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The solar sources of 884 geomagnetic storms have been studied for the solar cycles 23 and 24 (1996-
2019), regardless of their size ranges; using the Kp index and the NOAA G criteria (minor to extreme 
storms). It claims from our investigation that fast solar wind streams (HSSWs) is the main factor of 
small (G1) and medium (G2) storms and occur mostly on the descending phase of the solar cycle. Fast 
solar wind has contributed to about 59% of G1 storms; 50% of G2; 29% G3; and 10% G4 storm. Large 
storms (G3 to G5) are the effects of coronal mass ejections (CMEs) and they are observed mainly 
during the maximum and the descending phases of the solar cycle. About 10% of G1 storms, 26% of G2 
storms, 59% of G3 (strong) storms, 87% of G4 (severe) storms, and 100% of G5 (extreme) storms were 
the effect of CMEs. Magnetic clouds contributed 11% of G1 storms, 15% of G2 storms, 9% of G3 storms, 
and 3% of G4 storms. A comparative statistical occurrence shows that the number of storms decreased 
during solar cycle 24 when compared with the solar cycle 23. These results showed that the 
magnetospheric energy transfer decreased in solar cycle 24 and that the magnetosphere was under the 
influence of intense solar magnetic fields in solar cycle 23. The phenomenon observed in these 
investigations highlight a drop in solar plasma geoeffectiveness since the long minimum that followed 
the solar cycle 23. 
 
Key words: Magnetic storms, coronal mass ejections (CMEs), high speed solar winds stream (HSSWs), 
magnetic clouds (MCs), solar cycle. 

 
 
INTRODUCTION 
 
The underlying mechanism of solar activity is undoubtedly 
solar magnetism (Hajra et al., 2016; Kakad et al., 2018) 
but the understanding of the process of the solar dynamic 
still  remains  an  important  subject  of  great  interest  for 

scientists. Solar activity shows variations over many 
scales covering a few hours to hundreds of years 
intervals. One of these continual variations‟ consequences 
is to  bring  change in magnetospheric current generating
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geomagnetic storms. So, to understand the solar factor of 
storms with associated phenomenon may help to 
anticipate its consequences on earth. Many authors 
(Kahler, 1992; Gosling, 1993; Shen et al., 2017; Xu et al., 
2019) have reported on the well-known role of coronal 
mass ejections (CMEs) in solar wind disturbances, the 
changes induced in its magnetic field, velocity and 
density, and the associated disturbances observed on 
earth. Although the cause of geomagnetic storms has 
been established for decades, their solar sources are not 
well identified and studied until the advent of spacecraft 
observations from the Solar and Heliospheric Observatory 
(SOHO) in 1996. Numerous studies on geomagnetic 
storms and their solar sources have been done in past 
and recent investigations (Zhang et al., 2007; 
Gopalswamy., 2008; Verbanac et al., 2011; Echer et al., 
2008,2011; Richardson et al., 2006; Richardson and 
Cane, 2012; Watari, 2017). According to these studies, 
the main solar sources of intense storms (Dst < -100 nT) 
are CMEs and two solar sources of geomagnetic storms 
are generally reported: coronal mass ejections (CME) 
which are sudden large releases of plasma and magnetic 
field from the solar corona, and their counterparts in 
interplanetary space called interplanetary CMEs (ICME). 
These solar activity phenomenon mostly associated with 
solar wind flowing from coronal holes are both able to 
reach earth's magnetosphere and the cause geomagnetic 
storms, aurora and even damage to power grids when it 
comes to the mechanism of disturbances in the upper 
atmosphere. These high-speed solar winds streams 
(HSSWs) are mostly observed during solar descending 
phase and interact sometimes with upstream slow 
streams to produce the co-rotating interaction regions 
(CIRs). The role of this solar wind conditions in storm 
occurrence and related geomagnetic activity have been 
reported by a number of authors (Gosling et al., 1991; 
Verbanac et al., 2011; Gerontidou et al.., 2018). Magnetic 
clouds are transient events observed in the solar wind 
and linked to moderate CMEs (Burlaga et al., 1981). 
Interplanetary causes of geomagnetic storms and 
associated manifestations have been fully discussed by 
Gonzales et al. (2007), Tsurutani et al. (1997), Echer et 
al. (2008), Richardson et al. (2001), and Richardson and 
Cane (2012). These authors have reported the rate of 
occurrence of CMEs and their effects dominate at solar 
maximum; and that geomagnetic activity is mainly driven 
by high-speed solar winds (HSSWs) during the 
descending phase of the solar cycle. The present paper 
analyzes the sources of geomagnetic storms that occur 
during the solar cycles 23 and 24 and discusses the 
differences of occurrence.  
 
