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Abstract: The understanding of extreme geomagnetic storms is one of the key issues in space weather.
Such phenomena have been receiving increasing attention, especially with the aim of forecasting
strong geomagnetic storms generated by high-energy solar events since they can severely perturb the
near-Earth space environment. Here, the disturbance storm time index Dst, a crucial geomagnetic
activity proxy for Sun-Earth interactions, is analyzed as a function of the energy carried by different
solar wind streams. To determine the solar cycle activity influence on Dst, a 12-year dataset was
split into sub-periods of maximum and minimum solar activity. Solar wind energy and geomagnetic
activity were closely correlated for both periods of activity. Slow wind streams had negligible
effects on Earth regardless of their energy, while high-speed streams may induce severe geomagnetic
storming depending on the energy (kinetic or magnetic) carried by the flow. The difference between
the two periods may be related to the higher rate of geo-effective events during the maximum activity,
where coronal mass ejections represent the most energetic and geo-effective driver. During the
minimum period, despite a lower rate of high energetic events, a moderate disturbance in the Dst
index can be induced.

Keywords: magnetohydrodynamics; solar wind; magnetosphere; heliosphere

1. Introduction

The Sun is the primary source of energy for the solar system. As such, it determines
the physical conditions of the heliosphere and near-Earth space, and acts as the main driver
of the climate of our planet. A detailed understanding of the coupling between the Sun
and Earth is of fundamental importance for space weather research [1,2]. Among several
different components of such coupling, one fundamental aspect of space weather phenom-
ena concerns the response of the geomagnetic environment to the physical perturbations
caused by solar activity.

Fluctuations in the magnetic field within the solar atmosphere act as complex modula-
tions of plasma conditions in the interplanetary space, affecting the fluxes of solar energetic
particles (SEP) and cosmic rays, the UV component of the solar spectrum, abruptly emit-
ting explosive events, such as coronal mass ejections (CMEs), and producing sudden
changes in the solar wind (SW) density and velocity associated with high speed streams
(HSS) (see [3], and reference therein). Plasma and magnetic fluctuations expelled from the
solar atmosphere encounter the Earth’s magnetosphere, which protects the atmosphere
from direct access of the solar plasma. The impact of such fluctuations is associated with
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the origin of geomagnetic storms (GSs), which have important effects on our technologi-
cal society, and possibly affect climate conditions through complex interactions with the
Earth’s atmosphere. When a CME or an HSS impacts the Earth system, it destabilizes the
magnetosphere, generating a GS [4]. During a GS, the main magnetospheric currents and
the connected ionospheric currents are intensified, causing rapid changes in the geomag-
netic field. These variations generate geomagnetically induced currents (GICs) that can
severely damage the operation of power grids, magnetic surveying, etc. [5]. Moreover, GSs
also heat the ionosphere, changing its density and composition and perturbing signals
propagating through this region, such as radio and global navigation satellite system com-
munications [6]. These effects can seriously affect our technological society, and deserve to
be thoroughly investigated.

The Earth’s magnetosphere is continuously connected to the ionosphere. The
magnetosphere-ionosphere system represents an active element that exhibits very complex
dynamics (see [7], and references therein). The response of this system to changes in the
interplanetary medium is non-linear, intermittent, and scale-invariant, showing several
features common to open, extended stochastic systems, usually in an out-of-equilibrium
configuration, near criticality [8,9], manifested as across-scale coupling processes. These
phenomena and processes, which are highly structured in space and time (e.g., wave
dissipation, turbulence, electric field fluctuations), can produce effects at large scales. At
the same time, large-scale phenomena create local conditions that can either promote
or suppress the development of rapidly changing structures at small spatial scales (e.g.,
instabilities and turbulence). These features are observed during geomagnetic storms
and sub-storms, which implies the occurrence of rapid variations in the geomagnetic
field, auroral displays in the polar ionosphere [10] and fast intensification of atmosphere-
ionosphere-magnetosphere (AIM) current systems [11]. However, despite the efforts of
the scientific community [5,12,13], the understanding of the physical phenomena occur-
ring in the circumterrestrial environment in response to geomagnetic storms is far from
being complete.

