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Abstract Extreme space weather events including5.0 flares, ground level enhancement (GLE) events
and super geomagnetic storms (Bst250 nT) caused by super active regions (SARs) during sptdes
21-24 were studied. The total number»K5.0 solar flares was 62, among which 41 were X5.0-X9.9
flares and 21 were>X10.0 flares. We found that 83.9% of theX5.0 flares were produced by SARs;
78.05% of the X5.0-X9.9 and 95.24% of theX10.0 solar flares were produced by SARs; 46 GLEs were
registered during solar cycles 21-24, and 25 GLEs were daogeSARs, indicating that 54.3% of the
GLEs were caused by SARs; 24 super geomagnetic storms weneleel during solar cycles 21-24, and
12 of them were caused by SARs, namely 50% of the super ge@tiagtorms were caused by SARs. We
ascertained that only 29 SARs producel5.0 flares, 15 SARs generated GLEs and 10 SARs triggered
super geomagnetic storms. Of the 51 SARs, only 33 SARs peatlatleast one extreme space weather
event, while none of the other 18 SARs could trigger an ex¢érspace weather event. There were only four
SARs and each of them generated not onlyX5.0 flare, but also a GLE event and a super geomagnetic
storm. Most of the extreme space weather events caused yARs appeared during solar cycles 22
and 23, especially for GLE events and super geomagnetimstarhe longitudinal distributions of source
locations for the extreme space weather events caused by &8 also studied.
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1 INTRODUCTION usually has about 3000 active regions (ARs). However,
only a small fraction of the ARs can produce very strong
A major solar flare may lead to a sudden ionospherigyptions. These ARs are defined as super active regions
disturbance, which may lead to sudden cosmic NnoisgSARs). Many articles have been devoted to the study
absorption induced by sudden electron density enhancgs the concept of SAR (e.gBai 1987 Chen et al. 2011
ment in the D region, short-wave fadeouts, sudden phasgnd references therein). A flare that was accompanied
anomalies, sudden frequency disturbances, and a suddgg a hard X-ray with peak flux of1000 counts s is
increase in total electron content (TEQYlgndillo etal.  gefined as a major flare. If an AR can produce five or
1974. The duration of the effect of a solar flare on the more major flares, then the AR is considered an SAR
ionosphere ranges from several minutes to tens of minuteggai 1987. It is evident thaBai (1987 only linked SARs
The duration of a geomagnetic storm is much longeyith solar flares. The definiton of SAR proposed by
than that of a solar flare. The article BRichardsonetal. \wy & Zhang (1999 is decided by five parameters: the
(2009 found that the largest geomagnetic storm causeghrgest area of the AR, the flare index of the X class
by corotating interaction regions is weaker than a greak.ray flares, the peak flux of 10.7 cm radio flux, the
geomagnetic storm (Dstc —200 nT) based on the short-term total solar irradiance decrease and the peak flux
Burton equationBurton et al. 197p implying thata great  of ~10 MeV protons. The concept of SAR proposed
geomagnetic storm can only be caused by associatasl, wu & Zhang (1995 linked SARs with both flare and
coronal mass ejection (CME). Each solar cycle (SColar proton events. However, the restrictive conditians f
the five parameters were not mentioned. Five parameters
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whereB(t), C(t), M(t) andX(t) are the coefficients of Fig.1 The heliolongitudinal distribution of the source

the flare that occurred &_‘t timeand belong to the classes locations of extreme space weather events caused by SARs

B, C, M andX, respectively. during SCs 21-24. From top to bottom, the figure displays
If 1(t) produced by an AR is greater than 500, thenthe >X5.0 flares, PIR of the GLEs and SGSs, respectively.

the AR is called an SAR bRomano & Zuccarell§g2007).

