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Abstract we study the occurrence of magnetic storms in space age (1957-2021) using Dst and Dxt indices.
We find 2,526/2,743 magnetic storms in the Dxt/Dst index, out of which 45% are weak, 40% moderate, 12%
intense and 3% major storms. Occurrence of storms in space age follows the slow decrease of sunspot activity
and the related change in solar magnetic structure. We quantify the sunspot—coronal mass ejection (CME)
storm relation in the five cycles of space age. We explain how the varying solar activity changes the structure of
the heliospheric current sheet (HCS), and how this affects the high-speed solar wind stream (HSS)/corotating
interaction region (CIR) storms. Space age started with a record number of storms in 1957-1960, with roughly
one storm per week. Solar polar fields attained their maximum in cycle 22, which led to an exceptionally thin
HCS, and a space age record of large HSS/CIR storms in 1990s. In the minimum of cycle 23, for the only time
in space age, CME storm occurrence reduced below that predicted by sunspots. Weak sunspot activity since
cycle 23 has weakened solar polar fields and widened the HCS, which has decreased the occurrence of large
and moderate HSS/CIR storms. Because of a wide HCS, the Earth has spent 50% of its time in slow solar wind
since cycle 23. The wide HCS has also made large and moderate HSS/CIR storms occur in the early declining
phase in recent cycles, while in the more active cycles 20-22 they occurred in the late declining phase.

1. Introduction

Magnetic storms (for a review see, e.g., Daglis, 2006; Daglis et al., 1999, 2003; Dessler & Parker, 1959; Gonzalez
et al., 1994) are the largest disturbances of the near-Earth space, driven by enhanced interaction between the solar
wind (SW), including the heliospheric magnetic field (HMF; also called the interplanetary magnetic field), and
the Earth's magnetosphere. Certain structures in the SW and the HMF contain favorable conditions for enhanced
interaction that last typically from one to several days. The two most important structures leading to storms are
the interplanetary manifestations of coronal mass ejection (CME) (Gosling, 1993; Kilpua et al., 2017) and the
corotating interaction region (CIR) related to high-speed solar wind stream (HSS) (Krieger et al., 1973; 1. G.
Richardson, 2018).

CME:s arise from the eruption of large coronal flux tubes and lead to increased SW density and pressure (Webb
& Howard, 2012). They often have the internal structure of a magnetic cloud which includes a systematic rota-
tion of magnetic field lines and a long period of southward directed magnetic field (Burlaga et al., 1981; Klein
& Burlaga, 1982). This leads to enhanced reconnection at the dayside magnetopause, producing a magnetic
storm. Coronal flux tubes that precede CMEs arise from the solar convection layer and have a close connection
with sunspots. Accordingly, the occurrence of CMEs varies closely in phase with sunspot activity, reflecting
the appearance of new magnetic flux on the solar surface (Cremades & St. Cyr, 2007; Gopalswamy et al., 2004;
Robbrecht et al., 2006; Webb & Howard, 1994, 2012).

HSSs emanate from large solar coronal holes (Krieger et al., 1973; I. G. Richardson, 2018), where the magnetic
field is typically unipolar and experiences less of super-radial expansion than in the neighborhood of closed field
regions (Wang & Sheeley, 1990). Accordingly, SW flow can more freely escape from large coronal holes and
is accelerated to higher speeds than elsewhere. On the other hand, the wind originating at the streamer belt and
neighboring regions is slower but more dense. Since the streamer belt also carries the heliospheric current sheet
(HCS) and its center, the magnetic neutral line (NL), the slow wind is commonly equated with the HCS. When
the HCS is inclined with respect to the solar equator, the slow and fast SW regions can be at the same heliographic
latitude and be emitted successively in the same direction. When the fast stream catches the slow wind ahead,
an interaction region called the corotating interaction region, also called the stream interaction region, is formed
(Balogh et al., 1999; Gosling & Pizzo, 1999). Due to compressed plasma density and increased magnetic field
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intensity, as well as to the following fast SW, the HSS/CIR structure is very effective in producing weak and
moderate storms (Tsurutani et al., 2006).

Solar magnetic fields experience a dramatic structural change over the sunspot cycle. During solar minima the
global solar magnetic field is mainly dipolar, with a few active regions around the solar equator and large coronal
holes of unipolar field with opposite polarities around the two solar poles (Petrie, 2015). As activity increases
in the ascending phase of the cycle, surges of magnetic flux with polarity opposite to the prevailing polar field
are transported to each pole (Virtanen & Mursula, 2014; Wang et al., 1989). These surges reduce the size of the
old-polarity coronal holes and, eventually, reverse the polarity of the polar field around solar maxima. Subse-
quent surges in the declining phase increase the new-polarity field at the poles and extend the area of polar
coronal holes. Moreover, surges can form contiguous unipolar regions from the low-latitude origin of surges to
the solar pole. This leads to the formation of longitudinally asymmetric extensions of polar coronal holes, so
called elephant trunks, that can cover a wide range of latitudes and emit fast SW even at low latitudes (Harvey
& Sheeley, 1979). Such extensions of polar coronal holes to low latitudes are an important source of high-speed
streams reaching the Earth. Smaller-scale coronal holes can be formed between active regions at any latitude
and at any time of the cycle, especially at solar maxima. Related HSS streams can affect (e.g., accelerate) CMEs
bursting from neighboring active regions (Crooker & Cliver, 1994; Gosling & Riley, 1996). Later in the declining
phase, as the emergence of magnetic flux and related surge production subside, the global field slowly returns
back to its minimum-time dipolar structure with a polarity structure opposite to the previous minimum. The lower
boundary of polar coronal holes becomes more symmetric, which reduces the tilt of the HCS and the occurrence
of HSSs at the Earth.

In addition to this solar cycle evolution of solar magnetic fields, there are also longer-term changes, for example,
in the overall sunspot activity, leading to the varying height of sunspot cycles. It is known that sunspot activity in
the twentieth century reached a record level at least for a couple of thousand years (Solanki et al., 2004), culminat-
ing at the maximum of solar cycle 19 in 1957. This highly active time of the mid-twentieth century is commonly
called the Modern Grand Maximum (MGM). After solar cycle 19 (to be called SC19), solar activity remained at a
fairly high level for 3—4 cycles whereafter, since the maximum of SC23, solar activity has considerably subsided.
This is evidenced by an exceptionally long and deep minimum between SC23 and SC24, and a considerably
low cycle 24. We note that, curiously, the start of space age, as marked by the flight of the first satellite in 1957,
coincides with the maximum of the MGM. Thus, the space age, at least until the recent times, is characterized
and affected by slowly, but unsteadily reducing solar activity.

The varying level of sunspot activity during the space age directly affects, for example, the occurrence of CMEs
and magnetic storms produced by CMEs. In addition, there is also a related long-term change in the solar
magnetic field structure, which affects coronal holes and, thereby, the occurrence of HSS/CIRs and magnetic
storms produced by them. In fact, while in the earlier, active cycles there were only small and short-lived coro-
nal holes at low latitudes (Fujiki et al., 2016), the declining phase of cycle 23 was characterized by rather large,
persistent low-latitude coronal holes (Gibson et al., 2009; Hamada et al., 2021), which led to a space age record
activity of HSSs and geomagnetic activity in 2003 (Mursula et al., 2015). Another long-term change is the
recent weakening of solar polar fields (Smith & Balogh, 2008; Wang et al., 2009; Zhou & Smith, 2009) as the
result of reduced emergence of new flux on the solar surface. These changes have important consequences to
the long-term occurrence of magnetic storms.

The enhanced SW-magnetosphere interaction during CMEs and HSS/CIRs accelerates particles and drives several
current systems that lead to magnetic disturbances in different parts of the Earth's surface. However, rather than
measuring the overall disturbance level like, for example, the Kp index of geomagnetic activity, magnetic storms
are defined and quantified in terms of one current system only, the ring current (Daglis, 2006; Daglis et al., 1999).
The storm-time ring current consists mainly of (positively charged) hydrogen, helium and oxygen ions of some
10-300 keV energy, drifting around the Earth at the distance of about 3—7 Earth radii (Daglis et al., 1999). Drift-
ing westward around the Earth, they produce a negative deflection in the horizontal magnetic field on the ground,
which is a direct measure of the energy content of the ring current (Dessler & Parker, 1959; Sckopke, 1966).

This deflection has been measured from 1957 onward by four ground-based magnetometer stations located at low
latitudes, roughly equidistantly in longitude. A dedicated recipe was developed (Sugiura, 1964, 1969; Sugiura &
Kamei, 1991; WDC-C2, 1991) in order to remove the secular, seasonal and daily quiet-time variations from the
locally observed magnetic field, and to quantify the ring current in terms of an index called the Dst index. Year
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1957 was the International Geophysical Year (IGY), when several international programs on solar-terrestrial
research were started, developing both ground-based and flying instrumentation. Thus, it is not surprising that
the Dst index is available since the start of space age. However, as noted above, it is curious, but also quite appro-
priate, that the Sun reached its all-time maximum activity during the IGY. Since continuous monitoring of space
by satellites started soon after the IGY, we also have satellite observations of the SW and the HMF available for
most of the time of the Dst index. This allows us to study the SW drivers of magnetic storms almost over the
whole space age.

During the several years of storm studies some errors and inconsistencies have been found in the Dst index
(Karinen et al., 2002; Mursula et al., 2008, 2011). Therefore Karinen and Mursula (2005) recalculated the Dst
index using the original recipe but correcting the noticed problems. This revised Dst index is called the Dxt
index. We will use here both the Dst and the Dxt index in order to study magnetic storms during the space age in
1957-2021. Even though there are considerable differences between the two ring-current indices leading, for
example, to somewhat different numbers of magnetic storms, we find that the storm occurrences and their impli-
cations about the long-term change of the Sun, remain the same.

This paper is organized as follows. In Section 2, we present the Dst and Dxt indices and discuss their differences.
Section 3 describes the SW classification into the three main structures (flow types). Section 4 explains how
storms are derived from the two indices. Section 5 gives the total numbers and mean intensities of storms of
different intensity for the whole space age, and Section 6 presents their yearly numbers. We assign the storms into
their SW drivers in Section 7 and present their yearly numbers in Section 8. In Section 9 we discuss large and
moderate CME storms and their relation to sunspots, separately during the five solar cycles. Section 10 presents
the connection between HSS/CIR storms and the structure of the HCS, and discusses the implications of our
results to the long-term evolution of the Sun. Finally, in Section 11 we discuss the obtained results and give our
conclusions.

2. Dxt and Dst Indices

As noted above, in our quest for long-term homogeneity, we have found earlier that the Dst index depicts some
errors and inconsistencies. Correcting these problems eventually led to the recalculation of the Dst index and to
the development of the corrected Dst index, the Dxt index (Karinen & Mursula, 2005). The first error found was
an erroneous diurnal variation of the Dst index. While the Dst index includes a rather small diurnal UT variation,
it is artificially enlarged in 1971 (Takalo & Mursula, 2001, 2002). We suggested (Karinen & Mursula, 2005;
Karinen et al., 2002) that this erroneous UT variation in 1971 is most likely due to an erroneous treatment of
the diurnal variation of SJG station data. Unfortunately, the WDC-C2 at Kyoto does not provide the individual
disturbances of the four Dst stations, that is, the local Dst indices, which would clarify this problem. Therefore
the cause of this error remains without final clarification. Nonetheless, the Dst index is erroneous in 1971 and
the Dxt index corrects this error.

