
1.  Introduction
A large percentage of modern technical systems, from space communication satellites to ground-based 
power grids, is vulnerable to space weather (see Cannon et al., 2013; Lakhina et al., 2020, and references 
therein). Space weather includes everything from variations in the Sun, solar wind to their impacts on the 
interplanetary space, Earth, and other solar system bodies with varying magnetic and plasma properties 
(e.g., Echer et al., 2005; Hajra et al., 2020, and references therein). These are strongly modulated by the 
∼11-year “Schwabe” cycle (Schwabe, 1844) when Sun's activity rises and falls. In addition to this oscillation, 
solar activity is reported to exhibit longer-scale modulations such as ∼80–90-year variation in the cycle am-
plitudes (Gleissberg, 1939), known as Gleissberg cycle (see Hathaway, 2015, for an excellent review on this 
topic). The long-term study of the space weather over time scales of several solar cycles is important for the 
knowledge of space climate (e.g., González Hernández et al., 2014; Mursula et al., 2007), which is the main 
focus of this present work.

The solar wind-magnetosphere coupling and its relationship to geomagnetic disturbances are the most im-
portant aspects of the space research. The energy coupling process is mainly controlled by magnetic recon-
nection between the dayside geomagnetic field and interplanetary magnetic field (IMF) (Dungey, 1961). In 
this process, the northward geomagnetic field lines break upon encounter/contact with the (antiparallel) 
southward IMF in the dayside magnetopause current sheet where magnetic diffusion is significant. The 
“open” geomagnetic field lines connected with the IMF are transported down-tail across the polar cap by 
the solar wind flow and again reconnect at the far tail current sheet region. It may be mentioned that in the 
“closed magnetosphere” under northward IMF, the solar wind-magnetosphere energy coupling through 
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viscous interaction (Axford & Hines, 1961) is comparatively less efficient (Gonzalez et al., 1994; Tsurutani, 
Gonzalez, Tang, & Lee, 1992).

An enhanced energy transfer for a long period of stronger magnetic reconnection leads to the enhancement 
of the energetic (∼10–300 keV) ring current particles (mainly H+, O+, He+, and electrons) at ∼2–7 Earth 
radii (RE) in the Earth's magnetic equatorial plane (Daglis et al., 1999; Frank, 1967; Hamilton et al., 1988; 
Singer, 1957; Williams, 1987, and references therein). This may cause global-scale geomagnetic disturbanc-
es, commonly known as geomagnetic storms (Chapman & Bartels, 1940; Gonzalez et al.,  1994). On the 
other hand, a low rate magnetic reconnection for an intermittent interval may lead to the precipitation of 
∼10–100 keV electrons and ions in the auroral atmosphere resulting in auroral substorms (Akasofu, 1964; 
Nykyri et al.,  2019; Ohtani, 2001; Tsurutani & Meng, 1972). Intense auroral substorms continuing for a 
few days to a week without occurrence of any major geomagnetic storms have been called high-intensity 
long-duration continuous auroral electrojet (AE) activities (HILDCAAs: Hajra et al., 2013, 2014; Tsurutani 
& Gonzalez, 1987). These are different from the nominal substorms and major geomagnetic storms.

In the present work, updated lists of geomagnetic storms and HILDCAAs will be developed using all availa-
ble geomagnetic indices to study their long-term variations. The solar and interplanetary drivers of the long-
term geomagnetic activity variations will be explored in order to identify the physical processes associated 
with the solar wind-magnetosphere energy coupling. The strong and weak solar cycles will be compared in 
terms of their solar wind and geomagnetic properties. Thus, the main questions to be addressed in this work 
are: what are the climatological features of the geomagnetic activity and what are the drivers of the space 
climate? Is there any difference in the geomagnetic characters between the weak and strong solar cycles? 
What does the current weak solar cycle imply in view of future solar cycles? While some of the questions 
are already addressed, the present work is statistically much more robust and complete because of very long 
and updated data sets of HILDCAAs and magnetic storms compared to previous works. Such a long-term 
study is important for augmentation of our knowledge of the trends in space weather over solar cycles, or 
the space climate.

2.  Database and Method of Analysis
2.1.  Geomagnetic Storms and HILDCAAs

Geomagnetic storms are characterized by enhanced westward ring currents (encircling the Earth's magnet-
ic equator) at ∼2–7 RE that lead to decreases in the low-latitude geomagnetic fields. The decreases are meas-
ured by the disturbance storm time or Dst index. The Dst index is derived from the horizontal magnetic field 
measurements by four magnetometers placed around the Earth's magnetic equator (Burton et al., 1975; 
Sugiura, 1964). The measurements are continuously available from January 1957. Using the usual storm cri-
teria Dst ≤ −50 nT (Gonzalez et al., 1994), we identified 1523 magnetic storms from January 1957 through 
December 2019. This updated list of storms in fact extends and complements the previously developed lists 
of storms between 1957 and 2008 (Echer et al., 2011) and storms occurring in solar cycle 24 till 2016 (Rawat 
et al., 2018).

