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Abstract. Solar wind and its transients drive the dynamics of Earth’s magnetosphere. Interplanetary coronal mass ejections
(ICMEs) induce the largest variations in the near-Earth space, but significant geomagnetic activity can also be driven by high-
speed streams (HSSs) and stream interaction regions (SIRs). Solar wind — magnetosphere interaction may lead to fluctuations
in the inner magnetosphere and, hence, impact the electrons in the outer radiation belt. In this study, we use mutual information
from information theory to study the change in the statistical dependence between solar wind parameters and inner magneto-
spheric indices including ultra low frequency (ULF) waves in the Pc5 range and electrons in the outer radiation belt during
solar cycle 23 (1998-2008). Unlike Pearson correlation coefficient, mutual information can be used to investigate non-linear
statistical dependencies between different parameters. We calculate linear and non-linear correlation coefficients separately for
each year during solar cycle 23 and define the non-linearity with the ratio between the linear and non-linear correlation coeffi-
cients. We find that the non-linearity between solar wind speed and electron flux index is higher during solar maximum when
most of the geomagnetic activity is driven by ICMEs, while the non-linearity decreases during the declining phase, when a
larger portion of the geomagnetic activity is driven by HSSs and SIRs. On the other hand, IMF B, and solar wind electric field
E, = Vs B, have smaller non-linearity with the geomagnetic indices during time periods of stronger geomagnetic activity.
To investigate further if the change of the ratio of ICMEs and SIRs/HSSs as the driver of geomagnetic activity is the possible
cause of the changes in the non-linearity during the solar cycle, we calculate the correlation coefficients separately during
ICMEs, HSSs/SIRs and quiet solar wind. We find that non-linearity for solar wind speed and inner magnetospheric electron
flux and ULF wave indices is smallest and correlations (both linear and non-linear) highest and therefore, the non-linearity
is the lowest during the quiet time, while other studied solar wind parameters correlate better either during HSSs or ICMEs.
These results show that the selected time period (phase of the solar cycle, dominant driver of the geomagnetic activity during
the selected time) for the correlation analysis can significantly impact the results. Results also indicate that during ICMEs the
solar wind — magnetosphere coupling becomes more non-linear for the majority of the studied solar wind—magnetospheric
index parameter pairs (velocity, density, dynamic pressure) but IMF B, and solar wind electric field E, = V,,, B, have smaller

non-linearity during time periods of stronger geomagnetic activity.
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1 Introduction

The solar wind is the driver of geomagnetic activity in the Earth’s magnetosphere (e.g., Pulkkinen, 2007; Kilpua et al., 2017b).
The strongest geomagnetic disturbances occur during interplanetary coronal mass ejections (ICMEs) (e.g. Richardson, Ian G.
and Cane, Hilary V., 2012; Kilpua et al., 2017a) that are the interplanetary counterparts of massive eruptions of magnetized
plasma from the Sun. Geomagnetic activity also occurs during high speed streams (HSSs) originating from coronal holes
and during the stream interaction regions (SIRs) of piled-up plasma and magnetic field HSSs form when interacting with the
slower wind ahead (Sheeley et al., 1976; Richardson, 2018). HSSs/SIRs cause mainly weak and moderate geomagnetic storms
(Tsurutani et al., 2006; Borovsky and Denton, 2006). During and near the solar maxima the ICMEs are the most frequent,
fastest and have the strongest magnetic fields, and thus, dominate the geomagnetic disturbances (e.g. Richardson, Ian G. and
Cane, Hilary V., 2012). In the late declining phase and during solar minimum the number of ICMEs decreases, in particular
strong and fast ones, and HSSs/SIRs become the main cause of geomagnetic storms (Gonzalez et al., 1999; Tsurutani et al.,
2006). ICMEs passage time last typically 1 day (e.g., Kilpua et al., 2017a), while the HSSs can last for multiple days. HSSs
and hence SIRs may be recurrent with 27 day periods as the coronal holes that are the sources of the fast wind may exist for
multiple solar rotations. Therefore, SIRs are also called co-rotating interaction regions (CIRs).

During geomagnetic storms the magnetospheric and ionospheric current systems intensify and change rapidly (e.g Gonzalez
et al., 1994; Borovsky and Denton, 2006), and high energy particle fluxes and plasma wave activity are enhanced inside the
magnetosphere. Substorms are a global phenomena in the magnetosphere where energy from the solar wind accumulates in
the magnetotail and then unloads in a few hour periods (e.g McPherron, 1979). During substorms magnetic reconnection in
the Earth’s magnetotail injects electrons from the plasma sheet towards the inner magnetosphere accelerating them from a few
keV to a few hundred keVs. These electrons can get trapped in the Earth’s magnetic field forming the outer radiation belt. Their
interactions with different wave modes may accelerate them up to relativistic (MeV) energies.