The Dst index is some 2 nT more negative, on an average, than the Dxt index (Karinen & Mursula, 2005).
However, there are four consecutive years in 1963—1966 when the Dst index is considerably above (less negative
than) the Dxt index (see Figure 5 in Karinen & Mursula, 2005). Moreover, it was found that the year 1965 is
unique in that it is the only year for which the annual Dst index is positive, far above any other year. In compar-
ison, annual means of the Dxt index remain negative in all years, even in 1965. Again, at the lack of local Dst
indices, the cause of the exceptionally high Dst index in 1963-1966 remains without final explanation, but the
great consistency of global and local Dxt indices suggests that the Dst index is slightly flawed in these years.

The latitudinal normalization of the Dst index is questionable. Originally the mean of local disturbances was
normalized by the cosine of the mean of geomagnetic latitudes (Sugiura, 1964). However, later the mean of local
disturbances was normalized by the mean of the cosines of geomagnetic latitudes (Sugiura & Kamei, 1991).
Alas, since the Dst stations are at different latitudes, each local disturbance should be normalized by the cosine
of the respective geomagnetic latitude in order to find the local disturbance of the same equatorial (horizon-
tal) electric current. Only then the different stations measure the same ring current intensity, and their normal-
ized disturbances (local Dst indices) can be averaged to find the global mean of the ring current (Hikkinen
et al., 2003; Karinen & Mursula, 2005; Mursula et al., 2008). Note that this physically correct way of normaliza-
tion has never been adopted in the Dst index recipe, nor can the Dst index be properly normalized because of the
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Figure 1. Hourly (top panel) and yearly (middle panel) values of the Dxt (red) and Dst (blue) indices, and the Dxt-Dst
difference (bottom panel) of yearly values.

lack of local disturbances. Note also that, although later studies have shown that other magnetospheric current
systems (Asikainen et al., 2010; Burton et al., 1975; O’Brien & McPherron, 2000) and induced earth-currents
also contribute to the Dst index, their contribution is not subtracted from the Dst index when identifying storms
or estimating their intensity.

Here we mostly follow the Dxt reconstruction presented in Karinen and Mursula (2005). However, meanwhile,
we have adopted a few new practices that slightly modify the original Dst recipe and further improve the Dxt
index. In order to reduce the effect of seasonal variation and solar activity upon the baseline, we now calculate
the secular variation using local midnight values (23 and 00 in local time) of the international quiet days. We also
use a more sophisticated smoothing of the annual values by a 5-point quadratic Savitzky-Golay filter (Savitzky &
Golay, 1964), instead of using the second-order polynomial of the original recipe. We now calculate the hourly
values of the baseline by interpolating the smoothed annual values to hourly resolution by a piecewise cubic
Hermite interpolating polynomial. We also smooth the daily quiet-time curves using a 60-day Gaussian window,
which removes the steps between successive monthly values that exist in the Dst index and in the earlier version
of the Dxt index.

The top and middle panels of Figure 1 show the hourly and annual values of the Dxt and Dst indices, and the
bottom panel depicts the Dxt-Dst difference of annual indices. One can see that the two indices differ even at
annual resolution where their mean difference (mean absolute difference) is about 2.5 nT (3.3 nT, respectively).
Note that the Dxt-Dst difference depicts a systematic long-term variation, with larger positive differences (rela-
tively more disturbed Dst) during the active times from 1970s to early 2010s, and larger negative differences
(relatively more disturbed Dxt) during the less active times (mainly in 1960s). This inconsistent long-term differ-
ence between the two indices is mainly due to the inconsistent quiet-time level of the Dst index, which follows
the varying level of solar activity, being too low in the weak decade of 1960s and too high in the subsequent,
more active decades. While a more complete analysis of the differences between the two indices will be presented
elsewhere, here we will only discuss the practical consequences of these differences to the number and strength
of magnetic storms. In particular, because the Dst index is, on an average, 2.5 nT lower than the Dxt index, it
produces a somewhat larger number of magnetic storms than the Dxt index. However, as we will show in this
paper, despite these differences, our results on storm occurrences and their implications about the long-term
change of the Sun, remain the same for the two indices.
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Figure 2. (Top) Annual fractions of coronal mass ejection (CME) (red), high-speed solar wind stream (HSS)/corotating
interaction region (CIR) (blue) and slow solar wind (SW) (cyan) SW flows in 1964-2021. Scaled yearly sunspot numbers are
depicted as a shaded area. (Bottom) Annual coverages of the SW flow data.

We would also like to note that there are currently a few slightly different versions of the Dst index in the differ-
ent servers and databases. For example, the Dst index in the ISGI data server and in the OMNI2 database of the
NSSDC differ from the Kyoto WDC Dst index and from each other during long time intervals in the last few
years, at least by the time of this writing (April 2022). This is most likely due to different (provisional or final)
versions of the Dst index of WDC being implemented in the other databases at different times. (We have noti-
fied the respective institutions of these differences. A detailed list of these differences can be obtained from the
authors of this paper at request.) Finally, we note that there are a number of more recent developments aiming
to an improved estimate of the ring current, either using a novel reconstruction method (Love & Gannon, 2009),
improved temporal accuracy (Gannon & Love, 2011) or increased spatial accuracy by an extended station network
(Newell & Gjerloev, 2012). While all of these developments are motivated and have their own applications, we
will use here only the Dst/Dxt indices since they are the only indices to cover the whole space age.

3. Solar Wind Flow Types

I. G. Richardson et al. (2000,2002), and I. G. Richardson and Cane (2012) developed an hourly list of SW flow
types using the measured values of the near-Earth SW parameters and some auxiliary data, like the sudden storm
commencements, magnetospheric energetic particles, and cosmic rays. They classified the SW into three differ-
ent main flow types:

1. CME-related flows that consist of interplanetary CME:s, including their possible upstream shocks and sheath
regions

2. High-speed streams and the related CIR

3. Slow SW that can be related with the streamer belt and the HCS.

The hourly list of SW flow types is very extensive but not complete, covering about 91.9% of all hours in
1964-2021. The annual coverages of SW flow type data are given in the bottom panel of Figure 2. Flow type data
coverage is almost complete since 1995 when the Advanced Composition Explorer and WIND satellites started
operation. It was very good also in 1965-1970 and 1973-1981, when several satellites were flying in the SW.
However, in 1982-1994, when SW was measured mostly by only one Earth-orbiting satellite (IMP-8), gaps in
the flow type data cover almost one third of time. Note also that, due to the auxiliary data, the overall coverage of
SW flow type data is clearly better than the overall coverage of SW data (about 76.5%). Here we use an updated
version of the flow type list extending from November 1963 to January 2022. (For more details on flow types and
auxiliary data, see I. G. Richardson and Cane (2012)).
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The top panel of Figure 2 shows the annual fractions of the three SW types. Here the fractions are calculated
as a ratio to all available flow type values in the respective year. Thus, they exclude the data gaps, and could,
therefore, also be called relative flow type fractions. The overall (relative) coverage of CME fraction is about
18.0%. The top panel of Figure 2 shows that the CME flow fraction varies closely in phase with the sunspot cycle.
The correlation coefficient between yearly sunspots and CME fractions is excellent, cc = 0.88, with an almost
vanishing p-value of 1.7 X 107'°. Even the overall level of CME fraction during each cycle closely follows the
changing height of sunspot cycles, although the exact timing of cycle peaks of CME fractions may differ from
sunspot maxima by 1-2 years. The good agreement between CME fractions and sunspot activity is also seen, for
example, in the considerably lower CME fraction during the low sunspot cycle 24, compared to the level of CME
fractions during the earlier, higher sunspot cycles.

The HSS/CIR flow fraction maximizes in the declining phase of the sunspot cycle, when solar polar coronal holes
extend to low latitudes. This timing difference leads to a significant negative correlation between yearly sunspots
and HSS/CIR fractions (cc = —0.42; p = 0.0012). Note that the (relative) HSS/CIR fraction is, on an average,
41.3%, that is, twice larger than the average CME fraction. In fact, the HSS/CIR fraction is larger than the CME
fraction in almost all years except for a few sunspot maximum years. Interestingly, the cycle maxima of the HSS/
CIR fraction seem to shift earlier in the sunspot cycle during the time interval included in Figure 2. The HSS/CIR
maxima are found in the pre-minimum to late declining phase in SC20-SC22, but in the early to mid-declining
phase in SC23-SC24. Frequent high-speed streams in 1974 were found to come from persistent polar coronal
hole extensions (Gosling et al., 1976), while in 2003 most HSSs originated from low-latitude coronal holes
(Fujiki et al., 2016; Gibson et al., 2009; Hamada et al., 2021). These differences reflect the systematic long-term
evolution in the structure of solar magnetic fields (to be discussed later in more detail). Note also that, similarly
to the CME fraction, the HSS/CIR fraction is smaller during SC24 than in earlier cycles.

The slow wind fraction depicts a small solar cycle variation with maxima typically during or soon after sunspot
minima, and minima around sunspot maxima. Accordingly, there is a significant negative correlation between
yearly sunspots and slow wind fractions (cc = —0.59; p = 1.1 x 1075). However, the most prominent feature in
the slow wind fraction is its recent increase. Until 2002 the average slow wind fraction was 36.0%, twice larger
than the CME fraction but clearly smaller than the HSS/CIR fraction. However, after 2003 the average slow wind
fraction is 50.5%, making the slow SW the most common SW flow type in the last two decades. This recent
increase in slow wind fraction during weakening sunspot activity contributes to the above-mentioned negative
correlation between the two parameters. The two highest peaks in the slow wind fraction occur around the two
sunspot minima in 2009 and 2019, and attain values slightly above and below 70%, respectively. This increase in
the slow wind fraction during the last two decades reflects the widening of the streamer belt due to the weakening
of solar polar magnetic fields (Smith, 2008; Smith & Balogh, 2008; Wang et al., 2009). Polar fields, again, are
slowly weakening since cycle 22 as a consequence of the slow decrease in the overall solar activity that charac-
terizes the whole space age.

4. Storm Identification

We use here a fairly similar procedure to identify geomagnetic storms as adopted earlier by Yakovchouk
et al. (2012). We apply this procedure here separately both to the Dxt index and to the Dst index in order to study
how the storms of different classes differ between these two indices.

According to the storm identification procedure, we first locate all local minima in the Dxt/Dst index in
1964-2021. A storm is then identified as the deepest index minimum within a 2-day (48-hr) interval from any
other minimum. Accordingly, all minima within a 2-day interval are counted to belong to the same storm as sepa-
rate (smaller) intensifications. This definition correctly joins together to one storm, for example, the two possible
intensifications of a CME storm, one due to the sheath and the other due to the core (ejecta), which typically have
a smaller time separation of about 12-24 hr. However, using this definition we miss one storm in those cases
where two separate CMEs, each of which exceeds the storm threshold, follow each other within 2 days. While a
more detailed estimate will be made in a separate study later, we have made a preliminary estimate that this leads
to an underestimate of storms by less than about 10%—15%. This is too small to have an effect on our main results
and, therefore, no change due to possibly omitted storms is made here. However, we note that a shorter time
interval of 2 days was applied here, in difference to the 3-day interval used by Yakovchouk et al. (2012), because

MURSULA ET AL.

