 presents the solar wind distributions (a) and (b) and the percentage
distribution of solar wind speeds (c) and (d) in the fluctuating activity class dur-
ing solar cycles 23 and 24. This figure shows that 56% and 54% of the solar wind
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Figure 5. Solar wind distribution (a) and (b) and percentage distribution of solar wind speeds (c) and (d) in

the corotating activity class during solar cycles 23 and 24.
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Figure 6. Solar wind distribution (a) and (b) and percentage distribution of solar wind speeds (c) and (d) in
the magnetic cloud activity class during solar cycles 23 and 24.
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Figure 7. Solar wind distribution (a) and (b) and percentage distribution of solar wind speeds (c) and (d) in the fluc-
tuating activity class during solar cycles 23 and 24.

speeds respectively during solar cycles 23 and 24 are greater than 450 km/s. We
also observe after a statistical analysis that 67% of the speeds of the solar wind
are of the order of 478 + 92 during the two solar cycles during the fluctuating ac-
tivity.

In summary, our study shows that nearly 80% of the wind speeds V < 450
km/s are observed in the magnetic calm activity class. 88% of wind speeds V >
450 km/s, are observed in the recurrent activity class. 82% of the wind speeds
V > 450 km/s, are observed in the shock activity class. About 70% of the wind
speeds V > 450 km/s, are observed in the corotating activity class. The magnetic
cloud and fluctuating activity classes show 37% and 55% of the solar wind speeds
V > 450 km/s respectively. These observations confirm and extend the work of
[2]. Table 1 summarizes the order of magnitude of wind speeds by activity class.

Figure 8 presents the temporal evolution curves of the percentages of occur-
rences of the different classes of activity and the sunspot number during the pe-
riod 1996 to 2019. This figure shows that each class of the solar wind is observed
over the entire study period with different levels of occurrence. The highest per-
centages of slow solar wind are observed respectively in 1997 (87.12%) during
solar cycle 23 and 2009 (88.76); 2014 (81.09%) and 2019 (80.82%) during solar
cycle 24. The lowest percentages of slow wind occurrence are observed in 2003
(26.3%) during solar cycle 23 and 2017 (54.52%) during solar cycle 24. Shock
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Percentage of occurrence

Table 1. Order of magnitude of solar wind speeds by activity class.

Solar wind conditions

Quiet Activity 323 km/s a 459 km/s
Recurrent Activity 475 km/s a 675 km/s
Shock Activity 438km/s a 658 km/s
Corotationg Activity 415 km/s a 601 km/s
Cloud Shock Activity 354 km/s a 514 km/s
Fluctuating Activity 386 km/s a 570 km/s
Shock Wind Corotating Wind Reccurrent Wind
Quiet Wind Cloud Shock Wind Fluctuating Wind
SSN: Sunspot Number
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Figure 8. Curves of temporal evolution of the percentages of occurrences of the different classes of ac-
tivity and the sunspot number during the period 1996 to 2019.

winds with a high level of occurrence are observed in 2000 (4.09%), 2001
(5.48%), 2003 (4.93%) and 2005 (5.2%) during the solar cycle 23 and 2012
(1.36%) and 2013 (1.64%) during solar cycle 24. The lowest percentages of
shocks winds occurrence are observed respectively in 1996, 2007, 2008, 2009,
2011, 2015, 2016, 2018 and 2019 during the two solar cycle with an occurrence
rate of 0%. The percentages of recurrent wind occurrence are observed in 2003
(32.6%) and exceptionally in 2008 (20.76%) during solar cycle 23 and in 2016
(12.84%) and 2017 (16.16%) during solar cycle 24. Low levels of recurrent wind
occurrence are observed in 1997 and 2009 during both cycles with an occurrence
rate of 0%. As for the corotating winds, the highest percentages of occurrence
are observed in 2003 (20.27%), 2008 (17.48%), 2015 (17.53%), and in 2016
(17.21%) and the lowest percentages of occurrence in 1997 (3.28%) and in 2014
(4.38%) during the two solar cycles. The highest occurrence percentages of
magnetic clouds are observed in 2000 (3.82%), 2001 (3.01%), 2004 (3.27%) and
2015 (3.28%) and the lowest percentages in 1996, 2009 and 2019 with an occur-
rence rate of 0%, during the two solar cycles. We observe a fairly similar level of
fluctuation during our study period, but however, the fluctuation is quite signif-
icant around the solar maximum than at the solar minimum. These statistics

show us that, slow winds are mainly observed at the minimum phase of each so-
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lar cycle; but exceptionally the solar maximum of solar cycle 24, records a signif-
icant rate of slow wind. Shock winds are mostly observed around the solar
maximum and recurrent winds are mostly observed at the descending phase of
the solar cycle respectively. According to the work of [2] [4] [5] [19] [20] [21],
the highest values of solar wind speed in Earth’s orbit are observed during the
descending phase of the solar cycle, when the high-speed fluxes from the equa-
torward extensions of the coronal holes polar extend to low heliographic lati-
tudes. Corotating stable winds and moderate shock winds are mainly observed
respectively at the descending phase and at the maximum phase.