An important class of waves for the electron dynamics in the inner magnetosphere are ultra low frequency (ULF) waves (e.g.,
Elkington et al., 2003; Shprits et al., 2008; Mann et al., 2013, 2016). ULF oscillations in the Earth’s magnetic field especially in
the Pc5 range (2-7 mHz) can drift resonate with energetic radiation belt electrons (e.g., Elkington et al., 1999; Elkington et al.,
2003) and in the case of large-amplitude, lead to fast and nonlinear radial transport (Osmane et al., 2023). The magnetospheric
ULF waves are regularly recorded both from spacecraft observations and from ground-based magnetometers(e.g., Bentley et al.,
2018; Sarris et al., 2022). ULF waves can be divided to toroidal (azimuthal magnetic field and radial electric field), poloidal
(radial magentic field and azimuthal electric field) and compressional (field aligned magnetic field and azimuthal electric field)
modes. The toroidal components are usually observed with large extent in the azimuthal direction (small wave number m)
and they have been found to be driven by external sources i.e. direct driving by the solar wind (e.g. dynamic pressure pulses,
Kelvin-Helmholtz instability driven by the velocity shear, reconnection and formation and propagation of flux transfer events
at the dayside magnetopause) (e.g. Hudson et al., 2004; Claudepierre et al., 2008). Poloidal modes have shorter azimuthal
extent and they have been found to be driven by internal sources for example, generation via magnetospheric processes such as

bounce-drift resonance and other wave-particle interactions (e.g. Southwood et al., 1969). Nevertheless, the ultimate source for
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the internal driving is also in the solar wind that drives the geomagnetic activity. The ULF waves measured in space (typically
at the geosynchronous orbit) may be composed of toroidal, poloidal and compressional components. However, ULF Pc5 wave
activity measured in space and on ground do not necessarily have one-to-one correlation. Toroidal modes propagate along
the magnetic field lines and they are often measured by the ground magnetometers. Poloidal waves, on the other hand, are
rarely observed on the ground due to iononospheric screening effect (Hughes and Southwood, 1976) but there are also studies
reporting long lasting occurrences of poloidal ULF waves seen in the ground magnetometers Shi et al. (2018).

The key external driver of ULF waves is the solar wind velocity (e.g. Mathie and Mann, 2001; Bentley et al., 2018). The
ULF wave activity in the inner magnetosphere is known to increase during higher solar wind speeds because that increases
the occurrence of Kelvin-Helmbholtz instability at the flanks of the magnetopause. In addition, solar wind speed has been
shown to be the dominant driver of the electron fluxes over all energies in the outer radiation belt with increasing time lag for
higher energy electrons (e.g. Paulikas and Blake, 1979; Baker et al., 1990; Li et al., 2005; Reeves et al., 2011; Wing et al.,
2016, 2021). This correlation, between speed and high energy electron fluxes likely stems both from the increased ULF wave
activity enhancing the transport and subsequent acceleration of electrons and the increased substorm activity injecting more
frequently source energy electrons (few tens of keV) to be accelerated. This complex and interlinked driving is expected to
give non-linear correlations between the solar wind parameters, ULF waves and their effects to electrons (e.g., March et al.,
2005; Johnson and Wing, 2005; Reeves et al., 2011; Kellerman and Shprits, 2012; Wing et al., 2016, 2021; Osmane et al.,
2022; Simms et al., 2021; Hoilijoki et al., 2022).