 
METHODOLOGY 
 
To identify the different types of storms, we use the following 
criterion fully described by Gosling et al. (1991) and the different 
scales of storms described on 
http://www.swpc.noaa.gov/NOAAscales/. 
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In this work, the Kp-index was used which is the global 
geomagnetic activity index based on 3-h measurements from 
ground-based magnetometers around the world (Bartels et al., 
1939; Menvielle and Berthelier, 1991; Rostoker, 1972) data 
provided by World Data Cente (WDC) for Geomagnetism, Kyoto, as 
a parameter of geomagnetic activity level. It describes the 
disturbance of the earth's magnetic field caused by the solar wind. 
These data are available at http://wdc.kugi.kyoto-u.ac.jp/dstdir/. 

To identify storm strength we employ: 
 

(1) The criteria of Gosling et al. (1991) fully described and adopted 
by Richardson (2002, 2013): A "major" storm is defined by Kp max 
≥ 8 and Kp ≥ 6 for at least an interval of 3 h in a 24 h period. A “big” 
storm has 7 ≤ Kp max ≤ 7+ and Kp ≥ 6 for at least 3 h in a 24 h 
period. “Medium” storms are all other cases with Kp max ≥ 6−. A 
“small” storm has 5− ≤ Kp max ≤ 5+.  
(2) The NOAA “G” storm sizes 
(http://www.swpc.noaa.gov/NOAAscales/): G5 (“extreme”) has 
Kp=9; G4 (“severe”) has Kp=8 including a 9−; G3 ("strong") reaches 
Kp = 7; G2 (“moderate”) has Kp=6; and G1 (“minor”) has Kp=5. 
Over the period from 1996 to 2019, 884 minors to extreme 
geomagnetic storms were identified: 583 minors storms; 191 
moderate storms; 76 strong storms; 31 severe storms and 3 
extreme storms. It is important to note that G4 and G5 storms are 
comparable to a „„major‟‟ storm in the Gosling et al. (1991) criteria, 
G3 is comparable to a large storm, G2 to a medium storm, and G1 
to a small storm. CME data was taken from the SOHO/LASCO 
CME catalog https://cdaw.gsfc.nasa.gov/CME_list/. 
 
To identify the solar sources of geomagnetic storms regardless their 
sizes, we use data from LASCO observations available in the 
SOHO/LASCO CME Catalog: https://cdaw.gsfc.nasa.gov/CME_list/. 
For the period from 1996 to 2019, more than 30,000 CMEs have 
been observed. Among them, 721 CMEs are halo CMEs. Then, we 
use the solar wind classification: slow wind (v ≤ 450 km/s) and fast 
wind (v > 450 km/s) and magnetic clouds data available at 
http://omniweb.gsfc.nasa.gov/ow.html and 
https://wind.nasa.gov/mfi/mag_cloud_pub1.html, respectively to 
perform the identification of the solar sources of geomagnetic 
storms.  

To identify the factors responsible for these storms, we 
proceeded as in Richardson and Cane (2012) using an automated 
process that identifies storms as defined in the Kp index and then 
we look at the different wind factors that may be responsible for the 
storm. If more than one flux factor is present, the one associated 
with the highest level of activity is chosen. 
 
 
RESULTS AND DISCUSSION 
 

Figure 1 shows the pie diagram of the different G-type 
storms observed during both from the solar cycles 23 and 
24. a total of 884 storms have been identified for the two 
solar cycles: 609 storms in solar cycle 23 and 269 in 
solar cycle 24. Small storms (G1) represent the most 
important fraction of storms observed during our 
investigations: 63% for cycles 23 and 72% for cycles 24 
considering the total storm of each solar cycle. The 
moderate storms (G2) represent 22% for the solar cycle 
23 against 21% for the solar cycle 24. The proportion of 
large storms (G3) is 10% in cycle 23 against 6% in cycle 
24. As to major storms (G4+G5), we have the folowing 
occurence:  5% during the solar cycle 23 against 1% for 
the solar cycle 24. Only 3 extreme storms (G5) have 
been  recorded  during  the period covered by the present 
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Figure 1. Pie diagram showing the rate of different types of storms in solar cycles 23 and 24. 
Source: Sawadogo et al. (2022) 

 
 
 
study. These storms were recorded exclusively during the 
solar cycle 23. From observations, it appears that large 
and major storms have a most significant occurrence 
during the solar cycle 23. This may be due to the very 
disturbed solar wind conditions observed during the solar 
cycle 23 (Zerbo et al., 2012, 2013; Lawrence et al., 
2020). 