6 of 27

85U017 SUOLILLIOD 8A 18810 8|qeo!|dde 8Ly Aq peusenob ke e e YO ‘8sn JO S9N 10} ArIqIT 8UIIUO AB]IM UO (SUOTIPUOD-PUB-SWBH W00 A3 1M AReiq)1|Bull[UO//:SANY) SUORIPUOD Pue Swid | 38U 88S *[£202/T0/20] Uo AriqiTauliuo A(1M ‘NN JO AisieAun Aq 0£80£0YEZZ02/620T 0T/I0p/wod A8 imAreiqiiuljuosqndnBey/sdny wouy pepeojumoq ‘ZT ‘2202 ‘Z0v669T2



I Y ed N | . .
M\\JI Journal of Geophysical Research: Space Physics 10.1029/2022JA030830
Dxt/Dst storm comparison the shorter separation alleviates the problem of possibly omitted storms. This
40 - ' ‘ 1 also leads to somewhat higher numbers of storms here than in Yakovchouk
50 | et al. (2012).

-4

-60 |—Dxt

-80 | M Dxt storms

or 4
-20 W

W | Figure 3 depicts the Dxt index (red line) and the Dst index (blue line) in
{ March—-April 1980, as well as the storms identified by the Dxt index (magenta

*(( 1 squares) and the Dst index (blue dots). The Dst index identifies six storms

during this time interval, but the Dxt index only five storms. As discussed
above, the Dxt index is, on an average, slightly higher than the Dst index and
misses the weak storm in 7 April (min Dxt = —24 nT; min Dst = —32 nT).
Overall, the selected index minima are quite appropriate to denote the peaks
of storm main phases.

Figure 3. Dxt index (red line) and Dst index (blue line) in March—April 1980,

Mar25 Apr08 Apr22 We have classified the storms identified by the Dxt index (the Dxt storms)

1980 and, separately, by the Dst index (the Dst storms) according to the minimum

value of the respective index into four storm classes or categories using the

as well as storms identified by the Dxt index (magenta dots) and the Dst index following definition:

(blue dots).

Weak: —50 nT < Dxt, Dst < =30 nT
Moderate: —100 nT < Dxt, Dst < =50 nT
Intense: —200 nT < Dxt, Dst < —100 nT
Major: Dxt, Dst < —200 nT.

S

5. Total Storm Numbers During Space Age

Table 1 shows the storm numbers in 1957-2021 both in total and when classified into the four intensity cate-
gories, separately for the two indices. There are in total 2,526 geomagnetic storms according to the Dxt index
and 2,743 storms, that is, some 8.6% more, according to the Dst index. When dividing these by the number of
years (65), one finds that there have been 39/42 storms per year according to the Dxt/Dst index. Thus, as a rule
of thumb, one can say that there have been, on an average, three storms per solar rotation during the space age.

The largest category of storms, about 45% of all storms are weak storms, while 40% are moderate storms, 12%
intense storms and 3% major storms. Almost the same percentages are found for both indices, which gives
evidence for the robustness of these results. So, roughly speaking, almost a half of the storms were weak storms
and three quarters of the rest were moderate storms. As seen in Table 1, There are 8.0% more of weak storms,
10.1% more of moderate storms, 6.9% more of intense storms, and 4.4% more of major storms in the Dst index
than in the Dxt index.

Table 1 also lists the means of the storm minimum Dxt/Dst (storm peak) values (mean intensities), for all storms
and separately for the four intensity categories. One can see that the two indices give very closely similar storm
peak mean values of about —38, —68, —131, and —277/-276 nT for the weak, moderate, intense and major
storms. Even though the Dst index produces more storms than the Dxt index, the distribution of storm numbers as
a function of storm intensity is very similar for the two indices. Therefore the storm mean intensities also remain
quite similar. The mean storm peak value for all storms is almost the same as for the moderate storms.

Table 1
Storm Numbers (With Respective Percentages) and Mean Intensities for Four Storm Classes in 1957-2021

Weak Moderate Intense Major All

Dxt storms 1,142 (45.2%) 1,012 (40.1%) 304 (12.0%) 68 (2.7%) 2,526
Dst storms 1,233 (45.0%) 1,114 (40.6%) 325 (11.8%) 71 (2.6%) 2,743
Mean Dxt-min (nT) -38.1 —67.5 —130.5 -2774 —67.5
Mean Dst-min (nT) -38.3 —67.7 —130.6 —275.8 —67.3
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Figure 4. Yearly numbers of Dxt and Dst storms. (Top) all storms with yearly sunspots depicted as gray background;
(Second) weak storms; (Third) moderate storms; (Bottom) yearly sums of intense and major storms.

6. Yearly Storm Numbers During Space Age

Figure 4 depicts the yearly numbers of Dxt storms (red lines and dots) and Dst storms (blue lines and dots) during
the space age. The top panel of Figure 4 shows the yearly numbers of all storms, with yearly sunspots depicted as
gray background to indicate sunspot cycles. One can see that in most years the number of Dst storms is slightly
larger than Dxt storms. Only in 8 years the Dxt index includes more storms than the Dst index.

Despite these differences in the total number of storms, the two indices agree on the 2 years when the number of
storms is largest: 1960 and 2003, as well as on the 2 years when it is smallest: 1965 and 2009. The two indices
also depict almost the same number of storms in these four extreme years. The storm numbers experienced a
dramatic decline in the declining phase of SC23 from 60/61 storms in 2003 to 7/8 storms in 2009. A similar but
slightly less dramatic decline occurred in the declining phase of SC19 from 58/58 storms in 1960 to 11/17 storms
in 1965.

After 1960, the two storm number series agree quite well with each other until the declining phase of SC20. The
differences between Dxt and Dst storm numbers are particularly large in the declining phases of cycles 20 and 21
and around the maxima of cycles 22 and 23. They agree very well again during the last two, rather quiet decades
since 2003. The larger differences in yearly storm numbers during the more active cycles correspond well to the
time evolution of the Dxt-Dst difference depicted in the bottom panel of Figure 1.

The second panel of Figure 4 shows the yearly numbers of weak storms during the space age. Weak storms
follow a fairly systematic solar cycle variation with maxima in the declining phase of the cycle. During SC19-
SC22 these maxima are located in the late declining phase or even at sunspot minimum, but during the last two

MURSULA ET AL.

8 of 27

85U017 SUOLILLIOD 8A 18810 8|qeo!|dde 8Ly Aq peusenob ke e e YO ‘8sn JO S9N 10} ArIqIT 8UIIUO AB]IM UO (SUOTIPUOD-PUB-SWBH W00 A3 1M AReiq)1|Bull[UO//:SANY) SUORIPUOD Pue Swid | 38U 88S *[£202/T0/20] Uo AriqiTauliuo A(1M ‘NN JO AisieAun Aq 0£80£0YEZZ02/620T 0T/I0p/wod A8 imAreiqiiuljuosqndnBey/sdny wouy pepeojumoq ‘ZT ‘2202 ‘Z0v669T2



A7t |

NI Journal of Geophysical Research: Space Physics 10.1029/2022JA030830

ADVANCING EARTH
AND SPACE SCIENCE

Table 2

cycles SC23-SC24 they have shifted to the early to mid-declining phase of

Dxt/Dst Storm Numbers in 1964-2021 Classified According to Storm the cycle. We will study this shift later in this paper when discussing the

Intensity and Storm Driver

long-term evolution of solar magnetic fields and storm drivers. During the

Weak Moderate

Intense  Major All active cycles SC20-SC22 the number of weak storms had cycle minima typi-

CME 162/154 371/377
HSS 591/640 386/452
Slow wind 203/237 56/76
No SW 75/98 63/66
All 1,031/1,129  876/971

cally around sunspot maxima, while during SC19 and the last two cycles
204/218  48/51 785/800

35/37 0/0 1,012/1,129

the weak storm minima were around sunspot minima. Years 1965 and 2009,
which are exceptionally low in the number of all storms (see top panel of
312 0/0 262/315 Figure 4), are the lowest also in weak storms but do not stand out so dramat-
5/8 0/0 143/172 ically among other cycle minima of weak storms. Moreover, the number of
2471265 48/51 22022416  Weak storms has been at a quite high level even during the weak cycle 24,

Note. CME, coronal mass ejection; HSS, high-speed solar wind stream; SW,

solar wind.

around the minimum thereafter and in the first years of cycle 25.

The third panel of Figure 4 shows the yearly numbers of moderate storms,

which have a fairly similar long-term evolution as the number of all storms.

Here the minimum of 2009 also stands out quite dramatically. Cycle maxima

of moderate storms are mostly found slightly earlier in the declining phase
than for weak storms. We will discuss this difference in more detail later in the connection with storm drivers.
Note that, excluding some years like 2003, there is a rather steady long-term decline in the number of moderate
storms since the maximum in SC21. The latest minimum between SC24 and SC25 also remained quite low in the
number of moderate storms.

The bottom panel of Figure 4 shows the yearly numbers of intense and major storms combined together (to be
called here large storms), because the yearly number of major storms is very low and vulnerable to be dominated
by random fluctuations. The cyclic evolution of large storms, as well as their cycle maximum numbers, follow
the sunspot cycles and their heights very well. This is due to the fact that most large storms are caused by CMEs,
which follow sunspots (see, e.g., Cremades & St. Cyr, 2007; Gopalswamy et al., 2004; Robbrecht et al., 2006;
Webb & Howard, 1994, 2012). Note also the steady decline in the cycle maxima of large storms since the maxi-
mum of SC22 in 1989. Moreover, the 4-year period in 2007-2010 with no large storms is unique in the 65-year
time interval, masking out even the latest minimum with 2 years (2019-2020) devoid of large storms.

Figure 4 also gives information on the differences between Dxt and Dst storm numbers. There are 36 years when
the number of weak Dst storms is larger than the number of weak Dxt storms. However, there are also 19 years
when the number of weak Dxt storms is larger than the number of weak Dst storms. This leads to the perhaps
somewhat surprising result that the relative difference between the Dst and Dxt storm numbers is not greatest
in weak storms but in moderate storms. Note also that the large storm numbers are the same for Dxt and Dst in
41 years.

7. Driver Contributions to Storm Numbers

We have identified the SW driver (flow type) for each storm in 1964-2021 (when there is SW flow type data
available) by comparing the time of the storm peak (Dxt/Dst minimum) with the corresponding time in the list
of SW flow types. A storm is assigned as a CME, HSS/CIR or slow wind storm, if the storm peak was inside the
corresponding SW stream. Since, as discussed above, Richardson's classification has gaps, some storms remain
unclassified. We call the latter no-SW storms. (Corresponding hours are called “unclear” in Richardson list.)