Figure 1 shows the distribution of the magnetic storms binned according to the peak Dst values. An ap-
proximate exponential decay in the number of storms with the increasing Dst strength can be noted (shown 
by a solid curve). This implies a very low occurrence probability of the extreme storms. It is interesting to 
note that while the exponential curve fits well with the bulk storm distribution, the fitting is not efficient 
for the extreme storms. This is consistent with a similar behavior of the solar wind plasma and IMF (see, 
e.g., Tsurutani et al., 2018). The median of the storm peak Dst distribution is about −74 nT while the av-
erage (standard deviation) is about −92 nT (±54 nT). As the median divides a probability occurrence dis-
tribution in halves, it is concluded that about half of the storms are weaker than −74 nT. Among the 1523 
storms, ∼73% were moderate (−50 nT ≥ Dst > −100 nT), ∼24% were intense (−100 nT ≥ Dst > −250 nT), 
and ∼3% were super storms (Dst ≤ −250 nT). This storm strength distribution is shown by a pie chart in 
Figure 1 (inset). Thus, ∼3/4th of the storms were moderate and only ∼1/4th were stronger. The moderate 
storms have an average (median) intensity of ∼−68 nT (∼−65 nT) with a standard deviation of ±14 nT, the 
intense storms have an average (median) intensity of ∼−140 nT (∼−129 nT) with a standard deviation of 
±35 nT, and the super storms have an average (median) intensity of ∼−325 nT (∼−303 nT) with a standard 
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deviation of ± 69 nT. The standard deviations are ∼20%, ∼25%, and ∼21% of the average storm intensities 
for the moderate, intense, and super storms, respectively. This implies a large variation in intensity among 
each category of the storms.

HILDCAAs are identified, using four criteria suggested by Tsurutani and Gonzalez (1987), as the intervals 
of intense auroral activity with the peak AE intensity >1000 nT, the minimum duration of 2 days when 
AE does not fall below 200 nT for more than 2 h at a time. These may occur under a non-storm condition 
(Dst > −50 nT) or during the recovery phase of a geomagnetic storm. Hajra et al. (2013) developed a list of 
133 HILDCAA events from January 1975 (1 min AE data are available from January 1975 on) to December 
2011. We updated the list to include recent events till end of 2017. Thus, the present work includes 145 
HILDCAA events from January 1975 to December 2017.

In addition to the yearly occurrence rates of HILDCAAs and magnetic storms, the average geomagnetic 
environment is characterized by the yearly averages of the geomagnetic indices Dst, ap and AE. In general, 
Dst represents a proxy measurement of the storm time ring current (Sugiura, 1964), AE is a proxy of the 
auroral electrojet current related to substorms (Davis & Sugiura, 1966), and the ap index is an indicator of 
the global-scale geomagnetic activity level (Rostoker, 1972).

2.2.  Solar Wind-Magnetosphere Coupling

The solar wind-magnetosphere coupling during the geomagnetic activity enhanced intervals is explored 
by the study of the solar wind plasma and IMF parameter variations. We estimated the yearly percentage 
of days with the daily peak solar wind speed Vsw of ≥500 km s−1 (mentioned as D500 in this work) as 
an indicator of the solar wind high-speed streams (HSSs). We estimated the solar wind electric field VBs, 
where V represents Vsw, and Bs is the southward component of the IMF (Bs is zero in absence of a south-
ward component). VBs has been shown to take an important role in driving the geomagnetic activity (e.g., 
Burton et  al.,  1975; Finch et  al.,  2008; Tsurutani, Gonzalez, Tang, Lee, et  al.,  1992). Another important 
coupling function is the Akasofu ϵ-parameter (∼VswBo2sin4(θ/2) 2RCF) that gives an approximate estimate of 
the magnetospheric energy input rate (Perreault & Akasofu, 1978). Here, Bo is the magnitude of the IMF, 
θ is the IMF orientation clock angle, and RCF is the Chapman-Ferraro magnetopause distance (Chapman & 
Ferraro, 1931; Shue & Chao, 2013).
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Figure 1.  Histograms show the occurrence probability distribution of the peak Dst values of the storms under 
present study. The solid curve shows the exponential fit. Pie chart in the inset shows the percentage occurrences of the 
moderate, intense, and super storms.
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2.3.  Cross-Correlation Analysis

To study the relationship between the geomagnetic activity and the solar wind-magnetosphere coupling, 
we use the classical cross-correlation analysis (Davis, 2002). The cross-correlation between two time series 
is computed by displacing one time series relative to the other in time (t) units. Thus, the successive lags 
and correlation coefficients, and the lag corresponding to the maximum correlation between the two series 
can be obtained. A zero lag corresponds to the correlation coefficient (linear correlation) where the time 
series are aligned. The cross-correlation coefficient (r) between the time series Y1 and Y2 with n overlapped 
positions is defined as:

   
   


              

1 2 1 2

2 22 2
1 1 2 2

*

* *

n Y Y Y Yr
n Y Y n Y Y� (1)

It varies from −1 to 1 and provides the information of how well the two series are correlated. When r is equal 
to zero, no correlation exists between the two series. For a positive r, the correlation is positive, which is the 
maximum for r = 1; whereas a negative r means anti-correlation, and a perfect anti-correlation occurs for 
r = −1.

