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Abstract

Highly turbulent environment, the solar wind is a stream of very energetic
particles mainly made of protons and electrons. During its trip in the inter-
planetary space, this solar flow becomes more accelerated during the outer
minima (descending phases) of the solar cycles and can therefore influence all
of humanity and its technology. These disturbances lead to socio-economic
consequences requiring a precise knowledge of the climate variability. Using a
statistical approach, we evaluate the response of the Earth’s magnetosphere to
the High-Speed Solar Winds (HSSW) forcing during the peaks of the last five
outer minima. To do so, 1UA data of solar wind and magnetic field parame-
ters were extracted from OMNI browser. Analysis of the energetic solar plasma
particles shows that strong geomagnetic field variations can occur even in the
absence of large solar disturbances. While the normalized reconnection rate
was estimated to be ~21% of the total variance of the magnetospheric va-
riables, the upstream of the magnetic cavity was perturbed 80% of the time
with large energies recorded. As a result, Earth’s magnetosphere becomes
denser (ie., more drag), which is a problem for spacecraft. Thus, the coupled
solar wind-magnetosphere system follows scale-invariant dynamics and is in
a state far from equilibrium. Our analysis provides insight into the main
cause of geomagnetic storms with more than 97% of HSSW imposed in the
range 300 - 850 km/s. These high-speeds lead to auroras that can disrupt
electrical and communication systems.
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1. Introduction

The Sun, source of life providing heat, light and food with a central place in
agriculture, continues to be nowadays, a source of questions for all humanity.
From this source, solar events are continuously ejected into interplanetary space
in the form of radiation (X-rays, UV, etc.) and energetic particles (solar wind
jets, interplanetary coronal mass ejections ICMEs, etc.). Thanks to space mis-
sions such as Advanced Composition Explorer (ACE), WIND, Operating Mis-
sions as a Node on the Internet (OMNI), Parker Solar Probe (PSP), Magnetos-
pheric Multiscale (MMS), the dynamics and properties of ICMEs have been stu-
died using in situ data at 1 AU. These studies, while showing the impact of these
flares on space weather as well as their implication in solar-terrestrial physics,
advance our knowledge which will be very important for future space missions.
It is well known that ICMEs cross and interact with the solar wind in the back-
ground. However, the nature of this interaction depends on the structure of the
plasma, the solar wind and the generally faster ICMEs. The proof of the solar
wind/ICMEs interaction and of two varieties of the solar flow (slow and High-
Speed Solar Winds) has been one of the great triumphs of the space age, and
much has been learned about their physical nature. Nevertheless, our current
understanding of the structure of solar winds when their speed becomes suffi-
ciently high is far from complete. We also do not understand the conditions of
the closed to open magnetic topologies on the dayside of the Earth’s magnetos-
phere under the effect of fluctuating HSSW. In general, our ideas about the struc-
ture of HSSW are still developing over average periods of 11 years since 1963.
These ideas need to be tested with other periods of observations, for example,
during the outer minimum of solar cycles to better elucidate the upstream forc-
ing of HSSW particles.

Indeed, during the descending phase (outer minimum) of solar cycles, the so-
lar wind becomes more accelerated. These sufficiently high speeds have an im-
pact on planetary bodies, electronic components of spacecraft, electrical and na-
vigation systems, energy variation of charged particles, geomagnetic storms,
magnetospheric dynamics, etc. In addition, changes in the Earth’s environment
created by human activities can induce disturbances in local and even regional
climatic characteristics. Electric and magnetic fields induced on ground by these
solar-generated disturbances also have major influences on the operation and re-
liability of space and terrestrial systems/services (radio waves, communication
systems, power and aviation grids, artificial satellites, etc.), or even threaten hu-

man health through carcinogenic diseases, depression, heart failure, immuno-
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logical modifications [1] [2] [3] [4]. Above all, without a stable magnetic field to
protect the Earth (magnetosphere), we would be incredibly vulnerable to solar
storms. However, this magnetic bubble is neither rigid nor completely imper-
meable, and will in fact be under pressure from solar particles. Thus, a small
portion of the solar wind penetrates this region on the night side. These particles
are then concentrated in the plasma sheet from where they are accelerated to-
wards the Earth to constitute harmful elements for humanity [5] [6]. In reality,
different populations of solar wind particles are not independent. They commu-
nicate with each other thanks to a permanent large-scale circulation induced by
the solar wind inside the magnetosphere. This circulation constancy is linked to
an electric field dawn-dusk that can cause irregularities in the magnetosphere.
Thus, all these disturbances have economic consequences whose cost can only be
correctly evaluated by a precise knowledge of climate variability.

