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Abstract 14 

 In this study, we analyzed 149 geomagnetic storms of moderate and intensity (i.e., 𝐷𝑠𝑡𝑚𝑖𝑛 ≤15 

−50 nT) occurred during the solar cycle 24 from 2009–2019, and identified their interplanetary 16 

sources. Among them, there are 20 strong storms with −200 nT ≤ 𝐷𝑠𝑡𝑚𝑖𝑛 ≤ −100 nT, and 2 17 

super–strong storms with 𝐷𝑠𝑡𝑚𝑖𝑛 ≤ −200 nT. We have found that corotating interaction regions 18 

(CIRs) account for 37% (55/149) of geomagnetic storms, interplanetary coronal mass ejections 19 

(ICMEs) result in 30% (45/149) of geomagnetic storms and sheath regions (SH) are responsible 20 

for 15% (23/149) of geomagnetic storms. Meanwhile, 18/20 of the strong storms are caused by 21 

the structures associated with interplanetary coronal mass ejections (ICME, SH, and SH+ICME), 22 

while the CIR constitutes only to 2/20 of the strong storms. It is found that the two super–strong 23 

geomagnetic storms are caused by the SH+ICME. Our findings also suggest that geomagnetic 24 

storms in different periods of solar activity are caused by different interplanetary structures, 25 

which is consistent with previous research. In comparison to solar cycle 23, there is no 26 

substantial geomagnetic storm induced by CIR during the dwindling and subsiding phases of 27 

solar cycle 24. In the descending stage, the proportion of moderate events caused by ICME 28 

decreases, and ICMEs cause no super–strong event. In ascending stage, neither strong nor super 29 

strong events occur. 30 

 31 
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 33 

1 Introduction 34 

A geomagnetic storm is a globally severe disturbance of the Earth's magnetic field that can 35 

lead to disastrous events (Gonzalez et al., 1999). Geomagnetic storms are characterized  as one 36 

of the most important aspects of space weather and studying the interplanetary sources of 37 

geomagnetic storms is a crucial part of understanding  and predicting geomagnetic storms.  38 

The intensity of a geomagnetic storm is generally described by Kp and Dst indices. 39 

According to the magnitude of the minimum  Dst, geomagnetic storms can be classified as weak 40 

(−50 nT ≤ 𝐷𝑠𝑡𝑚𝑖𝑛 ≤ −30 nT ), moderate (−100 nT ≤ 𝐷𝑠𝑡𝑚𝑖𝑛 ≤ −50 nT ), strong 41 

(−200 nT ≤ 𝐷𝑠𝑡𝑚𝑖𝑛 ≤ −100 nT ) and super strong (𝐷𝑠𝑡𝑚𝑖𝑛 ≤ −200 nT ) storms (Gonzalez et 42 



 

3 

al., 1994). Geomagnetic storms are primarily caused by the coupling between the interplanetary 43 

magnetic field and the Earth's magnetosphere (Gonzalez et al., 1994). The magnetic reconnection 44 

between the southward component of the interplanetary magnetic field and the Earth’s 45 

magnetosphere field is proposed to be the major mechanism behind this coupling (Gonzalez et 46 

al., 1994). The interplanetary coronal mass ejection (ICME) –related structures, and the 47 

corotating interaction regions (CIRs), which are considered to be the principal carriers of the 48 

southward component of the interplanetary magnetic field, are thought to be the interplanetary 49 

origins of geomagnetic storms. (Echer et al., 2008; Gonzalez et al., 2007; Gonzalez et al., 2011; 50 

Gonzalez et al., 1994; Wang et al., 2002; Xue et al., 2005; Zhang et al., 2003). 51 

In recent years, owing to the advent of satellite technology and emergence of satellite 52 

observations, the interplanetary sources of geomagnetic storms have been extensively studied 53 

(Echer et al., 2013; Echer et al., 2008; Hajra et al., 2021; Rawat et al., 2018; Shi et al., 2014; 54 

Yermolaev et al., 2021a; Zhang et al., 2007). The main interplanetary sources of varying 55 

intensity geomagnetic storms are different. (Echer et al., 2008; Echer et al., 2013; Zhang et al., 56 