It is evident that SARs defined Hyomano & Zuccarello

(2007 are only linked with solar flares. Different There were 45 SARs during SCs 21-23, five SARs that

researchers have different criteria for SARs, leading t@ppeared in SC 24 were identified Bxen & Wang2016
different lists of SARs for the same perioBhenetal. and AR 12673 is also an SAR according to the criteria
(2011 select an adequate set of criterion parameterproposed byChen et al(2011). Hence, there were totally
and reparameterize the SARs during SCs 21-23. Th&1 SARs during SCs 21-24. Extreme space weather events
parameters used to define SARs in the articl€bgn et al. are defined as solar flares with intensitieX5.0, SGSs
(2011 are: (1) the largest area of the AR is greater tha(Dst < —250nT) and GLE events in this study. There
1000uh and (2) flare index is larger than 10. Note that 0.1lis only one complete list of SARs during SCs 21-24
for an M1 class flare and 1.0 for an X1 class flare in theaccording to the criteria published Dhen et al.(2011J).
calculation of the flare index were proposed®@iyen etal. Now the question is how many extreme space weather
(2011. (3) The peak value of 10.7cm radio flut000 events were caused by SARs during SCs 21-24. To answer
s.f.u., (4) the short term total solar irradiance decreassuch questions, the extreme space weather events caused
(ATSI)is lower than 0.1%. If an AR satisfies three of theseby SARs during SCs 21-24 will be investigated based on
four criteria, then the AR is an SAR. If the flare index of anthe 51 SARs according to criteria proposeddiyen et al.
AR is larger than 15, and any one of the other three othef2011). This is the motivation for the present study. The
criteria are met, then the AR is also an SAR. The criteriadata analysis is presented in Sect@ndiscussion is in
proposed byChen et al(201]) to select SARs have three Section3 and the summary is in Sectidn
properties. First, the parameters selected to determitfe SA
are independent, each providing a complementary insight
into SAR physics. Secondly, the parameters can be easy 0 DATA ANALYSIS
access. Thirdly, the number of parameters used to select
SARs is both simple and unique. 2.1 Data Source

It has been found that 44% of all X class X-ray flares
during SCs 21-23 were produced by 45 SARBén etal. The flares with intensities>X5.0 during SCs 21-24
2011). However, little attention has been paid to thewere obtained from the websitet p: //ft p. ngdc.
relationship between SARs, super geomagnetic stormsoaa. gov/ STP/ space- weat her/sol ar - dat a/
(SGSs, Dst< —250 nT) and ground level enhancementsol ar - f eat ures/ sol ar- f | ares/ x-rays/
(GLE) events. When an SAR erupts, it might only producegoes/ xr s/ . The fluxes of £>10, 30, 50 and 100
a flare, or it might produce both a flare and a CME, whichMeV protons observed by GOES are available at the
may lead to a relativistic solar proton event and then causeebsiteht t ps: / / sat dat . ngdc. noaa. gov/ seni
a GLE event. If the CME and CME-driven shock finally goes/ dat a/ avg/ . The SGSs were acquired from the
reaches the Earth, it may trigger an SGS. In this contextyebsite at htt p://wdc. kugi . kyot o- u. ac. j p/
SARs not only can produce very strong flares, but also ardst di r/ . GLEs can be directly referenced from the
able to generate GLE events and super magnetic stormappendix in the article bie & Liu (2020.
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Table 1 Flares with Intensities X5.0 Caused by SARs During Solar Cycles 21-24