The challenge of predicting with precision and as quickly as possible, i.e. from
solar observations and based on the knowledge of physical processes, requires
expertise on all stages of the phenomena from Sun to Earth. In this scenario, in-
terplanetary signatures are the key to advance towards the Earth and back to-
wards the Sun to finally discover with precision, the geoeffectiveness of the up-
stream of the terrestrial magnetosphere. Objective of this manuscript is to con-
tribute to a better knowledge of the dynamics and structure of the Earth’s mag-
netosphere in the face of extreme fluctuations in solar activity during the outer
minima of solar cycles 20 to 24. Note that solar cycle 25 (started in 2019), whose
outer minimum is scheduled for 2029 according to NASA, would not be taken
into account in this study. Given the complexity of the magnetospheric system,
our study will use a statistical approach rather than a univocal study. In this case,
there is evidence for a statistical relationship between HSSW turbulence and
geomagnetic response, although it cannot be considered the only physical me-
chanism involved in the dynamics of the magnetosphere. More clearly, in an
electric current approach, this work, which is a continuation of [7], conducts a
statistical analysis of HSSW populations during the last five outer minima. The
main reason for studying HSSW is that they are a potential hazard to the entire
Earth and to space systems. First, this paper introduces data set and methodolo-
gy adopted in Section 2. Then, Section 3 describes our results and various inter-

pretations. Finally, a conclusion is presented in Section 4.

2. Data and Methodology

In this article, various one-hour rate space datasets (averaged if necessary),
available in the OMNI “https://omniweb.gsfc.nasa.gov/ow.html” and ISGI
“https://isgi.unistra.fr/data download.php” public domains, have been used to

obtain information relating to Solar Wind (SW) and interplanetary magnetic
field (IMF) parameters. The data set required to analyze a solar wind population
in this article has been carefully examined to identify HSSW currents and
ICMEs. Only cases where the B, [nT] and B, [nT] components of the IMF, the
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SW velocity Vi [km/s], the frozen or zonal electric field £, [mV/m] and the
geomagnetic index A, [nT] were available simultaneously in geocentric coordi-
nates of the GSM solar magnetosphere were considered in this study.
Furthermore, to determine the high-latitude structure of the E), electric field
[mV/m] controlling SW particle circulation in Earth’s magnetosphere, the field
transformation law [8] [9] was used, neglecting Earth-related corotation. This

law is defined by Equation (1):
E, =0.13E, +0.09 ey

where £, [mV/m] represents the zonal electric field.

In addition to the magnetospheric trapping and energization highlighted by
[10], the coupling function developed by [11] was used to quantify the rate of
magnetic reconnection on the dayside of the magnetosphere. This coupling func-
tion is represented by Equation (2) defined by:

@, =AV"B_ sin”? (gj )

where A =3.3 x 10° m**s'?, V, is the speed of the solar wind [km/s], B,, is the
transverse component of the IMF [nT] and 6, the clock-angle, Ze. the angle be-
tween IMF vector projected into GSM Y-Z plane and Z axis in degree.

In this manuscript, value of the dayside reconnection rate noted ®, [Wb/s],
was normalized to its average value (d) D) of the entire analysis period. This
normalized rate would be denoted @, / (CD D). This normalization was chosen
to allow the magnetospheric system to accommodate the upstream forcing of

energetic HSSW particles.

3. Discussion of Results
3.1. Solar Flux Structure and Magnetospheric Activities

The evolution of the statistical mean of solar wind speeds on an annual scale has

been studied in this section. Figure 1 informs us that over the period 1964-2019
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Figure 1. Annual change in average solar wind speed from 1964 to 2019.
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covering the last five complete solar cycles (solar cycle 20 to 24), only about 34%
of the years were under the influence of solar wind currents with annual speeds
above 450 km/s (see upper part of the blue plot in Figure 1).