Figure 2 shows the NOAA G-type storms profile as a 
function of sunspot cycle for solar cycles 23 and 24. This 
figure shows clearly that magnetic storms occur during all 
the solar cycle phases. From top to bottom, Figure 2 
presents the occurrences of small storms (Figure 2a), 
moderate storms (Figure 2b), large storms (Figure 2c), 
and severe storms (Figure 2d), respectively. However, 
small storms and moderate storms present similar 
temporal distribution and they are mainly observed in the 
ascending and descending phases of each solar cycle 
(Figure 2a and b). Large and severe storms (G3 and G4) 
are mainly observed around the maximum and the 
descending phases of the solar cycle (Figure 2c and d). 
We did not represent extreme storms due to limited 
statistics (only three extreme storms recorded during this 
investigation: year 2000 and 2003). Considering small 
and medium storms, it is easy to remark that higher 
occurrences have been observed in 2003 for the solar 
cycle 23, and 2015 for the solar cycle 24. Large and 
major (severe) present similar distribution both in solar 
cycles 23 and 24. The most important fractions are 
observed in year 2004 (G4) and 2005 (G3) for the solar 
cycle 23 while the highest one is recorded in year 2015 
(G3) for the solar cycle 24. When the solar activity 
increases, the fraction of storms related to the CME flow 
increases. From minimum to maximum the rate increases 
and then decreases again for a given solar cycle. This 
suggests the cyclic dependence of CMEs-associated 
storms.  

Figure 3 presents the storm occurrence rate of small 
storms (Figure 3b), moderate storms (Figure 3c) and 
(large  +  severe)   storms  (Figure  3d)  considering  their 

associated solar sources together with the sunspot 
number in the top panel (Figure 3a). Magnetic storm 
occurs at any phase of solar cycle as shown in Figure 3 
regardless of their associated solar sources. From this 
figure, one can see that storms associated to the fast 
solar wind are usually the small and moderate storms 
with the most important occurrence (peaks) in the 
descending phase of both the solar cycles 23 and 24 
(Figure 3b and 3c). The peak observed for storm 
associated to fast solar wind is in agreement with solar 
wind dynamics according to which the most important 
high stream solar wind occurs on the declining of sunspot 
cycle (Zerbo et al., 2013). Furthermore, it can be seen 
from Figure 3 that the rate of storms caused by fast winds 
follows the size of the sunspot cycle, that is, the rate of 
storms is higher during the solar cycle 23 than the solar 
cycle 24. Storms related to magnetic clouds are mainly 
the moderate storms (G2) with peak in occurrence 
observed around solar maximum.The storms associated 
with the CME are moderate and major storms (Figure 3c 
and 3d) with peaks observed at the maximum phase (for 
major storms) and the descending phase (for moderate) 
of each cycle. We can also remark that the rate of these 
storms is closely related to the level and the size of the 
solar cycle. This geomagnetic response of solar activity is 
in agreement with the predictions since the number of 
CME increases from minimum to maximum (Webb and 
Howard, 1994, Richardson and Cane, 2010, 2012) and 
suggest that NOAA G-storms occurrence is well 
correlated with the level of geomagnetic shock activity 
reviewed in previous studies (Legrand and Simon, 1989; 
Richardson and cane, 2002; Zerbo et al., 2012). About 
22% of all solar cycle 23 storms were caused by CMEs 
while only 17% of solar cycle 24 storms were the cause 
of CMEs. Yet observations show that there were more 
CMEs in cycle 24 than in cycle 23. This shows that the 
magnetosphere was under the influence of higher 
magnetic fields carried out by CMEs/ICMEs in solar cycle 
23 than in cycle solar 24. These findings are in agreement  
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Figure 2. Annual storm rates of storms G1, G2, G3, and G4 superimposed on sunspot numbers 
from solar cycles 23 and 24. 
Source: Sawadogo et al. (2022) 

