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Abstract The intensity-time profiles of solar proton events (SPEs)gmouped into three types in the
present study. The Type-l means that the intensity-timélpraf an SPE has one peak, which occurs shortly
after the associated solar flare and coronal mass ejectiditCThe Type-Il means that the SPE profile
has two peaks: the first peak occurs shortly after the salgtien, the second peak occurs at the time when
the CME-driven shock reaches the Earth, and the intensitiieofecond peak is lower than the first one.
If the intensity of the second peak is higher than the first on¢he SPE intensity increases continuously
until the CME-driven shock reaches the Earth, this kind témsity-time profile is defined as Type-lIll. Itis
found that most CMEs associated with Type-I SPEs have ndfgetieeness and only a small part of CMEs
associated with Type-1 SPEs can produce minor (-5&rJst < —30 nT) or moderate geomagnetic storms
(=100 nT< Dst< =50 nT), but never an intense geomagnetic storm (—20€ D6t < —100 nT). However,
most of the CMEs associated with Type-Il and Type-Ill SPEs peduce intense or great geomagnetic
storms (Dst&< —200 nT). The solar wind structures responsible for the geomtagsimrms associated with
SPEs with different intensity-time profiles have also besestigated and discussed.

Key words: Sun: coronal mass ejections (CMES) — Sun: particle emissioBun: solar-terrestrial rela-
tions

1 INTRODUCTION called ICME), its driven shock becomes the sole accelera-
tor of the SEPs.

A solar proton event (SPE) is defined as a solar energetic When the shock driven by the associated ICME is ap-
particle (SEP) event with a peak flux10 pfu (particle proaching an in situ spacecraft, the SEP flux may be en-
flux unit, particlecm=2 sr=! s71) in the £ >10 MeV  hanced due to the shock acceleration, suggesting that the
channel measured by ti&OESspacecraft during an SEP shock or both the shock and the ICME may pass the space-
event. There are traditionally two types of SEP eventsgraft. Therefore, the properties of the variation of the SEP
impulsive and gradual. An impulsive SEP event is usuflux can be used to predict the geoeffectiveness of the
ally associated with an impulsive solar flare, while a grad CMEs associated with SEP events observe@GIQESor

ual SEP event is always associated with both a solar flarether spacecraft located at L1 (Smith et al. 2004; Smith &
and a coronal mass ejection (CME). The SEPs may onljurtagh 2009; Valtonen et al. 2005).

be accelerated by CME-driven shocks or by both CME-  According to the coronagraph observations from
driven shocks and the associated flares at the early phaS®HQLASCO (Brueckner et al. 1995), Moon et al. (2005)
of SEP events (Cane et al. 2003, 2006; Gopalswamy et gbroposed a geoeffectiveness parameter for CMEs defined
2002, 2004, 2007; Kahler 2001, 2005; Kahler & Vourlidasby the ratio of the shortest to the longest distances of the
2005; Kallenrode 2003; Li & Zank 2005; Le et al. 2006, CME front measured from the solar center, which can be
2014; Miroshnichenko 2001; Miroshnichenko et al. 2005;used to predict the geoffectiveness of the associated CMEs
Miroshnichenko & Perez-Peraza 2008; Pérez-Peraza et dKim et al. 2008, 2010). After 2006, CME observations
2009; Qin et al. 2006, 2013; Reames 1999; Simnett 2006rom multiple vantage points became available due to the
Tylka et al. 2005; Trottet et al. 2015; Zank et al. 2007).STEREQOmission. Using remote sensing and in situ mea-
After the CME enters the interplanetary medium (the sosurements of CMEs, the propagation of the CMEs from the
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Sunto 1 AU can be tracked and the geoeffectiveness of the Cane et al. (2006) reported three different intensity-
CMEs can be predicted (Liu et al. 2010a,b). time profiles of SEP events. A Type-P profile shows a
Considering the fact th&8OHOmay cease to operate prompt onset followed by a slow decay, while a Type-S
in the near future after being in service for about 20 yearsprofile peaks at the time that the IP shock arrives. A type-
and thaSTEREQA and B are continuously changing their O profile exhibits a prompt onset and an elevated intensity
positions,GOESis an important source to provide routine until the shock passes. The aim of their paper is to investi-
observations of SEP events in geostationary orbit. When agate the roles of flares and shocks in determining SEP el-
SPE occurs, will the CME associated with the SPE reaclement abundances. The intensity-time profiles of SPEs in
the Earth and cause a geomagnetic storm? Is it possibtBe current paper are categorized in a somewhat different
to predict geomagnetic storms by only using the SEP dateanner and our purpose is also different from that of Cane
observed byGOES This is the motivation of the paper. etal. (2006). Forthe SPEs with source locations distrbute
We focus on the geoeffectiveness of CMEs accompanieih the far eastern hemisphere, the intensity of SPE usually
by SPEs with different intensity-time profiles that occairre increases gradually and peaks days after the eruption of
during solar cycle 23. The solar wind structures responsithe associated CME, sometimes after the shock has passed
ble for the main phase of geomagnetic storms associaté€ane et al. 1988). Such intensity-time profiles are not ex-
with SPEs with different intensity-time profiles will also amined in this paper. Here we categorize the intensity-time
be investigated. profiles of SPEs into three types. The Type-I profile of
This paper is organized as follows: Section 2 describeSPES features only one peak shortly after an eruption of the
the data sources and the definition of three types of SPE&ssociated solar flares and CMEs, followed by decreased
applied in this study. In Section 3, we describe geomagpartlcle intensity. SPEs would have their first peak shortly
netic storms accompanied by SPEs with different intensity2fter the eruption of the concurrent solar flares and CMEs.
time profiles and the interplanetary (IP) sources responsiVhen approaching the magnetosphere, the ICME-driven
ble for the main phases of geomagnetic storms. Sections$10ck would lead to enhanced particle intensity and a sec-