Previous studies have also indicated clear differences in the non-linearities in the magnetospheric response to solar wind in
different solar cycle phases (e.g., Johnson and Wing, 2005; Hoilijoki et al., 2022). For example, the results by Hoilijoki et al.
(2022) indicated that the non-linearity between the AE index and electron precipitation at different MLT sectors was higher for
the solar maximum year 2004 than for the solar minimum year 2007. This difference is likely due to the different contribution
from ICMEs and SIR/HSS driven storms and the subsequent differences in the dominant driving conditions and the level of
geomagnetic activity suggesting that the solar wind—magnetosphere coupling becomes more non-linear during ICME driven
geomagnetic activity. Johnson and Wing (2005) studied the changes in non-linear dependence of solar wind—magnetosphere
coupling during multiple solar cycle. They concluded that the non-linearities in the Kp index and solar wind driving with V Bg
(where By is the southward component of the IMF) is more linear during solar maximum. In this paper, we investigate the
non-linearity of the solar wind—magnetosphere coupling using mutual information. We use five different solar wind parameters,
AE and SYM-h indices, geosynchronous and ground based Pc5 ULF waves indices and radiation belt electron flux index. We
find that for majority of solar wind drivers, especially for solar wind speed, the non-linearity is larger during solar maximum
and smaller during the minimum. The paper is organized as follows: Data and methods used in this study are described in

Section 2 and the results are shown in Section 3. The results are discussed and concluded in Sections 4 and 5, respectively.
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2 Data and Methods
2.1 Data and indices

In this study we use solar wind parameters and geomagnetic indices, AE and SYM-H, obtained from NASA’s OMNI data (https:
/lomniweb.gsfc.nasa.gov/index.html). The start and end times of the ICMEs are obtained from the Richardson and Cane ICME
catalogue (https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm) (Richardson and Cane, 2024) and the times for
the SIRs and HSSs are from the list combined by Grandin et al. (2019). In this list, the time periods are listed as SIR/HSS if the
time derivative of B at the leading edge is above the threshold 0.6 nT/h, the preceding solar wind speed is less than 450 km/s,
the solar wind speed increases at least 30 km/s/day and the velocity reaches 500 km/s or more within three days of the start of
the SIR.

ULF wave indices used in this study, Ty, and Ty,, are 1 h resolution measurements of the total spectral power of the
magnetic field fluctuations from geosynchronous and ground-based observations, respectively, in the 2-7 mHz frequency band
obtained from the data archive: https://doi.org/10.2205/ULF-index (Kozyreva et al., 2007; Pilipenko et al., 2017b). The ground
based ULF wave index T, is obtained ground-based magnetometers at 60°-70° latitude from the Northern hemisphere between
MLTs 03 and 18 using the two horizontal magnetic field components (Kozyreva et al., 2007; Pilipenko et al., 2017b). The
threshold parameter for the ground-based ULF wave index is set so that only one station with the highest ULF power is
selected for each time interval. The geosynchronous Ty, is calculated using the data from GOES spacecraft that are located
on the geosynchronous orbit at 6.6 R on the equatorial plane. Ty, is calculated using all three components of the magnetic
field as a sum of the spectral power of each component and, therefore, the T}, includes all components of the ULF Pc5 waves
(toroidal, poloidal and compressional). In this study we use the indices as logarithm in base 10 of the total spectral power.

To correlate the solar wind parameters with the outer radiation belt electron fluxes, we use the electron flux index derived
by Borovsky and Yakymenko (2017). F.130 describes electrons near 130 keV in the outer magnetosphere. Electrons at these
energies are in particular interest because they can drive the whistler mode chorus waves. Electrons injected from the mag-
netotail during substorms around 130 keV are found to serve as source electrons for radiation belt energetic electrons. The
measurements for the index are made using synchronous orbit particle analyzer (SOPA) energetic particle instrument on board
the Los Alamos National Laboratory (LANL) spacecraft. On each spacecraft the 10 s resolution data is used to calculate 6 min
median values for the given energy channels. For each hour of universal time, the maximum of the 6 minute median values

from all spacecraft is chosen and the index F;3¢ is defined as the 10 base logarithm of the maximum.
2.2 Mutual information

Mutual information (MI) from information theory can be used to study non-linear statistical dependencies between two param-
eters (e.g. Li, 1990; Cover and Thomas, 2006). This makes it distinct from e.g. the widely used Pearson correlation coefficient
that only measures the linear correlation. MI quantifies the amount of shared information in two random variables X and Y.
The method applied in this study is described more in detail by Osmane et al. (2022) and also used in the study by Hoilijoki

et al. (2022) but below we describe the main points of the MI. Entropy, H, is a measure of the uncertainty that for variables X



125

130

135

140

145

150

https://doi.org/10.5194/angeo-2024-3 Annales
Preprint. Discussion started: 23 April 2024 Geophysicae
(© Author(s) 2024. CC BY 4.0 License.