 
 
 
with Lawrance et al. (2020) where the relationships 
between interplanetary coronal mass ejection 
characteristics and geoeffictiveness have been reported. 
Kakad et al. (2019) carried out a study to examine the 
variations in global energies available to the Sun and  the 

earth's upper atmosphere during the solar cycles 22,23 
and 24 and concluded that there is a weakening of the 
solar magnetic field at cycle 24; a decrease of 
approximately 54% in the energy transferred to the 
magnetosphere  during  solar  cycle  24  compared to the  
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Figure 3. Annual occurrence rate of small (G1), medium (G2) and large + major (≥G3) storms from 
1996 to 2019 associated with fast solar wind, CME and magnetic clouds. The top panel shows the 
sunspots number exposing the phases of the solar cycle. 
Source: Sawadogo et al. (2022) 

 
 
 
energy transferred at cycle 23; a decrease in the average 
strength of the equatorial electrojet, the auroral electrojet 
current AE and the low latitude annular current (Dst) as 
well as a decrease in Joule heating from auroral electrojet 

currents during solar cycle 24. 
Figures 4 to 7 summarize the occurrence frequencies 

of the solar wind factors associated storms during the 
solar  cycles  23  and  24  phases.  Figures  4  and  5  are  
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Figure 4. Pie diagram summarizing the factors of the solar wind at the origin of the storms at the 
minimum and ascending phases of the solar cycle 23. 
Source: Sawadogo et al. (2022) 
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Figure 5. Pie diagram summarizing the factors of the solar wind at the origin of the 
storms at the maximum and descending phases of the solar cycle 23. 
Source: Sawadogo et al. (2022) 

 
 
 
devoted to solar cycle 23 while Figures 6 and 7 are for 
solar cycle 24.    

At solar cycle 23 minimum of phase (Figure 4), high 
streams associated storms rate is ~79% for G1 storms, 
63% for G2 storms, 25% of which are accompanied by 
shocks, 67% for G3 storms while CME-associated storms 
are ~33% for G3 storms and 100% for G4 storms. Slow 
winds contribution is ~21% for G1 storms and 37% for G2 

storms. At solar cycle 24 minimum phase (Figure 6), high 
streams associated storms are 50% of G1 against the 
50% other rate related to slow winds. G2 storms are all 
related to magnetic clouds (MC).  

In the ascending phase of solar cycle 23 (Figure 4), fast 
winds are responsible for 52% of G1 storms, 7% of which 
are accompanied by shocks, 76% of G2 storms of which 
57%  are   accompanied   by   shocks,   50%   G3  storms  
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Figure 6. Pie diagram summarizing the factors of the solar wind at the origin of the storms at the 
minimum and ascending phases of the solar cycle 24. 
Source: Sawadogo et al. (2022) 

 
 
 
including 30% accompanied by shocks, 60% of G4 
storms including 40% accompanied by shocks. CME-
associated storms represent 9% of G1 storms, 2% of 
which were accompanied by shocks, 14% of G2 storms 
all accompanied by shocks, 20%  of G3 storms including 
10% accompanied by shocks, and 20% of G4 storms all 
accompanied by shocks. Slow winds were responsible for 
22% of G1 storms, 10% G2 storms and 20% G3 storms. 
Magnetic clouds are responsible for 17% of G1 storms, 
10% of G3 storms  and  20%  of  G4  storms.  During  the 

solar cycle 24, fast winds have driven  32% of G1 storms, 
9% of which are accompanied by shocks, 19% G2 storms 
including 5% accompanied by shocks and 29% G3 
storms all accompanied by shocks. CMEs were 
responsible for 15% of G1, 38% of G2, 73% of G3 
including 57% accompanied by shocks and 100% of G4 
all accompanied by shocks. The occurrence rate of 
storms associated with magnetic clouds represents 
only22% of G1 storms.  