No. Date Start Peak End Flare Location AR SAR?
yyyy-mm-dd  hhomm  hh:mm  hh:mm intensity
1 1978-04-28 13:08 13:29 19:13 X5.0 N22E41 1092 Yes
2 1979-08-18 14:03 14:16 14:45 X6.0 N10E90 1943 No
3 1979-08-20 09:06 09:23 10:05 X5.0 NO5E76 1943 No
4 1979-09-19 22:56 23:03 23:45 X5.0 NO6E33 1994 No
5 1980-04-04 14:57 15:09 17:29 X5.0 N24W34 2363 No
6 1980-11-06 03:40 03:48 04:48 X9.0 S12E74 2779 Yes
7 1981-04-24 13:46 14:11 16:15 X5.9 N18W50 3049 Yes
8 1981-04-27 07:20 08:20 09:45 X5.5 N17W90 3049 Yes
9 1982-06-03 11:41 11:48 12:46 X8.0 S09E72 3763 Yes
10 1982-06-04 13:13 13:30 13:58 X5.9 S10E55 3763 Yes
11 1982-06-06 16:30 16:54 18:32 X12.0 S09E25 3763 Yes
12 1982-07-09 07:31 07:38 08:24 X9.8 N17E73 3804 Yes
13 1982-07-12 09:16 09:18 12:00 X7.1 N11E37 3804 Yes
14 1982-12-15 01:50 01:59 02:46 X12.9 S10E24 4026 Yes
15 1982-12-15 16:20 16:37 17:09 X5.0 S10E15 4026 Yes
16 1982-12-17 18:19 18:58 20:23 X10.1 S08w21 4025 No
17 1984-04-24 23:56 24:01 24:60 X13.0 S12E43 4474 Yes
18 1984-05-20 22:18 22:41 23:57 X10.1 S09E52 4492 Yes
19 1988-06-24 16:44 16:48 17:38 X5.6 S17W56 5047 No
20 1989-03-06 13:54 14:10 15:04 X15.0 N35E69 5395 Yes
21 1989-03-17 17:29 17:37 18:52 X6.5 N33W60 5395 Yes
22 1989-08-16 01:08 01:17 02:28 X20.0 S18wW84 5629 Yes
23 1989-09-29 10:47 10:93 13:15 X9.8 S20W90 5698 Yes
24 1989-10-19 12:29 12:55 17:33 X13.0 S27E10 5747 Yes
25 1989-10-24 17:36 18:31 23:04 X5.7 S30W57 5747 Yes
26 1990-05-21 22:12 22:17 23:39 X5.5 N35W36 6063 Yes
27 1990-05-24 20:46 20:49 21:05 X9.3 N33W78 6063 Yes
28 1991-01-25 06:30 06:30 06:38 X10.0 S16E78 6471 Yes
29 1991-03-04 13:56 14:03 15:08 X7.1 unknown  unknown  unknow
30 1991-03-07 06:11 07:08 08:17 X5.5 S20E66 6538 Yes
31 1991-03-22 22:43 22:45 23:17 X9.4 S26E28 6555 Yes
32 1991-03-25 07:58 08:18 08:44 X5.3 S24W13 6555 Yes
33 1991-06-01 15:09 15:29 16:14 X12.0 N25E90 6659 Yes
34 1991-06-04 03:37 — 07:30 X12.0 N30E70 6659 Yes
35 1991-06-06 00:54 01:12 01:35 X12.0 N30E44 6659 Yes
36 1991-06-09 01:37 01:40 03:04 X10.0 N33E04 6659 Yes
37 1991-06-11 02:09 02:29 03:20 X12.0 N31w17 6659 Yes
38 1991-06-15 06:33 07:51 09:17 X12.0 N33W69 6659 Yes
39 1991-10-27 05:38 05:49 06:18 X6.1 S13E15 6891 Yes
40 1992-11-02 02:31 03:08 03:28 X9.0 S26W87 7321 Yes
41 1997-11-06 11:49 11:55 12:.01 X9.4 S18W63 8100 Yes
42 2000-07-14 10:03 10:24 10:43 X5.7 N22wW07 9077 Yes
43 2001-04-02 21:32 21:51 22:03 X20.0 N19W73 9393 Yes
44 2001-04-06 19:10 19:21 19:31 X5.6 S21E31 9415 Yes
45 2001-04-15 13:19 13:50 13:55 X14.4 S20W85 9415 Yes
46 2001-08-25 16:23 16:45 17:04 X5.3 S17E34 9591 No
a7 2001-12-13 14:20 14:30 14:35 X6.2 N16E09 9733 No
48 2003-10-23 08:19 08:35 08:49 X5.4 S21E88 10486 Yes
49 2003-10-28 09:51 10:30 10:44 X17.2 S16E08 10486 Yes
50 2003-10-29 20:37 20:49 21:.01 X10.0 S15W02 10486 Yes
51 2003-11-02 17:03 17:25 17:39 X8.3 S14W56 10486 Yes
52 2003-11-04 19:29 19:50 20:06 X28.0 S19wW83 10486 Yes
53 2005-01-20 06:36 07:01 07:26 X7.1 N14W61 10720 Yes
54 2005-09-07 17:17 17:40 18:03 X17.0 S11E77 10808 Yes
55 2005-09-08 20:52 21:06 21:17 X5.4 S12E75 10808 Yes
56 2005-09-09 19:13 20:04 20:36 X6.2 S12E67 10808 Yes
57 2006-12-05 10:18 10:35 10:45 X9.0 SO07E68 10930 Yes
58 2006-12-06 18:29 18:47 17:00 X6.5 S05E64 10930 Yes
59 2011-08-09 07:48 08:05 08:08 X6.9 N17W69 11263 No
60 2012-03-07 00:02 00:24 00:40 X5.9 N11E27 11429 Yes
61 2017-09-06 11:53 12:02 12:10 X9.3 S08W33 12673 Yes
62 2017-09-10 15:35 16:06 16:31 X8.2 S08wW88 12673 Yes