Discussions

and Y can be written as:
=—> p(x)logp(x =-> p(y)logp(y 1)
reX yey

where p(z) and p(y) are the probability mass functions of variables X and Y, respectively. The joint entropy between variables
X and Y takes the form:

= p(x,y)log (p(z,y)), )

where p(z,y) is the joint probability mass function of X and Y. By definition, MI reveals how much information we can know
about one variable just by measuring the other. Therefore, MI can be written as an uncertainty of measuring variables X and Y
separately compared to measuring them together:

MI(X,Y)=H(X)+H(Y) - =53 bl log, ( ((z,y) ) 5

= z)p(y)

To compare the linear Pearson correlation coefficient and MI, we calculate the information adjusted correlation, pgq; (Os-
mane et al., 2022). This parameter is defined using the following reasoning. It is assumed that the analyzed variables X and Y’

are Gaussian bivariate distributed. In this case the MI and linear correlation are exact and related through the equation
1
MI:—§log(1—p2), 4)

from where the estimated information adjusted correlation for a certain value of Ml is (Tsonis, 2001; Johnson and Wing, 2005;

Osmane et al., 2022):
pagj = \/1—2-2ML 5)

Pearson correlation coefficient, pp, is compared to the information adjusted correlation coefficient, p,q;, to study if the Pear-
son correlation coefficient underestimates the dependency of the variables because of the non-linear nature of the relationship.
Similarly as done by Hoilijoki et al. (2022) we estimate the non-linearity as:

lpp|
Padj

NL=1- ()

In the case of the p,4; being larger than pp, the non-linear statistical dependency between the two variables is significant and
the non-linearity term NL increases. If p,q; is comparable to pp , the non-linearity term NL is close to zero and there are no
significant non-linear dependencies ie. system is nearly linear. The non-linearity defined here is similar to the one used by
Tsonis (2001) and Johnson and Wing (2005), except for dividing the term by p,q; to get NL to vary between 0 and 1.

To estimate the reliability of the MI results we use surrogate data to quantify zero baseline for the MI values. We use
randomly shuffled surrogates in this study. We calculate MI for 100 surrogates, calculate the average, Mlg, and standard
deviation, o ;. If MI of for the original data is larger than MIg+30 ,/; the zero baseline, the MI value is considered significant.
The calculated MI is significant in most of the cases because we use large amounts of data which leads to relatively small

standard deviations.
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Figure 1. Top panel shows the sunspot number over the SC23. The middle panel shows the total number and bottom panel illustrates the

ratio of ICMEs (pink) and SIRs/HSSs (blue) from all events driving geomagnetic activity during each year of the solar cycle.

3 Results

Solar cycle (SC) 23 covers the years from 1998 to 2008: solar maximum occurred between 1999-2002, declining phase 2003-
2007, and minimum around 2008. The top panel of Figure 1 shows the yearly mean sunspot number (obtained from SILSO
World Data Center (1996-2009) http://www.sidc.be/SILSO/) as the proxy of solar activity and the middle panel gives the
155 number of ICMEs and SIR/HSS events counted from the data sets compiled by Richardson and Cane (2010) and Grandin et al.
(2019), respectively. As the number of ICMEs and HSSs varies depending on the phase of the solar cycle, the ratio (bottom
panel of Figure 1) of the type of the driver of geomagnetic storms also varies with solar activity levels. Most of the geomagnetic
activity during solar maximum is driven by ICMEs while during the late declining phase the number of ICMEs decreases and

almost all of the activity is caused by HSS and SIRs.
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3.1 Impact of the phase of the solar cycle

To investigate the impact of the solar cycle on the correlation and non-linearity between solar wind and inner magnetosphere
we calculate the correlation coefficients separately for each year between 1998 to 2008 during the SC23. We calculate the MI
and pp for different time offsets of the data sets with 1 h resolution for the range 0 — 169 h and select the MI and pp from the
time offset that maximises the MI (in some occasions the MI and p p are maximized at different time offsets). Using Equation 5
and 6 we compute the adjusted correlation and non-linearity, respectively. The solar wind parameters used in this study that
are commonly accounted to be important in the solar wind—magnetosphere coupling are solar wind speed, V,,, density, p,

sw?

dynamic pressure, Py, = pV2 , z-component of IMF, B,, and V,,,B, = E,, which represents the solar wind electric field
in the y direction (e.g. Vasyliunas, 1975) (e.g. Dungey, 1961; Newell et al., 2007; Wing et al., 2021). Here we use it as a
simple approximation for the solar wind—magnetosphere coupling function, even though previous studies have shown that the
system is more complicated and impacted by, for example, the magnetosheath (e.g. Borovsky and Birn, 2014). In addition to
the solar wind parameters, we correlate AE index and SYM-H with the inner magnetospheric indices. The indices selected to
describe the inner magnetosphere response are: the electron flux index Fi130 for the 130 keV in the radiation belts describing
the behaviour of the substorm injected seed electrons (Borovsky and Yakymenko, 2017) and the geosynchronous 7., and
ground-based Ty, Pc5 ULF wave indices.

