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Abstract

Invasion of solar wind particles inside earth’s magnetosphere induces the distortion of geomagnetic setting of earth. This

geomagnetic disturbances be a consequence of energy discharge of solar plasma in different forms such as visible aurora in the

polar region, joule heating, ring current energy; momentary fluctuation of earth’s magnetic field (SYM-H), intensification of

magnetospheric current system; Field Aligned Current (FAC) and Polar Cap Potential (PCV) and many other phenomena.

However, this event can cause some serious calamites, so having better understanding of it and able to be prepared in any

severity of such situations is always in good accord. For this, we studied total of nine different intense geomagnetic storms from

solar cycle 22, 23 and 24. Events included from solar cycle 22 and 24 were triggered by Stream Interaction Region (SIR) as

well as SIR associated with complex structures which were a resultant of interactions between SIRs and Interplanetary Coronal

Mass Ejections (ICMEs) respectively. The rest of the selected events which are all from solar cycle 23 were also the responses

of solar structures like SIR and ICME along with sheath and magnetic cloud. To understand the impact of the solar wind

particles on near earth space, magnetospheric and interplanetary parameters such as IMF-Bz, SYM-H, PCV and FAC are

graphed along with total solar input energy and other energy sinks like auroral precipitation, joule heating, and ring current

energy. To substantiate result, cross-correlation technique is used along with pie chart and bar graphing which has helped in

statistical investigation.
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Abstract 11 
 12 

Invasion of solar wind particles inside earth’s magnetosphere induces the distortion of 13 

geomagnetic setting of earth. This geomagnetic disturbances be a consequence of energy 14 

discharge of solar plasma in different forms such as visible aurora in the polar region, joule 15 

heating, ring current energy; momentary fluctuation of earth’s magnetic field (SYM-H), 16 

intensification of magnetospheric current system; Field Aligned Current (FAC) and Polar Cap 17 

Potential (PCV) and many other phenomena. However, this event can cause some serious 18 

calamites, so having better understanding of it and able to be prepared in any severity of such 19 

situations is always in good accord. For this, we studied total of nine different intense 20 

geomagnetic storms from solar cycle 22, 23 and 24.  Events included from solar cycle 22 and 24 21 

were triggered by Stream Interaction Region (SIR) as well as SIR associated with complex 22 

structures which were a resultant of interactions between SIRs and Interplanetary Coronal Mass 23 

Ejections (ICMEs) respectively. The rest of the selected events which are all from solar cycle 23 24 

were also the responses of solar structures like SIR and ICME along with sheath and magnetic 25 

cloud. To understand the impact of the solar wind particles on near earth space, magnetospheric 26 

and interplanetary parameters such as IMF-Bz, SYM-H, PCV and FAC are graphed along with 27 

total solar input energy and other energy sinks like auroral precipitation, joule heating, and ring 28 

current energy. To substantiate result, cross‐correlation technique is used along with pie chart 29 

and bar graphing which has helped in statistical investigation. This techniques aided us in finding 30 

out that less than 1% of total solar input was contributed in ring current injection, joule heating 31 

and auroral precipitation combined. Solar Quiet (Sq) and Lunar (L) current was recorded to be 32 

playing the role of IMF‐Bz to create disturbance as the plot showed the geomagnetic activity 33 

even in the absence of southward IMF-Bz. Mostly, the solar wind particles during intense storm 34 

was found to induce more intense eastward electrojet currents compared to ring current and 35 

westward electrojet current.  36 
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 41 

1. Introduction 42 

The change in the geomagnetic setting of magnetospheric environment with the invasion of solar 43 

wind particles during geomagnetic disturbance is not an alien observation in near-Earth space 44 

science (Poudel et al, 2019). Solar wind is basically a stream of charged particles ignited from 45 

extremely hot corona in Sun (Parker, 1958). The Earth’s dipole interacts with the magnetic field 46 



possessed by the solar wind plasma ejected form upper part of the atmosphere of Sun (Adhikari 47 

and Chapagain, 2015) as a result energy is loaded into the different region of magnetosphere via 48 

global convection enhancing convection currents (Sergeev et al., 1995). These currents lead to 49 

deposition of energy in different forms such as ring current energy, joule heating, and auroral 50 

precipitation. Ring current energy is the energy associated with the kinetics of trapped solar wind 51 

particles that undergoes gyration and azimuthal drift motion along the field lines. This current is 52 

responsible for slight reduction of geomagnetic field in equatorial region and is equivalent to the 53 

number of charged particles in Van Allen radiation belt. Joule heating induces the ionospheric 54 

currents that heat the atmosphere and takes place through the Pedersen currents associated with 55 

the closure of field aligned currents in the resistive ionosphere (Koskinen and Tanskanen, 56 