2.2 > X5.0 Solar Flares Caused by SARs

>X5.0 flares and the list of 51 SAR$;X5.0 flares and
the corresponding ARs are listed in Taldleln the table,
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the flare in column (2), the start, peak and end times of
_ _ the flare in columns (3), (4) and (5), respectively, the flare
According to the source locations of the ARs that producethtensity in column (6), the source location of the flare

the number of>X5.0 flares is in column (1), the date of

in column (7), the NOAA number of the AR in column
(8) and whether the AR is an SAR in column (9). There
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Table 2 The GLE Events Caused by SARs During Solar Cycles 21-24

GLE No. Date Location Flare AR SAR?
yyyy-mm-dd

27 1976-04-30 S08W46 2B/X2.0 700 No
28 1977-09-19 NO8W57 3B/X2.0 889 No
29 1977-09-24  N10W120 — 889 No
30 1977-11-22 N24W40 2B/X1.0 939 No
31 1978-05-07 N23W72 2B/X2.0 1095 No
32 1978-09-23 N35W50 3B/X1.0 1294 No
34 1981-04-10 NO7W36 2B/X2.3 3025 No
35 1981-05-10 NO3W75 2B/M1.3 3079 No
36 1981-10-12 S18E31 2B/X3.1 3390 Yes
37 1982-11-26 S12w87 2B/X4.5 3994 No
38 1982-12-07 S19wW86 1B/X2.8 4007 No
39 1984-02-16 S-W130 — 4408 No
40 1989-07-25 N26W85 1B/X2.5 5603 No
41 1989-08-16 S15W85 2N/X20 5629 Yes
42 1989-09-29  S24W105 1B/X9.8 5698 Yes
43 1989-10-19 S25E09 3B/X13 5747 Yes
44 1989-10-22 S27W32 1IN/X2.9 5747 Yes
45 1989-10-24 S29wW57 2N/X5.7 5747 Yes
46 1989-11-15 N11w28 2B/X3.2 5786 No
a7 1990-05-21 N34W37 2B/X5.5 6063 Yes
48 1990-05-24 N36W78 1B/X9.3 6063 Yes
49 1990-05-26  N35W103 —/X1.4 6063 Yes
50 1990-05-28  N35W120 C9.7 6063 Yes
51 1991-06-11 N32wW15 2B/X12 6659 Yes
52 1991-06-15 N36W70 2B/X12 6659 Yes
53 1992-06-25 NO9W69 2B/X3.9 7205 No
54 1992-11-02  S25W100 —/X9.0 7321 Yes
55 1997-11-06 S18wW68 2B/X9.4 8100 Yes
56 1998-05-02 S15W15 3B/X1.1 8210 No
57 1998-05-06 S11wW65 1IN/X2.7 8210 No
58 1998-08-24 N18E09 3B/M7.1 8307 Yes
59 2000-07-14 N22wWQ07 3B/X5.7 9077 Yes
60 2001-04-15 S20W85 2B/X14 9415 Yes
61 2001-04-18  S20W115 —-/C2.2 9415 Yes
62 2001-11-04 NO6W18 3B/X1.0 9684 No
63 2001-12-26 NO8W54 1B/M7.1 9742 No
64 2002-08-24 So2wsl 1F/X3.1 10069 Yes
65 2003-10-28 S16E08 4B/X17.0 10486 Yes
66 2003-10-29 S15wW02 2B/X10.0 10486 Yes
67 2003-11-02 S14W56 2B/X8.3 10486 Yes
68 2005-01-17 N15W25 3B/X3.8 10720 Yes
69 2005-01-20 N14W61 2B/X7.1 10720 Yes
70 2006-12-13 S06W23 4B/X3.4 10730 Yes
71 2012-05-17 N11W76 1F/M5.1 11476 No
72 2017-09-10 S08w88 —/X8.2 12673 Yes