Out of 56 years in the selected period, five peaks (1974, 1986, 1994, 2003 and
2017) were recorded at the end of the solar cycle. These peaks belong to the out-
er minima of solar cycles 20, 21, 22, 23 and 24, respectively. Part of these results
is corroborated by various scientific publications [12] [13] [14]. High velocities
at the end of the solar cycle SC, characteristic of the High-Speed Solar Winds
HSSW, originate from coronal holes CHs and trigger intense geomagnetic activ-
ities [15] [16]. On the one hand, one of the possible explanations is that HSSW
originating from CHs, predominate in the descending phases of solar cycles [17]
[18]. On the other hand, [19] also studied the fluxes produced by coronal holes
(CH_HSSW) and those produced by solar flares (FG_HSSW). The latter authors
revealed that CH_HSSW prevails during the decreasing phases of SC because
large CHs extend toward the equator in these solar phases while the variation of
FG_HSSW follows the 11-year sunspot cycle. Among the peaks of the five outer
minima, the weakest are those of 1986 and 2017, in SC_21 and SC_24, respec-
tively. Magnetic field strength was larger (0.65 nT and 0.60 nT, respectively) for
the 1986 and 2017 peaks. From these findings, one can suggest that the low am-
plitudes of the 1986 and 2017 peaks of the outer minima of SC_21 and SC_24 are
due to the large number of sunspots. However, during the outer minimum of
SC_23 (year 2003), largest peak (546.80 km/s) is observed in the longest cycle of
the solar cycles studied. A good part of these results is corroborated by the works
of [15] [20] and [21].

In order to examine the structure of fast winds and topology of the solar
magnetic field of the five observed outer minima, pixel diagrams or color dia-
grams [22] [23] relating to the daily averages of solar wind speeds (cf. panels (a)
to (e) of Figure 2) have been constructed. As a reminder, pixel diagram is a dia-
gram that gives an overview of the geo-efficiency of solar events. In this manu-
script, this color-coded diagram, is constructed using daily mean solar wind
speeds so that time flows from left to right in each row, then from top row to
bottom row. On the panels in Figure 3, all the framed cells except the blue-white
one, represent the recurrent days, Ze, the main class of HSSW events (cf. panel
(e) of Figure 2). The cells marked with the symbols “####” inform us of the ab-
sence of reliable data. And finally, the circled/hidden cells show the days of
shocks (ICMEs). Thus, examination of the panels reveals that the year 1986 had
many holes (unreliable data) and fewer HSSW (orange-red-green-yellow) com-
pared to the other outer minima. However, year 2003 recorded more than 76%
of solar flux reaching a peak speed of 450 km/s in the longest solar cycle
(SC_23), or a little more than 12.5 years. Of the outer minima studied, highest
annual average recorded in 2003 was only about 20% higher than lowest annual
average (454.62 km/s) recorded during 2017. The high annual averages from the
peak to the trough of the outer minima are due to both an increase in the relative

frequency of very high velocities (greater than 450 km/s) and a decrease in the
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Figure 2. Pixel diagrams of 1974 (panel a), 1986 (panel b), 1994 (panel c), 2003 (panel d) and 2017 (panel e) peaks.

relative frequency of low velocities (less than 450 km/s) daily. From these obser-
vations, peak of 2003 presents the frequent occurrence of high-speed solar wind
currents with a peak of 858 km/s recorded on June 03, 2003 at about 7:00 pm
UT. These findings are corroborated by [20] and [24].

High-speed solar winds propagate at very remarkable speeds ( Vi, = 450 km/s
on average daily over at least two solar rotations) and cause storms that are
gradually triggered [25]-[30]. Placing ourselves in the context of geomagnetic
activity and especially its new extension defined by [13] and then [23], we study
the solar flux distribution on the set of selected outer minima, see Figure 3. In-
deed, examination of panels (a), (b), (c), (d) and (e) of Figure 3 show respec-
tively that at least 98%, 98%, 99%, 96% and 96% of solar flux emitted by the Sun,
has been under the influence of HSSW. From this analysis, it is therefore clear
that at solar minimum, high-speed solar flux is the main contributor at 97% to
the solar averages of the solar winds during outer minima. Analysis of all panels
shows that more than 99% of the solar flux velocities are imposed in 300 - 850
km/s range, which range is corroborated by several authors [31] [32] [33]. Thus,
we can suggest that the peaks of the outer minimum of SC remain the most ex-
treme and magnetically disturbed periods.