2007). The interplanetary sources of moderate geomagnetic storms include CIRs, interplanetary 57 

coronal mass ejections falling into two broad categories of magnetic and nonmagnetic clouds, 58 

sheath regions, and their combined effects (Echer et al., 2013). In the interplanetary source of 59 

strong geomagnetic storms, ICMEs and their associated interplanetary structures were 60 

responsible for the vast majority of intense geomagnetic storms, whereas CIRs were accountable 61 

to more or less 13% of strong geomagnetic storms (Echer et al., 2008; Zhang et al., 2007). 62 

During various periods of solar activity, the main interplanetary structures causing geomagnetic 63 

storms are also different. CIR is the major structure causing geomagnetic storms during low solar 64 

activity years, whereas ICME and its related structures are the main sources during high solar 65 

activity years (Echer et al., 2013; Shi et al., 2014; Zhang et al., 2007). Another assessment is the 66 

frequency of geomagnetic storms caused by interplanetary structures associated to coronal mass 67 

ejection follows the solar cycle, however it may weaken temporarily for some time near the 68 

maximum of solar activity (Richardson and Cane, 2012). In addition, the occurrence rate of the 69 

geomagnetic storms is strongly correlated to the peak F10.7 solar cycle magnitude (Hajra et al., 70 

2021). The difference in geomagnetic activity during different solar cycles has also sparked the 71 

interest of researchers. The incidences of intense geomagnetic storms during ADP-24 (ascending 72 
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to early descending phases of the solar cycle 24) was almost a quarter of that during ADP-23 73 

(Rawat et al., 2018).   74 

The recently completed solar cycle 24 has been discovered to be the weakest among all the 75 

other cycles of the space exploration era (Hajra et al., 2021; Zhang et al., 2021). By the end of 76 

solar cycle 24, we began to study the interplanetary sources of geomagnetic storms with 77 

𝐷𝑠𝑡𝑚𝑖𝑛 ≤ −50 nT for the period 2009-2019 and to statistically analyze their interplanetary 78 

sources. We used observations such as interplanetary magnetic fields and parameters of solar 79 

wind from the WIND satellite (https://wind.nasa.gov/data.php), Dst index from the World Data 80 

Center for Geomagnetism (http://wdc.kugi.kyoto–u.ac.jp/dstdir/) and sunspot activity from the 81 

SILSO websites’ Sunspot Number version 2.0 (https://wwwbis.sidc.be/silso/datafiles). The 82 

chronology of the below section is as follows, Section 2 introduces the strategy for 83 

distinguishing different interplanetary storm sources. Section 3 contains statistics on the 84 

geomagnetic storms and annual fluctuation in sunspots number. Section 4 discusses the examples 85 

of identifying interplanetary causes of geomagnetic storms.  86 

 87 

2 Method for determining the interplanetary structure 88 

We identified the possible interplanetary sources of geomagnetic storms using the data of 89 

interplanetary magnetic field intensity, solar wind speed, plasma number density, proton 90 

temperature and β value (β =
𝑝

𝐵2 2𝜇0⁄
, which is the ratio of thermal pressure to magnetic pressure 91 

of plasma) from the WIND satellite. The interplanetary origins of storms fall into three 92 

categories: ICME–related structures (ICME, SH, SH+ICME), CIR, and complex structures. 93 

Coronal mass ejection (CME) refers to the phenomenon when large–scale magnetized 94 

plasma is ejected outward from the solar atmosphere to the interplanetary space (Aulanier, 2010; 95 

Gulisano et al., 2012; Mierla et al., 2010; Vourlidas, 2014; Zhang et al., 2021). It is the most 96 

energetic and violent event in the solar atmosphere or even in the entire solar system 97 

(Manchester et al., 2004; Roussev, 2008). The interplanetary coronal mass ejection (ICME) is a 98 

special structure observed by local satellites, which is usually considered as the interplanetary 99 

manifestation of coronal mass ejection (Fadaaq and Badruddin, 2021; Mustajab and Badruddin, 100 