The results from years 2001 and 2007 representing solar maximum and solar minimum, respectively, are shown in Figure 2.
The top row shows color maps of the absolute value of the Pearson correlation coefficient |pp| between the solar wind (vertical
axis) and inner magnetospheric parameters (horizontal axis) as well as AE and SYM-H indices, which are displayed on both
axes. The second row shows pgg; calculated from MI and the non-linearity is displayed on the third row. The bottom panel g)
illustrates the difference in the non-linearity terms in 2001 and 2007. In Figure 2 the white blocks indicate where the absolute
value of the correlation coefficient is 0.3 or below i.e. correlation is weak or negligible.

The first column of each panel in Figure 2 is the electron flux index F¢130. The only solar wind parameters with larger than
0.3 Pearson correlation coefficient with the F.13¢ electron flux are the solar wind speed and density (the latter only in 2007).
The linear correlations are significantly larger for the solar minimum year (panel 2d) than for the solar maximum year (panel
2a). The adjusted correlation p,q;, shown in panels b and e, shows moderate to strong correlation values between electron
flux and all investigated solar wind parameters. The highest values are found for the solar wind speed and the values are
again higher for the solar minimum year than for the maximum year. In 2007 the linear correlation is increased more than the
adjusted correlation when compared to their 2001 values, and therefore, non-linearity (Figure 2c and f) is higher in 2001. The
non-linearity is lowest for the solar wind speed compared to other solar wind parameters. In particular, this is evident for the
solar maximum year 2001 for lower energy electron fluxes (F¢130). The high non-linearities between the rest of the solar wind
parameters (p, Pyyn, B, and Vi, B;) and F¢130 are mainly due to the low Pearson correlation coefficient, although we note
that p,q; is not that large either, suggesting that there are no significant statistical dependencies.

Figure 2g shows the difference between the non-linearity in 2001 and 2007. The positive values indicate larger non-linearity

in 2001 and negative values show if the non-linearity was smaller in 2001. Majority of the parameter pairs studied show that
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Figure 2. Absolute value of Pearson correlation coefficient, |pp|, (top row), information adjusted correlation, psq;, (second row), and non-
linearity, 1 — |pp|/pad;, (third row) between solar wind and inner magnetospheric variables and AE index and SYM-H in 2001 (left) and
2007 (right). Panel g) shows the difference between the non-linearity values between the two years. The dashed line divides the solar wind
parameters (on the vertical axis) and the magnetospheric indices (on the horizontal axis) from the geomagnetic activity indices AE and
SYM-H.
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Figure 3. Non-linearity (top) and information adjusted correlation coefficient (pqq4;) and Pearson correlation coefficient (pp) for each year

over SC23 between solar wind speed (Vs.,) and 130 keV radiation belt electron flux index (Fe130) and V.

the non-linearity was higher in 2001. Especially solar wind parameters V,,, p and P, have larger non-linearity during solar
maximum than minimum. However, the parameter pairs that have solar wind B, or Vi, B, as the solar wind driver show
increase in non-linearity from solar maximum to minimum.

To illustrate further the variations in the non-linearity during the SC23 we plot the yearly correlation coefficients between
Vsw and the outer radiation belt electron flux index. In Figure 3 the non-linearity (top panel a) and the correlation coefficients
(bottom panels b) between the solar wind density and F;3¢ for 130 keV electrons. This figure shows that the adjusted cor-
relation is higher than Pearson correlation coefficient at all times indicating that non-linearities are present through the solar
cycle. The Pearson correlation coefficient pp has its minimum at the solar maximum (2000-2001) and then increases towards
the solar minimum. The adjusted correlation p,q; shows considerably smaller variations with solar activity levels which leads
to non-linearity peaking during solar maximum.