2.4.  Wavelet and Cross-Wavelet Analysis

The interplanetary and magnetospheric environments are complex and turbulent with non-stationary var-
iations in their parameters (Souza et al., 2016; Marques de Souza et al., 2018). The wavelet transform (WT) 
is used to study the temporal variability of the power spectral density in such media (Morettin, 2014). The 
wavelet functions ψ(t) are generated by a wavelet-mother function shown in Equation 2, which suffers an 
expansion: ψ(t) → ψ(2t), and a translation: ψ(t) → ψ(t + 1) in time, resulting in wavelet-daughter functions 
(Torrence & Compo, 1998):

,
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aa
ψ ψ � (2)

In the above equation, a represents the scale associated to the expansion and contraction of the wavelet, and 
b is the temporal location, related to the translation in time. The WT applied on f(t) time series is defined as:

*
,( , ) ( ) ( ) ,  a bWT a b f t t dtψ� (3)

where *
, ( )a b tψ  represents the complex conjugate of the wavelet function ψa,b(t).

In order to obtain the common periods between two time series, the cross-wavelet transform (XWT) can be 
used (Bolzan & Rosa, 2012). The XWT is given by (Grinsted et al., 2004):

 *( , ) ( , ) ( , ) ,xy y xXWT a b W a b W a b� (4)

where Wx and Wy represent the WT applied on the time series x(t) and y(t), respectively and (*) represents 
the complex conjugate of the WT.

The global wavelet spectrum (GWS) is used to precisely identify the most energetic periods present in a time 
series in the WT analysis, as well as the main periods where the correlation between the two time series is 
higher in the XWT analysis. The GWS is given by the following equations:
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where GWSWT represents the GWS for the WT analysis and GWSXWT for 
the XWT analysis. σx and σy in Equation 6 represent the variances of x(t) 
and y(t), respectively.

2.5.  Data Sources

The geomagnetic Dst (1 h), ap (3 h), and AE (1 min) indices are col-
lected from the World Data Center for Geomagnetism, Kyoto, Japan 
(http://wdc.kugi.kyoto-u.ac.jp/). The 1 h resolution solar wind plasma 
and IMF data are obtained from the OMNIWeb (http://omniweb.gsfc.
nasa.gov/). The OMNI database is formed by time-shifting the solar/
interplanetary measurements by the NASA's Advanced Composition 
Explorer (ACE), Wind and Interplanetary Monitoring Platform 8 (IMP 
8) spacecraft to the Earth's bow shock. The IMF vector components in 
geocentric solar magnetospheric (GSM) coordinates are used in this 
work. In the GSM coordinates, the x-axis is directed toward the Sun, 
and the y-axis is in the  / | |ˆ ˆΩ x Ω x  direction, where Ω is aligned 
with the magnetic south pole axis of the Earth. The z-axis completes 
a right-hand system.

3.  Results
3.1.  Solar Cycle Variation of HILDCAAs, Geomagnetic Storms, 
and Geomagnetic Activity Indices

Figure  2 shows the variations of the yearly mean F10.7 solar flux 
(<F10.7>) as well as the yearly numbers of HILDCAAs and geomag-
netic storms of varying intensity under this study. The solar cycle (SC) 
numbers, from SC19 through SC24, are marked on the top panel. As 
can be noted from the <F10.7> variation, the study interval spans 
from the maximum of SC19 to the end of SC24 – ∼5.5 solar cycles. The 
peak <F10.7> fluxes in sfu (and approximate duration in year) for the 
cycles SC19 through SC24 are: ∼233 (10.5), ∼156 (11.4), ∼203 (10.4), 
∼213 (9.9), ∼181 (12.2), ∼146 sfu (11.6  years), respectively. Here, 1 
sfu (solar flux unit) = 10−22 Wm−2 Hz−1. Based on the peak <F10.7> 

values, SC19 is the strongest, and SC24 is the weakest among the cycles in the modern space explora-
tion era, i.e., after 1957 (see Hajra, 2021, for a detailed analysis of SC24). It may be mentioned that the 
reduction in solar activity is attributed to a steady decline of the solar photospheric magnetic fields (at 
solar latitudes ≥45°) since ∼1995 (see, e.g., Janardhan et al., 2010, 2015; Livingston et al., 2012; Sasiku-
mar Raja et al., 2019; Tsurutani et al., 2011, and references therein). We classify SC20 and SC24 as the 
“weak cycles” (average <F10.7> peak ∼151 sfu), and SC19, SC21, SC22 and SC23 as the “strong cycles” 
(average <F10.7> peak ∼207 sfu).