2011; Plunkett et al., 2001; Russell et al., 2005; Richardson and Cane, 2012; Zhang et al., 2021). 101 

https://wwwbis.sidc.be/silso/datafiles
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The number and intensity of interplanetary coronal mass ejections will influence the frequency 102 

of space weather events (Yermolaev et al., 2021b). We use the criteria from Shen et al. (2014) to 103 

determine the ICMEs as follows: i) enhanced interplanetary magnetic field strength, ii) the 104 

magnetic field direction changes smoothly, iii) decreasing trend of solar wind velocity, iv) low 105 

proton temperature (T𝑝 𝑇𝑒𝑥𝑝 <⁄ 0.5, where T𝑝 is the proton temperature obtained from the actual 106 

observation of the satellite ; 𝑇𝑒𝑥𝑝 is the expected proton temperature obtained according to the 107 

empirical relationship between the solar wind speed and the proton temperature (Richardson and 108 

Cane, 1995)), v) the β value is low (β < 0.1 ). When the interplanetary structure observed by 109 

local satellites meets three or more of the above mentioned criteria, this structure is 110 

determined/classified as ICME. 111 

Magnetic cloud (MC) refers to a special type of ICME with complete magnetic field 112 

structure, large and smooth rotation in the magnetic field direction and low plasma β value 113 

(Burlaga et al., 1981; Klein and Burlaga, 1982). In the interior of the magnetic cloud, the 114 

magnetic field strength is strong, the direction changes gently, the density, proton temperature 115 

(Tp) and electron temperature (Te) are relatively low and irregular, and the velocity is high 116 

(Burlaga et al., 1981). The magnetic cloud criterion we use is that the direction of the magnetic 117 

field changes slowly, the magnetic strength is strong, and the proton temperature and plasma beta 118 

value are both low, typically β ≈ 0.1 (Farrugia et al., 1993; Tsurutani and Gonzalez, 1995; 119 

Zhang et al., 2007). 120 

The sheath is the region of compression in front of the fast ICME leading edge after the 121 

interplanetary shock (Echer et al., 2008; Yermolaev et al., 2021a; Yermolaev et al., 2018). 122 

However, ICME is not observed behind some sheaths. There are two possible reasons for this: i) 123 

the width of the ICME is too small to be detected by the satellites, and ii) the CME was deflected 124 

during its propagation (Gopalswamy et al., 2009; Shen et al., 2011; Wang et al., 2004; Wang et 125 

al., 2014). The sheath  field criterion we use is the enhancement of magnetic field, velocity, 126 

density and temperature, and with the help of the characteristics of various parameter curves of 127 

sheath field in the study of Yermolaev et al. (2021a).  128 

When the front of the fast solar wind catches up with and compresses the slower solar wind, 129 

a compressed plasma region, the so called corotating interaction region (CIR) is formed. (Tong et 130 

al., 2008; Gopalswamy et al., 2015). We then used the criteria from Jian et al. (2006) to 131 



 

6 

determine the CIR: i) an enhanced interplanetary magnetic field, ii) a continuous increase of the 132 

solar wind velocity, iii) an increase and then a decrease of the proton density, and iv) an increase 133 

of the plasma temperature. When the interplanetary structure observed by local satellites satisfies 134 

the above four conditions, this structure is determined/classified as a CIR region. 135 

 136 

3 Results 137 

We studied the possible interplanetary source of 149 geomagnetic storms from 2009 to 138 

2019, and the list of the storm events in terms of the identified interplanetary sources is given by 139 

Table 1. We determined the interplanetary source of geomagnetic storms based on the two lists 140 

of interplanetary coronal mass ejections, which can be obtained from the web page of University 141 

of Science and Technology, China (USTC) 142 

(http://space.ustc.edu.cn/dreams/wind_icmes/index.php) and from the databse of Advanced 143 

Composition Explorer (ACE) Science Center, Caltech  144 

(http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm). In addition to these two 145 

lists there is another list provided at the forum of Russian Space Research Institute (IKI RAS); 146 

http://www.iki.rssi.ru/pub/omni/. There might be some minute discrepancies in the lists and 147 

corresponding data due to the different evaluation factor for ICMEs. Although these 148 

inconsistenties are ineluctable but they put little to no effect on our findings. 149 

 150 

3.1 Statistics of geomagnetic storms and annual variations of sunspots 151 

Based on the observational results from the World Data Center for Geomagnetism, all the 152 

geomagnetic storms of moderate and higher intensity during 2009–2019 are selected with 153 