and 5 are devoted to discussion and conclusions, respe@td peak in the SEP intensity-time profile. In case there are
tively. two peaks, the intensity-time profile is defined as Type-II

or Type-lll if the second peak is lower or higher than the
first one, respectively. But in the cases without a second
2 DATA AND DEFINITIONS peak, if the SPE intensity increases in a sustained manner

until the arrival of the IP shock, the intensity-time profile
GOESobserves both the’ >10 MeV proton data and so- s also defined as Type-lIl.

lar soft X-ray flux data in the 1-& channel. TheACE
64-s data are applied to analyze the properties of soleg GEOEFFECTIVENESS OF CMES

\t/vind tplasn;)a.t Geomagljnetic_ s(;corlms are tf:jet;esult of ug- ACCOMPANIED BY SPESWITH DIFFERENT
eractions between solar wind plasma an e magneto- | \TENSITY-TIME PROEILES

sphere. The SYM-H index can be regarded as an approx-

imation of the Dst index with a 1-min resolution (Wanliss For each type of intensity_time prof“e for SPEs, we use

& Showalter 2006), and has been widely used to definguo typical cases to show the geoeffectiveness of CMEs
a geomagnetic storm (Hutchinson et al. 2011 and referassociated with the SPEs. The IP sources responsible for
ence therein). A sudden storm commencement (SSC) ihe geomagnetic storms associated with SPEs will also be
caused by the global compression of the magnetosphefgyestigated. The geomagnetic activities associated with
as the result of IP disturbances, such as IP shocks and dyach type of profile for the SPEs that occurred during solar

namic pressure pulses (Wilken et al. 1982; Tsurutani et akycle 23 will be investigated and presented in a table.
1995; Takeuchi et al. 2002; Bisi et al. 2010). When a strong

IP shock reaches the Earth, a sudden enhancement of SER  eqeffectiveness of CM Es Associated with Type|

flux can be observed bOES along with an abruptly en- SPEs

hanced SYM-H index. This property can help us to judge

whether an SEP event is accompanied by a geomagneticording to its definition, a Type-I SPE only has one
storm. In this study, both Dst and SYM-H index are em-peak, which appears shortly after the eruption of the as-
ployed as geomagnetic storm indexes. According to theociated flare and the CME, and is followed by decreased
Dst criteria used to define a geomagnetic storm, a gegarticle intensity. This indicates that the IP shock finally
magnetic storm with —30 nK Dst < -50 nT is recog- does not reach the magnetosphere (case 1) or the IP shock
nized as a minor storm, —100 ATDst < 50 nT as a s too weak to accelerate the SEPs with energy exceeding
moderate storm, —200 n¥ Dst < —100 nT as an intense 10 MeV when it passes the Earth (case 2).