At  the  solar maximum  of solar cycle 23 (Figure 5), the  
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Figure 7. Pie diagram summarizing the factors of the solar wind at the origin of the storms at the 
maximum and descending phases of the solar. 
Source: Sawadogo et al. (2022) 

 
 
 
fast-solar winds induced 38% of G1 storms, 11% of which 
were accompanied by shocks, 64% G2 storms including 
42% accompanied by shocks, and 11% G3 storms all 
accompanied by shocks. CMEs were responsible for 19% 
of G1 storms, 11% of which were accompanied by 
shocks, 28% G2 storms including  25%  accompanied  by 

shocks, 75% of G3 including 57% accompanied by 
shocks; 100% of G4 including 56% accompanied by 
shocks and 100% of  G5. Magnetic clouds caused only 
18% of G1 storms. Storms associated to slow winds rates 
are 25% of G1 storms and 8% of G2 storms. During 
maximum  phase of the solar cycle 24 (Figure 7), only G1  



 
 
 
 
and G2 storms were observed. Fast winds are 
responsible for 25% of G1 storms and 25% of G2 storms 
all accompanied by shocks. Magnetic clouds contributed 
to 25% of G1 storms. The rest, 25% of G1 storms are 
related to slow winds. 

During the descending phase of solar cycle 23, fast-
solar winds are responsible for 79% of G1 storms, 7% of 
which are accompanied by shocks, 54% G2 storms 
including 17% accompanied by shocks, 35% of G3 
including 15% accompanied by shocks. CMEs-
associated storms are 100% G4 and G5 storms, with 
62% of G4 amplified by shock. In solar cycle 24, fast-
solar winds caused 67% of G1 storms (12% of which 
were accompanied by shocks), 61% of G2 storms 
including 6% accompanied by shocks, and 37% of G3 
storms including 12% accompanied by shocks. CMEs are 
responsible for 100% of G4 storms all accompanied by 
shocks, 38% of G3 storms including 25% accompanied 
by shocks, 6% of G2 including 3% accompanied by 
shocks and 4% of G1 storms. At the minimum and 
maximum phases of solar cycle 24, only small and 
medium storms were observed, while at the same period 
of solar cycle 23, in addition to G1 and G2 storms, large 
storms G3 and severe storms G4 were observed. This 
may be due to the weak in solar cycle 24 compared to 
solar cycle 23 reported in many studies (McComas et al., 
2008; Zerbo and Richardson, 2015). A global overview 
from Figures 4 to 7 shows that the level and the 
occurrence rate of all the storms regardless of their 
associated source is higher during the solar cycle 23 than 
the solar cycle 24. It implies that the wind flow was more 
geo-effective in solar cycle 23 than it was in solar cycle 
24. For a global overview, the present study highlights 
that the high stream solar wind causes are about 59% G1 
storm, ~50% of G2, ~29% of G3, and ~10% of G4 storm. 
Coronal mass ejections (CMEs) were responsible for 
about 10% of G1 storms, 26% of G2 storms, 59% of G3 
storms, 87% of G4 storms and 100% of G5 storms. 
Magnetic clouds induce 11% of G1 storms, 15% of G2 
storms, and 9% of G3 storms. From all these observations 
it appears that major (extreme and severe) storms are 
the manifestations of coronal mass ejections. This 
observation is in agreement with previous works and 
extend their findings (Zhang et al., 2007; Richardson et 
al., 2012; Zhang et al., 2007) have shown that about 87% 
of intense storms (Dst ≤ -100 nT) were related to CMEs 
and the rest to solar wind conditions. Richardson et al. 
(2012) have also reported that about 96% of G4 and G5 
storms are almost exclusively driven by flows associated 
with the CMEs. 
 
 

Conclusion 
 
This study‟s investigations on storms and associated 
factors during the solar cycles 23 and 24 led to interesting 
results. 

Storms caused by flows associated  with  CME  have  a  
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rate of occurrence that follows the size of the cycle of 
solar activity. Storms associated with high streams solar 
winds are predominant during the descending phase of 
each solar cycle and are the main contributors to small 
(G1) and medium (G2) storms. As the activity increases, 
the shock accompanying the wind factors associated to 
storms increases. As to storms related to the magnetic 
clouds, they are mainly the G1-storms (small) and G2-
storms (medium storms). At the minimum and maximum 
phases of solar cycle 24, only small and medium storms 
were observed, while at the same period of solar cycle 
23, in addition to G1 and G2 storms, large storms G3 and 
severe storms G4 were observed. This may be explained 
by the weak solar wind condition during the cycle 24. 
Based on previous studies (Kakad et al., 2019; Lawrance 
et al., 2020)   and our present results, we suggest that 
earth atmosphere was under quiet solar wind conditions 
and associated effects during the solar cycle 24 than it 
was during the solar cycle 23. The phenomenon observed 
in the present investigations highlight a drop in solar 
plasma geoeffectiveness since the long minimum that 
followed the solar cycle 23. 
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