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Abstract We examine the solar cycle distribution of major geomagnstbrms
(Dst < —100 nT), including intense storms at the level 6200 nT< Dst <
—100 nT, great storms at300 nT< Dst < —200 nT, and super storms dbst <
—300 nT, which occurred during the period of 1957-2006, base@shindices and
smoothed monthly sunspot numbers. Statistics show thaintjerity (82%) of the
geomagnetic storms at the level Bist < —100 nT that occurred in the study pe-
riod were intense geomagnetic storms, with 12.4% rankedeses gtorms and 5.6%
as super storms. It is interesting to note that about 27% efyjgomagnetic storms
that occurred at all three intensity levels appeared in soerding phase of a solar
cycle, and about 73% in the descending one. Statistics Als@ that 76.9% of the
intense storms, 79.6% of the great storms and 90.9% of ther siprms occurred
during the two years before a solar cycle reached its pea the three years after it.
The correlation between the size of a solar cycle and thesptage of major storms
that occurred, during the period from two years prior to maxin to three years af-
ter it, is investigated. Finally, the properties of the mpkak distribution for major
geomagnetic storms in each solar cycle is investigated.
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1 INTRODUCTION

A geomagnetic storm is a disturbance in the Earth’s magfietit caused by interactions between
materials ejected from the Sun and the magnetosphere. Mafnagnetic storms are among the
most important space weather phenomena. What determiagdifsical laws describing the solar
cycle distribution of major geomagnetic storms? Newton &sdin (1954) investigated the solar
cycle distribution of great geomagnetic storms that o@aiduring the period 1878—-1952. They
reported that most of the largest geomagnetic storms didemir exactly at the peak phase of the
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cycles, but rather in periods a few years away from the peaditber side. Gupta & Basu (1965)
investigated the outstanding solar-terrestrial everasdhcurred during 1956—-1963 and pointed out
that all types of outstanding solar-terrestrial eventsiosd most frequently either in the ascending
or in the descending phase or in both of these phases of thealle, avoiding the peak phase.
The period studied in their paper was only 8 yr within a solale. Gonzalez et al. (1990) studied
the solar cycle distribution of intense geomagnetic stattmas occurred during 1965-1985. They
pointed out that a dominant dual-peaked distribution existthe variability of these storms, with
one peak occurring at the late ascending phase of the cyeletbe solar maximum and the other
at the early descending phase of the cycle. Gonzalez et280fklso investigated the distribution
of intense geomagnetic storms witla > 100 nT during 1880-1965. The results show that the
solar cycle distribution of intense geomagnetic stormsehdsal-peaked structure and the average
separation of the peaks from the solar maximum is about emginths ahead of the first peak and
about 25 months after the second one. Recent studies havatedithat geomagnetic storms mainly
occur either in the spring or autumn; in addition they may ascur in a dual-peaked manner
(Gonzalez et al. 2011; Echer et al. 2011). The two peaks ir saltivity represent a well-known
phenomenon and the gap between the two peaks is called theysbe® gap. The gap is usually
2-3yr (Gnevyshev 1967). Le et al. (2012) analyzed the sgldedistribution of great geomagnetic
storms. Their results show that about 73% of great geomagstetms occurred in the descending
phase of the solar cycle, and 83% of great geomagnetic stocmgred in the two years before
the solar cycle peak and in the three years after it. The ngggomagnetic storms studied in this
paper are intense geomagnetic storms at the leveR6 nT< Dst < —100 nT, great geomagnetic
storms at-300 nT< Dst < —200 nT, and super geomagnetic stormdatt < —300 nT.

What is the ratio of major geomagnetic storms at differevetleto the total major geomagnetic
storms that occurred during 1957-2006? What propertiageréhe solar cycle distribution to major
geomagnetic storms? How can we describe the dual-peakbdistn in each solar cycle for the
major geomagnetic storms? In order to answer these qusstlmmajor geomagnetic storms that
occurred during 1957-2006 are analyzed. The major geortiagb@m data are compared with the
smoothed monthly mean sunspot numbers (SMMSNS) so that wegarously analyze the solar
cycle distribution of major geomagnetic storms.