The number of the geomagnetic events in each solar cycle exhibits a clear correlation with the peak 
<F10.7> during the cycle (Figure 2). From SC21 through SC24, the yearly HILDCAA occurrence rates 
(i.e., the numbers of HILDCAAs per year of observation) are ∼3.5, ∼4.0, ∼3.4, and ∼1.6, respectively. 
They exhibit a high correlation coefficient r = 0.96 with the solar cycle peak <F10.7>. The yearly storm 
occurrence rates for SC19 through SC24 are ∼30.5, ∼18.8, ∼29.4, ∼30.8, ∼23.5, and ∼14.5, respectively, 
exhibiting a correlation coefficient of r = 0.96 with the peak <F10.7>. For the moderate, intense, and 
super storms, the correlation coefficients (r) are 0.87, 0.99, and 0.87, respectively. Thus, the solar cycle 
<F10.7> magnitude largely controls the occurrence rates of the magnetic storms and HILDCAAs in a 
solar cycle. It is interesting to note that while SC24 had a comparable <F10.7> peak value to SC20, the 
number of the intense storms was remarkably low, and there was no super storms in SC24. The number 
of HILDCAAs also decreased drastically in SC24. Thus, SC24 is the weakest in terms of geomagnetic 
activity as well.
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Figure 2.  From top to bottom, the panels show the yearly mean F10.7 
solar fluxes, the yearly numbers of HILDCAAs, all geomagnetic storms, 
moderate storms, intense storms, and super storms, respectively. 
Superposed red curves in the panels two–six show the 2-year moving 
averages. The starting and the ending times of each solar cycle are shown 
by the dashed vertical lines. Numbers of the cycles are shown on the top 
panel.
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Table 1 shows the occurrence rates of HILDCAAs and magnetic storms 
of varying intensity during the weak and strong cycles. An ∼27% reduc-
tion in the <F10.7> peak is associated with ∼57% reduction in the HILD-
CAA occurrence rate, ∼42% reduction in all storms, ∼32% reduction in 
the moderate storms, ∼61% reduction in the intense storms, and ∼90% 
reduction in the super storms during the weak solar cycles compared to 
the strong cycles.

In each solar cycle, HILDCAAs and magnetic storms can occur at any 
phase (Figure 2). However, the HILDCAA occurrence peaks around the de-
scending phase. On the other hand, the storm occurrence is more centered 
around the solar maximum. When storms are separated in intensity, the so-
lar maximum centric occurrence is most prominent for the intense storms, 
while the moderate storms peak during the descending phase, resulting 
in an overall dual-peak occurrence pattern of the magnetic storms. These 
results are consistent with previous reports (e.g., Echer et al., 2008, 2011; 
Hajra et al., 2013) and attributed to various solar/interplanetary sources of 
HILDCAAs and magnetic storms (see, e.g., Du, 2011; Du & Wang, 2012; 
Echer et  al.,  2004,  2008,  2011; Gonzalez et  al.,  1990,  1994,  2011; Hajra 
et al., 2013, 2014, 2020; Kirov et al., 2013; Samsonov et al., 2019; Tsurutani 
& Gonzalez, 1987; Veretenenko et al., 2020, and references therein, for a 
more detailed discussion of this topic).

Figure 3 shows the variations of the yearly mean geomagnetic activity 
indices Dst (<Dst>), ap (<ap>), and AE (<AE>). <F10.7> is repeated 
from Figure 2 for a reference to the solar cycle (marked on the top pan-
el). The variations of the indices confirm a weaker geomagnetic activity 
strength during SC20 and SC24 (weak cycles) compared to that during 
SC21, SC22 and SC23 (strong cycles). According to Table 1, the solar cycle 
peak values of the indices <Dst>, <ap>, and <AE> exhibit reductions by 
∼36%, ∼35%, and ∼27%, respectively during the weak cycles with respect 
to their values during the strong cycles.

In addition, the geomagnetic activity index averages are quite lower for 
the weakest cycle 24 (peak <Dst> ∼ −14 nT, <ap> ∼ 16 nT, and <AE> ∼ 
216 nT) than even for the equally weak cycle 20 (peak <Dst> ∼ −18 nT, 
<ap> ∼ 22 nT, and <AE> ∼ 283 nT).

To study the long-term dependence of the geomagnetic events and the 
geomagnetic indices on the solar cycle, the time-lagged cross-correlation 
analysis is performed using the yearly mean values of the F10.7 solar 
flux, the geomagnetic indices, and the yearly numbers of HILDCAAs and 
magnetic storms. The results are shown in Figure 4. Correlation between 
HILDCAAs and <F10.7> peaks (r = 0.59) at a time lag of ∼3 years. This 
is consistent with the HILDCAA occurrence peaking in the descending 
phase of the solar cycle (Figure 2).