Despite the smaller changes in HSSW from one outer minimum to next, over-
all, the mean velocity variations are nearly similar. Indeed, outer minima from
SC_20 to SC_24 show significant HSSW contributions in the range 96% to 99%.
This contribution is in very good agreement with [13] [22] and [34] [35] [36] in
which, velocity limit of HSSW is set to characterize recurrent solar flux. Our
analysis shows us to what extent, velocity distributions of the material flux are
not all similar for the considered outer minima, whatever solar flux variation. In
fact, velocity of solar flux changes due to acceleration/deceleration processes
during its propagation in the interplanetary space. The important point is that
Sun progresses in its activity [16]. During solar maximum and outer minimum
of SC, likely sources of solar disturbances that can induce fluctuations in power
grids and/or GPS signal transmission at ground level are ICMEs and high-speed

flux [35]. Variations in the location of the solar wind source and the interaction
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Figure 3. HSSW velocity distribution of 1974 (panel a), 1986 (panel b), 1994 (panel c), 2003
(panel d) and 2017 (panel e) outer minima.

of fast and slow solar winds produce changes in temperature and dynamic pres-
sure (density and speed) of the solar wind.

Table 1 shows summary of ICMEs and HSSW studied in this manuscript, and
reveals a striking disparity in values. Indeed, examination of this table shows that
outer minima have recorded tens of interplanetary coronal mass ejections ICMEs
emitted over durations of one to three days while the HSSW are of the order of
40 to 190 recorded events. Of the five selected outer minima, the peak of 2003
outer minimum recorded a higher number of recurring events. Given that recur-
rent activity represents the main class of HSSW events from CHs, co-rotating,
with an apparent tendency to occur every 27 days (see pixel diagram in Figure
2), we suggest that magnetospheric activity was more important for 2003 peak of

SC_23 outer minimum. This result is in perfect agreement with [7] and [13].
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Table 1. Summary of solar events of outer minima.

Outer Minima [year]

1974 1986 1994 2003 2017
Number of shocks 15 16 8 14 17
Number of recurring days 148 40 84 190 70

Vew [km/s] 616.16 622.88 667.37 604.36 598.44

Dst [nT] -16.31 -22.88 -32.70 -25.07 -19.96

Aa [nT] 37.27 33.03 45.42 41.12 34.06

B, [nT] -0.72 -1.15 -0.40 +0.12 +0.33

B, South North South South South

In general, statistical analysis of the solar flux particles shows different results
according to the outer minima from SC_20 to SC_24. Indeed, Solar winds and
terrestrial magnetosphere form a coupled system since the perturbations of the
interplanetary medium are felt on Earth through magnetogram measurements
[37]. As can be seen in Table 1, more than 80% of solar particles at the average
velocity of about 622 km/s enter the Earth’s magnetosphere with a south-pointing
B, (B, < 0). From this study, it can be seen that solar wind particle velocity, geo-
magnetic index and intensity of the ring current growth rate |Dst| were at their
optimum for 1994 peak. These quantities were so large that “bow shocks” could
form whenever they are forced to circulate around the planets in the solar sys-
tem. Such bow shocks will also form around spacecraft as they travel faster than
the speed of sound through the atmosphere. [38] has shown that magnitude of
solar wind turbulence upstream of Earth is strongly correlated with geomagnetic
activity for a south-facing IMF-B, This increased turbulence upstream of the
Earth, could cause greater convection in the Earth’s magnetosphere; resulting in
stronger current systems between magnetosphere and ionosphere. Our argu-
ment is in very good agreement with other subsequent studies on the role of so-
lar wind fluctuations in geomagnetic activity during a south-pointing IMF [37]
and [39]. From these findings, 1994 outer minimum was a year characterized by
frequent occurrences of intense activity. This fact is corroborated by [20] [24].