SMMSNSs are used to indicate the level of solar activity irs th@per. The period from the start
of a solar cycle to its peak constitutes the ascending phatbe @olar cycle. The period from the
time one month after the solar cycle’s peak to its end is threeeleding phase of the solar cycle.
Section 2 illustrates the distribution of major geomagnstibrms that occurred in 1957—2006 with a
figure. Section 3 gives the statistical analysis of majoingagnetic storms. Section 4 is a discussion
and Section 5 is the conclusion.

2 THE MAJOR GEOMAGNETIC STORMS IN 1957-2006

The Dst index for each major storm can be obtained from the World Qatater for Geomagnetism,
Kyoto (http://wdc.kugi.kyoto-u.ac.jp/dstdir). During the period of 1957-2006, 387 major geomag-
netic storms were identified. In Figure 1, solar cycle 19 ipicted with the major geomagnetic
storms that occurred since 1957 January 1, becaus®theéndex has only been available since
1957. It shows the distribution of major geomagnetic stoimmsolar cycles 19-23, giving a direct
view of how solar cycle distributions are related to majoomgagnetic storms.

3 STATISTICAL ANALYSIS OF MAJOR GEOMAGNETIC STORMS

The ratio of major storms at different levels to total majepgiagnetic storms is shown in Table 1.
From Table 1, we can see that 82% of them are intense stormd8plte great geomagnetic storms,
and 5.6% are super geomagnetic storms, suggesting thabifrtbst major storms are intense ones,
with the rest being some great geomagnetic storms and a fesv ggomagnetic storms.
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Fig. 1 SMMSNs and the major geomagnetic storms that occurredgla®87—2006. The red verti-
cal dashed lines indicate the time corresponding to solee@eaks, while the green vertical lines
indicate the minimum of each solar cycle.

Table 1 The ratios of the three kinds of major geomagnetic stormtsaitrzurred during 1957-2006.

Storm levels Intense geomagnetic storm Great geomagretins Super geomagnetic storms
Dst value —200nT < Dst < —-100nT  —300nT < Dst < —200nT Dst < =300 nT
Number Ny = 316 Ngt = 49 Nst = 22

Total number Nt = Nit + Ngt + Nst = 387

Ratio Ratio(i) = Nit/Nt = 81.7% Ratio(g) = Ngt/Nt =12.7% RatiO(S) = Nst/Nt =5.6%

Notes: Nj¢, Ngt and Ng¢ indicate the total number of intense geomagnetic stornesit@reomagnetic storms and super
geomagnetic storms that occurred during 1957-2006, rieglgc NV, is the total number of major geomagnetic storms
(Dst < —100 nT) that occurred during 1957—2006. Ratio(i), Ratio(g) &adio(s) are the ratios for intense, great and
super storms, respectively.

Table 2 The ratio of intense storms in the ascending and descendimgep of the five solar cycles.

Solar cycle N; N; Nia + Nig

19 9 52 61

20 14 28 42

21 19 42 61

22 24 60 84

23 20 48 60

Total Niat = 86 Niqy = 230 Nit = Niat + Niay = 316
Ratio Ratio(ia) = Niat/Ni¢ = 27.2%  Ratio(id) = Nige/Nie = 72.8%

Notes:N;, and N;4 indicate the number of intense geomagnetic storms in thendsoy and descending phases of each
solar cycle, respectivelyV;,; and N;q; indicate the total number of intense geomagnetic stormiarascending and
descending phases, respectively, ad indicates the total number of intense geomagnetic storatsottturred during
1957-2006. Ratio(ia) and Ratio(id) indicate the ratio ®éise geomagnetic storms that occurred in the ascending and
descending phases of the solar cycles, respectively.
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Table 3 The ratio of great storms in the ascending and descendirgpplud the five solar cycles.

Solar cycle Nga Nga Nga + Nga

19 8 11 19

20 3 6 9

21 3 10 13

22 1 11 12

23 4 14 18

Total Ngat = 19 Nyat = 52 Ngt = Ngat + Ngag = 71
Ratio Ratio(ga) = Ngat/Ngt = 26.8%  Ratio(gd) = Ngq¢/Net = 73.2%

Notes: Nga and Ngq indicate the number of great geomagnetic storms in the ddwpand descending phases of each
solar cycle, respectivelyNgat and Nyq, indicate the total number of great geomagnetic storms iratioending and
descending phases, respectively, @i indicates the total number of great geomagnetic stormsottairred during
1957-2006. Ratio(ga) and Ratio(gd) indicate the ratio eAggeomagnetic storms that occurred in the ascending and
descending phases of the solar cycles, respectively.