2002). This can be recognized as the frictional heating from the relative motion of plasma and 57 

neutrals [Song et al., 2009].  58 

Auroral particle precipitation produces diverse forms of optical airglow caused by 59 

magnetospheric particles hitting the upper atmosphere (Newell et al. 2016). It is an important 60 

loss mechanism for plasma-sheet electrons and the precipitation produces important changes in 61 

the electrical conductivity of the ionosphere (Borovsky, 2018). Among the different types of 62 

magnetospheric current system flowing around the earth’ surrounding, field-aligned current is 63 

one of them, which were first proposed by Birkland (1908). This current connects two regions: 64 

magnetosphere and ionosphere, by flowing along magnetic field lines but they are difficult to 65 

measure as this current have low current density (Milan et al, 2017; Adhikari and Chapagain, 66 

2016). Dungey (1961) gave a model that discussed the interaction among several currents located 67 

in the ionosphere in low altitude, and how they couple with the magnetosphere through field-68 

aligned currents (FACs). The reason for the existence of these currents is that the resistive 69 

behavior of the ionosphere requires FACs to close the divergence of the current density. During 70 

geomagnetic disturbance, the current systems existing inside the magnetosphere and ionosphere 71 

will be intensified [Jankovicova et al., 2002] and there is dawn-dusk asymmetry in the large-72 

scale FACs [Anderson et al., 2005]. 73 

Polar cap potential (PCV) is the difference between the maximum and minimum values of 74 

ionospheric electric potential due to convection (Shepherd, 2006). During the solar-wind 75 

magnetosphere interaction, certain electric field is transferred to the polar ionosphere. This leads 76 

to creation of a potential difference in the ionosphere region and is referred to as cross PCV 77 

(Papitashvili et al., 1999; Pedatella et al., 2011). PCV is an important parameter used for 78 

determining what kind of interaction takes place between solar wind and magnetosphere. It is the 79 

manifestation of convection which results in creation of regions with maximum and minimum 80 

ionospheric electric potential (Shepherd, 2006). The increase in magnitude of IMF‐B z causes 81 

electric field of cross magnetosphere to increase, and it leads to increase in magnitude of 82 

ionospheric cross PCV (Adhikari and Chapagain, 2016).  83 

In this paper, we aim to study the relation of Filed Aligned Current (FAC), Polar Cap Potential 84 

(PCV) and IMF-Bz with different magnetospheric energy such as ring current, joule heating and 85 

auroral precipitation. We will also provide the statistical analysis of the deposited energy, 86 

compare the major source of deposited energy into the magnetosphere and elaborate their nature 87 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/jgra.50545#jgra50545-bib-0031
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6428226/#CR146
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018EA000392#ess2208-bib-0004


and also their relation with the other geomagnetic parameters with the backing of data evidence 88 

that supports our assumption.  89 

 90 

 91 

2. Data Set and Methodology  92 

We have considered nine events of different nature and intensity. We have taken comparative 93 

analysis method for the study. For the proper understanding of energy dynamics, potential and 94 

current system in the magnetosphere, we have considered solar wind energy (Utot), ring current 95 

energy (Ur), auroral precipitation (Ua), and joule heating (Uj), Polar cap potential (PCV) and 96 

filed aligned current (FAC). We have also applied cross‐correlation technique to elaborate the 97 

relation between component of IMF (Bz) against Ur, Uj, Utot, Ua, and SYM‐H, and the energy 98 

transfer mechanism. This technique helps to quantify the correlation and time lag between the 99 

already mentioned parameters which give us the time response of the process. The data needed 100 

for the analysis of these five events are extracted from Operating Mission as Nodes on the 101 