The intensity of a storm can be quantified by the disturbance storm time index, Dst,
which is a local time average of the depression measured along the magnetic equator.
Dst is thus conventionally designed to estimate the ring current intensity and, in turn,
to monitor the storm severity. Generally, GSs can be classified as moderate, intense, or super
storms, according to the value reached by the Dst index during the geomagnetic event:
Dst € (=100, —50] nT, Dst € (—250, —100] nT, and Dst € (—oco, —250] nT, respectively [14].

The release of solar wind energy to the near-Earth space environment severely perturbs
the magnetosphere-ionosphere current system, causing the geomagnetic disturbances
outlined above. During GSs, a large amount of solar wind (kinetic and magnetic) energy is
transferred to the Earth’s magnetosphere, through magnetic reconnection at the dayside
magnetopause, allowing the solar wind to be linked to the magnetosphere. In fact, high
kinetic energy may compress the magnetosphere on the sunward side. On the other
hand, the solar wind magnetic energy might be converted into thermal energy, heating the
ionosphere and the thermosphere and leading to their expansion. Therefore, the energy
content of the SW appears to be a crucial variable to study the relationship between the SW
driver and the magnetospheric response in the field of space weather research.

Within this framework, this manuscript represents a follow-up paper to previous
reports [15,16] devoted to the analysis of the correlation between solar-wind energy and
the Dst index. Here, we focus on investigation of the solar activity level and its correlation
with the Dst disturbances during a period spanning 12 years occurring in the interval from
January 2005 to December 2016. The analysis was performed using an in situ magnetic field
and plasma measurements recorded using a magnetic field investigation fluxgate magne-
tometer [17] and a solar wind experiment Faraday cup instrument [18] onboard a Wind
spacecraft, orbiting around the Lagrangian point L1 upstream of the Earth. The original
dataset was split into two separate sub-samples, for periods of maximum (2012-2014) and
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minimum (2007-2009) solar activity, to compare the geo-effectiveness response to the solar
wind energy in the two different conditions.

2. Methodology

To study the impact of solar activity on Dst, three magnetohydrodynamic (MHD)
quantities were investigated, i.e., the kinetic energy E, = [ V2 d°r, the magnetic energy
E, = f B2 d°r, and the total energy E; = E; + Ep, where B = b/ /47p is the magnetic
field in Alfven (velocity) units, with p the solar wind mass density, and V the solar wind
velocity [13,19]. Such quantities were obtained from in situ measurements with resolution
At =92 5[17,18]. The measurements were downsampled to At = 3600 s in the last step of
the analysis so that comparison with the Dst index could be performed using data with
a similar sampling time. Because of the strongly statistical nature of the analysis and the
robustness of the wind database, no pre-processing of the data was necessary. In the first
three rows of Figure 1 are reported the temporal evolution for the total magnetic field |B|,
the solar wind bulk velocity V, and the solar wind density p for two CME events observed
during the period 15 July 2012 06:00:00—17 July 2012 05:00:00 (Dst = —139, left panels),
and 6 August 2011 22:00:00—7 August 2011 22:00:00 (Dst = —115, right panels) [20]. The
vertical dashed lines represent the CME duration.
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Figure 1. From top to bottom: temporal evolution of the total magnetic field |B|, solar wind
bulk velocity V, and the solar wind density p for two samples measured by Wind spacecraft: left
column 15 July 2012 06:00:00—17 July 2012 05:00:00 Dst = —139, right column 6 August 2011
22:00:00—7 August 2011 22:00:00 Dst = —115. The vertical dashed lines represent the CME du-
ration. In the last three panels, the temporal evolution of the integrated quantities E,, Ej, and
E; = Ey + Ej is reported.

MHD quantities can be investigated in terms of local contributions in the frequency
and time domains, by expanding V and B through a wavelet transform (WT). The main
advantage of using WT compared to Fourier methods is the ability to extract frequency
information from a complex time series using temporal windows of variable size u [21].
WT transforms a signal into a series of coefficients associated to different scales and with
discrete energies, offering a powerful method to quantify how energy is spatially and
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temporally distributed on multiple scales [15,16,21,22]. In light of this, the integral relations
for the kinetic and magnetic energy can be redefined as:

Eowt) = 53 Vilw) (1)
Ey(u,t) = %

3
Zfii(u, t), (2

where V;(u,t) and B;(u, t) are the WT of the velocity and magnetic field vector components
Vi — i = {vx(t), vy(t), v2(t)} and B; — i = {bx(t), by(t), bz(t)}, u and t are the wavelet
scale (local time scale) and time defining the domain of the WT, and the sum is extended
over the entire field-containing region.