Table 4 The ratio of three kinds of major storms occurring in the tveanrs before the solar cycle
peak and in the three years after it during the period of 12606.

Storm intensity  —200nT < Dst < —100nT =300 nT < Dst < —200nT Dst < —300 nT

Number Nios3 N; Ng23 Ngt Ns23 Nst
243 316 39 49 20 22

Ratio Niasg /Niy = 76.9% Ng23/Ngt = 79.6% Ns23/Nsy = 90.9%

Notes: N;23 indicates the total number of intense geomagnetic storatottturred in the two years before the solar
cycle peak and the three years after it, a¥ig indicates the total number of intense geomagnetic storragrong
during 1957-2006N,23 indicates the number of the great geomagnetic storms tlcati@el in the two years before
the solar cycle peak and in the three years after it, Ag¢lindicates the total number of great geomagnetic storms
occurring during 1957-2006Vs23 indicates the total number of geomagnetic storms that oedtin the two years
before the solar cycle peak and in the three years aftdfitindicates the total number of super geomagnetic storms
that occurred during 1957-2006.

Shown in Tables 2 and 3 are the statistical occurrences adrng@omagnetic storms in the
ascending or descending phase of the solar cycles. Tables2ms the numbers and percentages
of intense geomagnetic storms that occurred during thendsug or descending phases of the solar
cycles. From Table 2, it is evident that 27.2% of the interieass occurred in the ascending phase,
and 72.8% in the descending one. Table 3 shows that 26.8%edjrémt storms occurred in the
ascending phase, and 73.2% in the descending one. Theicthtiesult shows that most major
geomagnetic storms occurred in the descending phase ddracyale.

Table 4 depicts the occurrences of major geomagnetic statrthsee intensity levels appearing
in the two years before the solar cycle’s peak and in the theaes after it, with a respective proba-
bility of 76.9%, 79.6% and 90.9%, suggesting that most mggmmagnetic storms occur in the two
years before the solar cycle peak and in the three yeardtatiad that the probability of occurrence
during that period becomes larger as the storm intensitgases.

To understand the relationship between the occurrencerpatof major geomagnetic storms
occurring during the period from the two years before tharsoycle peak to the three years after
it and the amplitude of a solar cycle, we examined the sizgistssociated with each solar cycle
recorded during 1957—-2006. One can see from Table 5 whedigtist results are given that solar
cycle 19is the strongest cycle among the five with a maximupligue of 201.3. As a result, 96.7%
of the intense geomagnetic storms occurred in the two yediosda solar cycle peak and in the three
years after it. Table 5 shows that the amplitude for solatesy20, 21, 22 and 23 are 110.6, 164.5,
158.5 and 120.8, respectively, and the probability of ommre for intense geomagnetic storms in
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Table 5 The ratios of two kinds of major storms occurring in the twangebefore a solar cycle peak
and in the three years after it for each solar cycle.

Solar cycle  Amplitude —200 nT< Dst < —100 nT Ratio Dst < —200 nT Ratio
Nias N; Nizz/Niy  Nose2z Noset Nosez2s/Noskt
19 201.3 59 61 96.7% 18 19 94.7%
20 110.6 28 42 66.7% 5 9 55.6%
21 164.5 46 61 75.4% 11 13 84.6%
22 158.5 64 84 76.2% 11 12 91.7%
23 120.8 46 68 67.6% 14 18 77.8%

Notes:N;o3 indicates the number of intense geomagnetic storms ooguirrithe two years before a solar cycle peak and
in the three years after itV is the total number of intense geomagnetic storms occumirgch solar cycleNosgas
indicates the number of outstanding Sun-Earth connectients occurring in the two years before a solar cycle peak
and in three years after iNosg¢ is the total number of outstanding Sun-Earth connectiomtevihat occurred in each
solar cycle.

the two years before the solar cycle peak and in the three adtar it is 66.7%, 75.4%, 76.2% and
67.6%, respectively.