Internet web system.  102 

Various methods have been suggested till now to study and quantify the relationship between the 103 

solar wind and magnetospheric response and also to forecast the geomagnetic activity based on 104 

the observed data of solar wind and IMF (Adhikari et al., 2018; Usoro, 2015; Wu & Lundstedt, 105 

1997). To understand the magnetospheric response to the invading solar wind particles, various 106 

statistical method can be executed such as multiple regression, cross correlation, and visual 107 

correlation are useful methods according to review work of Baker et al. (1986). In this work, we 108 

have applied cross‐correlation analysis method. The best-known method for correlative study is 109 

Pearson's correlation coefficient (r). The correlation coefficient ranges from −1 to +1, where 110 

value around zero means poor fit and positive and negative value depicts good linear fit. IMF‐111 

Bz, SYM‐H, Utot, Ur and Uj, and Ua are the parameters included for the analysis. This 112 

technique compares and evaluates the information between two time series of the included 113 

parameters as a function of a time lag (Finch & Lockwood, 2007; Mannucci et al., 2008).  114 

 115 

Table 1: Selection of geomagnetic disturbance events  116 

Events Date Type Solar Cycle SYM-H 

Event-1  1995 04 06-08 Intense 22 -163 

Event-2 1998 09 24-25 Intense 23 -217 

Event-3 1999 10 21-22 Intense 23 -228 

Event-4 2000 09 17-18 Intense 23 -203 

Event-5 2001 03 31 to 2001-04-02 Intense 23 -437 

Event-6 2003 11 20-22 Intense 23 -490 

Event-7 2004 11 07-09 Intense 23 -394 

Event-8 2005 05 15 Intense 23 -305 

Event-9 2015 03 17-18 Intense 24 -234 

 117 
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 121 

To calculate FAC and PCV, we apply formula suggested by Adhikari et al., (2017) 122 

𝐹𝐴𝐶 = 0.328 [𝑛𝑝

1
2𝑉𝑠𝑤𝐵𝑇𝑆𝑖𝑛

𝜃

2
]

1
2

+ 1.4  [
𝜇𝐴

𝑚2
] 

𝑃𝐶𝑉 =  𝑉𝑠𝑤𝐵𝑇𝑆𝑖𝑛2
𝜃

2
× 7𝑅𝑒 [𝑘𝑉] 

Where, Solar wind density (np) is in n/cc, solar wind speed (Vsw) is in km/s, Re is radius of Earth 123 

(6.38 ×10
6 
m), BT is total interplanetary magnetic field in nT; 𝐵𝑇 =  √𝐵𝑦

2 + 𝐵𝑧
2 and angle of 124 

magnetic field (θ);  125 

𝐼𝑓 𝐵𝑍  > 0 →  𝜃 =  tan−1( 𝑎𝑏𝑠(
𝐵𝑦

𝐵𝑍
)) 

𝐼𝑓 𝐵𝑍 < 0 →  𝜃 =  180 − tan−1( 𝑎𝑏𝑠(
𝐵𝑦

𝐵𝑍
)) 

The total energy input to the magnetosphere (Utot) is calculated by formula suggested by de 126 

Lucas et al., (2007)  127 

𝑊𝜀 =  ∫ 𝜀 𝑑𝑡 
𝑡𝑚

𝑡𝑜
[J] and 𝜀 = 107𝑉𝑠𝑤𝐵2𝑙𝑜

2𝑆𝑖𝑛4(
𝜃

2
) [W], 128 

Where, B is IMF strength, θ is angle of magnetic field, lo = 7RE is empirically determined factor. 129 