While all the storms together (AS) exhibit a correlation coefficient 
r  =  0.73 with <F10.7> at a zero time lag, variations can be noted for 
storms with varying intensity (Figure  4). Correlation of the moderate 
storms (r  =  0.65) peaks at ∼1-year lag, and correlations of the intense 
(r = 0.78) and super (r = 0.58) storms peak at a zero time lag.

The geomagnetic indices <ap> and <AE> exhibit significant posi-
tive correlations of r = 0.60 with 0.57 at the time lags of 0 and 1 year, 
respectively with <F10.7>. However, the <Dst> index is anti-correlated 
(r = −0.66) to <F10.7> at the zero time lag.
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Average for “strong 
cycles”

Average for 
“weak cycles”

<F10.7> peak (sfu) 207 151

HILDCAAs (year−1) 4 2

All storms (year−1) 29 17

Moderate storms (year−1) 20 14

Intense storms (year−1) 8 3

Super storms (year−1) 1.0 0.1

<Dst> peak (nT) −26 −16

<ap> peak (nT) 29 19

<AE> peak (nT) 343 249

<Bo> peak (nT) 9 7

<Vsw> peak (km s−1) 516 490

D500 peak (%) 64 57

<VBs> peak (mV m−1) 0.43 0.36

<ϵ> peak (1011 W) 2.68 1.69

Table 1 
Comparison Between the “Strong” (SC19, SC21, SC22, and SC23) and 
“Weak” (SC20 and SC24) Solar Cycles

Figure 3.  From top to bottom, the panels show the yearly mean F10.7 
solar fluxes, and the Dst, ap, and AE indices, respectively. The starting and 
the ending times of each solar cycle are shown by the dashed vertical lines. 
Numbers of the cycles are shown on the top panel.
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3.2.  Solar Wind-Magnetosphere Coupling

The solar wind plasma and IMF are explored to study the solar wind-magnetosphere coupling processes, 
leading to the geomagnetic activity variations described in Section 3.1. Figure 5 shows the variations of 
the yearly mean IMF magnitude Bo (<Bo>), solar wind speed Vsw (<Vsw>), D500, coupling function VBs 
(<VBs>), and Akasofu ϵ-parameter (<ϵ>). <F10.7> is repeated from Figure 2.

The IMF <Bo>, <VBs>, and <ϵ>-parameter are organized with the solar cycle—increasing and decreas-
ing with the increases and decreases in <F10.7>, respectively (Figure 5). The solar cycle peaks of <Bo>, 
<VBs>, and <ϵ> -parameter are correlated with the <F10.7> peaks. On the other hand, the <Vsw> and 
D500 peaks are observed during the solar cycle descending phase. The solar/interplanetary parameter vari-
ations indicate the weakest solar wind-magnetosphere coupling in SC24.

The solar cycle peaks of the IMF magnitude and the solar wind-magnetosphere coupling functions during 
the weak and strong cycles are listed in Table 1. The weak cycles exhibit ∼23% decrease in <Bo>, ∼5% de-
crease in <Vsw>, ∼10% decrease in D500, ∼17% decrease in <VBs>, and ∼37% decrease in <ϵ> -parameter 
compared to those during the strong cycles. The results clearly show, quantitatively, that the weak solar 
cycles have not only the lower peaks of <F10.7> but also the decreased values of the solar wind-magneto-
sphere coupling. The later resulted in the weaker geomagnetic activity indices and lower occurrence rates 
of HILDCAAs and magnetic storms during the weak cycles compared to the strong ones.

The time-lagged cross-correlation analysis of the HILDCAAs, geomagnetic storms and geomagnetic indices 
with the IMF and solar wind parameters is performed to study the time variation of their relationships. The 
results are shown in Figure 6 and are summarized in Table 2.

The HILDCAA occurrence rate exhibits the strongest correlation with <Vsw> (r  =  0.78) and D500 
(r = 0.74) at the zero time lag. This result confirms a strong association of HILDCAAs with HSSs. Howev-
er, the correlations of HILDCAAs with <Bo> (r = 0.51), <VBs> (r = 0.46), and <ϵ> (r = 0.52) are weaker, 
and they peak at the time lags of ∼3, ∼3, and ∼2 years, respectively. On the other hand, the geomagnetic 
storms, from moderate to intense, are strongly correlated with <Bo> and solar wind-magnetosphere cou-
pling functions at the zero time lag. There is no significant correlation between the magnetic storms and 
<Vsw> or D500.
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Figure 4.  Time-lagged cross-correlation analysis of the geomagnetic events and geomagnetic indices with the <F10.7> 
solar flux. The top panel corresponds to HILDCAAs (H), all magnetic storms (AS), moderate storms (MS), intense 
storms (IS), and super storms (SS). The bottom panel corresponds to the <Dst>, <ap> ,and <AE> indices.
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The geomagnetic indices <Dst>, <ap>, and <AE> exhibit significant 
correlation with <Bo>, <VBs>, and <ϵ>. While <AE> shows some as-
sociation with <Vsw> and D500, correlations of <Dst> and <ap> with 
<Vsw> and D500 are poor.