Figure 2 also shows that out of the solar wind parameters, the geosynchronous Pc5 ULF wave index Ty, correlates the best
with the dynamic pressure while the ground-based ULF wave index T}, has the highest correlations (both for pp and pgq;)
with the solar wind speed. The non-linearity between Fy,,, and Ty, is approximately the same (~ 0.3) at the solar maximum
and minimum years (Figure 2c and f), therefore suggesting that their relationship does not significantly vary during solar cycle,
while there is some decrease in the non-linearity between V,, and T}, from maximum to minimum. To explore this further in
Figure 4a we plot the non-linearity between Fy,,, and T, and in 4c between Vj,, and T}, across the SC23. The non-linearity
between Py, and T, remains close to the same level throughout the whole solar cycle apart from a slight increase (~ 0.1) in
2003 during the early declining phase of the solar cycle. The non-linearity between V;,, and T}, increases at solar maximum
to ~ 0.2 and then decreases towards zero when the solar minimum approaches. The change is larger in the pp but also pqq;

increases slightly towards 2007.
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Figure 4. Non-linearity and information adjusted correlation, p,q;, and Pearson correlation coefficient, pp, for each year over SC23 between

Piyn,sw and Tyeo, (panels a and b) and V., and T}, (panels ¢ and d).

The solar wind parameter with the highest linear correlation coefficient with the AE index is B, in 2001 (Figure 2a) and V.,
in 2007 (Figure 2d), while the highest non-linear correlation coefficient in both years with the AE index is the V,, B, = F,
(Figure 2b and e). Both pp and p,q; are slightly larger in 2001. To investigate the changes in the non-linearity over the
solar cycle we plot it in Figure 5a. p,q; does not experience significant variation over the solar cycle, while pp experiences
considerable fluctuations, however, the changes have no clear solar activity trend. The non-linearity peaks in 2000 and in 2003
(~ 0.4). In solar maximum years, the ICME rate was the highest in 2000, although several prominent ICMEs in 2003 occurred
that caused big geomagnetic storms such as the Halloween storm period. The SYM-H index has the highest linear correlation
with the solar wind speed both in 2001 and 2007 (Figure 2a and d) but the non-linear correlation is highest with V,, B, in 2001
and p in 2007.

Figure 2 shows that the relationship between AE index and the Pc5 ULF wave activity has low non-linearity during both the
solar maximum and minimum and pp and p4; have quite similar values in each years. This is consistent with the results shown
in Hoilijoki et al. (2022). Left and right panels of Figure 6 show the non-linearity and correlation coefficients between AE index
and Ty, and Ty, respectively. In all cases, the non-linearity remains low, and pp and p,q; are approximately at the same level.
The only notable trend is that pp between AE and T, slightly decreases causing a small increase in the non-linearity towards

the end of the SC23.
3.2 Impact of the driver of geomagnetic activity

The non-linearity between some solar wind parameters and inner magnetospheric indices, for example, Vj,, and electron flux,
shows dependence on the solar cycle. The number of ICMEs also closely follows the sunspot number as shown in Figure 1.

This suggests that the number of ICMEs as the driver of the geomagnetic activity could be the cause of the increase in the
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non-linear dependency. To investigate this, we calculate the correlation coefficients separately for time periods of ICMEs
(from Richardson and Cane list) and SIRs/HSSs (Grandin et al., 2019). In this study, the ICME time periods include also
the preceding sheath regions and the HSS times include the SIR and the subsequent high speed stream. The remaining time
periods are considered as quiet time solar wind, for which we account one day recovery time for the Earth’s magnetosphere
after the trailing edge of the ICME and HSS by excluding those recovery days from the correlation calculations. Using the
ICMEs, SIRs/HSSs and quiet times from 1998 to 2008 we calculate the MI and correlation coefficients for the same solar wind
parameters and inner magnetospheric indices as above. The left column of Figure 7 shows the results from the time periods of
HSSs (a-c), the middle column (d-f) from ICMEs and the right column (g-i) from the quiet times.

The linear Pearson correlation coefficient between solar wind parameters and inner magnetospheric indices is higher during
HSSs than ICMEs, and especially so for the V5, but the highest pp between Vj,, and electron flux index and ULF wave
indices occurs during quiet time solar wind. In turn, linear correlations between the solar wind B, and Vj,, B, and AE index as
well as geomagnetic activity indices (SYM-H and AE) and ULF wave indices are the highest during ICME events and lowest
during the quiet solar wind. Depending on the parameter pair, p,q; may be highest during HSSs or ICMEs but in general the
information adjusted correlation coefficient seems to be lowest during the quiet times apart from the solar wind speed that also
has highest information adjusted correlation coefficients during the quiet solar wind time periods.