Wε is obtained by integrating ε over the main phase from to to tm of each magnetic storm. For the 130 

calculation of total energy input, all parameters are in SI unit. 131 

Joule's heating (UJ) is given by. 132 

𝑈𝐽 =  (0.54 × 𝐴𝐸 + 1.8) × 109 [W], 133 

where, Auroral Electrojet (AE) index is in nT. 134 

Auroral Precipitation (Ua) is given by 135 

𝑈𝑎 =  (4.4 ×  √𝑎𝑏𝑠(𝐴𝐿) − 7.6) × 109 [W], 136 

where, Amplitude Lower (AL) index is in nT. 137 

Ring Current Energy (Ur) is given by 138 

𝑈𝑟 = 4 × 104 [𝑎𝑏𝑠 (
∆𝑆𝑌𝑀−𝐻

60
) + 𝑎𝑏𝑠 (

𝑆𝑌𝑀−𝐻

4∗60∗60
)] × 109 [W], 139 

where, ∆SYM-H = SYM-H(i+1) – SYM-H(i) and SYM-H is in nT. 140 



 141 

 142 

 143 

 144 

 145 

3. Result and Discussion 146 

Figure 1 is the graphical representation of dynamics of the energy sinks (Ua, Uj, Ur and Usw) 147 

along with the variation of SYM‐H, IMF-Bz, FAC and PCV during the intense storm of Oct 22, 148 

1999. This was one of the intense storm events during solar cycle 23. This event was triggered 149 

by SIR associated with complex structures due to interactions between SIRs and Interplanetary 150 

Coronal Mass Ejections (ICMEs) respectively and has already been studied by Dal Lago et al. 151 

(2006). Observations of this event from WIND satellite exhibit obvious signatures of an ICME. 152 

This event was also listed in Jian’s ICME catalog (Jian et al., 2006), Richardson and Cane’s 153 

ICME catalog (Richardson & Cane, 2010), and USTC’s ICME catalog (Chi et al., 2016). As 154 

observed in the figure, the first day of this event (21
st
 October) has smooth SYM-H value with 155 

not much fluctuation. However, after couple of hours, we can observe slightly positive rise in 156 

SYM-H value which was accompanied by definite fluctuation in geomagnetic parameters PCV 157 

and FAC along with IMF-Bz. Interestingly, the orientation of IMF-Bz is mostly northward 158 

during this time. Obviously, it is evident that this activity was happening inside the 159 

magnetosphere without geomagnetic reconnection between IMF and magnetosphere. 160 

After observing the nature of the initial phase of the disturbance, the event could be identified as 161 

SC (Sudden Commencement) or SSC (Storm Sudden Commencement). SSC events occur due to 162 

a rapid compression in the Earth's magnetic field which is generally believed to be caused by 163 

Interplanetary (IP) shocks, but with a few exceptions. Park et al (2015), investigated 274 164 

geomagnetic storms and proposed an idea that that HSSs (High Speed Streams) and ICMEs may 165 

be alternative contributors to SSCs. Interestingly, FAC, PCV and energy sinks (Ua and Uj) 166 

related to the polar part of the ionosphere was active, but little to none action was sensed in the 167 

ring current.. Normally after reconnection, solar particles are dragged along with the broken-field 168 

lines and are stored on the magneto tail which later gets loaded into night side inducing ring 169 

current.  170 

As the magnetic reconnection was absent, there was not enough ring current particles undergoing 171 

convection of plasma sheet into the inner magnetosphere and eventually no depression of SYM-172 

H value. Later, at the end of the first day of the event, geomagnetic storm was observed. Sudden 173 

southward change of IMF-Bz was accompanied by abrupt change in Ua, Ur, PCV and FAC. As 174 

storm moved onto main phase, ring current injection was increasing almost linearly unlike other 175 

energy sinks which were more chaotic.  176 

Uj and Ua both attained their maximum value of the event of 7.7886 ×10
11

 Watt and 177 

1.6281×10
11

 Watt respectively during this phase. As the main phase was progressing into the 178 

recovery phase, there was delay in decreasing value of FAC, PCV and Ur compared to Uj and 179 