The continuous WT of the MHD variables is defined by the convolution of V;(t) and
B;(t) with an analyzing wavelet function ¥, s(t), based on a scheme where ¥, s(t) is scaled
and shifted along the analyzed signal F(t) (being F(t) = Ey(t) or F(t) = E,(t)) according
to [23]:

Wias) = (F(),¥us() = [ () - Yoo ©
‘Yu,s(t) = \}gw(t_su>, 4)

where () indicates a complex conjugate, and Yu,s(t) is the kernel function stemming from
a specific wavelet family ¥ (), u is the scale parameter (stretching), and s determines the
location of the wavelet (shift on the time axis) [21]. The appropriate choice of ¥ (t), charac-
terized by its shape, is important for specific applications. For turbulence analysis, several
well-localized mother wavelets, such as Morlet [24-26], or Haar [27], are typically used,
while, for phase analysis, Hermitian [28] wavelets can be selected. In this investigation,
the Paul-wavelet transform was selected as a mother wavelet (¥, (¢) € C, and n = 4 is the
order), since they are better resolved in the time domain. This family behaves like a Ricker
wavelet at low order with respect to its real part, while it approaches a Morlet wavelet
for high orders [21]. Moreover, the peak frequency in the spectral domain just equals the
wavelet order n [29].

Turbulence causes kinetic and magnetic energy, mostly contained in the large scales,
to cascade via non-linear interactions to smaller scales, where they are eventually dissi-
pated [19,30]. Such processes generate strongly irregular field fluctuations that may mask
the fine structure of the temporal evolution of E(t). In light of this, to enhance the contribu-
tion of the small- or meso-scale structures that superpose to the SW turbulent background,
the total energy spectrum E;(u,t) = Ey,(u,t) + E,(u, t) was compensated with the back-
ground spectrum, defined through the global wavelet spectrum [21] as Eg(u) = [ E(u, t)dt,
at each scale u. An example of the non-dimensional energies E,(f) and Ej(t) is reported
in the last three panels of Figure 1 for the CME recorded during the period 15 July 2012
06:00:00—17 July 2012 05:00:00 (left panels), and 6 August 2011 22:00:00—7 August 2011
22:00:00 (right panels).

The shape and dynamical properties of the magnetosphere are strongly regulated
by the SW through a direct exchange of energy, mass and momentum [31]. Geomagnetic
storms are caused by magnetic reconnection between southward directed IMF and the op-
positely directed geomagnetic field at the low-latitude magnetopause region of the dayside
magnetosphere. The solar wind magnetic flux is then transferred into the magnetosphere,
inflating the magnetotail and storing the energy there, until the pressure build-up cannot be
maintained and reconnection on the night-side releases the stored energy, transferring and
depleting the magnetic flux back to the day-side. Additionally, a finite time is required for
the magnetospheric perturbation to propagate to the magnetosphere-ionosphere current
system. Therefore, the two datasets should be synchronized, considering the different
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specific regions of space where the measurements were collected. Moreover, only a finite
subset of wavelet scales # € [tmin, #max] Will be taken into account, for both maximum and
minimum solar activity periods. This range was accurately selected for reconstructing the
total dimensionless energy spectrum:

B = [ EGw ) [Eo(w)] du 5)

min

Finally, it should be pointed out that the downsampling of the data was performed for
the energy spectrum E ().

The lower limit of the integral Equation (5) is simply dictated by the resolution of the
Dst index and was set to tin = 1 h. On the other hand, the upper limit is extrapolated
from the cross-correlation (CC) of the two variables (4% pst) as a function of the temporal
lag ¢, defined:

_ L5 (Ei — (E)))(Dstiy. — (Dst))

\/@ vV UDst ’
where (E), and (Dst) are the means of the two populations, or and ops; are their associated
variances, / is the temporal lag and N the total number of observations. In Figure 2 the CC
is shown for various lag times ranging from ¢ = 1 h to ¢ = 1000 days, for both the solar
minimum (blue symbols) and the solar maximum (red symbols) periods.
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Figure 2. Cross-correlation function for total energy E and Dst index measured for the maximum
activity period (red symbols) and minimum activity period (blue symbols) as a function of the lag
time /.