storm, and DsK —200 nT as a great storm. The projected

speed of a CME can be directly obtained from the website 1 1 case 1

http://cdaw.gsfc.nasa.gov/CMEt/, while the solar wind

data observed by the spacec/a@Eare available fromthe An X2.7 solar flare occurred at 08:09 UT, 1998 May
website:http://www.srl.caltech.edu/ACE/ASC/ 6 in Active Region (AR) 8210 (S12W65), accompanied
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by a CME with an initial speed of 1099 knT's. After 3.2 Geoeffectiveness of CMEs Associated with Type-l|

the eruption of the flare and the CME, tR&OESspace- SPEs

craft observed an SPE shown in the second panel from

the top in Figure 1. The flux of® >10MeV protons This kind of SPE has two flux peaks with the second peak
peaked at 09:45 UT, 1998 May 6, and then declinedlower than the first one. To investigate the geoeffectivenes
Presumably, when the ICME-driven shock reached th®f SPEs with a Type-Il profile, we give two typical cases:
magnetosphere, the SEP flux would display a sudden ef=ase 1 presents an example that the solar wind structure
hancement. However, there was no suddenly boosted pdesponsible for the geomagnetic storm associated with an
ticle flux after the climax of the first peak. We can seeSPE is a shock sheath. Case 2 shows an example that the
from the solar wind data shown in Figure 1 that #h@E  Solar wind structure responsible for the geomagnetic storm
spacecraft did not observe an IP shock or an ICME durassociated with an SPE is a magnetic cloud (MC).

ing 1998 May 7-8. This suggests that the ICME-driven

shock and the ICME itself did not reach the magneto-3.2.1 Case 1

sphere. Richardson & Cane (2010) reported thatAG&

spacecraft did not see any ICME during 1998 May 7-0On 1998 May 2, AR 8210, located at S15W15, produced
9, confirming the fact that the CME and the CME-driven@n X1.1 flare at 13:42 UT. The flare, identified as class
shock associated with the SPE that occurred on 1998 Ma§1-1, was accompanied by a halo CME. Following the

938 km s'!, the flux of E > 10 MeV protons increased
31.2 Case 2 and peaked at 16:50 UT, 1998 May 2 (as shown by the

first dashed vertical line in Fig. 3). The CME-driven shock
An M1.5 flare occurred at 16:03 UT, 2001 January 28reachedthe L1 pointat 03:00 UT, 1998 May 4, and caused
in AR 9313 (S04W59), and was associated with a fullan SSC. As a result, the flux af > 10 MeV protons
halo CME with a linear speed of 916 knT’s The inte- suddenly became enhanced and reached its second peak
grated intensity of-10 MeV protons reached their peak at (the second dashed vertical line in Fig. 3). Figure 3 dis-
06:55 UT, January 29, and then declined. The solar flaredlays the 1-&\ flare X-ray flux, the integrated intensity of
with an integrated intensity of10 MeV protons, Dst in- E > 10 MeV protons, SYM-H index, and the solar wind
dex, and solar wind parameters during the period of 200parameters in the period of 1998 May 2—4. The first proton
January 28 - February 1 are presented in Figure 2. Onux peak occurred shortly after the X1.1 flare, and the sec-
can see in Figure 2 that the IP shock was detectefi®y ond one appeared when the IP shock reached the magne-
at 07:22 UT, 2001 January 31. The shock, illustrated byosphere. The start time of the ICME is shown by the solid
the dashed vertical line in Figure 2, was driven by the revertical line in Figure 3. A great geomagnetic storm (Dst
lated ICME. However, it can be easily judged from the so-= —205 nT) occurred after the shock reached the magne-
lar wind data shown in Figure 2 that the ICME was nottosphere. Evidently, the great geomagnetic storm was only
detected by the spacecr®CE, suggesting that only the caused by the shock sheath, while the ICME made no con-
ICME-driven shock passed the Earth. tribution to the main phase of the great geomagnetic storm.