𝐷𝑠𝑡𝑚𝑖𝑛 ≤ −50 nT. In total, there are 149 events, among which 20 strong storms and 2 super 154 

storms are found. The annual colored columns/bars in Figure 1 exhibit the variations in the 155 

number of storms in 2009–2019. In solar cycle 23, there are 303 events, among these 72 strong 156 

storms and 18 super storms are found (Echer et al., 2008; Echer et al., 2013). Compared with the 157 

solar cycle 23, the number of both moderate, strong and super geomagnetic storms is 158 

significantly reduced during the solar cycle 24.  159 

http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
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On the other hand, we analyzed the sunspot numbers obtained from the Sunspot Number 160 

SILSO website to represent the intensity of solar magnetic activity. The black line in Figure 1 161 

depicts the annual variation of sunspot number from 2009–2019, with a bimodal pattern of first 162 

peak in late 2011 and second peak in early 2014. We then classified the solar activities into four 163 

phases followed by the number of sunspots: low (on 2009 and 2018–2019), rising (on 2010), 164 

maximum (on 2011–2015), and declining (on 2016–2017). 165 

As seen in Figure 1, The annual recurrence of geomagnetic storms follows a pattern similar 166 

to that of sunspots except for a slight difference in the time of the second peak. During the low 167 

solar activity year of 2009, only one moderate storm occurred. As the solar activity increased, 168 

throughout the rising and maximum period of 2010–2015, the number of storms grew rapidly. 169 

After that, solar activity weakened during the declining phase and low years of 2016–2017, and 170 

the number of storms decreased along with it. This indicates that the annual number of 171 

geomagnetic storms are directly affected by solar activities. This view is consistent with the 172 

study by Hajra et al.  (2021). 173 

 174 

3.2 Geomagnetic storms associated with interplanetary coronal mass ejection (ICME) 175 

Figure 2 represents an ICME event observed by the WIND satellite, with the gray shading 176 

area indicating a potential major component, the shadowy region exhibits the following 177 

characters: i) the magnetic field intensity enhances, ii) the magnetic field component in the z 178 

direction rotates smoothly, iii) the velocity decreases continuously, iv) the ratio of proton 179 

temperature T𝑝 𝑇𝑒𝑥𝑝⁄  is almost less than 0.5, and v) the β value is less than 0.1, all of which 180 

determine this event to be a typical ICME. These features also meet the judgment conditions of 181 

magnetic cloud, so the ICME can be further classified as a MC. This event starts on 13 July 2013 182 

at 05:00 UT and ends on 14 July 2013 at 23:00 UT. On 13 July 2013 at 07:00 UT, the Dst index 183 

began to increase, that is, the initial phase of the geomagnetic storm began. With the arrival of 184 

the southward interplanetary magnetic field carried by ICME, the Dst index decreased rapidly, 185 

started the main phase of the geomagnetic storm, and reached the peak of –81 nT on 14 July 186 

2013 at 23:00 UT. 187 

Figure 3 depicts the observational results on 26–28 Feb 2014 from the WIND satellite. The 188 

shaded area in Figure 3 may be the body area of the sheath. There was a shock wave in front of 189 

the sheath, which caused a sudden change in magnetic field, velocity, density and temperature at 190 
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16:00 UT on February 27 2014. In the shaded area, the magnetic field strength, velocity, density 191 

(maximum greater than 30cm) and temperature increase, the Dst index first increases and then 192 

decreases rapidly, and finally reaches –97 nT.  193 

 194 

3.3 Geomagnetic storms associated with corotating interaction regions (CIRs) 195 

Figure 4 indicates the observational results from the WIND instruments on 26–28 March 196 

2017. In the shadow region marked in Figure 4, the magnetic field intensity inceases, the solar 197 

wind velocity continues to rise, the proton density increases first and then decreases, and the 198 

proton temperature increases. This structure satisfies the above four criteria for CIR, thus could 199 

be determined/classified as a CIR event. The CIR reaches Earth at 20: 00 UT on March 26, and 200 

ends at 04: 00 UT on March 28, lasting for 28 hours. 201 

 202 

3.4 Geomagnetic storms caused by complex interplanetary structures 203 

We classified some hard–to–determine interplanetary structures as complex structures. 204 

Figure 5 shows a geomagnetic storm event triggered by complex interplanetary structure 205 

observed by Wind satellite on 22–24 February 2014. The geomagnetic storm started at about 07: 206 