The CC peak is observed at a lag time ¢yaximum ~ 0.4 days (9 h) for the solar maximum
period, and is slightly shifted to a larger scale during the minimum period, {minimum =~
0.8 days (19 h). In both cases, the CC reaches the first zero-crossing for ¢ ~ 10 days.
Moreover, for both cases a broad peak is present, a fingerprint of the fact that the analysis
encompasses multiple phenomena that could give rise to variations in the Dst index.
In fact, such a temporal lag represents the average of the broadly distributed shift times
between the two datasets, or, in other words, the time required for the various geo-effective
structures to transit from L1 to the Earth. The signature of the 27-day solar rotation is
evident in the secondary peaks observed during the minimum period [32,33]. Therefore, to
determine the influence of the SW energy on geo-effectiveness, in the following analysis,
the energy time series are shifted backward by a time interval ¢ with respect to the Dst
index: E(t) = E(t + (). Finally, the large temporal scale umax, representing the correlation
length of the two datasets, is extrapolated from the CC as the time lag at which the peak in
% is reduced to a value ¢!, resulting in umax = 73 h for the period of maximum activity
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and umax = 96 h for the period of minimum activity. For u# > umax the two datasets are
considered to be completely decorrelated.

3. Results and Discussion

An empirical indication of how the geomagnetic activity is affected by the energy
content of the SW can be obtained by constructing the two-dimensional bivariate histogram
on the E-Dst plane. In Figure 3, we show the distributions of the Dst index as a function
of the total (top panels), kinetic (middle panels), and magnetic (bottom panels) energy,
during the intervals of maximum activity (left panels) and of minimum activity (right
panels). The black line tracks the maximum of the distributions in each energy bin, giving
the most probable values of the Dst index within the 68% confidence bounds, indicated as
the gray shaded area. A clear link between the enhancement of Dst and the total energy
carried by the SW is observed for both periods. Indeed, most of the events causing a sensible
disturbance (Dst < —10 nT) correspond to SW energy in the range E € [1,10]. Nearly zero
Dst, indicating an unperturbed current system, is observed for E; < 0.2 for the maximum
activity period, and for E; < 0.4 for the minimum activity period. A similar behavior is
observed for the distributions Dst — E, (kinetic energy), and Dst — E; (magnetic energy),
shown respectively in the central and bottom rows of Figure 3. A roughly logarithmic decay
is observed for all distributions. In general, faster decay is seen for the maximum activity
period. During this period, the decay rate is not constant, but, instead, shows a break and
a faster decay when the energy exceeds Ey, E; > 2, or E;, > 4. This is the signature of the
stronger perturbations in the Dst index being associated with larger SW energies. On the
other hand, in the period of the solar minimum, a saturation to a nearly constant value,
Dst ~ —20 nT, is observed at the same E;, E;, E, > 1.8 for the total, kinetic and magnetic
SW energies.

It is evident that, during maximum solar activity periods, severe disturbances, charac-
terized by an index up to Dst > —50 nT, are observed. Conversely, during the minimum
period, the strongest disturbances reach values of the order of Dst ~ —50 nT for com-
parable values of the SW energy. This difference could be related to the different rate of
occurrence of events generating GSs. Indeed, during maximum activity the solar wind
typically carries more frequent disturbances that impact on the magnetosphere than at
the minima of activity. Therefore, the typical recovery time before successive events af-
fecting the Dst index is short and does not allow the relaxation of the magnetospheric
configuration, so that energy (and therefore perturbations) keep on accumulating in the
system. As a result, stronger disturbances may be observed. In other words, extreme
perturbations can be linked to the superposition of several events occurring during a short
time interval, whose energy accumulates, “charging” the magnetosphere. On the other
hand, during the minimum activity period, extreme events are generated at a lower rate,
so that geo-effective events are more sparse. After an event, the system has more time for
relaxing and reorganizing the local magnetospheric structure, so that the total response
does not reach the severity of the maximum activity case.