Ua. Around the end of the main phase, there was big flux of solar wind interacting with 180 

magnetosphere. But as the direction of the wind was approaching northward, hardly any activity 181 

was seen in the value of FAC, PCV, Ua and Ur. Opposite polarity of magnetopause screened the 182 

invading solar particles to penetrate through the field lines along with the load of the energy in 183 

the polar part of magnetosphere system. However, Ur kept increasing its value and showed only 184 

a slight spike during this time. This could be due to presence of enough ring current particles 185 

induced during main phase that endured SYM-H value depression. But the density of these 186 

energetic particles slowly started decreasing as the storm went into the recovery phase and all the 187 

parameters started regaining its pre storm value. The recovery is associated with a multitude of 188 

physical processes associated with the loss of the energetic ring current particles such as charge 189 

exchange, Coulomb collisions, wave–particle interactions and convection on the dayside 190 

magnetopause (West et al., 1972; Kozyra et al., 1997, 2006a; Jordanova et al., 1998; Daglis et 191 

al., 1999).      192 

 193 

 194 

 195 

 196 



Figure 1: From top to bottom, the panels show the variations of IMF‐Bz (nT), solar wind energy 197 

(Utot in Watt), ring current energy (Ur in Watt), Joule heating (Uj in Watt), Auroral precipitation 198 

(Ua in Watt) with time (hours), Field Aligned Current (μAm
−2

), Polar Cap Potential (kV) and 199 

SYM H = symmetric horizontal component of geomagnetic field respectively, for the event‐3 of 200 

Oct 22, 1999. 201 

                                               202 

 203 
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 206 

 207 

(a) 208 

  209 

(b) 210 
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 217 

(c) 218 



 219 

Figure 2: Cross correlation of SYM-H (nT), Uj (Watt), Ur (Watt), Ua (Watt), Utot (Watt) during 220 

1999, Oct 22 with: (a) Southward component of IMF, Bz (nT), (b) Filed Aligned Current 221 

(μAm
−2

) and (c) Polar cap potential (kV).      222 

Figure 2.a delineates the cross‐correlation results of SYM-H, Uj, Ur, Ua, Utot with IMF-Bz 223 

during 1999, Oct 22. The horizontal axis represents the scale in minutes (ranging from −420 224 

minutes to 420 minutes) and the vertical axis represents the coefficient of cross correlation. Here, 225 

the positive correlation is shown by IMF‐Bz‐SYM‐H pair and the rest of the pair is negatively 226 

correlated. Positive cross correlation between IMF‐Bz and SYM-H is obvious due to the direct 227 

proportional relation between them i.e. negative value of IMF‐Bz (southward orientation) 228 

triggers the depression of SYM‐H value. The maximum correlation coefficient between the IMF‐229 

Bz and SYM‐H is 0.9743 at time lag -37 min. This result is in agreement with Bargatze et al. 230 

(1999) and Rostoker et al. (1972) where they studied substorm and concluded that the time delay 231 

between solar wind energy input and the release of energy in the magnetotail is considerably 232 

longer, of the order of 30–60 min. Out of all the nine intense storm events considered, this event 233 

(event-3) has highest cross correlation coefficient for IMF‐Bz - SYM‐H pair. This correlation 234 

coefficient value is even higher than that observed by Poudel et al. (2019) where the coefficient 235 

value was 0.9297 with time lag of -170 min. Such higher magnitude of correlation coefficient 236 

might have occurred due to the significant role played by IMF‐Bz for the injection of energetic 237 

particles in this particular event, even though IMF‐Bz is not sufficient condition for triggering of 238 

geomagnetic storm in most of the cases (Poudel et al, 2019).  239 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018EA000495#ess2267-bib-0012
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018EA000495#ess2267-bib-0046


A sufficiently large IMF‐Bz might be adequate to create geomagnetic disturbance as stated by 240 

Gonzalez et al. (1994) and Gonzalez and Tsurutani (1987). IMF‐Bz correlates negatively with 241 

rest of the parameters because of inverse proportionality of IMF‐Bz. This means decrease in 242 

IMF-Bz value (southward orientation) would increase the value of solar wind input energy, 243 

dissipated energy in coupled magnetosphere‐ionosphere, intensity of magnetospheric current and 244 

potentials at the polar cap. IMF‐Bz correlation coefficient with Uj is -0.8896 at time lag −1 min; 245 

with Ua is -0.9725 at time lag −37 min; with Ur is -0.9365 at time lag −6 min and with Utot is -246 