The number of storms for each intensity category and SW driver, separately for Dxt and Dst storms, are summa-
rized in Table 2. Out of a total of 2,202/2,416 storms in 1964-2021, 2,059/2,244 storms (93.5%/92.9%) could
be assigned to a SW driver. This large fraction guarantees that the results on the relative fractions of storms of
different SW drivers are representative and reliable. Using the storm numbers of Table 2 we have also calculated
various fractions of storms and listed them in Tables 3 and 4. Table 3 gives the fraction (in percentage) of storms
of a certain intensity category and SW driver out of all SW-classified storms, separately for Dxt and Dst storms.
Accordingly, the sum of all numbers in the four central columns (or only in the “All”” column) of Table 3 add up to
100%. Note that the relative fraction of all weak storms has increased from Table 1 due to the shorter time interval
and the neglect of the active cycle 19 which has relatively more of moderate and large storms than in the whole
time interval. On the other hand, Table 4 lists the fraction (in percentage) of Dxt/Dst storms of certain intensity
and driver out of all storms of certain intensity. Thus, the sum of each column in Table 4 is 100%.
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Table 3
Fractions (in Percentage) of Dxt/Dst Storms of Certain Intensity and Driver Out of All Dxt/Dst Storms in 1964-2021
Covered by Solar Wind Classification

Weak Moderate Intense Major All
CME 7.9%16.9% 18.0%/16.8% 9.9%/9.7% 2.3%/2.3% 38.3%/35.7%
HSS 28.7%/28.5% 18.7%/20.1% 1.7%/1.6% 0.0%/0.0% 49.2%150.3%
Slow wind 9.9%/10.6% 2.7%13.4% 0.1%/0.1% 0.0%/0.0% 12.7%/14.0%
All 46.5%/46.0% 39.4%/40.3% 11.7%/11.4% 2.3%/2.3% 100%/100%

Note. CME, coronal mass ejection; HSS, high-speed solar wind stream.

Tables 2 and 3 show that the HSS/CIR streams produced 1,012/1,129 storms according to the Dxt/Dst index,
almost exactly one half (49.2%/50.3%) of all SW-classified storms in 1964-2021. As a rule of thumb, HSS/
CIR streams produced some 1.5 storms per solar rotation. There were 785/800 CME storms, making a good
third (38.3%/35.7%) of all SW-classified storms. This is very close to one CME storm per solar rotation, on an
average. Finally, there were 262/315 (12.7%/14.0%) slow wind storms, roughly one slow wind storm in a couple
of rotations.

The three SW streams contributed very differently to the three storm intensity categories. This is most notable
for the largest storms, with CME streams producing all 48/51 major Dxt/Dst storms and 204/218 (84.3%/84.8%)
out of the 242/257 SW-classified intense storms. Altogether, CME streams were responsible for 87% of all large
(intense and major) SW classified storms, while HSS/CIR streams produced only 12% and slow wind streams
only 1% of them. This SW driver division (87%/12%/1%) is the same for the large storms of both indices.

The strongest storm in this 65-year interval occurred on 14 March 1989. It was, naturally, driven by a CME
and reached the maximum intensity of —594/—589 nT according to Dxt/Dst index. This storm was by far larger
than all other storms, since the second strongest storm on 20 November 2003 reached the intensity of only
—427/—-422 nT, and all other storms remained above —400 nT. No HSS/CIR storm reached even close to the
threshold of a major storm, since the strongest HSS/CIR storm on 13 September 1993 had the intensity only of
—155/—-161 nT. As seen in Tables 2 and 4, there were altogether 35/37 (14.5%/14.4%) intense HSS/CIR driven
storms. Slow wind streams produced only 3/2 (1.2%/0.8%) intense storms.

8. Driver Contributions Yearly

Figures 5 and 6 show the yearly numbers of Dxt/Dst magnetic storms of different categories in 1964-2021, sepa-
rately for the three SW drivers: CME streams (red line and dots), HSS/CIR streams (blue) and slow SW streams
(cyan). Figures 5 and 6 depict all storms (second panel), weak storms (third panel), moderate storms (fourth
panel) and large (intense and major) storms (fifth panel) related to the three drivers. Yearly and monthly sunspot
numbers are depicted in top panel for reference.

The third panel of Figures 5 and 6 verifies that the weak storms are mainly driven by HSS/CIR streams. The
number of weak HSS/CIR storms greatly exceeds the number of weak CME storms or weak slow wind storms
in most years, and maximizes in the declining phase of each cycle. Cycle
maxima of the yearly number of weak HSS/CIR storms vary from 24 in

Table 4
Fractions (in Percentage) of Dxt/Dst Storms of Certain Intensity and Driver
Out of All Dxt/Dst Storms of Certain Intensity in 1964—-2021

Weak Moderate Intense Major
CME 16.9%/14.9% 45.6%/41.7% 84.3%/84.8%  100%/100%
HSS 61.8%/62.1% 47.5%149.9% 14.5%/14.4% 0%/0%
Slow 21.3%/23.0% 6.9%/8.4% 1.2%/0.8% 0%/0%

Note. The sum of each column is 100%. CME, coronal mass ejection; HSS,
high-speed solar wind stream.

SC20 to 12 in SC24. There is an interesting long-term shift in the occur-
rence of weak HSS storms and in the location of their cycle maxima. While
during SC20, SC21, and SC22 most weak HSS/CIR storms are found in the
late declining to minimum phase, during SC23 and SC24 they occur clearly
earlier in the cycle, with cycle maxima in the early to mid-declining phase.
This shift agrees with a similar shift in the location of cycle maxima of all
weak storms (see Figure 4), and proves that this shift is related to the evolu-
tion of HSS/CIR storms. In fact, a similar shift is also seen in the fraction
of HSS/CIR streams depicted in Figure 2. On the other hand, in accordance
with the close relation between sunspots and CMEs (see, e.g., Cremades &
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Figure 5. (Top panel) Monthly (blue) and yearly (red) sunspot numbers for reference. (Panels 2-5) Yearly storm numbers of
all (panel 2), weak (panel 3), moderate (panel 4) and large (intense and major; panel 5) storms of the Dxt index, separated into
coronal mass ejection (red), high-speed solar wind stream/corotating interaction region (blue), and slow SW (cyan) storms.

St. Cyr, 2007; Gopalswamy et al., 2004; Robbrecht et al., 2006; Webb & Howard, 1994, 2012), the number of
weak CME storms also maximizes in sunspot maximum years, but remains mostly below the number of weak
HSS/CIR storms even then.

As shown in Table 2, slow wind streams produce more weak storms than CME streams. In fact, as seen in
Figures 5 and 6, the yearly numbers of weak slow wind storms even surpass the corresponding numbers of weak
HSS/CIR storms in a couple of years. The number of weak slow wind storms has notably increased during cycle
24. The average annual number of weak slow wind storms since 2010 is some 70% larger than before 2000. This
increase is in agreement with the increasing fraction of slow wind streams in SW seen in Figure 2.

The occurrence of large CME storms (see bottom panel of Figures 5 and 6) follows closely the sunspot cycle.
Note, however, that the number of large CME storms decreases in SC24 relatively faster than, for example, the
number of weak or moderate CME storms. As discussed above (see Table 2), only 12% of large storms are HSS/
CIR storms. Interestingly, the number of large HSS/CIR storms maximized in the declining phase of cycle 22, in
early to mid-1990s, when their number even exceeded the number of large CME storms in four successive years
(1993-1996). In fact, about 43% of all large HSS/CIR storms occurred in 6 years from 1991 to 1996. This is very
similarly reproduced in both Dxt and Dst storms. We will discuss this development in Section 10 in more detail.

Moderate storms (fourth panel in Figures 5 and 6) are caused roughly equally by CME and HSS/CIR streams.
In fact, as shown in Table 2, out of the 813/905 moderate Dxt/Dst storms with SW data, 371/377 are driven by
CMEs and 386/452 by HSS/CIRs. Moderate CME storms peak around the sunspot maximum, while moderate
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Figure 6. Same as Figure 5, but using storms of the Dst index.

HSS/CIR storms maximize in the declining phase. As in the case of weak HSS/CIR storms, moderate HSS/CIR
storms peak somewhat earlier in the declining phase in the two recent, less active solar cycles (SC23 and SC24)
than in the earlier, more active cycles. The all-time maximum number of moderate HSS/CIR storms occurred in
2003, in the mid-declining phase of cycle 23. This year also marks the all-time maximum of all HSS/CIR storms
during the 65-year time interval, as seen in the second panel of Figures 5 and 6. This year was the third most
frequent year in high-speed streams (see Figure 2) that mostly emanated from persistent, isolated low-latitude
coronal holes (Gibson et al., 2009; Hamada et al., 2021; Mursula et al., 2017).

9. CME Storms During Space Age

We have studied magnetic storms during the space age, which is characterized by the decline of the MGM
when solar activity has been slowly but unsteadily decreasing. As discussed above, large storms (bottom panel
in Figures 5 and 6) are almost exclusively CME storms, whose occurrence is related to the new magnetic flux
emerging on the solar surface. Accordingly, the temporal evolution of the yearly numbers of large storms closely
follows the corresponding evolution of sunspot numbers. Figure 4 shows that the first years 1957-1960 include
the largest average number of large storms in any sequence of four consecutive years since 1957. This agrees very
well with the fact these are the years of the maximum and early declining phase of SC19, and form the stormy
peak of the MGM.

The yearly numbers of large storms follow not only the sunspot cycle but also the longer-term evolution of
sunspot activity during the whole space age. Large storms are, similarly to sunspots, greatly depleted from SC19
to SC20. Then their number increases until SC22 and, thereafter, systematically decreases during cycles 23 and
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Table 5 24. The variation of sunspot cycle amplitudes (see top panel of Figure 4)

Slopes, Intercepts, Correlation Coefficients and p-Values for the Correlation ~ toughly corresponds to the variation of cycle maxima of large storms, with
Between Yearly Sunspots and Large Coronal Mass Ejection Storm Numbers the exception that the peak of SC22 is slightly higher in large storms than

for Five Solar Cycles (Years in Second Column) and for All Years in SC21, while the two cycles are roughly equally high in sunspots.

1965-2019

Cycle

Years

Slope

In order to better quantify the relation between large storms and sunspots, we
Intercept cc P

SC20
SC21
SC22
SC23
SC24
All

1965-1975
1976-1986
1987-1996
1997-2008
2009-2019
1965-2019

0.040
0.024
0.067
0.047
0.029
0.044

have calculated the correlation between yearly sunspot numbers and yearly
L 2 Lt numbers of large storms using different (yearly) lags between the two param-
2.94 0.55 0.082 eters. The maximum correlation is obtained at zero lag and has a correla-
—-1.16 097 23x10° tion coefficient of 0.74 (p < 2 X 107'9). Accordingly, the relation between
131 0.79 0.002 sunspots and large storms is extremely significant, and sunspots explain

0.67 053 0.092 more than a half of the variability of yearly numbers of large storms. This

N o Do result supports the intimate connection between the two parameters. A much
! b 3% 10~

higher correlation between sunspots and large storms is not even expected
since, in addition to sunspots, also other, much longer-lived active regions
and filaments can produce CMEs (Subramanian & Dere, 2001; Webb &
Howard, 2012). We also note that the correlation between sunspots and large
storms is considerably reduced already at 1-year lag.