However, over a wide range of magnetospheric activities, we find for all five
outer minima, an almost linear increasing evolution of HSSW thrust and ring
current (|Dst|) until 1994, followed by a depression over the outer minima rest.
Contrary to the quantities elicited, when the dawn-dusk component (B,) of IMF
is negative, the geomagnetic activity and sunspot number often appear random
for 80% of the time. While for positive B, component (ie., for dusk), these same
quantities decrease so that high velocities stabilized at 601.4 km/s on average
towards the South, are observed at 03:00 pm UT over the remaining 20% of the
time. [40] showed that the magnetospheric system remains in equilibrium if
IMF-B, component remains southward. [41] proved that magnetospheric con-

vection intervals occur at 18% of the time. Our results are almost similar. How-
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ever, the 2% discrepancy found between our studies could be due to the study
intervals and/or the selected solar flux typology. This study suggests that mag-
netosphere and HSSW constitute a complex system in which several nonlinear
subsystems coexist and are interconnected at many spatial and temporal scales.

This argument is corroborated by various publications [42] [43] [44] [45] [46].

3.2. Geoeffectiveness of the Outer Minimum of Solar Cycles 20 - 24

Although there is a remarkable literature focusing on the geoeffectiveness (a re-
lationship between the magnetosphere reaction and the system that impacts it)
of large interplanetary disturbances more frequent during outer minimum of
solar cycles, this study shows that significant geomagnetic activity is sometimes
present even in the absence of such large disturbances. For example, for the peak
of the 1994 outer minimum, A, geomagnetic activity was at its peak (45.42 nT)
while a smaller number of ICMEs (08 in total) were recorded. In this context
and to understand perspective of this review, a distinctive feature of electric/
magnetic fields and magnetic flux, drivers of the complex coupled solar wind-
magnetosphere system, cannot be ignored. Indeed, geomagnetic response, al-
though closely related to changes in the state of B, component of the IMF
(IMEF-B,), is also strongly affected by the intrinsic dynamics of the Earth’s mag-
netosphere. [47] showed that dynamical state of the Earth’s magnetosphere de-
pends not only on HSSW, but also on the driving electric field. In addition, the
effects of HSSW on the magnetospheric plasma have been studied in other
works. As an illustration, it has been found that arrival of a low-density solar
plasma at the leading edge of a HSSW induces a clear enhancement of magne-
tospheric convection [47] [48] [49] [50]. As can be seen in column 4 of Table 2,
for an optimal E), magnetospheric convection electric field (0.12 mV/m), solar
flux density was lower (3.57 particles per cubic centimeter) and then significant
for much lower E,, fields over the rest of the study period. However, peak of the
2017 outer minimum has a similar convective intensity but with a different av-
erage density. This difference could be related to the orientation of the east-west
component of the IMF. Thus, during entire period of the selected outer minima,
the Earth’s magnetospheric cavity was stable only 20% of the time. This argu-

ment is corroborated by [51] and according to the scenario proposed by [52].

Table 2. Correlation and energy balance of outer minima.

Outer Minima [year]

1974 1986 1994 2003 2017

Ey [mV/m] 0.09 0.04 0.12 0.10 0.12

n[cm™] 4.08 4.16 3.57 4.12 4.24

En [TW] 1.58 1.52 1.88 1.70 1.65

D, /(D) 18% 13% 30% 22% 20%

Ein & Em 60% 76% -59% 64% 56%
Ein& B, -59% -74% 58% -62% -55%
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Furthermore, analysis of cross-correlations between £, & B, and then between
E;, & Ej shows very significant results for all outer minima. These positive cor-
relations for Ej, & E); and negative correlations for £, & B,, are much more im-
proved for a northern orientation of IMF-B,. This suggests in this paper that
particle trapping of HSSW in the Earth’s magnetic cavity has a more enhanced
influence on magnetospheric convection when IMF- B, is pointed North (B, > 0)
for high intensity of IMF- B,. This result is corroborated by [53]. The strong cor-
relations are justified by the fact that no solar flux parameter can be dissociated
from the interaction between HSSW and Earth’s magnetosphere.