3.1.3 Statistical results 3.2.2 Case 2

Table 1 lists 54 SPEs with Type-I profile that occurred dur-An X3.4 solar flare appeared at 02:40 UT, 2006 December
ing solar cycle 23. In the table, SPEs are numbered in colt3, in AR 10930 that was located at SO6W24, and was
umn (1), date of the events in column (2), the solar sofaccompanied by a full halo CME with an initial speed of
X-ray peak time in column (3), the location of ARs in col- 1774 km s't. The CME was caught BBOHOLASCO C2
umn (4), the NOAA number of the AR in column (5), the at02:54 UT, 2006 December 13. The SPE intensity was en-
solar soft X-ray flare classes in column (6), the linear speetianced after the eruption of the flare and the CME. One can
of the CME in column (7), the angular width (AW) of the see from the second panel from the top in Figure 4 that the
CME in column (8), the peak intensities of the SPEs in col-SPE intensity reached its first peak (698 pfu) at 09:25 UT,
umn (9), and the geomagnetic activity intensity expresse®ecember 13. The SPE intensity displayed its second peak
by the minimum Dst value in the last column. In the lastwhen the IP shock reached the magnetosphere at 14:14 UT,
column, we use Dst value 0 to indicate that the SPE waBecember 14.
not accompanied by a geomagnetic storm. In Figure 4, the first and second dashed vertical lines
It can be seen from Table 1 that the 42 IP shocks assandicate the first SPE peak and second SPE peak respec-
ciated with SPEs did not pass the Earth (shown in case 1jively. Figure 4 also displays the solar wind plasma param-
Only 13 IP shocks associated with the SPEs were observedders observed by th&CE spacecraft. The solid vertical
by the ACE spacecraft, but the corresponding ICMEs as-ine in Figure 4 indicates the start time of the ICME. It can
sociated with the 13 shocks were not observedMGE be seen from Figure 4 th®CE detected an IP shock, a
(shown in case 2). However, t#e&CE spacecraft has never sheath and an MC during the period of 2006 December
observed an ICME associated with Type-l SPEs. 14-15. An intense geomagnetic storm (Dst = —144 nT)
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Table1 Geoeffectiveness of CMEs Associated with Type-lI SPEs dusiolar Cycle 23

Event .Solar X-ray flare CME >10MeV Dst
Date Time Location AR X-ray Vel. AW Peak flux

No. yyyy/mm/dd  hh:mm peak  (knrs) ©) (pfu) (nT)

1 1998/04/20 10:00 S43W90 8194 M1.4 1863 >243 1700 —69

2 1998/05/06 08:00 S11We65 8210 X2.7 1099 190 210 0
3 1998/09/30 13:20 N23w81 8340 M2 DG DG 1200 -56
4 1998/11/05 19:55 N26W18 8375 M8.4 1118 360 11 0
5 1998/11/14 05:18 N28W90 NA C1 NA NA 310 0

6 1999/04/24 13:00 NA NA NA 1495 360 32 0

7 1999/06/01 19:30 S15E08 NA Cl.2 1772 360 48 0
8 1999/06/04 07:03 N17wW69 8552  M3.9 2230 150 64 0
9 2000/02/18 09:25 S16W87 NA Cl1 890 118 13 0
10 2000/06/10 17:02 N22W38 9026  M5.2 1108 360 46 0
11 2000/07/22 11:34 N14W56 9085  M3.7 1230 >229 17 0