Assuming that the fractions of Table 3 are valid for the whole time period of Figure 4 (so, also for the first
7 years 1957-1963 not covered by SW flow type data), a slightly smaller fraction than one half of all moderate
storms are CME storms. On the other hand, almost exactly one half of moderate storms are HSS/CIR storms. As
discussed above, the moderate HSS/CIR storms have their cycle maxima in the early to mid-declining phase of
the solar cycle. Accordingly, we find that the maximum correlation between the yearly numbers of sunspots and
all moderate storms is obtained at 1-year delay. This correlation (cc = 0.58) is lower than for large storms but is
still extremely significant (p < 5 X 107).

9.1. Large CME Storms in Five Separate Solar Cycles

Using data from the time interval (1964-2021) that is covered with information on SW flow types, we find a
slightly higher correlation coefficient (cc = 0.75) between the yearly numbers of sunspots and the (flow type
certified) large CME storms. However, due to the slightly smaller number of years, the significance is slightly
reduced but remains extremely high (p < 4 x 10719). In view of conducting here a study of individual, complete
solar cycles, we limit the time to 1965-2019, from the start year of SC20 to the end year of SC24. Calculating
the same correlation for these years (1965-2019), we find a similar change: the correlation coefficient is slightly
increased to cc = 0.76, and the p-value is reduced to p < 2.3 X 10~°. Thus, sunspots explain, on an average, about
60% of the variability of the yearly number of large CME storms. We have depicted these latter values, as well
as the slope and intercept of the best fit line of the corresponding linear correlation in the last row of Table 5.

The decline in the yearly number of large CME storms from SC22 to SC24 depicted in the bottom panel of
Figures 5 and 6 is indeed quite dramatic and may even look exceptional compared to the corresponding decline in
sunspot activity. In order to study the relation between sunspots and large CME storms we have plotted the scatter
of all yearly sunspots and yearly numbers of large CME storms in 1965-2019 in Figure 7. We have included there
the corresponding best fit line of linear correlation between the two parameters and the 95% CL lines of the fit.
Note that the intercept of this best fit line is close to zero (0.68), indicating that sunspots are, statistically, prereq-
uisite to the occurrence of large CME storms. At intermediate sunspot activity with yearly mean of about 100,
the number of large CME storms is about 5 and at higher sunspot activity of 200, twice larger. However, the 95%
CL band is quite wide, and allows the storm numbers to vary roughly between 1 and 9 for intermediate sunspot
activity and between 6 and 13 for high sunspot activity.

We have marked in Figure 7 the years of each of the five solar cycles (SC20-SC24) with a specific color and
marker. We used the sunspot minimum months given at the Solar Influences Data analysis Center (SIDC) (see
http://sidc.oma.be/silso/cyclesminmax) to separate the cycles. (The minimum years were allocated to the cycle
which included a larger fraction of the respective year.) One can see that there are “outliers” (points beyond the
95% CL lines; strictly speaking they are not outliers but we use this word for lack of a more suitable term) in
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Yearly storm numbers vs SSNs: large CME storms
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Figure 7. Scatter plot of yearly sunspots and yearly numbers of large coronal mass ejection storms in 1965-2019, together
with the corresponding best fit line (black thick line) and the two 95% CL lines (black dashed lines). Years of the five sunspot
cycles and their separate best fit lines with sunspots are marked with separate colors and markers as indicated in legend.

Figure 7 from each of the five solar cycles. Cycle 21 has two outliers, all others one, including cycle 24, which
does not deviate from the other cycles in this relation.

In order to study if there was a change in the relation between sunspots and large CME storms during SC24 or,
in fact, during any of the five cycles 20-24, we have correlated yearly sunspots and large CME storm numbers
separately for each of the five solar cycles. We have plotted the corresponding five best fit lines also in Figure 7
using the same cycle-specific color scheme as for the yearly dots. The slopes, intercepts, correlation coefficients
and p-values of the best fit lines for the five cycles are given in Table 5. Figure 7 and Table 5 show that the
intercepts and even the slopes of the five best fit lines vary considerably from cycle to cycle. The best fit lines of
cycle 20 and cycle 23 have almost the same slope as the overall best fit line of all years. However, the intercepts
of SC20 and SC23 best fit lines are quite different, leading to SC23 producing typically one large CME storm
more for the same amount of sunspot activity than SC20. Still, both of these lines remain well within the 95% CL
lines. Correlation coefficients for SC20 and SC23 are also quite close to the correlation coefficient of the overall
fit, and correlation is significant for both of these two cycles.

Cycles 21 and 24 have lower slopes than the slope of the overall best fit line. The intercept of SC21 is larger
than the intercept of SC24, in fact larger than any other intercept. Correlation coefficients for SC21 and SC24
are smaller than for other cycles, explaining only some 30% of variation. In fact, correlation between yearly
sunspots and large CME storms is not even significant for cycles 21 and 24 at 95% confidence level, but the fact
that the respective p-values are below 0.10 indicates marginal significance. Figure 7 shows that SC21 has two
outlier points, one of them farthest below the lower 95% CL line. Curiously, for both SC21 and SC24, the outlier
points correspond to the highest sunspot activity years of the respective cycles. As seen in Figures 5 and 6, there
are two peaks in the number of large CME storms during these cycles, separated by a dramatic dropout exactly
at the respective sunspot maxima (years 1979 and 1980 in SC21 and year 2014 in SC24). This evolution, which
essentially deteriorates the studied correlation in these cycles, closely reminds the structure of the Gnevyshev gap
(Gnevysheyv, 1977; 1. G. Richardson et al., 2000; Storini et al., 2003). A simultaneous Gnevyshev gap in sunspots
is clearly visible (although far less strong than in storm number) only in SC24, but not in SC21 where sunspots
even reach the highest yearly value among the five cycles studied.

Cycle 22 deviates from the other cycles in all aspects. As seen in Table 5, the slope of SC22 is the largest,
more than twice the slopes of SC21 and SC24, and some 50% larger than the slope in SC20 and SC23. Most
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Yearly storm numbers vs SSNs: Moderate CME storms
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Figure 8. Same as Figure 7 but for moderate CME storms.

dramatically, there is an almost perfect correlation between the yearly sunspots and large CME storms in SC22,
with sunspots explaining almost 95% of the annual variation of large CME storms. The close relation between
sunspots and large CME storms in SC22 can also be seen (see Figures 5 and 6) in that both sunspots and large
CME storms have SC22 maximum in 1989 and another, slightly lower peak in 1991. This is another demonstra-
tion of a Gnevyshev gap that is simultaneous in both parameters.

9.2. Moderate CME Storms in Five Separate Solar Cycles

Figure 8 depicts similar correlations for moderate CME storms as Figure 7 for large CME storms. The corre-
sponding parameters of correlations are given in Table 6. The slope of the correlation (0.055) between sunspots
and all moderate CME storms (bottom row of Table 6) is larger than in the case of all large CME storms (0.044),
reflecting the overall larger number of moderate CME storms (see Table 2 and Figures 5 and 6). The correlation
coefficient for all moderate CME storms (0.78) is almost the same as for large CME storms (0.76), but the p-value
is three orders of magnitude smaller, indicating improved significance due to larger statistics.

Comparing the best fit correlation lines of the five cycles in Figure 8 to the corresponding lines in Figure 7,
one can see that they are more coherently aligned between themselves and also with the overall best fit line in
Figure 8. As Tables 5 and 6 show, the slopes vary from 0.040 to 0.072 (by 0.032) for moderate storms and from

0.024 to 0.067 (by 0.043) for large storms. Similarly, the spread of the five

Table 6

Slopes, Intercepts, Correlation Coefficients and p-Values for the Correlation
Between Yearly Sunspots and Moderate Coronal Mass Ejection Storm
Numbers for Five Solar Cycles (Years in Second Column) and for All Years
in 1965-2019

intercepts is smaller for moderate than large CME storms. Accordingly, the
improved significance of the correlation between all moderate CME storms
and sunspots is due to the five cycles having more similar correlations for
moderate CME storms than for large CME storms. This is most likely due
to the fact that the yearly number of moderate CME storms is larger than the
number of large CME storms, which reduces statistical fluctuations between
the five cycles for moderate CME storms. Note also that the correlation
between sunspots and moderate CME storms is significant for all five cycles.

Curiously, for some cycles, the correlation parameters remain surprisingly
similar for moderate and large CME storms. This is most clearly valid for
SC20 for which the slopes and correlation coefficients are exactly the same.
Even the p-values are almost the same. The slopes of moderate CME storms
remain almost the same as for large CME storms also in SC22 and SC23,

Cycle Years Slope Intercept cc P
SC20 1965-1975 0.040 2.96 0.72 0.012
SC21 1976-1986 0.052 3.20 0.78 0.005
SC22 1987-1996 0.067 0.27 0.88 0.0007
SC23 1997-2008 0.045 243 0.64 0.025
SC24 2009-2019 0.072 0.91 0.76 0.006
All 1965-2019 0.055 1.84 0.78 1.8x 10712
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Figure 9. Scatter plot of 3-year means of sunspots and coronal mass ejection (CME) storms calculated for the minimum
years of the four solar cycles SC20-SC22 and SC24 (blue circles), together with the corresponding best fit line (black thick
line) and the two 95% CL lines (black dashed lines). Red square denotes SC23 which is not included in the fit. Blue solid line
denotes the best fit line between yearly sunspots and all CME storm numbers.

but the significance of correlation is higher for large CME storms in these two cycles. Still, correlation is highly
significant in SC22, where the correlation coefficient for moderate storms (as for large storms) is highest among
all cycles, with sunspots explaining almost 80% of the annual variation of moderate CME storms. SC23 has the
weakest correlation and the largest number of outlier points for moderate CME storms. The slopes and correlation
coefficients in SC21 and SC24 are larger for moderate than large CME storms. Correlations are also 95% CL
significant for moderate CME storms (but only marginally significant for large CME storms) in these two cycles.
The slope for moderate CME storms is largest in SC24, even slightly larger than the corresponding slope in SC22.

9.3. CME Storms at Solar Minima

A notable feature in the yearly number of all CME storms (see the second panel of Figures 5 and 6) is the low
number of CME storms around the sunspot minimum between cycles 23 and 24 (to be called minimum of SC23).
In fact, there were no CME storms at all in two successive years of 2007-2008. There was only one other year
(1964) with no CME storms within the whole 58-year time interval (1964-2021) with SW flow data. Moreover,
since the SW flow data was very partial in 1964 (see Figure 2), the lack of CME storms in 1964 is not as solidly
founded as in 2007-2008 when the coverage was almost 100%. Even the latest solar minimum after the weak
cycle SC24 had at least two CME storms in each year. Moreover, during the 4-year time interval in 20062009,
there were altogether only 5 CME storms, out of which only one was large. In comparison, there were 12 (17)
CME storms in the second-weakest (third-weakest) 4-year minimum of 2018-2021 (1993-1996, respectively) in
1964-2021. Note also that these results on the minimum-time storm numbers are similarly reproduced in both the
Dxt and Dst indices, which gives strong support on their validity.

In order to study the relation between yearly sunspots and yearly CME storm numbers during solar minima,
we calculated the mean of yearly CME storm numbers in three successive years around each solar minimum
when the number of CME storms was smallest. Figure 9 shows these 3-year mean CME storm numbers for the
five cycle minima as a function of the corresponding 3-year mean sunspot numbers. (Cycles 20-22 and 24 are
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depicted with blue circles, cycle 23 is depicted as a separate red square). We have also plotted there the best fit
line (and the 95% CL lines) for the correlation between the sunspots and the 3-year CME storm numbers for the
four minima (cycles 20-22 and 24), leaving the minimum of SC23 out of the fit. The correlation coefficient is
fairly high (cc = 0.95) and correlation is significant but, because of the small number of points, the p-value is
only 0.047.