were 62 flares with intensitiesX5.0 during SCs 21-24,as GLE event in column (4), the NOAA number of the AR in
affirmed in Tablel. Of the 62>X5.0 flares, nine of them column (5) and whether the AR is an SAR in column (6).
were not caused by SARs. The source location for one flaréd/e can see from Tabl2 that there were 46 GLEs during
that occurred on 1991 March 4 is unknown; 51 flares withSCs 21-24. Of the 46 GLEs, 25 GLEs were caused by
intensities>X5.0 were caused by SARs, indicating that SARs, namely 54.3% of the GLE events during SCs 21—
83.9% of the flares with intensitiesX5.0 were caused by 24 were caused by SARSs.

SARs. If we divide>X5.0 flares into two subgroups, the

numbers of X5.0-X9.9 andX10.0 flares are 41 and 21, 5 4 Super Geomagnetic Storms Caused by SARs
respectively. We can thus affirm that 78.05% of the X5.0-

X9.9 and 95.24% of th@XlOO flares were prOduced by The ARs that produced SGSs during different SCs

SARs. have been investigated by many researchers (e.g.
Cliver & Crooker 1993 Zhang et al. 2007 Meng et al.
2.3 GLE Events Caused by SARs (2019 collected various information on the ARs that

produced CMEs responsible for the SGSs during SCs 19—
The GLE events and their corresponding ARs are listed ir24. According to the ARs related to the SGSs during SCs
Table 2. In the table, the number of the GLE event is in21-24, each SGS and the corresponding AR during SCs
column (1), the date in column (2), the source location o21-24 are listed in Tabl8. In Table3, column (1) is the
the GLE event in column (3), the flare associated with thenumber of the SGS, column (2) is the date, column (3)
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Table 3 SGSs and Related ARs During Solar Cycles 21-24

No. Date Dst Location AR SAR?
yyyy-mm-dd nT

1981-04-13 -311 NO7W36 3025 No
1982-07-14 -325 NI11E36 3804 Yes
1982-09-06 —289  N12E35 3886 No
1986-02-09 -307 S11w21 4711 No
1986-02—-09 —-307  N32E22 5395 Yes
1989-03-14 -589 N23w24 5687 No
1989-09-19 —255  S25E09 5747 Yes
1989-10-21 -268 N11w28 5786 No
1989-11-17 —266  N24E28 6007 No
10 1990-04-10 —-281  S26E28 6555 Yes
11 1991-03-25 —-298  SI13E15 6891 Yes
12 1991-10-29 -254  S14W20 6909 No
13 1991-11-09 —-354  S26E07 7154 No
14 1992-05-10 —-288 N15W66 8933 No
15 2000-04-07 —288 N22w07 9077 Yes
16 2000-07-16 -301 N20w19 9393 Yes
17 2001-03-31 -387  S23W09 9415 Yes
18 2001-04-11 -271 NO6W18 9684 No
19 2001-11-06 -292  S15W02 10486 Yes
20 2003-10-30 —-383 S16E08 10486 Yes
21 2003-10-30 -353 SO01E16 10501 No
22 2003-11-20 —422  NO9EO5 10501 No
23 2004-11-08 -374 NO9W17 10696 Yes
24 2004-11-10 —263 NO9W17 10696 Yes

OCO~NOOWN P

Table 4 Extreme Space Weather Events Caused by SARs During DiffSaar Cycles

SC SARsand>X5.0flares SARs and GLE events SARs and<Ds250 nT storms

Nsar1 Nsar2 Nsar N>xs5 Nsar1 Nsar2 Nsar NoLe Nsar1 Nsarz Nsar — Nscs

21 8 9 17 13 1 16 17 1 1 16 17 1
22 11 5 16 21 6 10 16 12 4 12 16 4
23 8 4 12 15 7 5 12 11 5 7 12 7
24 2 4 6 3 1 5 6 1 0 6 6 0
total 29 22 51 51 15 36 51 25 10 41 51 12

Table 5 SARS Producing All Three Types of Extreme >X5.0 flares. The numbers of SARs that can produce
Space Weather Events >X5.0 flares in SCs 21, 22, 23 and 24 are 8, 11, 8 and
2, respectively, and the numbers B%5.0 flares caused