Solar wind dynamic pressure, IMF B, and solar wind electric field Ey = V,, B, have the lowest linear and non-linear
correlation coefficients with the electron flux and ULF wave indices during all three event types but they are lowest during
the quiet time. pqq; during the quiet time is low, which could be explained by the low activity in the inner magnetosphere
as ULF waves are not excited. The values of the non-linearity are the highest for ICME-related periods. The higher linear
correlation during SIR/HSSs leads to lower values of non-linearity compared to ICMEs (Figure 7a and d). This could be a
result of SIR/HSS being less geoeffective than ICMEs especially during the late declining phase of SC23 (Zhang et al., 2008;
Grandin et al., 2019). The non-linearity values during quiet times are generally between the values of HSSs and ICMEs or

similar to HSS times except for the V,, that has the most linear dependency between the electron flux and ULF wave indices.

4 Discussion

In this paper, we have investigated the solar cycle variations in the non-linear dependence between solar wind parameters
and the inner magnetospheric indices. Non-linearity, VL, in this study is defined as the ratio of the linear Pearson correlation
coefficient and information adjusted correlation (Equation 6). NL approaching 1 indicates that the correlation of the parameter
pair is highly non-linear, while NL close to 0 indicates that the correlation is linear. Non-linearity between some of the solar
wind - magnetosphere parameter pairs shows a clear dependence on the solar activity during the Solar Cycle 23 (SC23) while
other parameter pairs do not.

The solar wind parameter having the strongest linear correlation with the inner magnetospheric parameters and indices,
and especially with the electron fluxes, is the solar wind speed, as found in many previous studies (e.g. Paulikas and Blake,

1979; Baker et al., 1990; Li et al., 2005; Wing et al., 2016, 2021). We show here that the non-linearity is higher between
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solar wind speed and outer radiation belt electron fluxes during solar maximum than during solar minimum. This behaviour
quite closely follows the number of ICMEs as the driver of the geomagnetic activity as can be seen in Figure 3. Our results
show that the correlation, both linear and non-linear, is larger during solar minimum than solar maximum. Investigating data
separately for ICMEs and HSSs supports the conclusion that during the ICMEs the non-linearity is higher due to increased
non-linear correlation and decreased linear correlation. ICME sheath regions have a dual effect on the radiation belts. On the
other hand, their impact first typically deplete relativistic electrons from wide range of L-shells while the substorms during
the sheath can refill the inner magnetosphere with seed energy electrons (e.g. Kalliokoski et al., 2020, 2023). The impact of
the ICME ejecta following the sheath is highly dependent on its IMF By profile. Southward IMF within the ejecta can lead
to losses of radiation belt electrons across the magnetopause, as the more effective reconnection erodes the magnetopause
closer to the Earth (George et al., 2020; George et al., 2022). In addition, the rotation profile of the magnetic field within the
ejecta, south-north or north-south, can impact whether significant changes in the electron population occur during the leading
or trailing boundary of the ejecta (George et al., 2020). SIRs also typically cause losses of relativistic electrons although to
a smaller extent than ICME sheath regions (e.g. Turner et al., 2019). The fast streams following the SIRs tend to enhance
the radiation belt electrons population up to relativistic energies especially if the the IMF is predominantly southward (e.g.
Miyoshi et al., 2013). This is due to repeated substorms providing source and seed population to the inner magnetosphere
and their progressive acceleration by chorus waves (e.g., Jaynes et al., 2015). The varying impact of the ICME ejecta (loss,
enhancement or no-change) to radiation belt electrons of different energies is the likely cause of significant non-linearity in
between the solar wind speed and electron fluxes at solar maximum years when the ICMEs are the most abundant. HSSs
causing mainly enhancements or having only minor impact leads to higher linear correlation during the HSS driven activity
that is dominant during the solar minimum years.