00 UT on February 23, and reached its peak of –55 nT at 20: 00 UT. In the shadow region, the 207 

interplanetary magnetic field intensity is enhanced; the solar wind speed is almost constant; the 208 

proton number density fluctuates rapidly; the proton temperature fluctuates violently; the ratio of 209 

T𝑝 𝑇𝑒𝑥𝑝⁄  is greater than 0.5; and the β value is greater than 0.1. As a result, this structure does not 210 

meet the ICME or CIR requirements, therefore, it is categorized as a geomagnetic storm of 211 

complex interplanetary origin. 212 

 213 

4 Discussion and conclusions 214 

This study is to determine the interplanetary source of geomagnetic storms that occurred 215 

during the solar cycle 24. In this study, a list of geomagnetic storms with 𝐷𝑠𝑡𝑚𝑖𝑛 ≤ −200 nT 216 

from 2009 to 2019 has been compiled. Based on local/in-situ observations from the WIND 217 

satellite, the possible interplanetary origins of these storms have been identified, and the 218 

differences in the interplanetary origins of geomagnetic storms in solar cycle 23 and solar cycle 219 

24 have been briefly compared. 220 
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 221 

4.1 Interplanetary sources of geomagnetic storms during  solar cycle 24 222 

Based on the statistical results, we discuss the number of storms per year and the variation 223 

of interplanetary origins with solar activities. The following is the summary of the key 224 

conclusion. 225 

(1) Between 2009 and 2019, 149 moderate and intense geomagnetic storms occurred, 226 

including 20 strong storms with 2 super–strong storms. The total occurrence during solar cycle 227 

24 is far less than the number of storms during solar cycle 23 (from 1996 to 2008). It is further 228 

demonstrated that the annual distribution of storms is positively correlated with the sunspot 229 

number, both of which are bimodal. This viewpoint is mostly supported by the findings of 230 

research conducted by Gonzalez et al. (2007) and Echer et al. (2013). 231 

(2) Table 2 shows the statistical results of the interplanetary sources for all the moderate and 232 

intense geomagnetic storms from 2009 to 2019. 37% (55/149) of the storms were produced by 233 

CIRs, ICMEs gave rise to 30% (45/149) of geomagnetic storms and SH triggered 15% (32/149) 234 

of geomagnetic storms. Among the 20 strong geomagnetic storm events with −200 nT ≤235 

𝐷𝑠𝑡𝑚𝑖𝑛 ≤ −100 nT, the number of geomagnetic storms stirred up by interplanetary structures 236 

associated with ICMEs accounts for 90%, while the number of storms caused by CIRs accounts 237 

for only 10%. This slant is basically consistent with the study by Zhang et al. (2007), Echer et al. 238 

(2008) and Gonzalez et al. (2007). In particular, all the super–strong geomagnetic storms with 239 

𝐷𝑠𝑡𝑚𝑖𝑛 ≤ −200 nT were caused by SH+ICMEs. This view is basically in congruent with the 240 

study by Echer et al. (2013).  241 

(3) In addition, from Table 1 and Table 2, we can also derive the percentage of ICMEs, 242 

SH+ICME, and SH among the 82 events related to CME structures. Among the 82 events related 243 

to ICME, ICME accounted for 55%, SH outcomed for 28%, and SH+ICME resulted for 17%. 244 

(4) In the low and declining periods of solar activity (on 2009, and 2016 to 2019), the main 245 

interplanetary structures causing geomagnetic storms are CIRs which cause 68% (26/38) of 246 

geomagnetic storms. This is basically supported by the study by Echer et al. (2013). While 247 

during the rising and high solar activity (on 2010 to 2015), interplanetary structures associated 248 
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with ICMEs are the main interplanetary origins and cause 63% (70/111) of geomagnetic storms. 249 

This view is in consonance with the study by Gonzalez et al. (2007) and Echer et al. (2013). 250 

(5) During the low solar activity (on 2009, 2018 and 2019) and the decreasing phase (on 251 

2016 and 2017), most of the storms were caused by CIRs. Particularly, in 2009 when the solar 252 

activity was extremely low, the only one geomagnetic storm was caused by CIR. With the 253 

increase of solar activity, the interplanetary structure related to ICMEs would become the main 254 

source/factor to cause the storms. This is basically accordant with the study by Echer et al. 255 