SAR >X5.0 fl No. of GLE No. of SGS . i

= 2 eo 22 by SARs in SCs 21-24 are 13, 21, 15 and 3, respectively.
5747 X13+X5.7 3 1 .
9077 X5.7 1 1 The numbers of SARs that could produce GLE events in
9415 X5.6+X14.4 2 1 SCs 21, 22, 23 and 24 are 1, 6, 7 and 1, respectively,
10486 X5.4+X17.2+X10 +X8.3+X28 3 2

and the numbers of GLE events caused by SARs in SCs
21-24 are 1, 12, 11 and 1, respectively. Only 10 SARs

is the SGS intensity, the source location of the AR is inproduced SGSs. The numbers of SARs that triggered SGSs
column (4), the NOAA number of the AR in column (5) in SCs 21, 22, 23 and 24 are 1, 4, 5 and 0, respectively,
and whether the AR is an SAR in column (6). We can seénd the numbers of SGSs caused by SARs in SCs 21-24
from Table3 that there are 24 SGSs during SCs 21-24. Ofare 1, 4, 7 and 0, respectively. The results indicate that the
the 24 SGSs, 12 of them were caused by SARs, namelontribution to the extreme space weather events made by
50% of the SGSs were caused by SARs. SARs in solar cycle 24 is the smallest. Most extreme space
weather events caused by SARs, especially for GLE events

2.5 Extreme Space Weather Events Caused by SARs ~ and SGSs, appeared in SCs 22 and 23.
During Different Solar Cycles
2.6 The Properties of the Source Locations of the

We use Nari and Nsare to indicate the numbers of Extreme Space Weather Events Caused by SARs
SARs that can produce and cannot produce extreme space

weather events during an SC, respectivelyadindicates The longitudinal distribution of source locations for
the total number of SARs during an SC. The extreme spacextreme space weather events caused by SARs is plotted
weather events caused by SARs during different SCs weri@ Figure 1. As displayed in the top panel of Figufe
analyzed and the derived results are listed in TdbM/e the longitudinal scope for the flares with intensities
can see from Tabld that only 29 SARs could generate >X5.0 caused by SARs ranged from E90 to W90. The
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with the moment of sudden storm commencement (SSC),
indicating that the flux of£>10 MeV protons reached
its peak flux at the moment when the CME-driven shock
reached the magnetosphere. As demonstrated in the second
panel of Figure, the cosmic ray intensity (CRI) obviously
increased, namely that a GLE event was observed. When
the CME-driven shock and the CME itself reached the
magnetosphere, it triggered an SGS (Rst—353 nT,
SYM-H,,;n=—391 nT). The SGS was mainly caused by
an interplanetary CME (ICME)Zhang et al. 2008 SAR
10486 initiated X5.4+X17.2+X10 +X8.3+X28 flares, three
GLE events and two SGSs; four SARs, which produced not

‘ only a>X5.0 flare, but also a GLE event and an SGS, are
Oct-2822003 20 0000 1200 0000 listed in Tableb.

Different lists of SARs given by different researchers
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Fig.2 The solar activities and their geoeffectiveness . :
caused by SAR 10486 during 2003 October 28-30. Fro ill lead to dlfferent.extreme spacelweather events caused
top to bottom, it shows solar flares, the fluxesfot10, Py the corresponding SARs. Which one is better? To

30, 50 and 100 MeV protons observed by GOES 10, th@nswer this question, we made a comparison between the
counting rate of cosmic rays observed by the Oulu neutroSARs reported byfian et al.(2002 with those published
monitor and the SYM-H index, respectively. The dashecby Chen et al.(201]) in solar cycle 22. There were 14
line signifies the moment of the SSC. SARs during solar cycle 22 given blian et al. (2002,