When a coronal mass ejection (CME) or several successiptiens of CMEs finally reach the
magnetosphere and trigger a geomagnetic storm at the fey&lio< —200 nT, the event is defined
as an outstanding Sun-Earth connection event in this p@per.can see from Table 5 that a very
strong solar cycle would show more intense, outstandingEarnth connection events in the two
years before a solar cycle reaches its peak and in the thaes gfter it. For example, solar cycle 19
stands out as the strongest among the five cycles, as 96.71% oftense geomagnetic storms and
94.7% of the outstanding Sun-Earth connection events ttaatepn the two years before the solar
cycle peak and in the three years after it. As a result, vemiriéense geomagnetic storms and out-
standing Sun-Earth connection events could be spottem@stbther than in this period. By contrast,
when a solar cycle is weak, as in cycle 20 where only nine antshg Sun-Earth connection events
were recorded, outstanding Sun-Earth connection eventsiea rare phenomenon. In solar cycle
20, only 55.6% of the outstanding Sun-Earth connection tsvappeared in the two years before
the cycle peak and in the three years after it, indicatingdhaeak cycle is associated with fewer
and more sporadic occurrences of outstanding Sun-Eartiection events, and that a considerable
part of outstanding Sun-Earth connection events tend tardater than three years after the solar
cycle peak. 66.7% and 67.6% of the intense geomagnetic stoceurred during the period from
two years prior to maximum to three years after it for solariey 20 and 23 respectively, indicating
that about 1/3 of intense geomagnetic storms took placédeutse period of the two cycles.

Is there any correlation between the maximum amplitude ofa sycle and the percentage of
intense or outstanding Sun-Earth connection events aoguturing the period from two years prior
to maximum to three years after it? In order to answer thistjoe, we calculate the two correlation
coefficients shown in Figures 2 and 3, respectively. We carfreen Figures 2 and 3 that there is a
very good correlation between the maximum amplitude of arsgicle and the percentage of intense
or outstanding Sun-Earth connection events occurrinqidutie period from two years prior to the
maximum to three years after it.

Gonzalez et al. (2011) pointed out that the solar cycleibligion of superintense storms (de-
fined asDst < —250 nT) has a dual-peak distribution structure; the gap betwikentwo peaks
for superintense storms ranged from 2 yr to 4 yr, which carelea $rom figure 5 in Gonzalez et al.
(2011). Gonzalez et al. (1990) investigated the dual-peksk sycle distribution of intense geomag-
netic storms. The separation is the gap between the firstqféatense geomagnetic and the sunspot
number peak or the gap between the second peak of intenseagaetit and the sunspot number
peak. The average separation of the two peaks from the sabemum is about eight months before
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Fig. 4 Comparison between the yearly number of intense geomagsietims and sunspot numbers.
The vertical dashed lines indicate the solar maximum of falarscycles. Each down arrow in the
lower panel indicates a peak in the yearly intense storm eusnb

the solar maximum for the first peak of the intense geomagg&tim and about 25 months after the
solar maximum for the second peak of intense geomagnetimsto

Is there always a dual-peak distribution in each solar cfari¢he intense or outstanding Sun-
Earth connection events that occurred during 1957-2006® Idog is the gap between the two
peaks for each solar cycle? In order to answer these quesaocomparison between the yearly
number of intense geomagnetic storms and yearly mean sumgpibers is shown in Figure 4. We
can see from Figure 4 that intense geomagnetic storms haval-gédak distribution in solar cycles
21-22. The yearly number of intense geomagnetic stormdam sgcles 20 and 23 has three peaks.



[\
(=]
S

—_
W
(e}

T T

Solar Cycle Distribution of Major Geomagnetic Storms

745

—_

o

S
T

Sunspot numbers
N
(e
—
O.

(=
T
(¢}

OSECE numbers

Year

Fig.5 Comparison between the yearly number of outstanding SutirEEannection events and
sunspot numbers. The vertical dashed lines indicate tlee smhximum for five solar cycles. The
OSECE number is the number of outstanding Sun-Earth coioneetents. ThePio—1 and Pig_»
indicate the first and second peak in solar cycle 19, resmdgtiThe rest can be understood in the
same manner.