(2013). 256 

4.2 Differences and possible causes of interplanetary sources for two solar cycles 257 

Based on the comparison of the moderate, strong and super strong geomagnetic storms 258 

during different stages of solar activity, The following discrepancies were discovered between 259 

the interplanetary causes of geomagnetic storms in solar cycles 24 and 23: (1) In the low phase 260 

during solar cycle 24, there is no strong geomagnetic storm caused by CIR. In contrast, there is 261 

one CIR–induced strong event in the low stage of solar cycle 23. (2) In the ascending phase 262 

during solar cycle 24, neither strong nor super strong events occured. While during solar cycle 263 

23, 18 strong events and 3 super strong events manifested in the rising stage. (3) During the 264 

declining phase of solar cycle 24, the proportion of moderate events caused by structures related 265 

to ICME (23%) is significantly less than that of solar cycle 23 (35%). Meanwhile, there is no 266 

strong event caused by CIR and no super strong event caused by ICME in solar cycle 24. The 267 

possible reasons for these discrepancies are: (1) The main interplanetary source of strong and 268 

super strong geomagnetic storm is ICME rather than CIR. Therefore during the low phase of 269 

solar cycle 23, the strong geomagnetic storm event caused by CIR may be an accidental event. 270 

(2) The intensity of solar activity in solar cycle 24 is significantly weaker than that in solar cycle 271 

23. The number of CME events decreases sharply during solar cycle 24, resulting a weaker 272 

geomagnetic effect and reduction of geomagnetic storms. (3) In the declining phase, the 273 

weakening solar activity may reduce the geomagnetic effect of CIR, thereby reducing the 274 

number of strong geomagnetic storm events caused by CIR. 275 

 276 
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 387 

Figure 1. Statistical results of annual geomagnetic storms and variations of sunspots during 388 

2009–2019. Black line: Variation of sunspot number from 2009 to 2019. Colored columns: 389 

Annual variation of total geomagnetic storms caused by different interplanetary structures with 390 

years. The blue bar is by ICME, the green bar is by SH, the cyan bar is by SH+ICME, the pink 391 

bar is by CIR, and the yellow bar is by complex structure. 392 

 393 

  394 
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 395 

Figure 2. Geomagnetic storm event caused by ICME observed by WIND on 12–15 July 396 

2013. From top to bottom, they are the magnetic field intensity (B), the southward component of 397 

magnetic field (Bz), the y–component of magnetic field (By), solar wind speed (Vsw), proton 398 

number density (Np), proton temperature (Tp) (black line), ratio of proton temperature to 399 

expected proton temperature (Tp/Texp) (red line), plasma β Value (β), geomagnetic index (Dst). 400 
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 401 

Figure 3. A geomagnetic storm event caused by sheath observed by WIND on 26–28 Feb 402 

2014. From top to bottom, they are the magnetic field intensity (B), the southward component of 403 

magnetic field (Bz), solar wind speed (Vsw), proton number density (Np), proton temperature (Tp) 404 

(black line), ratio of proton temperature to expected proton temperature (Tp/Texp) (red line), 405 

plasma β Value (β), geomagnetic index (Dst). 406 

 407 
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 408 

Figure 4. Geomagnetic storm event related to the CIR observed by WIND on 26–28 March 409 

2017. From top to bottom, they are the magnetic field intensity (B), the southward component of 410 

magnetic field (Bz), solar wind speed (Vsw), proton number density (Np), proton temperature (Tp) 411 

(black line), ratio of proton temperature to expected proton temperature (Tp/Texp) (red line), 412 

plasma β Value (β), geomagnetic index (Dst). 413 
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 414 

Figure 5. Geomagnetic storm event caused by complex interplanetary structures observed 415 

by WIND on 22–24 February 2014. From top to bottom, they are the magnetic field intensity 416 

(B), the southward component of magnetic field (Bz), solar wind speed (Vsw), proton number 417 

density (Np), proton temperature (Tp) (black line), ratio of proton temperature to expected proton 418 

temperature (Tp/Texp) (red line), plasma β Value (β), geomagnetic index (Dst). 419 
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Table 1. The list of moderate and strong geomagnetic storms and their interplanetary 420 

sources in 2009–2019 421 

Number Peak time (UT) 

Peak 

strength 

/nT 

Interplanetary 

source species 
Number Peak time (UT) 