12 2000/07/27 11:30 N14W75 NA M1.2 NA NA 18 0
13 2000/09/12 12:13 S17W09 NA M1.0 1550 360 320 -39
14 2000/10/16 07:28 NO4W90 9193 M25 1330 360 15 0
15 2000/10/25 11:25 NOOW95 9199 C4.0 NA NA 15 0
16 2001/01/28 16:00 S04W59 9313 M1.5 651 261 49 —-45
17 2001/04/02 21:51 N18W82 9393  X20.0 2505 244 1110 -50
18 2001/04/12 10:28 S19W42 9415 X2.0 1184 360 50 0
19 2001/04/18 02:14  S20W120 9415 Cc2 NA NA 321 0
20 2001/05/07 08:55 NA NA NA 604 233 30 0
21 2001/06/15 15:20 NA NA NA 1701 360 26 0
22 2001/08/09 11:22 S17E19 NA C3.7 479 175 17 0
23 2001/08/15 23:55 NA NA NA 1575 360 493 0
24 2001/09/15 11:28 S21W49 9608 M1.5 195 44 11 0
25 2001/10/01 05:15 S22W91 9628 M9.1 1405 360 2360 0
26 2001/10/22 17:59 S18E16 9672 X1 618 106 24 —40
27 2001/12/26 05:40 NO8W54 9742 M7.1 1446 >212 779 -58
28 2001/12/28 20:45 S26E90 9756 X3.4 2216 360 108 0
29 2002/01/14 06:27 S28W83 9772 M4.4 1492 360 15 0
30 2002/02/20 06:12 N12w72 9825 M5 952 360 13 0
31 2002/03/18 02:31 S09W46 NA M1.0 989 360 53 0
32 2002/03/22 11:14 NA 9866 M1.6 1750 360 16 0
33 2002/04/21 01:51 S14W84 9906 X1 749 69 68 0
34 2002/07/07 11:43 S19W90 10017 M1.0 638 30 22 0
35 2002/08/14 02:12 NO9W54 10061 M2.3 1309 133 26 -31
36 2002/08/22 01:57 SO7W62 10069 M5.4 998 360 36 0
37 2002/08/24 01:12 S08W81 10069  X3.1 1913 360 317 -38
38 2002/11/09 13:23 S12W29 10180 M4.6 1838 360 404 0
39 2003/05/31 02:24 SO7W65 10365 M9.3 1835 360 27 0
40 2003/01/17 22:55 SO08E61 10386 M6 1813 360 24 0
41 2003/10/26 18:19 NO2W38 10484  X1.3 1537 >171 466 -32
42 2003/11/04 19:29 S19W83 10486  X28 2657 360 100 0
43 2003/12/02 09:48 S13W65 10508 C7.2 1393 >150 86 -55
44 2004/04/11 04:19 S14W47 10588  C9.6 1645 314 35 0
45 2004/09/12 00:56 NO4E42 10672 M4.8 1328 360 273 -50
46 2004/09/19 17:12 NO3W58 10672 M1.9 NA NA 57 0
47 2004/11/01 06:50 N12w49 10691 M1.1 925 146 63 0
48 2004/11/10 02:13 NO9W49 10696  X2.5 3387 360 300 -33
49 2005/01/17 09:52 N15wW25 10720 X3.8 2094 360 4000 0
50 2005/06/16 20:22 NO9W87 10775 M4.0 187 44 44 0
51 2005/07/13 14:49 N10W80 10786 M5.0 1423 360 134 0
52 2005/07/27 05:02 N11E90 10792 M3 1787 360 41 0
53 2006/12/06 18:47 SO06E63 10930 X6.5 NA NA 1980 0
54 2006/12/14 22:15 S06W46 10930 X1.5 1042 360 214 0

Notes: NA indicates no data are available; DG: data gap.
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Fig.1 The solar flare, the flux off > 10 MeV protons, geomagnetic activity and the parameters @frseind plasma during 1998
May 6-8. From top to bottom: the soft X-ray flux, the flux:®L0 MeV protons, Dst index, solar wind speed, proton deniti (B),
elevationd, azimuth¢, IMF z-component and plasma

occurred when the MC reached the magnetosphere. Bothy geomagnetic storms, with four storms being moderate,
the sheath and MC made a contribution to the main phasand the remaining 11 storms being major storms {Bst

of the intense geomagnetic storm. However, we can ead-00 nT). Both the ICMEs and the ICME-driven shocks
ily judge from Figure 4 that the storm’s main phase wasassociated with the SPEs classified as Type-Il passed the
almost completely caused by the MC. Earth. We can see from Table 2 that only the geomag-
netic storm that occurred on 2006 December 13 was caused
by an MC, while the other storms were caused by shock

3.2.3 Statistical results
sheaths.

Fifteen SPEs with a Type-Il profile that occurred during so-
lar cycle 23 and the associated storms are listed in Table %..3 Geoeffectiveness of CMEs Associated with
In the table, SPEs are numbered in column (1), date of the

: P Type-lll SPEs
event in column (2), the solar soft X-ray peak time in col-
umn (3), the location of the AR in column (4), the NOAA
number of the AR in column (5), the solar soft X-ray flare We give two examples to show what kind of geomagnetic
intensity in column (6), the CME projected speed in col-storms will be associated with SPEs with a type-lIll profile
umn (7), the angular width of the CME in column (8), and what kind of solar wind structures will be responsible
the peak intensity of the SPE in column (9), the Dst indexfor the main phases of the storms. Case 1 is an example
in column (10), and the interplanetary source (IPS) in thehat shows the SPE intensity increased rapidly and then
last column. All SPEs listed in Table 2 were accompaniedncreased slowly in a sustained manner. Case 2 is an exam-
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Table2 Geoeffectiveness of CMEs Associated with Type-ll SPEsdu8olar Cycle 23