When comparing geoeffectiveness of the magnetosphere for different orienta-
tions of the IMF-B, as performed in the previous paragraph, it would be more
convenient to consider the similar diurnal forcing that is controlled by the
IME-B,. Indeed, fluctuation of the IMF carried by HSSW affects daytime recon-
nection rate which causes fluctuations in the convective electric field of the
magnetospheric system. Thus, for all state variables selected in this study, nor-
malized reconnection rate remains more significant for the 1994 peak that had
recorded large extreme solar activities. [54] studied the response of the magne-
tosphere to the forcing of HSSW. They showed that an enhanced daytime re-
connection rate input to the magnetospheric cavity led to strong and frequent
substorms. The frequency of occurrence of substorms would be higher for a
southern orientation of the IMF- B, according to [55]. Overall strength of solar
events shown in Table 2 demonstrates that strength of substorms was greater for
the 1994 peak with a south-pointing IMF. For the set of outer minima according
to said table, normalized reconnection rate accounts for about 13% to 30% of the
total variance of magnetospheric variables. This suggests that the rate of mag-
netic flux conversion from a closed to an open topology on the dayside of the
Earth’s magnetosphere does not depend significantly on the HSSW number
density, but rather on the frequent occurrences of intense solar activities and
orientation of the IMF-B,. Our results are in general agreement with measure-
ments of the interpolar cap potential made by SuperDARN radar network on the
one hand, and [11] on the other.

While it appears that dayside reconnection rate is controlled by the constantly
changing conditions of solar flux upstream of the Earth’s magnetosphere, how-
ever, when IMF- B, is south-facing, the closed magnetic field lines are converted
to an open topology by magnetic reconnection, which reconnection allows
energetic HSSW particles to induce more intense geomagnetic activity. Thus,
cavity controlled by the Earth’s magnetic field entered different modes of re-
sponse to the energy input from the interplanetary medium with an average of
1.64 x 10> W per outer minimum. This fluctuation allowed internal parts of the
Earth’s magnetosphere to energize and trap important solar particles during
outer minima (see Table 2). For example, magnetospheric cavity of the 1994
peak became very “inflated” due to a significant amount of accumulated energy
of about 1.88 x 10> W. The large energy observed, was manifested by frequent

intense solar activities with an IMF- B, antiparallel to the Earth’s magnetic field
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(see last line of Table 1). The behavior of large energy injected into the upper
atmosphere during HSSW impact, could have consequences on the chemistry of
the atmosphere according to several authors [56] [57] [58]. Such consequences
suggest that Earth’s environment, and perhaps even the Sun, are sources of dis-
ruptions and failures in new technologies such as wireless communications and

power systems on a local and geographical scale.

4. Conclusion

Based on a statistical approach rather than an individual study presented in Sec-
tion 3 of this manuscript, we conclude that during the peaks of the outer mini-
ma, normalized daytime reconnection rate of the Earth’s magnetosphere is likely
to be enhanced when IMF- B, is antiparallel to the geomagnetic field with suffi-
ciently high solar flux currents. This rate fluctuates between 13% and 30% of the
total variance of the selected magnetospheric variables. Although there is a
magnetospheric response to large interplanetary disturbances as the interplane-
tary counterpart of HSSW, significant geomagnetic activity is sometimes present
even in the absence of such large ICMEs. The asymmetry between HSSW and
ICMEs makes terrestrial magnetosphere a complex non-linear system characte-
rized by rapid transition processes. Therefore, HSSW represent stability criterion
for the particularly loud areas of the outer minimum of solar cycles. Further-
more, we also discussed the contribution of the IMF- B, component on the plas-
ma circulation upstream of the magnetosphere. Our results show that for large
IMEF- B, intensities with a north-pointing IMF-B,, trapping and particle energiza-
tion of HSSW in the Earth’s magnetic cavity has an enhanced influence on the
magnetospheric convective electric field. While it appears that HSSW cannot in-
dependently drive either their velocity, the orientation of North-South (B, and
East-West (B,) components of the IMF, or the electric field of the solar flux, we
find it insufficient to elucidate our analysis alone in this paper. Thus, there are
many fundamental unsolved problems in space physics, as we must begin the
study of magnetospheric perturbations via HSSW turbulence with a focus on

this “new” electric current approach that is still in a very rudimentary stage.
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