Peak 

strength 

/nT 

Interplanetary 

source species 

1 2009–07–22T07:00 –83 CIR 76 2014–08–27T19:00 –79 ICME 

2 2010–02–16T00:00 –59 ICME 77 2014–09–13T00:00 –88 ICME 

3 2010–04–06T16:00 –81 ICME 78 2014–10–09T08:00 –51 Complex 

4 2010–04–12T02:00 –67 SH 79 2014–10–28T02:00 –57 Unknown 

5 2010–05–02T19:00 –71 CIR 80 2014–11–10T18:00 –65 Unknown 

6 2010–05–29T13:00 –80 ICME 81 2014–11–16T08:00 –59 Unknown 

7 2010–08–04T02:00 –74 SH 82 2014–12–12T17:00 –53 Unknown 

8 2010–10–11T20:00 –75 CIR 83 2014–12–22T07:00 –71 ICME 

9 2011–02–04T22:00 –63 CIR 84 2014–12–24T01:00 –57 SH 

10 2011–03–01T15:00 –88 CIR 85 2015–01–04T22:00 –71 ICME 

11 2011–03–11T06:00 –83 CIR 86 2015–01–07T12:00 –99 ICME 

12 2011–04–06T20:00 –60 SH 87 2015–02–18T01:00 –64 CIR 

13 2011–05–28T15:00 –80 ICME 88 2015–02–24T08:00 –56 CIR 

14 2011–07–05T01:00 –59 Complex 89 2015–03–02T09:00 –55 CIR 

15 2011–08–06T04:00 –115 SH 90 2015–03–17T23:00 –222 SH+ICME 

16 2011–09–10T05:00 –75 CIR 91 2015–04–11T11:00 –75 ICME 

17 2011–09–17T16:00 –72 SH+ICME 92 2015–04–17T00:00 –79 CIR 

18 2011–09–27T00:00 –118 SH 93 2015–05–11T05:00 –51 ICME 

19 2011–10–25T02:00 –147 SH+ICME 94 2015–05–13T07:00 –76 CIR 

20 2011–11–01T16:00 –66 ICME 95 2015–06–08T09:00 –73 CIR 

21 2012–01–22T22:00 –70 SH 96 2015–06–23T05:00 –204 SH+ICME 

22 2012–01–25T11:00 –75 SH 97 2015–06–25T20:00 –86 ICME 

23 2012–02–15T18:00 –67 SH+ICME 98 2015–07–05T06:00 –67 CIR 

24 2012–02–19T05:00 –63 CIR 99 2015–07–13T16:00 –61 ICME 

25 2012–02–27T20:00 –57 SH+ICME 100 2015–07–23T09:00 –63 Complex 

26 2012–03–04T03:00 –50 ICME 101 2015–08–16T08:00 –84 SH+ICME 
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27 2012–03–07T10:00 –88 CIR 102 2015–08–19T07:00 –50 Complex 