Interestingly, Figure 9 shows that the 3-year mean CME activity at the minimum of SC23 is below the best fit
correlation line of the four other cycles. This gives additional evidence for the view that CME activity in the
minimum after cycle 23 was exceptionally weak, and underlines the uniqueness of this minimum among all other
solar minima during the space age.

We have also included in Figure 9 the best fit line for the correlation between yearly sunspots and yearly numbers
of all CME storms. This correlation is better (cc = 0.855; p < 107'%) than between yearly sunspots and large CME
storms (see Figure 7 and Table 5) or sunspots and moderate CME storms (Figure 8 and Table 6). The best fit line
of the all-CME correlation is above the 95% confidence lines of the minimum time correlation. However, since
the slope (0.123) of the all-CME best fit line is slightly smaller than the slope for the minimum time correlation,
the all-CME line will fall within the 95% CL limit at sunspot value of about 55-60 and will cross the 3-year
minimum best fit line at about 95. This indicates a small nonlinearity in the relation between sunspots and CME
storms at small sunspot numbers.

10. HSS/CIR Storms and HCS Evolution

As noted in Section 8, about 43% of all large HSS/CIR storms occurred in the 6 years from 1991 to 1996 (see
bottom panel of Figures 5 and 6). Such an exceptional occurrence of intense HSS storms at this time is most
likely due to the fact that the HCS was exceptionally thin during the declining phase of SC22 and the subsequent
minimum (J. D. Richardson & Paularena, 1997), allowing the Earth to reach higher heliomagnetic latitudes and
more of high-speed streams than during the corresponding time of other solar cycles. Large HSS/CIR storms had
their all-time maximum of four storms per year in two consecutive years in 1993-1994. However, interestingly,
the moderate HSS/CIR storms (see the fourth panel of Figures 5 and 6) had their cycle maximum 1 year later,
in 1995, and the weak HSS/CIR storms (the third panel of Figures 5 and 6) in 1996. (The latter was the all-time
maximum for Dst and second highest peak for Dxt).

A similar temporal ordering can be found in the peak number of large, moderate and weak HSS/CIR storms
during all cycles of the space age. Moderate HSS/CIR storms tend to peak not earlier than large HSS/CIR storms,
and weak HSS/CIR storms not earlier than moderate HSS/CIR storms. During the declining phase of SC23, the
peak number of large HSS/CIR storms (3/4 in Dxt/Dst) was found in 2002, while the peak of moderate and weak
HSS/CIR storms was 1 year later in 2003. During SC24, one large HSS/CIR storm occurred in 2013 and also
in 2015, according to both indices. Moderate HSS/CIR storms had their maximum in 2015, and weak storms in
2015 and 2017 in Dxt and only in 2017 in Dst.

During the earlier cycles, the peak numbers and timings are less certain because of the larger number of data
gaps in SW flow classification, especially in the 1980s (see bottom panel of Figure 2). Still, the same ordering is
followed during the declining phase of SC20, with the peak of large and moderate HSS/CIR storms occurring in
1973, and weak HSS/CIR storms in 1974. In cycle 21, according to Dxt, large and moderate HSS/CIR storms had
their peak in 1984 and weak storms in 1985. According to Dst, they occurred in 1984, 1983, and 1987, respec-
tively. Note that the results on the temporal ordering of HSS/CIR storm numbers do not only apply to storm peaks
but also to the temporal ordering of the bulk of corresponding HSS/CIR storms. For all cycles and for both storm
indices, the mean of the distribution of moderate HSS/CIR storms occurs earlier in the declining phase than the
mean of weak HSS/CIR storms.

This temporal ordering in the occurrence of HSS/CIR storms of different intensity is related to a systematic evolu-
tion of the HMF, in particular of the structure of the HCS, in the declining phase of the solar cycle. Figure 10
depicts coronal (source surface) synoptic maps of the Wilcox Solar Observatory (WSO) for one solar rotation
in 4 years in the mid-1990s (1993-1996), in the declining to minimum phase of SC22 (left column), as well
as in 4 years in the late 2010s (2015-2018), in the declining phase of SC24 (right column). We have selected
a rotation including the June month of each year, because the Earth is then close to the solar equator, viewing
both hemispheres roughly equally. The coronal (source surface) magnetic field is calculated from photospheric
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Figure 10. Wilcox Solar Observatory (WSO) coronal source surface synoptic maps (radial model with source surface
distance at 3.25 solar radii) for one (June—July) month in (left column) 1993 (CR1870), 1994 (CR1884), 1995 (CR1897),
1996 (CR1910) and in (right column) 2015 (CR2165), 2016 (CR2178), 2017 (CR2192), 2018 (CR2205). Maps are redrawn
using WSO data and depict the coronal source surface field for one Carrington rotation in longitude (x-axis from 0° to
360°)—Iatitude (y-axis; from —70° to +70°) grid. Light gray background color denotes the positive polarity region, dark gray
color the negative polarity region. (Both minima are positive polarity times). Neutral line (NL) is marked in black thick line
and corresponds to the center of the heliospheric current sheet. Curves on both sides of the NL (above NL: blue line; below
NL: red line) mark isolines of the source surface field intensity at +0.5, 1, 2.5, and 5 pT.

field observations at WSO with a potential field source surface model (Altschuler & Newkirk, 1969; Hoeksema
et al., 1983; Schatten et al., 1969). We have selected here the radial model, which assumes that the photospheric
field is radial, and the distance of the source surface is at 3.25 solar radii. This model needs no polar correction
and depicts the structure of the HCS very clearly.

Neutral line, the solar magnetic equator and the center of the HCS, is denoted as a thick black line in each map
of Figure 10. NL divides the coronal (source surface) magnetic field into two opposite polarity regions, which
for both SC22 and SC24 are ordered in the same sense of positive (negative) polarity field dominating in the
northern (southern, respectively) hemisphere. (Both are minima of positive solar polarity). Positive polarity field
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is depicted in the synoptic maps with light gray color and negative polarity field with dark gray. The white region
between these two opposite-polarity regions is the HCS (streamer belt), whose center is the NL. Synoptic maps
also include other curves which tend to roughly follow the NL structure. These curves are colored in blue above
the NL and in red below it, and mark the isolines of the coronal (source surface) field intensity at +0.5, +1,
+2.5, and +5 pT. The +1 pT lines (second blue and second red lines) define the HCS region and their latitudinal
separation is used as an approximate width of the HCS. Accordingly, the closer the isolines are to each other, the
larger the magnetic field gradients around the NL are, and the closer to the NL the polar coronal holes and the
related high-speed streams are.

Figure 10 shows that the estimated HCS is rather narrow, about 20-25° wide in heliographic latitude during all
the years of SC22 (1993-1996), while it is considerably wider, about 35-40° in SC24 (2015-2018). This is in
agreement with the above noted exceptionally thin HCS during the declining phase of SC22 and the subsequent
minimum (J. D. Richardson & Paularena, 1997). The thin current sheet allows a better access for the fast SW from
polar coronal holes to low heliolatitudes. Therefore, the Earth is, on an average, more exposed to the high-speed
SW streams in the 1990s than, for example, in the 2010s.

The occurrence and temporal duration of high-speed SW streams at the Earth depends not only on the thickness of
the HCS, but also on its curviness, which is mainly determined by the solar dipole tilt angle. The dipole tilt angle
has a systematic variation along the solar cycle. It has its maximum of 90° at the time of polarity reversal, which
happens close to the sunspot maximum. The tilt angle decreases slowly but unsteadily during the declining phase
to its minimum (typically close to 0°) at or soon after the sunspot minimum. One can see in Figure 10 the typical
decrease of the HCS tilt (curviness) from 1993 to 1996 (left maps) and from 2015 to 2018 (right maps). Note
that these maps are from slightly different parts of the declining phase of the two cycles, reflecting the different
evolution of polar fields. This also leads to the different timing of HSS/CIR storms during these two cycles, as
discussed above. In SC24, the first map in 2015 is from the early declining phase, while the first year of SC22
(1993) is already in the mid-declining phase. Accordingly, the tilt is slightly larger in 2015 than in 1993 (see top
row of Figure 10). Anyway, in both years, the HCS is quite curved and regions of positive magnetic polarity from
the northern hemisphere intrude into the southern hemisphere, and vice versa. This is clear, for example, in 1993
when the northern field intrudes into the southern hemisphere in longitude range of about 120-210° and about
270-360°, or in 2015 when the southern field intrudes strongly into the northern hemisphere in the longitude
range of about 110-220°. During such intrusions the Earth is subjected to the effect of HSS streams from coronal
holes (and related CIRs developing during the passage from the Sun to the Earth). Since the SW speed increases
with heliomagnetic latitude, that is, with the distance from the NL, the further the intrusion takes the NL from the
solar equator (or, more exactly, from the ecliptic), the faster the SW measured at the Earth is and the longer the
HSS stream lasts. Thus, since the tilt is decreasing during the declining phase of the solar cycle, the intrusions
most effectively produce large HSS/CIR storms in the early to mid-declining phase. Moreover, since the HMF
intensity has its cycle maximum in the early declining phase, the southward HMF component, which controls the
reconnection in the dayside magnetosphere, is, on an average, also slightly stronger at this time. These two effects
lead to the fact that the cycle maxima of large HSS/CIR storms are typically seen in the early to mid-declining
phase, before the corresponding maxima of moderate or weak HSS/CIR storms.

In 1994 and in 2016 (second row of Figure 10), the HCS structure is quite dipolar, but the tilt is already smaller
than 1 year earlier. Although the Earth's largest distance from the NL is now smaller (Earth reaches slightly lower
heliomagnetic latitudes) than 1 year earlier, the Earth is still during a large fraction of time outside of the HCS.
The tilt is further reduced in 1995 and 2017 (third row of Figure 10), and again in 1996 and 2018 when the Earth
was mostly within the HCS region, at least in June. As seen in Figures 5 and 6, the number of moderate HSS/
CIR storms in SC24 systematically declines from the maximum in 2015 onwards, as the tilt is decreasing. During
SC22, the maximum of large HSS/CIR storms was found in 1993-1994 when the tilt was still fairly large, while
the moderate HSS/CIR storms peaked in 1995. Note that Figure 10 depicts the HCS in June when the Earth is at
low heliographic latitudes. However, during the high-latitude periods in Spring and Fall, when the Earth is below
or, respectively, above the solar equator, the HCS thickness plays a crucial role. Then, if the HCS is narrow, as
in the declining phase of SC22, the Earth can be exposed to fast SW streams around equinoxes. For example, in
1996, at the maximum year of weak HSS/CIR storms of SC22, some 75% of weak storms occurred in Spring or
Fall, and only 25% in Summer and Winter.
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Accordingly, the evolution of the properties (in particular thickness and tilt) of the HCS and solar magnetic fields
over the solar cycle and over the whole space age can explain all the observed changes in the occurrence of HSS/
CIR storms noted in earlier Sections. First of all, the temporal ordering of the cycle maxima of large, moderate and
weak HSS/CIR storms (in this order) in the declining phase of each solar cycle reflects the systematic decrease of
the HCS tilt (curviness) during the respective phase of each solar cycle. This decrease, again, follows the regular
dynamics of solar magnetic fields that also control the solar dipole tilt. As explained in the Introduction, surges
of new magnetic flux create extensions of polar coronal holes to lower latitudes and, thereby, affect the dipole tilt.
When activity subsides in the declining phase, less surges appear and the dipole tilt decreases. Since large (weak)
HSS/CIR storms require a larger (smaller, respectively) tilt, their occurrence maxima follow the decreasing tilt
during the declining phase. We note that the HCS affects the HSS/CIR storm occurrence even at other times of
the solar cycle, but the effect is far less clear and systematic because the SW speed does not have the same latitu-
dinal ordering at other times (especially around solar maxima) as in the declining to minimum phase of the cycle.