Unlike other studied solar wind parameters (speed, density, dynamic pressure), B, and the solar wind electric field F, =
Vsw B, correlate with 130 keV electrons, ULF wave indices, and AE index more linearly during the solar maximum than the
minimum. These results are consistent with a statistical study by Johnson and Wing (2005), who found that the K, index and
the solar wind driving as estimated using V., Bg is more linear during solar maxima than during solar minima. Both B, and F,
have the highest linear and non-linear correlations with the AE index, justifying that F, has long been used as a simple proxy
for the solar wind—magnetosphere coupling (e.g. Vasyliunas, 1975). Our results show that the statistical dependence between
the simple coupling function, F, and AE is rather strong but their correlation is mostly non-linear. Both the linear and non-
linear correlations are larger for the solar maximum in 2001 (Figure 2 and 5), even though the changes in the non-linearity do
not follow as clearly the number of ICMEs as does the non-linearity between the solar wind speed and electron flux index.
Dividing data to HSSs, ICMESs and quiet times shows also that during the most intense geomagnetic activity (i.e. during ICME
driven activity), the correlation is the highest and during the quiet time solar wind the correlation is the weakest. Johnson and
Wing (2005) concluded that the nonlinearity during the solar maximum is the lowest because the solar wind driving is strongest
and, therefore, it suppresses the internal nonlinearities of the magnetosphere. This is consistent with our study in case for the
IMF B, and £, but not for the other solar wind parameters. It could be that during stronger solar wind driving magnetosphere

more directly responds to the magnetic field changes especially to IMF B, via magnetic reconnection and likely suppressing
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the impact of other solar wind parameters. This causes the non-linearity to increase for solar wind speed. On the other hand,
during quiet solar activity the other solar wind parameters such as solar wind speed can have more direct impact on the inner
magnetospheric dynamics though directly driving ULF Pc5 waves, for example, due to the Kelvin Helmholtz instability.

The strongest relationship between the T, and dynamic pressure and 7T, and solar wind speed highlight that the drivers of
ULF waves at geosynchronous orbit and ground are partly different. This can be attributed to different drivers of different ULF
wave modes and their propagation in the magnetosphere. The compressional and poloidal ULF modes are driven by internal
sources and solar wind pressure fluctuations (e.g. Southwood et al., 1969), and as discussed in the Introduction, they do not
propagate to the ground. The toroidal ULF modes in turn are able to reach to the ground, and are thus captured by the T},
index. They are related to external drivers such as high solar wind speeds causing Kelvin-Helmholtz instability (e.g. Hudson
et al., 2004; Claudepierre et al., 2008).

The ULF wave indices correlate strongly both linearly and non-linearly with the AE index, and therefore, the non-linearity
is relatively low. Their relationship does not significantly vary over the solar cycle. The AE index describes quite well the
substorm process and these results indicate that when the near-Earth magnetic field lines fluctuate in the Pc5 frequency range
the substorm process is active. The ULF wave index could also be dominated by the substrorm driven fluctuations even though

portion of the nightside MLTs (18-03) are excluded from the ground-based ULF wave index calculations.

5 Conclusions

This study highlights that the time period used in a statistical analysis can significantly impact the correlation coefficients
even when using long periods (one year or more) of data. The obtained results show that under different overall solar activity
conditions the response of the inner magnetosphere to certain solar wind parameters can differ. In case of solar wind speed,
density and dynamic pressure, the solar wind —magnetosphere coupling becomes more non-linear during solar maximum than
minimum and during ICMESs than HSSs or quiet solar wind periods. Especially, non-linearity between solar wind speed and
130keV electron flux index has a clear solar cycle trend, the correlation being considerably more linear during the solar min-
ima. On the other hand, in case of solar wind IMF B, and electric field E, = V,,, B, the driving is more linear during the
solar maximum than minimum. These could indicate that during stronger driving the increased magnetic field strength makes
the inner magnetosphere response more linear to the changes in the magnetic field so that the magnetic reconnection process
dominates the dynamics of the inner magnetosphere while suppressing the correlation between other solar wind parameters.
Therefore, it is important to include the non-linear dependence between the different solar wind parameters and inner magne-
tosphere into the models predicting the solar wind—magnetosphere coupling, because the linear correlation coefficient does not

reveal the whole story of the dependency of the the solar wind—magnetosphere coupling.

Data availability. Solar wind parameters and geomagnetic indices, AE and SYM-H, are obtained from NASA’s OMNI data (https://omniweb.
gsfc.nasa.gov/index.html). Source of sunspot numbers is WDC-SILSO, Royal Observatory of Belgium, Brussels (SILSO World Data Center,
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1996-2009) (http://www.side.be/SILSO/). ULF wave indices are available at https://doi.org/10.2205/ULF-index (Pilipenko et al., 2017a).
Data for the 1h electron flux index Fei30 was calculated using data from SOPA instrument on board the LANL spacecraft by Borovsky
and Yakymenko (2017) and can be requested from Joseph Borovsky. The code that was used to calculate the mutual information is publicly

available on a GitHub repository (https://github.com/msavola/Mutual_information).
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