The first peak in yearly number of intense geomagnetic starosrred one year before the solar
cycle maximum in solar cycles 20, 21 and 23, but only in soyatec22 did the first peak in yearly
number of intense geomagnetic storms occur at the solammemwi The second peak for solar cycles
20 to 23 all occurred 2 yr after the solar maximum. The gap beiwthe the first and second peaks
for intense geomagnetic storms is 1-3 yr, which matchesahatinspot numbers. Because solar
cycle 19 started in April 1954, data about major geomagrsttions studied in this paper for solar
cycle 19 do not include all the intense geomagnetic stormisabcurred during that cycle. Perhaps
this is the reason why cycle 19 shows only a single peak fensg¢ geomagnetic storms, as shown
in Figure 4.

Figure 5 presents a comparison between the yearly numbetstboding Sun-Earth connection
events and yearly mean sunspot numbers. It can be seen fgureF that outstanding Sun-Earth
connection events have a dual-peak distribution in solelesyl9, 20, 21 and 23 with the first peak
occurring in the solar maximum or one year before the solaimam and the second peak occurring
three years after the solar maximum for solar cycles 19, 21281 The second peak of outstanding
Sun-Earth connection events for solar cycle 20 occurrekt gigars after the solar maximum. The
gap between the two peaks for outstanding Sun-Earth caonestents ranged from two years to
eight years, which is different from the one for intense gagnetic storms.

It should be pointed that outstanding Sun-Earth conneevemts do not have a dual-peak dis-
tribution in solar cycle 22, which indicates that outstamgdSun-Earth connection events do not
always have a dual-peak distribution in every solar cycleh&dson et al. (2006) pointed out that
the strongest geomagnetic storm caused by a corotatinguatien region isDst = —180 nT. Itis
evident that outstanding Sun-Earth connection events elgrbe caused by CMEs. The distribution
of the yearly number of outstanding Sun-Earth connecti@mtsvreveals the distribution of CMEs,
which can cause outstanding Sun-Earth connection events.
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4 DISCUSSION

The first peak of the outstanding Sun-Earth connection eweas in 1968 while the second peak of
great geomagnetic storms occurred in the solar minimum@ 9@e gap between the two peaks is
eight years, much longer than the 2—3 yr reported by Gnewd8¥7). According to the monthly
mean sunspot numbers, the first peak of solar activity i sgfde 20 is May 1968, while the second
peak is March 1970. Obviously, the second peak of sunspobatswoes not match the second peak
of the outstanding Sun-Earth connection events.

Because geomagnetic storms at the leveDaf < —200 nT can only be caused by a single
CME or several successive eruptions of CMEs, which intesdttt each other close to the Sun and
form multiple magnetic clouds near the Earth (Zhang et &.728nd references therein, Yermolaev
& Yermolaev 2008 and references therein), the second peakitstanding Sun-Earth connection
events characterizes the very strong solar events thatause outstanding Sun-Earth connection
events. Obviously, the gap between the two peaks of outistgSiin-Earth connection events is also
one kind of the Gnevyshev gap, which is characterized by s&png solar events that can cause
outstanding Sun-Earth connection events. The Gnevyshefogautstanding Sun-Earth connection
events did not match the Gnevyshev gap for sunspot numbarse K2005) also pointed out that
solar wind parameters and geomagnetic indices did not ntlaécbunspot numbers.

Gonzalez et al. (1994) said that solar wind speed, soutletduenterplanetary magnetic field
(Bs), and duration of thé3, have the greatest effects on causing geomagnetic stornstt@rsolar
wind with southwardB; can cause geomagnetic storms. If the sheath, the intetplgnsoronal
mass ejection or a combination of them has a strong, longiidarmagnetic field that is directed
southward and large, dynamic pressure in the solar wingh éhenajor geomagnetic storm will
happen if such a kind of solar wind structure finally reachesmagnetosphere. The different gaps
for different intensities in storms reveal the solar cydiribution of solar wind conditions that can
cause different intensities in geomagnetic storms.

The amplitude of solar cycle 20 is 110.6, which is the weakesbng the five cycles studied
in this paper. The time of the second peak representingaoutstg Sun-Earth connection events in
solar cycle 20, shown in Figure 5, indicates that very streoigr eruptions can cause outstanding
Sun-Earth connection events and may lead to the second peakstanding Sun-Earth connection
events occurring around the solar minimum if the solar cicclgeak.