Finally, to evaluate the role of the SW speed, Figure 4 shows the distributions of the
median values of the SW bulk speed V in the E-Dst plane. During the solar maximum
period (left panels), a large cluster of events located in the core region of the distribution has
SW speed 300 < V < 550 km s~ !, carrying a total energy E; € [0.3,1], with the Dst index
indicating weak geomagnetic storm activity Dst € [—10, —50]. Such a cluster represents the
peak of the distributions seen in Figure 3 within the 68% confidence bounds. On the other
hand, the peripheral left and right regions of the distribution are relative to either low- or
extreme-energy wind, respectively. A slow wind plasma with speed 250 < V < 300 km s !
(corresponding to a stable region with respect to magnetospheric ring currents expected for
Dst = 20 on quiet days [34]) fills a portion of the plane with energies spanning the range
0.01 < E; < 0.3 and with positive or close to zero Dst. This indicates that low-speed flows
have a negligible impact on the geomagnetic field, regardless of the kinetic energy levels
transported. Stronger geomagnetic activity is observed for high speed streams, where the
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Dst index reaches extreme values of the order of Dst < —100 nT. In such conditions, the SW
average bulk speed lies in the range V € [500,800] km s~!, and higher kinetic energy levels
5 < E <10 are present. This is probably associated with compressive regions generated
at the interface between fast and slow flows, where CMEs are more geo-effective drivers.
The same trend is also observed for the distribution of the kinetic and magnetic energy
(Figure 4 second and third row, left column).

During the minimum activity period (right column), the distribution presents a rather
simple shape, stretched along the energy direction in the energy range E € [0.02,10] and
compressed in a small region of Dst values in the range Dst € [20, —50]. All distributions
present a neat separation in terms of wind velocity around Dst ~ 0, as shown by the fact
that the plane is divided into two portions. Positive Dst are characterized by low speed
streams V € [250,500] km s~!. For Dst < 0, only higher speed streams are recorded,
characterized by a mean bulk speed V > 500 km s !, and the wind is always able to trigger
moderate disturbances in the Dst index.

50 = - 50 - —
- e Solar maximum LI e Solar minimum

=50

Dst [nT]
Count
Dst [nT]
|
=Y
3
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—100 —100

=150 —150
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|
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Figure 3. Bivariate histograms of the Dst index measurements as a function of the SW energy
total energy (first row), kinetic energy (second row), magnetic energy (third row), respectively, for
maximum (left column) and minimum (right column) solar activity periods. The black solid line
represents the most probable Dst value at each energy level, within the 68% confidence bounds
indicated by the shaded gray area.
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Figure 4. 2D histogram of the median value of the solar wind bulk speed V in the E — Dst plane
observed during the maximum (left panels) and minimum (right panels) activity periods. First row:
kinetic energy E,, second row: magnetic energy E, third row: total energy E;, and fourth row:
residual energy E; = E, — E;,.

The bottom row of Figure 4 shows the bivariate distribution of Dst and residual
energy, E, = E; — E;. During both maxima and minima, higher values of residual energy
are accompanied by stronger perturbations in the Dst indexes (higher geo-effectiveness),
showing that E; is a stronger driver for Dst disturbances. Moreover, the enhanced role
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of the solar wind bulk speed during minima is evident; conversely, at maxima, the geo-
effectiveness is similar for all wind speeds.

4. Conclusions

In this study, the response of the magnetosphere to different solar wind conditions
was investigated statistically by analyzing the correlation between the SW energy and the
Dst index separately for periods of maximum and minimum solar activity. The results
showed a roughly logarithmic decay of Dst versus E, where higher values of the energy
carried by SW correspond to severe storms detected by lower values of the Dst.

In addition, the decay observed in the Dst as the SW energy increases is different
during solar maximum and minimum activity periods. The most severe perturbations,
characterized by lower values of Dst, occur mostly during solar maxima. However, this
does not appear to depend on the SW energy level, as one could expect. We conjecture that
this observation could be related to the rate of occurrence of the solar wind perturbations.
Perturbations with sufficiently geo-effective energy content are more frequent during solar
maxima with respect to solar minima periods. This could lead to the accumulation of
perturbations during a shorter time period, which prevents the magnetospheric magnetic
configuration from relaxing, therefore leading to severe events with large negative Dst
indices. On the other hand, during the minimum period, the quiet time between successive
events is longer, resulting in moderate Dst, due to the slower accumulation of geo-effective
events and the subsequent possibility for the magnetospheric currents system to recover
the equilibrium configuration. This may be of relevance for space weather research, and, in
particular,the determination of the effective duration of perturbations in response to the
solar wind drivers.
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