3.3.  Long-Term Trends in Solar and Geomagnetic Activity: 
Wavelet and Cross-Wavelet Analyses

The aim of this section is to investigate the long-term trends (periodicity) 
in the geomagnetic activity and the driving solar and interplanetary pa-
rameters. Figure 7 shows the representative wavelet analysis of the year-
ly mean F10.7 and Vsw. From the <F10.7> wavelet spectrum periodo-
gram (Figure 7 [middle panel]), a strong power can be seen concentrated 
around the 10−11-year period inside the “cone of influence.” As the 
“edge effect” may be significant outside the cone of influence, any period 
observed outside this region is ignored. The wavelet periodogram shows 
a continuous energy distribution around the 10–11-year period during 
the entire interval of the study. The global wavelet spectrum shows the 
highest amplitude precisely at the ∼10.9-year period.

The wavelet spectrum of <Vsw> is comparatively more complex with 
additional periods (Figure 7 [bottom panel]). Several significant periods 
(with strong power) are recorded inside the cone of influence. More pre-
cisely, from the corresponding global wavelet spectrum, ∼9.8-year peri-
od has the strongest amplitude, followed by the amplitudes of ∼16.2-, 
∼4.4-, and ∼2.5-year periods (in the decreasing order of amplitude). The 
∼9.8 and ∼16.2-year periods have the continuous distribution in time. On 
the other hand, the period of ∼4.4 years has a quasi-continuous distri-
bution, and the ∼2.5-year period has an intermittent distribution, where 
the regions with higher energy are during the solar cycle descending 
phase. The complex spectrum of <Vsw> may be indicative of the multi-
ple origins of the fast solar winds, namely, HSSs from the coronal holes 
(Bame et al., 1993; Burlaga et al., 1978; Krieger et al., 1973; Sheeley & 

Harvey, 1981), the interplanetary coronal mass ejections (ICMEs: Illing & Hundhausen, 1986; Odstrčil & 
Pizzo, 1999; Palmerio et al., 2018; Yurchyshyn et al., 2007), and the shocked solar wind behind the interplan-
etary shocks (Kennel et al., 1985; Tsurutani et al., 1988).

Similar wavelet analysis is performed for the IMF <Bo>, D500, <VBs>, <ϵ>-parameter, HILDCAAs, and 
geomagnetic storms of varying intensity, as well as for the geomagnetic indices <Dst>, <ap> and <AE>. 
The results are summarized in Table 3. All of the solar and interplanetary parameters have a common pe-
riodicity of ∼10–11 years, which has a source in the solar cycle. Additional, significant (inside the cone of 
influence) periods of ∼15–16 years and ∼3–5 years are suggested to be induced by <Vsw> or D500.
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Figure 5.  From top to bottom, the panels show the yearly mean 
F10.7 solar fluxes, IMF Bo, Vsw, D500, VBs, and Akasofu ϵ-parameter, 
respectively. The starting and the ending times of each solar cycle are 
shown by the dashed vertical lines. Numbers of the cycles are shown on 
the top panel.

HILDCAA AS MS IS SS <Dst> <ap> <AE>

<Bo> 0.51 (3) 0.89 (0) 0.78 (0) 0.85 (0) 0.55 (0) −0.82 (0) 0.84 (0) 0.81 (0)

<Vsw> 0.78 (0) 0.38 (−3) 0.35 (9) 0.37 (−2) 0.24 (−2) −0.41 (0) 0.54 (0) 0.66 (0)

D500 0.74 (0) 0.37 (−2) 0.39 (9) 0.36 (−1) 0.34 (7) −0.39 (−1) 0.51 (0) 0.64 (0)

<VBs> 0.46 (3) 0.82 (0) 0.73 (0) 0.75 (0) 0.56 (0) −0.73 (0) 0.79 (0) 0.70 (0)

<ϵ> 0.52 (2) 0.88 (0) 0.76 (0) 0.83 (0) 0.64 (0) −0.83 (0) 0.90 (0) 0.81 (0)

Note: Numbers in the parentheses are the time lags in year.

Table 2 
The Peak Time-Lagged Cross-Correlation Coefficients
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In addition to the ∼10–11-year period, HILDCAAs exhibit a significant 
period of ∼4  years, and the geomagnetic storms exhibit the secondary 
periods of ∼15 and ∼3 years. The <Dst> index has an additional period 
of ∼5 years, and <AE> exhibits the periods of ∼14, ∼8, ∼5, and ∼3 years 
in addition to the ∼11-year period. The ∼3–5-year period is attributed to 
the dual-peak solar cycle variation (Clúa de Gonzalez et al., 1993; Gonza-
lez et al., 1990), and the ∼16–18-year period to the coronal hole topology 
variation (Makarov & Sivaraman, 1989).