Figure 9 presents the histograms of the percentages of occurrence of the dif-
ferent classes of solar activity according to the different phases of the solar cycle
23. In this figure, the slow solar wind flows mainly modulate the geomagnetism
(77.53%) during the ascending phase of the solar cycle while the Earth expe-
riences strong recurrent wind effects (18.43%) on the descending phase. Shock
winds are mainly observed at the maximum phase of the solar cycle. The solar
winds, stable in co-rotating and having moderate magnetic effects in the vicinity
of the terrestrial environment, are important in the descending phase with 17.15%.
As for the shock winds with a modification of the moderate level of activity, they
were significant at the maximum and at the descending phase with respectively
2.46% and 2.26%. We observe a constant fluctuation of the wind on all the phases
of the cycle. This leads to a permanent fluctuation of the heliosheet [5] [22].

Figure 10 presents the histograms of occurrences of the different classes of
solar activity according to the different phases of the solar cycle 24. This figure
shows that the slow winds are mainly observed at the minimum phase with
79.18% of the winds as well as at the maximum phase with 76.98% of the winds.
The shock winds are mainly observed at the maximum phase with 1.1% of the
winds. The solar winds, stable in co-rotation and having moderate magnetic ef-
fects in the vicinity of the terrestrial environment are important in the descending

phase with 14.96% of the winds. Moderate shock winds are observed respectively

SC 23
EMinimum @Increasing O Maximum @ Decreasing
100 |
80 -
60 -
40 -

20 1
Shock Wind Corotating Quiet Wind  Cloud Shock Recurrent Fluctuating

Wind Wind Wind Wind
Solar wind different classes

Percentage of occurrence

Figure 9. Histograms of the percentages of occurrences of the different classes of solar activity ac-
cording to the different phases of the solar cycle 23.
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Figure 10. Histograms of the percentages of occurrences of the different classes of solar activity ac-

cording to the different phases of the solar cycle 24.

at the maximum with 1.92% of the winds and at the descending phase of the
cycle with 1.64% of the winds. A similar level of wind fluctuation is observed
during the four phases of the solar cycle.

The analysis of Figures 8-10 shows that the values of the speed of the solar
wind during the solar cycle 23, is more important compared to the solar cycle 24.
The solar cycle records a significant level of wind shock and recurrent compares
at solar cycle 24. This is explained by the continued presence of so many low la-
titude holes so late in cycle 23, with recurrent high-velocity flows persisting in
the ecliptic until early 2009, so is another consequence of weak polar fields [23].
High-velocity currents have the greatest relative effect on geomagnetic activity at
high latitudes [2] [4] [5] [21] [24] [25] [26]. So we can say that the earth’s at-
mosphere was much more disturbed during solar cycle 23 compared to solar

cycle 24.

4. Conclusions

In this paper, we have analyzed the distribution of solar wind speeds according

to the different classes of geomagnetic activity, using the classification of geo-

magnetic activity established by [2]. Our analysis shows that:

e Nearly 80% of the wind speeds V < 450 km/s are observed in the magnetic
quiet activity class.

o 88% of wind speeds V > 450 km/s, are observed in the recurrent activity class.

e 82% of the wind speeds V > 450 km/s, are observed in the shock activity
class.

e About 70% of the wind speeds V > 450 km/s, are observed in the corotating
activity class.

e The magnetic cloud and fluctuating activity classes observed respectively 37%
and 55% of the wind speeds V > 450 km/s.

We also analyzed the speed distribution of solar wind speeds according to the

different classes of solar activity and the different phases of the solar cycle using
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the classification established by [2]. We found that slow winds are observed
mainly at minimum phase of each solar cycle; but exceptionally the solar maxi-
mum of solar cycle 24, records a significant rate of slow wind. Shock winds are
mainly observed around the solar maximum and recurrent winds are mainly
observed at the descending phase of the solar cycle respectively. Corotating sta-
ble winds and moderate shock winds dominate respectively at the descending

phase and at the maximum phase.
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