Second, the change in overall solar activity during the space age and its effect upon the structure of solar
magnetic fields and the HCS can explain the shift in the location of cycle maxima of HSS/CIR storms. As noted
in Section 8, during SC20-SC22 the cycle maxima of large and moderate HSS/CIR storms are located in the late
declining phase, but during the last two cycles SC23-SC24 they have shifted to the early to mid-declining phase
of the cycle (see two lowest panels of Figures 5 and 6). The same shift is also seen in the timing of cycle maxima
of all weak storms (see second panel of Figure 4). After the reversal of the solar dipole, surges of new-polarity
magnetic flux strengthen the polar fields. In the case of weak cycles, there are fewer surges, whence the polar
fields remain weaker, polar coronal holes smaller and the HCS region wider. Also, extensions of polar coronal
holes only occur in the early to mid-declining phase of the cycle, leading to early maxima of HSS/CIR storms in
weak cycles. Moreover, because of the thick HCS, the Earth stays within the slow wind of the HCS region from
quite early on in the declining phase, which reduces the occurrence even of weak HSS/CIR storms.

On the other hand, during strong solar cycles, there is more of new magnetic flux emerging on the solar surface in
the form of sunspots and other active regions. Accordingly, there are more surges that strengthen the polar fields
and form coronal hole extensions, which can occur even in the late declining phase of the cycle. These changes
lead to a later maximum of HSS/CIR storms in these cycles. Strong polar fields also push the HCS region thinner,
which allows the occurrence of weak HSS/CIR storms even around sunspot minimum. This evolution culminated
during the extreme cycle of SC22, when the solar polar fields and the HMF attained their maximum value during
the space age (Smith & Balogh, 2008; Zhou & Smith, 2009). Note that the field intensity isolines reach +5 pT in
1990s (left plots of Figure 10) but only +2 pT in 2010s (right plots of Figure 10). The exceptionally strong polar
fields in SC22 produced an exceptionally narrow HCS during the subsequent declining phase and minimum (J.
D. Richardson & Paularena, 1997), which allowed the HSS streams to occasionally reach the Earth even during
the sunspot minimum. Quite appropriately, the only cycle when the maximum of weak HSS/CIR storms was on
a minimum year, was cycle 22. After SC22, the weakening sunspot activity produced weaker solar polar fields
(Smith & Balogh, 2008; Zhou & Smith, 2009) and smaller polar coronal holes (Harvey & Recely, 2002; Kirk
et al., 2009) in SC23 and SC24, which led to a thicker HCS during the respective declining phases and minima
(Virtanen & Mursula, 2010). This is also seen in the fact that, during this millennium, the Earth has spent an
increasing fraction, roughly half of the time within the HCS/streamer belt region. Also, the slow wind of the
streamer belt has become a more important source of weak magnetic storms than ever during the space age.

11. Discussion and Conclusions

We have studied in this paper the occurrence of magnetic storms of different intensities during the whole space
age from 1957 until 2021. We have used both the original storm index, the Dst index, and its recalculated and
corrected version, the Dxt index. These two indices have differences, for example, in overall normalization and
quiet-time levels. Therefore the yearly storm numbers in the four intensity categories extracted from these two
indices slightly differ between each other. However, even despite a small systematic long-term trend in the ratio
of the two indices, there is no significant difference in the relative occurrence of storms of different intensities
according to the two indices. Rather, we find that all of the main results on the long-term occurrence of magnetic
storms and their implications about the evolution of solar magnetic fields and the SW are the same using either of
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the two indices. Moreover, the changes in the Sun during the space age leading to a varying number of magnetic
storms are much larger than the differences in the storm numbers between the two indices.

There were in total 2,526 magnetic storms during the space age according to the Dxt index and 2,743 storms, that
is, some 8.6% more, according to the Dst index. This implies that there were, on an average, 39/42 storms per
year, that is, roughly three storms per solar rotation. About 45% of all storms were weak storms (=50 nT < Dxt/
Dst < =30 nT), 40% moderate storms (—100 nT < Dxt/Dst < —50 nT), 12% intense storms (—200 nT < Dxt/
Dst < —100 nT) and 3% major storms (Dxt/Dst < —200 nT). So, roughly speaking, almost a half of storms were
weak storms and three quarters of the rest were moderate storms. Almost exactly the same percentages are found
for both indices. The two indices gave also very closely similar storm peak mean values of about —38, —68, —131,
and —277/-276 nT for weak, moderate, intense and major storms.

We also used SW flow type information (I. G. Richardson et al., 2000; I. G. Richardson & Cane, 2012) in order
to assign magnetic storms occurring in 1964-2021 to their three main SW drivers, the CME, the high-speed SW
streams (HSS/CIR) and the slow wind region related to the streamer belt and the HCS. The HSS/CIR streams
produced a bit more than one thousand (1,012/1,129) SW-classified Dxt/Dst storms, almost exactly a half of all
SW-classified storms in 1964-2021. There were 785/800 CME storms, making a good third (38.3%/35.7%) of all
SW-classified storms, and roughly one CME storm per solar rotation, on an average. Slow SW produced some
300 (262/315) storms, making 12.7%/14.0% of all SW-classified storms, roughly one slow wind storm in a couple
of rotations.

The three SW streams contributed very differently to the different storm intensity categories. CME streams were
the cause of all the 48/51 major storms (Dxt/Dst < —200 nT) occurring in 1964-2021. Although CME storms may
also include an effect of a HSS, this result proves that the generation of a major storm without a CME was extremely
unlikely during the space age. CMEs produced 84.3%/84.8% of intense (=200 nT < Dxt/Dst < —100 nT) storms,
HSS/CIR streams produced 14.5%/14.4% of them and slow wind streams only 1.2%/0.8%. Moderate storms were
caused slightly more often by HSS/CIR streams (47.5%/49.9%) than by CME (45.6%/41.7%) streams, or by slow
wind (6.9%/8.4%). HSS/CIR streams (61.8%/62.1%) were clearly the dominant source of weak storms, but even
the slow wind streams (21.3%/23.0%) produced more weak storms than CMEs (16.9%/14.9%).

The whole solar-terrestrial environment during the space age is characterized by a slow, but unsteadily evolving
decrease of solar magnetic activity after the maximum of solar cycle 19, the peak of the MGM. This long-term
evolution also affects the sources, occurrence frequencies, intensities and other properties of magnetic storms.
Note also that, since the three main SW drivers of magnetic storms depend on different solar parameters and vary
at different time scales, the long-term decrease in solar activity affects differently on storms of different origin
or different intensity.

CMEs are mainly produced by fairly new magnetic flux emerging on the solar surface. This emergence is
evidenced and traditionally even quantified by sunspots. It has been shown that the occurrence of CMEs follows
the sunspot cycle (see, e.g., Cremades & St. Cyr, 2007; Gopalswamy et al., 2004; Robbrecht et al., 2006; Webb &
Howard, 1994, 2012). Here we verified that CMEs producing moderate and, separately, large (intense or major)
magnetic storms vary closely with the changing sunspot activity, not only over the solar cycle but even at longer
time scales. Large storms, which are almost exclusively produced by CMEs, occurred most frequently in the
4 years (1957-1960) of the maximum and early declining phase of SC19, the peak of the MGM. CME storms
mainly follow sunspots within a year, thus being produced by fairly newly emerged flux, rather than distributed
flux.

Sunspots explain typically 60% of the variation of the yearly number of large and moderate CME storms. On an
average, the yearly number of large CME storms is zero if no sunspots exist, suggesting that active regions with-
out sunspots are not effective in producing large CME storms. The yearly number of large CME storms increases
to 4-5 storms for an intermediate sunspot number of 100 (version 2.0 (SILSO World Data Center, 2022),). On
the other hand, about two moderate CME storms in a year can occur even if no sunspots exist. This suggests that,
for example, active regions without sunspots, filaments and other forms of distributed (not newly-emerged) solar
magnetic fields can produce CMEs that are sufficiently strong for moderate storms. Increasing yearly sunspot
number to 100 (200) increases the yearly number of moderate CME storms, on an average, to about 7 (13) storms.

We studied the correlation between sunspots and yearly number of CME storms separately for each of the five
full solar cycles (SC20-SC24) included within the space age. Most cycles had significant correlations between
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sunspots and the yearly number of large and, separately, of moderate CME storms. For large CME storms in SC21
and SC24 correlation was only marginal, which is due to the fact that large CME storms have two separate peaks
around the respective sunspot maxima, with a deep minimum in between. This evolution reminds of the so-called
Gnevyshev gap which is quite a common feature in the solar cycle evolution of several solar and heliospheric
parameters (Gnevyshev, 1977; Storini et al., 2003). Since sunspots typically depict only a small decrease during a
possible Gnevyshev gap (and hardly any in SC21), this leads to a couple of years where storm numbers are small
but sunspot numbers high, which deteriorates the overall correlation. Because such a two-peak structure does not
seem to be common to all cycles, it likely results from random fluctuations of rather small numbers of yearly large
CME storms. This will be studied later in more detail. For moderate CME storms the storm numbers are larger,
which reduces the effect of random fluctuations. Moreover, as discussed above, moderate CME storms can be
produced even without sunspots. These facts may explain the larger number of moderate storms even at the corre-
sponding Gnevyshev gap minimum, which makes the correlation between sunspots and moderate CME storms
more significant even for SC21 and SC24, although a (less deep) Gnevyshev gap is seen also in the number of
moderate storms for both cycles.

The best correlation between sunspots and large and, separately, moderate CME storms was found during cycle
22. During SC22, sunspots explain 94% and 77%, that is, far more than the average 60%, of the variation of yearly
number of large and moderate CME storms, respectively. Cycle 22 also marks the highest peak in the number
of large CME storms during the SW flow covered period (SC20-SC24). Sunspots depict a clear (but not very
deep) Gnevyshev gap during this cycle, and large CME storms follow this evolution closely, without an exces-
sive decrease between the two peaks. Thus, the cycle evolution of sunspots and large CME storms is very simi-
lar during SC22, leading to the extremely high correlation. On the other hand, the Gnevyshev gap of moderate
CME storms in SC22 is relatively deeper than in large CME storms. This reduces the respective correlation with
sunspots in SC22 below that for large storms, but is still the best for moderate storms among all cycles.