Event Solar X-ray Flare CME >10MeV Dst

Date Time Location AR X-ray Vel. AW  Peak Flux IPS
No. yyyy/mm/dd  hh:mm peak  (knTg) ©) (pfu) (nT)
1 1997/11/04 0555 S14W33 8100 X2.1 785 360 72 -110 SH
2 1997/11/06 11:50 S18W63 8100  X9.4 1556 360 490 -53  SH
3 1998/05/02 13:35 S15wW15 8210 X1.1 938 360 150 -205 SH
4 2000/04/04 15:41 N16W66 8933 C9.7 1188 360 55 -288 SH
5 2000/11/08 23:28 N1OW75 9213 M7.4 1738 >170 14800 -96 SH
6 2001/04/15 13:50 S20W85 9415 X14 1199 167 951 -114 SH
7 2001/10/19 16:30 N15W29 9661  X1.6 901 360 11 -187 SH
8 2002/04/17 08:24  S14W34 9906 M2.6 1240 360 24 -127 SH
9 2003/10/29 20:49  S15W02 10486  X10 2029 360 1570 -383 SH
10 2003/11/02 17:15  S20W56 10486  X8.3 2598 360 353 —-63  SH
11 2004/11/07 16:06  NO9W17 10696 X2.0 1523 360 495 -289 SH
12 2005/01/15 23:02 N15W05 10720 X2.6 2861 360 300 -103 SH
13 2005/01/20 07:01 N14W61 10720 X7.1 882 360 1680 -97  SH
14 2005/08/22 17:27  S12w60 10798 M5.6 2738 360 330 -184 SH
15 2006/12/13 02:40 SO6W23 10930 X3.4 1774 360 698 -162 MC

Notes: IPS indicates the interplanetary source of the stBthindicates sheath and MC indicates magnetic cloud.
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Fig.3 The solar flare, the flux off > 10 MeV protons, geomagnetic activity and the parameters @frseind plasma during 1998
May 2 - 4. The first and second dashed vertical lines reprékerfirst and second proton flux peak, respectively. The selitical line
indicates the start time of the ICME.

ple that the intensity-time profile of an SPE event has twasheath and the MC triggered a super geomagnetic storm
peaks and the second peak is higher than the first one. (Dst =—353 nT). It is obvious that the main phase of the
super storm was mainly caused by the MC.
3.3.1 Case 1l
3.3.2 Case 2
An X17.2 solar flare appeared on 2003 October 28 ac-
companied by a very fast full halo CME, in AR 10486 at A long lasting M1 flare erupted at 15:14 UT, 2004 July 25,
S16E08. A relativistic solar proton (RSP) event was obin AR 10652 (N08W33)SOHQOLASCO observed a full
served by ground-based neutron monitors. The possible abalo CME heading for the Earth. The flux of10 MeV
celeration mechanism of RSPs has been studied by mamyotons became enhanced and reached the first peak at
authors (Miroshnichenko et al. 2005; Lietal. 200BDES  23:05 UT, 2004 July 25, which is indicated by the first ver-
10 observed a very strong SPE shown in the sixth pangical dashed line in Figure 6. The flux of10 MeV pro-
from the top in Figure 5. It can be seen from Figure 5 thatons reached its second peak (2090 pfu) at 22:50 UT, 2004
the SPE intensity increased quickly after the eruptionef th July 26, which is indicated by the second vertical dashed
solar flare and the CME then increased gradually in a sudine in Figure 6. TheACE spacecraft not only observed
tained manner. The SPE intensity reached its peak valufhe ICME-driven shock, but also observed the ICME. The
(29500 pfu) when the IP shock arrived at the magnetovertical solid line in Figure 6 indicates the start time of
sphere. The vertical dashed line in Figure 5 indicates théhe ICME. It was apparent that the geomagnetic storm as-
time when the IP shock reached the magnetosphere. Ths®ciated with the SPE was an intense geomagnetic storm
solid vertical line indicates the start time of the MC. The (Dst = =197 nT). It can be seen from Figure 6 that both
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the sheath and the ICME made a contribution to the maiture that played a key role in producing the geomagnetic
phase of the geomagnetic storm, however, the ICME madstorm is expressed by the underlined bold text in the last
much more of a contribution to the main phase of the geoeolumn of Table 3. We can see from the table that a con-

magnetic storm than the sheath. siderable number of geomagnetic storms associated with
SPEs having a Type-lll profile were mainly produced ei-
3.3.3 Statistical results ther by the associated ICME or by an MC, suggesting that