o ) while 16 SARs in solar cycle 22 given bghen etal.
longitudinal area of the source locations of GLE event 2017). Nine SARs occurred in both lists of the SARs
caused by SARs ranged from E31 to W120 according, e only compare the different SARs in the two lists.
to Table2, and the heliolongitude of the strongest GLE 1o comparison is displayed in TabB We can see
events is located around W60, which is shown in théom Taple6 that the solar flare activities of the SARs
second panel of Figure It can be noted that the abscissa roposed byChen et al.(2011) shown in Table6 were
scope in the second panel only ranged from E9O to W94, ,ch stronger than those proposedTign et al.(2002).
which is consistent with the upper and lower panelshe comparison between the different SARs during solar
The peak increase rate (PII_?) for gach GLE event tha&ycle 22 byTian et al.(2003 and by Chen et al.(2011)
occurred QUrlng SCs 21-23 is obtained fr@wlov et al. implies that the concept of SAR proposed Gjen et al.
(2010, while thg PIR for the GLE that occurred on 2017 (201 puts more emphasis on flare activity than that
Sept_emper 10 is referenced frathao et al.(2018. The proposed byTian et al.(2002, while the concept of SAR
longitudinal span of the source locations of the-SGS.%ut forward by Tian et al. (2009 paid more attention
caused by SARs ranged from E36 to W19, as depicted iy, the geoeffectiveness of SARs than that purported by
the lowest panel of Figurg indicating that only the CMES  cpen et al. (2017). The comparison tells us that both
produced by the corresponding SARs with source locationgyiieria proposed bifian et al.(2002 and byChen et al.

around the solar disk center can produce SGSs. (2011 should be improved. Anyway, there was only a
complete list of the SARs for SCs 21-24 according to the
3 DISCUSSION criteria published byChen et al(2017). This is the reason

Among the 51 SARs, 18 of them did not produce 5.0 why we study the extreme space weather events during
flare, nor did they produce a GLE event or an SGS. FoPCS 2%_24 caused. by. SARs only based on the 51 SARs
the remaining 33 SARs, each of them produced at |ea§ccord.|ng. to the Cme”,a proposed Bhen et al(201]).

an extreme space weather event. In this context, 64.7%"€ Critéria for SAR will be more reasonable after more
(or 33/51) of the SARs generated extreme space weathapudy and descrlpthns of th_e extreme space weather events
events. Ten SARs triggered bottr&5.0 flare and a GLE, caused by SARs will be revised.

but they did not produce an SGS. Only four SARs not only

initiated at least @ X5.0 flare, but also produced at least 4 SUMMARY

a GLE event and an SGS. Here, we showcase an example

in Figure2. As depicted in Figurg, the SAR 10486 with The following lists the major points concluded from this
source location at S16E08 generated an X17.2 flare andsiudy:

CME with projected speed 2459 km'son 2003 October (i) There were 62>X5.0 flares and 51 SARs during
28. The flux ofE>10 MeV protons increased quickly after SCs 21-24. Of the 62-X5.0 flares, 51 of them were
the flare and the CME, and reached its peak flux of 29 50@roduced by SARs, namely 83.9% of thexX5.0 flares

pfu at 06:10 UT, 2003 October 29, which is consistentwere produced by SARs. Of the 52X5.0 flares, the
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Table 6 Comparison of Different SARs During Solar Cycle 22

SAR Date on the disk LA Fl X-class flares 10.7 cm peak flux ~ SPEIAp Authors

(1h) (s.fu.) (pfu)
5800 891119-1202 590 3.6 X1.0+X2.6 2100 7300 110  Tian e@DZ)
6022 900414-0427 1070 14 X1.4 11000 12 125  Tian et al. (2002)
6703 910628-0713 280 1.9 X1.9 1778 2300 135 Tianetal. (2002)
7154 920504-0515 500 2.1 (M74X1.0 3100 4600 180 Tian etal. (2002)
7671 940213-0226 450 1.7 (M49X1.0 190 10000 95  Tianetal. (2002)
5312 890106-0120 1800 20.64 2(X1.1+X1.4)+X2.3+X2.1 1400 G?°N NG Chenetal. (2011)
5533 890609 920 11.37 X4.1+X3.0 1100 NG NG Chenetal. (2011)
5669 890829-0912 3080 13.32 X1.2+X1.1+X1.3 4800 NG NG Cheh ¢2011)
5852 891225-1231 1500 6.42 X2.8 1600 NG NG Chenetal. (2011)
6471 910125-0208 2210 15.27 X10+X1.9 3500 NG NG  Chenet@lip
6538 910305-0317 910 17.08 X1.5+X2+X5.5+X2.5+X1.7 3500 NGNG Chenetal. (2011)
6545 910311-0322 830 16.93  X1.7+X1.3+X3.9+X1.8+X1.8+#X1. 3600 NG NG Chenetal. (2011)
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