The yearly number of outstanding Sun-Earth connectionteves only one peak but the yearly
number of intense geomagnetic storms has three peaks incgala 22. We can see from Figure 5
that the yearly number of outstanding Sun-Earth conneetients is four in each year during 1989—
1991, which indicates that the Sun had very strong eruptansg 1989-1991 and then caused four
outstanding Sun-Earth connection events in each yeargli€i69—1991. This led to the outstanding
Sun-Earth connection events having only a single peakiluligion in solar cycle 22.

Different solar active phenomena, such as sunspot nunbeags, sunspot groups, solar flares,
solar proton events, CMEs and solar radio, have differenibgde and different gaps (Storini et al.
2003; Ahluwalia & Kamide 2005; Bazilevskaya et al. 2006; E&008, 2010; Zhang et al. 2012).
Sunspots, solar radio, solar flares and CMEs are the solge gdtenomena that occur in different
layers of the solar atmosphere. The periods for differelatr ggarameters are different (Kane 2010;
Norton & Gallagher 2010; Zhang et al. 2012).

There is a big difference between the distribution of outditag Sun-Earth connection events
in a strong solar cycle and the one in a weak solar cycle. Tlae sgcle distribution of outstanding
Sun-Earth connection events can help us to make variousidesj such as selecting a time window
to launch satellites to detect enough outstanding Surfiearinection events occurring in a strong
or weak solar cycle, as mentioned by Le et al. (2012). The imndgl of solar cycle 24 predicted
by researchers (Ajabshirizadeh et al. 2011; Chumak & Mathek 2010; Du & Wang 2010; Jiang
et al. 2007; Wang et al. 2009) is about 90 or even lower. A pedkeé SMMSNSs for solar cycle 24
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is 66.9 fittp://sidc.oma.be), which occurred in Feb. 2012. This indicates that solatec2d is a very
weak cycle and the total number of outstanding Sun-Earthection events will be small during the
cycle. Itis evident that 2016 is not a good year to launchellgatto observe outstanding Sun-Earth
connection events.

5 CONCLUSIONS

The statistical analysis of the solar cycle distributionn@djor geomagnetic storms that occurred
during 1957—-2006 has resulted in the following conclusions

(1) Of the 387 major geomagnetic storms at the leveDef < —100 nT, intense ones accounted
for 82%, great ones accounted for 12.4%, and super onesraectior 5.6%.

(2) The percentage of intense, great and super geomagtatiessthat occurred in an ascending
phase is about 27%, with about 73% appearing in the desagpti@se, suggesting that most
major geomagnetic storms occur in the descending phaseotdiacycle.

(3) Intense, great and super geomagnetic storms, appeariihg two years before the solar cycle
peak and in the three years after it, accounted for 76.9%6%% &nd 90.9% respectively of
the total, suggesting that the stronger the major geomagsterms, the more storms tend to
occur in the two years before the solar cycle peak and in tleetyears after it. Of them, super
geomagnetic storms claimed the most prominent occurrencée period. There is a good
correlation between the size of the solar cycle and the p&age of intense or outstanding Sun-
Earth connection events occurring in the period from twayeaior to the maximum to three
years after it.

(4) When a solar cycle is very strong, such as solar cyclelr®yst all intense geomagnetic storms
(96.7%) and outstanding Sun-Earth connection events ¥&4ténd to appear either in the two
years before the solar cycle peak or in the three years fteith rare occurrences seen outside
the period. When a solar cycle is weak, such as solar cycle®?d% of the intense geomagnetic
storms would occur in the two years before the solar cyclé pea in the three years after it,
suggesting that 33.3% of the intense geomagnetic storm&dvaetiow up outside the period.
In a weak cycle like cycle 20, outstanding Sun-Earth conoea@vents are limited in number,
with only nine sporadic occurrences in cycle 20, of which68b.of the outstanding Sun-Earth
connection events occurred in the two years before the sptée peak or in the three years after
it, suggesting that 44.4% of the outstanding Sun-Earth ection events would occur outside
the period.

(5) Intense geomagnetic storms have a dual-peak or thréedigebution. Outstanding Sun-Earth
connection events do not always have a dual-peak distoibuti each solar cycle. The gap
between the two peaks representing the yearly number ofamudling Sun-Earth connection
events ranged from two years to eight years.

(6) The gap between the two peaks for the outstanding SutirEannection events is different
from the one for the intense geomagnetic storms that oataiweng 1957—-2006.
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