the corresponding CMEs headed for the Earth and finally
Eighteen Type-lll SPEs occurred during solar cycle 23passed the Earth.
The geoeffectiveness of CMEs associated with 18 SPEs is
listed in Table 3. We can see from the table that the CME4 p|scussiON
associated with the SPE that began on 2002 July 15 has
no geoeffectiveness. The angular width of the CME associthe ICMEs associated with SPEs with a Type-I profile al-
ated with the SEP event was I'8#dicating that the CME  ways missed the magnetosphere. The ICME-driven shocks
is nota halo CME. This may be the reason why the CME fi-did not reach the magnetosphere in most cases. Since
nally did not reach the Earth and it did not cause a geomadCMEs are very large in scale, if only the shock passes
netic storm. The remaining 17 SPEs listed in Table 3 wer¢he ACE spacecraft but the ICME misses it, the location
associated with full halo CMEs. All SPEs except for theof ACE must be near the far flank of the ICME where the
one that occurred on 2002 July 15 were accompanied bghock is not strong. Consequently, the solar wind compres-
geomagnetic storms. Nine geomagnetic storms were greaton across the shock would not generate a strong south-
geomagnetic storms (Bst-200 nT). The solar wind struc- ward turbulent magnetic field, which explains the fact that
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Fig.5 The solar flare, the flux off > 10 MeV protons, geomagnetic activity and the parameters @frseind plasma during 2003
October 28-30. The dashed vertical line indicates theiagilP shock and the peak proton flux. The solid vertical lindi¢ates the
start time of the ICME.

such kinds of SPEs are usually not associated with intensgere accelerated and observed®®ES is still not too far
geomagnetic storms. It can be seen from Table 1 that theway from the nose of the shock when reaching the mag-
majority of Type-I events are not associated with geomagnetosphere. This may be the reason why both the shock
netic storms, with only a few having small or moderatesheath and ICME associated with the SPEs having a Type-
storms, but never an intense one. Il profile can finally reach the magnetosphere and cause
After the rapid rise to the first peak, the intensity of @ géomagnetic storm. However, most of the storms were
SPEs with Type-Il profiles decreased very slowly and therPnly caused by the sheath. This suggests that in most cases
reached its second peak, implying that the SEPs observée ICMEs associated with Type-Il SPEs move towards the
by GOESwere accelerated by the shock not far from theEarth when the ICMEs propagate in IP space, however,
shock nose. The distance between the location, where papaybe only the shocks and the ICME flanks pass the Earth.
ticles were accelerated, and the shock nose gradually in- The outstanding property of the SPEs with a Type-IIl
creases as the ICME and its driven shock move away frorprofile is the sustained enhancement of particle interwity,
the Sun. When an ICME-driven shock reaches the magnéhe second peak is higher than the first one in magnitude.
tosphere, the SPE reaches its second peak, implying th&he sustained enhancement of particle intensity indicates
the shock is still strong and the location, where particleshat particles are accelerated by the shock near the nose,
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and the acceleration can be sustained until the shock passatense geomagnetic storm that occurred during solar cy-
the Earth. Consequently, both the shock and the ICME cadle 23 (Le et al. 2012, 2013; Zhang et al. 2007; Echer
pass a spacecraft located at the L1 point. The main phasesal. 2008), the number of intense geomagnetic storms (—
of geomagnetic storms associated with the Type-IIl event200 nT<Dst< —100 nT) associated with CMEs during so-
were mainly caused by the ICMEs or MCs (Table 3), im-lar cycle 23 is 58. The result of the present paper shows that
plying that the ICME core may pass the Earth. The SPBnly a small part (13/58) of intense geomagnetic storms
that occurred on 2005 September 7 is an exception becaugere associated with SPEs. Seventeen great geomagnetic
the ICME associated with the SPE was not observed bgtorms (DsK —200 nT) were registered during solar cycle
ACE. The source location of the CME is SO6E77, far away23 and 13 of them were accompanied by Type-Il or Type-
from the solar disk center, and this may be the reason whifl SPEs.
only the CME-driven shock passed tA€E spacecraft. In For the Type-Il SPEs, the lead-time is defined as the
most cases, both the ICME and the ICME-driven shock astime interval from the time when the flux began to increase
sociated with the SPEs having a Type-Ill profile move to-hefore the occurrence of the second peak of the SPE to the
wards the Earth and finally pass the Earth and then produgge start time of the main phase of the associated geomag-
avery strong storm. netic storm. The lead-time has been checked for each SPE
The solar source of an intense geomagnetic StorrHStEd in Table 2. The results show that lead-time ranged
is either a CME or a coronal hole, or the combina-from tens of minutes to more than 10 h. The average lead-
tion of them. According to the final Dst index data timeis about5h.
(http://wdc.kugi.kyoto-u.ac.jp/dfinal/index.htm) and the For Type-lll SPEs, the lead-time is defined the same as
investigation of solar and interplanetary sources for eacliype-Il SPEs if the profile of the SPE has two peaks. If the
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Table 3 Geoeffectiveness of CMEs Associated with Type-Ill SPEsduSolar Cycle 23