In order to identify the sources of the periodic variations of the geomagnet-
ic activity, the cross-wavelet analysis is performed between the geomagnet-
ic activity, and the solar and interplanetary parameters. Figure 8 shows the 
cross-wavelet analysis between HILDCAAs and <F10.7> (top panel) and 
between HILDCAAs and <Vsw> (bottom panel). The common periods in 
each case are shown in the corresponding global wavelet spectra on the 
right. As expected, the HILDCAAs versus <F10.7> cross-wavelet spectrum 
(as well as the corresponding global wavelet spectrum) reveals a significant 
∼10-year period. The ∼9.9-year period in the HILDCAAs versus <Vsw> 
cross-wavelet spectrum has a source in the solar cycle (remember that 
HILDCAAs are not in phase with the <F10.7> variation). An additional 
∼4-year common period is confirmed between HILDCAAs and <Vsw>.

Figure 9 shows the cross-wavelet analysis of all storms with <F10.7> and 
<Vsw>. As in case of the HILDCAAs (Figure 8), while the ∼11-year pe-
riodicity in the storms is correlated with that in <F10.7>, the <Vsw> 
variations induce a shorter period of ∼4 years, however, with a smaller 
amplitude.

4.  Summary
We presented an up-to-date long-term database of the magnetic storms 
and HILDCAAs using all available geomagnetic Dst (1 h resolution) and 
AE (1 min) indices. The yearly variations of the geomagnetic events are 
used to explore the statistical characteristics of the geomagnetic activity 
for more than five solar cycles. The results are compared with the long-
term trends in the driving solar wind-magnetosphere coupling. In addi-
tion, the solar wind-magnetosphere coupling and the geomagnetic ac-
tivity are compared between the weak and strong solar cycles. The main 
results are summarized below.

1.	 �The occurrence rates of the HILDCAAs and the geomagnetic storms 
are strongly correlated with the peak F10.7 solar cycle magnitude.

2.	 �The magnetic storms of varying intensity exhibit a strong correlation 
(r = 0.58−0.78) with the yearly mean F10.7 solar flux at the 0−1-year 
time lag. This result is consistent with the storm occurrence centered 
around the solar cycle maximum, with a secondary peak following 
the solar maximum due to the moderate storms. HILDCAAs exhibit 
a weaker correlation (r = 0.59) with F10.7 at a time lag of ∼3 years. 
This is consistent with the HILDCAA occurrence peaking around the 
descending phase of the solar cycle.

3.	 �HILDCAAs exhibit the strongest correlation with Vsw (r = 0.78) and 
D500 (r = 0.74) at the zero time lag, indicating the most important 
role of the solar wind HSSs in causing the HILDCAAs. The correla-
tions of HILDCAAs with the IMF Bo (r = 0.51), VBs (r = 0.46), and 
Akasofu ϵ-parameter (r = 0.52) are weaker, and they peak at the time 
lags of ∼2−3 years.
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Figure 6.  Time-lagged cross-correlation analysis of the geomagnetic 
event numbers and the geomagnetic indices with the IMF and solar wind 
parameters. The left panels correspond to the yearly numbers of HILDCAAs 
(H), all storms (AS), moderate storms (MS), intense storms (IS), and super 
storms (SS), while the right panels correspond to the geomagnetic indices 
<Dst>, <ap>, and <AE>. The panels from the top to bottom correspond to 
the IMF <Bo>, <Vsw>, D500, <VBs>, and <ϵ> -parameter, respectively.

Periods (year)

<F10.7> 10.9

<Bo> 10.9

<Vsw> 9.8, 16.2, 4.4, 2.5

D500 10.3, 15.3, 4.5, 2.5

<VBs> 11.1

<ϵ> 10.9

HILDCAA 10.0, 4.1

All storm 11.0, 2.7

Moderate storm 10.9, 2.5

Intense storm 11.0, 3.4

Super storm 10.9, 15.4, 3.2

<Dst> 10.8, 5.3

<ap> 10.9

<AE> 11.4, 14.4, 7.7, 5.3, 2.5

Note: The periods are arranged in the descending order of amplitude.

Table 3 
Wavelet Analysis Result
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4.	 �The geomagnetic storms, from moderate to intense, exhibit significantly high correlations with the IMF 
Bo (r = 0.78–0.89), VBs (r = 0.73–0.82), and ϵ (r = 0.76–0.88) at the zero time lag. They exhibit very weak 
correlation with Vsw or D500.

5.	 �The geomagnetic storm and HILDCAA occurrence rates, the geomagnetic activity indices, the solar 
wind and interplanetary parameters exhibit a dominating ∼10-11-year periodicity. This is attributed to 
the ∼11-year solar cycle variation. However, not all of these parameters are in phase with the solar cycle.

6.	 �The solar wind Vsw and D500 exhibit periodicities of ∼15–16 and ∼3–5 years. They induce ∼4-year pe-
riod in HILDCAAs, ∼3-year period in the magnetic storms, ∼5-year period in Dst, and ∼5 and ∼14-year 
periods in AE.