28 2012–03–09T09:00 –145 SH+ICME 103 2015–08–27T21:00 –92 ICME 

29 2012–03–12T17:00 –64 SH 104 2015–09–07T21:00 –70 SH 

30 2012–03–15T21:00 –88 SH 105 2015–09–09T13:00 –98 ICME 

31 2012–03–28T05:00 –68 CIR 106 2015–09–11T15:00 –81 CIR 

32 2012–04–05T08:00 –64 ICME 107 2015–09–20T16:00 –75 SH 

33 2012–04–13T06:00 –60 CIR 108 2015–10–07T23:00 –124 CIR 

34 2012–04–24T05:00 –120 ICME 109 2015–11–04T13:00 –60 CIR 

35 2012–06–12T02:00 –67 ICME 110 2015–11–07T07:00 –89 SH 

36 2012–06–17T14:00 –86 ICME 111 2015–11–10T14:00 –58 CIR 

37 2012–07–09T13:00 –78 ICME 112 2015–12–20T23:00 –155 ICME 

38 2012–07–15T17:00 –139 SH+ICME 113 2016–01–01T01:00 –110 SH+ICME 

39 2012–09–03T11:00 –69 ICME 114 2016–01–20T17:00 –93 ICME 

40 2012–09–05T06:00 –64 Complex 115 2016–02–03T03:00 –53 CIR 

41 2012–10–01T05:00 –122 ICME 116 2016–02–16T20:00 –57 CIR 

42 2012–10–09T09:00 –109 SH+ICME 117 2016–03–06T22:00 –98 CIR 

43 2012–10–13T08:00 –90 ICME 118 2016–04–03T00:00 –56 CIR 

44 2012–11–01T21:00 –65 ICME 119 2016–04–08T01:00 –60 ICME 

45 2012–11–14T08:00 –108 ICME 120 2016–04–13T06:00 –55 CIR 

46 2013–01–18T01:00 –52 ICME 121 2016–04–14T21:00 –59 ICME 

47 2013–01–26T23:00 –51 CIR 122 2016–05–08T09:00 –88 CIR 

48 2013–03–01T11:00 –55 CIR 123 2016–08–03T11:00 –52 SH 

49 2013–03–17T21:00 –132 SH+ICME 124 2016–08–23T22:00 –74 CIR 

50 2013–03–29T18:00 –59 CIR 125 2016–09–01T10:00 –59 CIR 

51 2013–05–01T19:00 –72 ICME 126 2016–10–14T00:00 –104 ICME 

52 2013–05–18T04:00 –61 SH 127 2016–10–25T18:00 –59 CIR 

53 2013–05–25T07:00 –59 SH 128 2016–10–29T04:00 –64 CIR 

54 2013–06–01T09:00 –124 CIR 129 2017–03–01T22:00 –61 CIR 

55 2013–06–07T06:00 –78 ICME 130 2017–03–27T15:00 –74 CIR 

56 2013–06–29T07:00 –102 ICME 131 2017–04–22T17:00 –50 CIR 
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57 2013–07–06T19:00 –87 ICME 132 2017–05–28T08:00 –125 ICME 

58 2013–07–10T22:00 –56 SH 133 2017–07–16T16:00 –72 SH 

59 2013–07–14T23:00 –81 ICME 134 2017–08–31T12:00 –50 CIR 

60 2013–08–05T03:00 –50 CIR 135 2017–09–08T02:00 –124 ICME 

61 2013–08–27T22:00 –59 CIR 136 2017–09–28T07:00 –55 CIR 

62 2013–10–02T08:00 –72 SH 137 2017–10–14T06:00 –52 CIR 

63 2013–10–09T02:00 –69 Unknown 138 2017–11–08T02:00 –74 CIR 

64 2013–10–31T00:00 –56 Complex 139 2018–03–18T22:00 –50 CIR 

65 2013–11–07T13:00 –50 SH 140 2018–04–20T10:00 –66 CIR 

66 2013–11–09T09:00 –80 CIR 141 2018–05–06T02:00 –56 CIR 

67 2013–11–11T08:00 –68 SH 142 2018–08–26T07:00 –174 ICME 

68 2013–12–08T09:00 –66 CIR 143 2018–09–11T11:00 –60 CIR 

69 2014–02–19T09:00 –119 ICME 144 2018–10–07T22:00 –53 CIR 

70 2014–02–20T13:00 –95 SH 145 2018–11–05T06:00 –53 CIR 

71 2014–02–22T02:00 –64 ICME 146 2019–05–11T22:00 –51 SH+ICME 

72 2014–02–23T20:00 –55 Complex 147 2019–05–14T08:00 –65 SH+ICME 

73 2014–02–28T00:00 –97 SH 148 2019–08–05T21:00 –53 CIR 

74 2014–04–12T10:00 –87 ICME 149 2019–09–01T07:00 –52 CIR 

75 2014–04–30T10:00 –67 ICME 
    

ICME: interplanetary coronal mass ejections; SH: sheaths; SH+ICME: combination of sheathes and interplanetary coronal mass 422 

ejections; CIR: corotating interaction regions; Complex: complex structures; Unknown: missing data and poor data quality. 423 

  424 
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Table 2. The number of geomagnetic storm events caused by different strength and 425 

interplanetary structures 426 

 427 

Geomagnetic storm 

strength 
ICME SH SH+ICME CIR Complex Unknown Total 

–100 nT＜Dstmin≤ –50 nT 35 21 6 53 7 5 127 

–200 nT＜Dstmin≤ –100 nT 10 2 6 2 0 0 20 

Dstmin≤ –200 nT 0 0 2 0 0 0 2 

Total number of events 45 23 14 55 7 5 149 