Event Splar X-ray flare CME >10 MeV Dst

Date Time Location AR X-ray Vel. AW  Peak flux IPS
No. yyyy/mm/dd hh:mm peak (kmrs) (°) (pfu) (nT)
1 1998/08/24 22:05 N30EO7 8307 X1 DG DG 670 -155 BEME
2 1998/09/23 07:00 NI18E09 8340 M7 DG DG 44 -207 MC
3 2000/06/06 15:25 N20E18 9026 X2.3 1119 360 84 -90 SH
4 2000/07/14 10:24 N22WO07 9077 X5.7 1674 360 24000 -301 MC
5 2000/08/09 15:25 N11w1l 9114 C2.3 702 360 17 -235 BE+
6 2001/03/29 10:15 N14W12 9402 X1.7 942 360 35 -387 B+
7 2001/04/10 05:26 S23W09 9415 X2.3 2411 360 355 -271  SH+MC
8 2001/09/24 10:38 S16E23 9632 X2.6 2402 360 12900 -102 SH
9 2001/11/04 16:20 NO6W18 9684 X1.0 1810 360 31700 —292 MRBMHE-SH+ICME
10 2001/11/22 23:30 S15W34 9704 M9.9 1437 360 18900 221 SH +ICME
11 2002/05/22 03:54 S19W56 ND C5.0 1557 360 820 -109 SH
12 2002/07/15 20:08 N19WO01 10030 M1.8 1151 188 234 0
13 2002/09/05 17:06 NO9E28 10102 Cb5.2 1748 360 208 —-181CME-SH + ICME
14 2003/05/28 00:27 SO07W17 10365 X3.6 1366 360 121 -144 SH
15 2003/10/28 11:10 S16E08 10486 X17 2459 360 29500 353 VBE+
16 2004/07/25 15:14 NO8W33 10652 M1.1 1333 360 2086 -170 NBEI+
17 2005/05/13 16:57 N12E11 10759 M8.0 1689 360 3140 247 MBEI+
18 2005/09/07 17:40 SO06E77 10808 X17.0 NA NA 1800  -147 SH

Notes: DG indicates a data gap, ND indicates no data.

flux of SPEs increased impulsively at the early phase and
then increased gradually in a sustained manner, then the
lead-time is defined as the time interval from the time when(2)
SPE intensity began to gradually increase to the start time
of the main phase of the associated geomagnetic storm.
The lead-time for the SPEs listed in Table 3 ranged from
several hours to more than 20 h. The average lead-time was
about 18 h.

If an IP shock is approaching the Earth, the flux of
SEPs observed bl OESmay be enhanced. This suggests
that the intensity-time profile of SEP events can providg(3)
dynamic information about the ICMEs and the propagation
of shocks driven by ICMEs in the IP medium, which can
be used to predict the geoeffectiveness of the CMEs associ-
ated with SEP events. The results of this paper suggest that
only a small part of the intense geomagnetic storms can be
predicted by the information implied in the intensity-time
profile of SPEs. However, most of the great geomagnetic
storms can be predicted by the information implied in the(4)
intensity-time profile of SPEs. If we use the intensity-time
profile of protons with energy lower than 10 MeV, more in-
tense and great geomagnetic storms can be predicted. This
is the goal of our work in the near future.

produced small or moderate geomagnetic storms, but
never an intense one.

Both the CMEs and CME-driven shocks associated
with Type-Il SPEs could pass the Earth. Most CMEs
associated with Type-ll SPEs produced intense or
great geomagnetic storms. Only a small part of CMEs
associated with Type-Il SPEs produced moderate geo-
magnetic storms. In most cases, the IP sources respon-
sible for the main phases of the storms were the shock
sheaths.

Both the CME and CME-driven shock associated with
Type-lll SPEs could reach the Earth. A considerable
part of the CMEs associated with Type-Ill SPEs pro-
duced great geomagnetic storm at the level of<Dst
—200 nT. Others would produce intense geomagnetic
storms. A considerable part of the geomagnetic storms
associated with Type-Ill SPEs were mainly caused by
MCs or ICMEs.

Only a small part of the intense geomagnetic storms
were associated with SPEs. However, most of the great
geomagnetic storms were associated with SPEs.
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