7.	 �The solar cycles 20 and 24 are not only weaker in the F10.7 solar flux peak (average ∼151 sfu) than the 
cycles 19, 21, 22, and 23 (average ∼207 sfu) but also are characterized by significantly weaker (5% − 37%) 
solar wind-magnetosphere coupling resulting in the reduced numbers of HILDCAAs (∼57%) and mag-
netic storms (∼32%−90%).

8.	 �The recently complete solar cycle 24 is found to be the weakest of the cycles in the space exploration 
era, with the lowest solar flux peak (∼146 sfu), the reduced IMF, solar wind plasma speed and solar 
wind-magnetosphere energy coupling compared to the previous cycles. These resulted in the lowest 
numbers of HILDCAAs and geomagnetic storms compared to the previous solar cycles and no super 
storms in solar cycle 24.

5.  Discussion and Conclusions
From the study of the long and updated database of HILDCAAs, magnetic storms and solar/interplanetary 
data, it is concluded that the solar cycle magnitude has a strong modulation on the solar wind-magneto-
sphere energy coupling and the resultant geomagnetic activity. The solar cycle phase dependencies of the 
HILDCAAs and magnetic storms are in good agreement with the previous reported results (e.g., Clúa de 

HAJRA ET AL.

10.1029/2020JA028695

10 of 14

Figure 7.  Wavelet analysis of <F10.7> and <Vsw>. The top panel shows the yearly variations of <F10.7> (black 
curve, legend on the left) and Vsw (red curve, legend on the right). The middle and the bottom panels show the wavelet 
spectrum periodograms of <F10.7> and <Vsw>, respectively. The cone of influence is shown by the black curve in the 
wavelet panels. The color bars on the left indicate the wavelet spectral power of the observed periods in arbitrary units. 
Panels on the right show the global wavelet spectrum indicating the significant periods.
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Figure 8.  Cross-wavelet analysis of HILDCAAs with <F10.7> and <Vsw>. The cone of influence is shown by the 
white curve in each panel. The color bars on the left indicate the wavelet spectral power of the observed periods in 
arbitrary units. Panels on the right show the global wavelet spectrum indicating the significant common periods.

Figure 9.  Cross-wavelet analysis of all magnetic storms with <F10.7> and <Vsw>. The cone of influence is shown by 
the white curve in each panel. The color bars on the left indicate the wavelet spectral power of the observed periods in 
arbitrary units. Panels on the right show the global wavelet spectrum indicating the significant common periods.
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Gonzalez et al., 1993; Echer et al., 2004, 2008, 2011; Gonzalez et al., 2011; Hajra et al., 2013, 2014; Rawat 
et al., 2018, and references therein). Presence of the ∼11-year periodicity in the solar wind-magnetosphere 
coupling and the geomagnetic activity confirms that the space climate is dominated by the solar cycle varia-
tion. The fast solar winds have also pronounced impact on the space climate as can be seen in the additional 
longer (∼15−16 years) and shorter (∼3−5 years) time scale variations of the geomagnetic activity.

In the space exploration era (i.e., after 1957), the solar activity cycles 20 and 24 are found to be significantly 
weaker than the cycles 19, 21, 22, and 23. They broadly define the space climatology. It was shown that the 
solar wind parameters and the consequent magnetospheric response are different in these two cycle groups. 
The weaker solar magnetic field leads to a lower IMF magnitude, a lower solar wind pressure and a lesser 
solar wind kinetic energy available for driving the magnetospheric activity. As a consequence, the numbers 
of the magnetic storms and HILDCAAs as well as the average geomagnetic activity decrease from the strong 
to the weak solar cycles.

The recently complete solar cycle 24 is found to be very weak in terms of the solar and magnetospheric 
activity. There have been some studies that have predicted a trend for the solar activity entering in a period 
of a grand minimum or a Dalton type minimum (e.g., Gonçalves et al., 2020; Jiang & Cao, 2018; Upton & 
Hathaway, 2018; Wang, 2017, and references therein). If this really occurs, the weak cycle 24 leads us to 
expect a much lower solar wind energy input in the magnetosphere, and as a consequence a significant 
decrease in the geomagnetic activity. This has large impacts on the space weather effects and technological 
applications. On the other hand, a reduced solar activity will cause a higher flux of cosmic rays in the near-
Earth space, which can largely impact the manned missions at the low-Earth orbit or to the Moon and Mars. 
Finally, the lists of the magnetic storms and HILDCAAs compiled in this work might be of interest to the 
space weather researchers.

Data Availability Statement
The solar wind plasma and IMF data used in this work are obtained from the OMNI website (https://omni-
web.gsfc.nasa.gov/). The geomagnetic indices are obtained from the World Data Center for Geomagnetism, 
Kyoto, Japan (http://wdc.kugi.kyoto-u.ac.jp/). The lists of the magnetic storms and HILDCAAs compiled in 
this work can be accessed through: https://doi.org/10.26022/IEDA/111826.
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