The parameters of the linear correlation between sunspots and large and moderate CME storms also vary consid-
erably from cycle to cycle. For large CME storms, SC20 and SC23 have almost the same slope as the overall best
fit line for all years. SC21 and SC24 have considerably lower slopes, while SC22 has a slope more than twice
higher than SC21 and SC24. For moderate CME storms, the five slopes deviate less from each other and from
the common mean, probably because of better statistics due to a larger number of storms. However, despite some
difference in correlation parameters, the best fit lines of all cycles remained within the 95% CL boundaries of the
overall fit. Thus, interestingly, no cycle clearly deviated from the other cycles in the relation between sunspots
and large or moderate CME storms. This applies also to the low cycle 24.

However, when studying the relation between sunspots and all CME storms around sunspot minima (using 3-year
means in order to increase statistics), we found that the minimum between cycles 23 and 24 deviates from the
other four minima by remaining below the 95% CL correlation boundary. This minimum was very weak in
sunspot activity, although still slightly more active than the following minimum. However, it was exceptionally
weak in CME storms, with no CME storms at all in 2 years 2007-2008. Although this minimum breaks the
common correlation between sunspot activity and CME storm occurrence at sunspot minima, the remaining
years of the two annexing cycles, SC23 and SC24, recover this relation for full cycles and make it agree with all
other cycles.

We have shown in this paper that there is an intimate connection between the occurrence of HSS/CIR storms
and the structure of the HCS, in particular its latitudinal width (thickness) and the tilt (curviness). A thin HCS
makes large gradients of SW properties around the NL (center of the HCS region), whence the Earth is more
often affected by high-speed SW streams. On the other hand, the tilt of the HCS determines how high (northern
or southern) heliomagnetic latitudes the Earth can reach. A large tilt in the HCS can produce an intrusion of
high-speed SW to low heliographic latitudes and to the ecliptic. The tilt angle of the HCS decreases fairly system-
atically from very high (about 90°) to very low tilt angles during the declining phase of the solar cycle.

This decrease of the HCS tilt angle controls the occurrence of HSS/CIR storms of different intensity in the declin-
ing phase of all solar cycles. Due to this decrease, intense HSS/CIR storms tend to occur not later than moderate
HSS/CIR which, again, tend to occur not later than weak HSS/CIR storms. We could see this ordering already in
the yearly number of HSS/CIR storms depicted in Figures 5 and 6. However, since random fluctuations may have
some effect on the ordering of peaks and, thereby, cast doubt on our results, we have calculated 3-year running
means of the yearly CME and HSS/CIR storm numbers, separately for weak, moderate, large and all Dxt storms,
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Figure 11. Three-year running mean numbers of coronal mass ejection (red line) and high-speed solar wind stream (HSS)/
corotating interaction region (CIR) (blue line) Dxt storms. Panels depict (from top to bottom) all storms, weak storms,
moderate storms and large storms. Vertical lines denote the locations of cycle maxima of HSS/CIR storms of respective
intensity. Annual sunspots are depicted as gray background in each panel.

and depicted them in Figure 11. Three-year running means weight the distribution of storms more widely and,
therefore, are less vulnerable to random fluctuations of yearly peaks. We have included in Figure 11 also vertical
lines to indicate the cycle maxima of HSS/CIR storms of each intensity class. (If 2 years had the same mean
number, the first was marked; this only applies to large HSS/CIR storms where numbers are small).

The vertical lines of Figure 11 clearly demonstrate the above discussed ordering of the cycle maxima of HSS/
CIR storms. During all the five cycles SC20-SC24 of space age, the cycle peak of large HSS/CIR storms did not
occur later than the corresponding peak of moderate HSS/CIR storms which, again, was not later than the peak
of weak HSS/CIR storms in the same cycle. This ordering is most clear in the declining phase of SC22, where
the 3-year mean maxima of large, moderate and weak HSS/CIR storms follow each other in steps of 1 year from
1993 to 1994 and 1995. As noted earlier, cycle 22 is also exceptional in the number of large HSS/CIR storms,
which is dramatically clearly seen in the bottom panel of Figure 11. More than 40% of all large HSS/CIR storms
in 1964-2021 occurred in the 6 years of 1991-1996. Although neither moderate nor weak HSS/CIR storms
attained their space age peak during SC22, the 3-year running mean number of all HSS/CIR storms maximized
in 1994, in the late declining phase of SC22. These results are due to the exceptionally thin HCS in the declin-
ing phase of SC22 (J. D. Richardson & Paularena, 1997), which resulted from exceptionally strong solar polar
and heliospheric fields in the declining phase of this cycle (Smith & Balogh, 2008; Zhou & Smith, 2009). Note
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also that the solar magnetic polarity is positive around the minimum between cycles 22 and 23, which enhances
geomagnetic activity at high heliolatitudes (in Spring and Fall) by the Russell-McPherron (RMP) mechanism
(Russell & McPherron, 1973). While this mechanism alone does not cause the exceptional storminess of cycle
22, the thin current sheet also increases the occurrence of dominant HMF sectors at high heliolatitudes (the
so-called Rosenberg-Coleman effect (Rosenberg & Coleman, 1969)), which enhances the effectivity of the RMP
mechanism during cycle 22. Thus, the increased HSS activity and the enhanced RMP effectivity, both due to the
exceptionally thin HCS, lead to the exceptional occurrence of large HSS/CIR storms during the declining phase
of cycle 22.

Similarly as for CME storms, the long-term decrease of sunspot activity during the space age also affects the
occurrence of HSS/CIR storms. However, the decrease during the space age was not steady or continuous, neither
in sunspot activity nor in magnetic storms. The total number of storms experienced two dramatic dropouts, one
in the declining phase of SC19, from the record storm level in 1957-1960 until the second-lowest minimum in
1965, and the other in the declining phase of SC23, which continued to the low cycle 24 (see Figure 4). Between
these two dropouts, both sunspot and storm activity first increased from SC20 on until cycle 22, and then slightly
decreased in SC23. The increase in sunspot activity from SC20 on strengthened the intensity of polar magnetic
fields, which culminated in SC22 (Smith & Balogh, 2008; Zhou & Smith, 2009). Strong polar fields pressed
the HCS region exceptionally thin in the declining phase of SC22, producing a record of large HSS/CIR storms
during the space age.

Since SC22, polar fields have continued to decline, which has widened the HCS region. During a wide HCS, the
Earth can reach the fast SW only at times when the HCS tilt angle is large. Therefore, the maxima of HSS/CIR
storms occur earlier in the declining phase of weak cycles of SC23 and SC24 than during the earlier, stronger
cycles. This can be seen in the yearly storm numbers of Figures 5 and 6, and it can even more clearly be seen in
the 3-year running mean storm numbers of Figure 11. The shift of cycle peaks of HSS/CIR storms from the late
declining phase in the more active cycles SC20-SC22 to the early declining phase in the recent, more quiescent
cycles SC23 and SC24 is, very appropriately, most clearly visible for the large HSS/CIR storms. In SC20-SC22,
the maxima of large HSS/CIR storms are found some 3—4 years after the respective sunspot maximum, but in
SC23 only 1-2 years later and in SC24 the two maxima occur in the same year.

Since the cycle maxima of moderate and weak HSS/CIR storms occur, as discussed above, later (or not at least
earlier) than large HSS/CIR storm peaks, this long-term shift is less clearly seen for the weaker HSS/CIR storms.
For moderate storms, this shift is still seen even in the smoothed numbers of Figure 11 (peaks in SC20-SC22 are
4-6 years, in SC23 2-3 years and in SC24 2 years after the respective sunspot maximum). Note, first, that the
3-year smoothing moves the weak storm peak in SC23 to 2007, while for yearly storm numbers it was in 2003
(see Figures 5 and 6). Year 2003 was the peak storm year for both weak and moderate (and, naturally, all) HSS/
CIR storms, and only 1 year after the peak in large HSS/CIR storms. This year is known to be the record year of
geomagnetic activity in space age (Mursula et al., 2015, 2017) and one of the record years of HSS occurrence (see
Figure 2). In this year, the HSSs mainly originated from low-latitude coronal holes (Gibson et al., 2009; Hamada
et al., 2021; Mursula et al., 2017). Accordingly, the occurrence of HSS/CIR storms at this time was less strongly
controlled by solar polar coronal holes than in the other cycles.

Second, the occurrence of weak HSS/CIR storms in SC24 (and partly even in the declining phase of SC23) was
increasingly affected by the widening of the HCS. As noted earlier, the yearly number of weak HSS/CIR storms in
the minimum of SC24, and later in the early ascending phase of SC25, is not much less than in the prior declining
phase (see Figures 5 and 6). This leads to the fairly constant (smoothed) number of weak HSS/CIR storms in
Figure 11 since the maximum of SC24. Third, since the HCS has been exceptionally wide for about 15-20 years,
the Earth stays, for the same tilt angle, longer inside the HCS region. Thus, the decrease of solar activity and solar
polar fields since SC22 have led to the fact that the Earth stays, since the declining phase of SC23, more than
50% of the time within the HCS and the related slow SW (streamer belt). This has greatly reduced the number of
intense and moderate HSS/CIR storms, and significantly raised the relative fraction of slow SW as the source of
weak magnetic storms.

Concluding, we have studied here the occurrence of magnetic storms of different intensity over the space age
(1957-2021). Space age is characterized by a slow, unsteady decrease of solar activity, which directly affects
the CME storms and, indirectly, via its effects to the structure of the HCS, also the HSS/CIR storms. We find
that the variations in sunspot activity closely explain the variation in the yearly number of CME storms over the
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whole space age. All cycles separately comply to this common, rather tight connection between sunspots and
CME storms. However, during the weak solar minimum between cycles 23 and 24 the number of CME storms
is smaller than predicted by the common relation. During 4 years from 2006 to 2009, there were only five CME
storms, out of which only one was large. In comparison, there were 12 CME storms in the second-weakest 4-year
time interval of 2018-2021. Increasing sunspot activity from SC20 to SC22 increased solar polar fields, which
led to an exceptionally thin HCS during the declining phase of SC22, producing a record of large HSS/CIR
storms. Subsequent decrease in sunspot activity has weakened solar polar fields and widened the HCS region.
These long-term changes in HCS width have affected the occurrence of HSS/CIR storms during the solar cycle so
that HSS/CIR storms occur, since SC23, in the early to mid-declining phase of the solar cycle, while during the
earlier, more active cycles 2022, they maximized in the late declining phase. Widening HCS has also increased
the significance of the HCS and the related slow SW (streamer belt) for the Earth. The Earth spends now, since
the declining phase of SC23, that is, roughly from the start of the new millennium, about 50% of the time,
more than ever before during the space age, in the slow SW. This has reduced the number of large and moderate
HSS/CIR storms and increased the fraction of slow wind as the source of weak magnetic storms.

Data Availability Statement

The Dxt index is maintained by the University of Oulu at http://dcx.oulu.fi/ (Karinen & Mursula, 2005). The
Dst index is provided by the WDC for Geomagnetism, Kyoto, Japan at http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.
html (Nose et al., 2015). Sunspot data are from the World Data Center SILSO, Royal Observatory of Belgium,
Brussels, on-line catalog at https://www.sidc.be/silso/datafiles. The WSO source surface maps are available at
http://wso.stanford.edu/synsourcel.html.
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