0.8252 at time lag −38 min. The time lag for all the pairs for this event was also observed to be 247 

negative i.e. IMF-Bz was ahead of all other variables (FAC, PCV, Ua, Ur, Uj and Utot) 248 

intimating that the response of IMF-Bz was first observed in the station and then on other 249 

activities of the magnetosphere. 250 

Figure 2.b delineates the cross‐correlation results of SYM-H, Uj, Ur, Ua, Utot with FAC during 251 

1999, Oct 22. Here, the time scale represented by x axis ranges from −420 to 420 minutes and y 252 

axis representing the coefficient scale ranges from −1 to 1. At this point, the negative correlation 253 

is shown by FAC‐SYM‐H pair and the rest of the pair shows positive correlation. FAC 254 

correlating positively with the SYM‐H makes sense as the increase in intensity of solar particles 255 

moving along the geomagnetic field lines from magnetopause and loading off to polar region 256 

would lower the SYM-H value i.e. increase in FAC triggers the depression of SYM‐H value. 257 

And the negative correlation of FAC with the rest of the variables signifies that convection of 258 

field aligned current particles would assist in the increasing the energy sinks in magnetosphere 259 

and increases the differences of ionospheric electric potential. FAC correlates at zero-time lag 260 

with all three magnetospheric energy sinks, invading solar energy and SYM-H i.e they are in 261 

same phase at their respective highest coefficient. This means that the response observed for all 262 

the variables corresponding to FAC was same without any delay or lead.  263 

 264 

Comparing the coefficient value, FAC correlated highly with Ua with (0.9487) and least with 265 

Utot (0.8837). Similarly, FAC showed correlation coefficient of 0.9429 with Ur, 0.8872 with Uj 266 

and -0.9399 with SYM-H. The result obtained by Adhikari et al (2018) for the correlation of 267 

FAC-SYM-H pair was same regarding the time lag (0 minutes) but had highest coefficient value 268 

of 1. As explained by Adhikari et al (2018), the coefficient for FAC-SYM-H pair is the highest 269 

when the ring current energy is the dominant which makes sense as joule heating instead of ring 270 

current was the highest for our result. Numerically, joule heating and auroral precipitation is 271 

function of AE. So, whenever, value of AE intensifies so would happen to joule heating and 272 

aurora precipitation. And as suggested by Wei et al. (2008), during late main phase and early 273 

recovery phase, the FAC is directly proportional to AE. That means, increase in FAC would 274 

eventually help to increase the energy sink of joule heating auroral precipitation and was really 275 

the case in our results as well.  276 

Figure 2.c delineates the cross‐correlation results of SYM-H, Uj, Ur, Ua, Utot with PCV during 277 

1999, Oct 22. The horizontal axis represents the scale in minutes and the vertical axis represents 278 

the cross correlation coefficient. In this figure, the scales of −500, −400, −300, −200, −100, 0, 279 

100, 200, 300, 400 and 500 are labeled in the horizontal axis and cross‐correlation coefficient 280 

runs to its range in the vertical axis. Like the nature of correlation plot of FAC; PCV also 281 

correlates negatively with SYM‐H and positively with the rest of the variables. This is caused by 282 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018EA000495#ess2267-bib-0021
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018EA000495#ess2267-bib-0020
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018EA000392#ess2208-bib-0051


the increase in ionospheric potential due to the convection of energetic particles at the time of 283 

magnetic storm. SYM-H value thereby would depress and increase the energy deposition in 284 

different parts of magnetosphere. PCV was found to be in phase (zero-time lag) with Ua and Uj 285 

with cross correlation coefficient of 0.9425 and 0.887 respectively. PCV showed good 286 

correlation with Ur but little delayed response (time lag -19 minutes). However, PCV had 287 

comparatively less correlation with total solar input energy (Utot). Their cross correlation 288 

coefficient was 0.8301 at time lag of -22 minutes. This confirms, highly energetic solar flux does 289 

not ensure would have similar influence on polar cap potential. Similarly, PCV showed strong 290 

correlation with coefficient value of 0.9679 with Ur and -0.9693 with SYM-H with time lag of -291 

19 minutes and -20 minutes, respectively.  292 

 293 

Similar statistical analysis is carried out for the other remaining eight intense storms as well. The 294 

discussion of energy panels along with cross correlation plots for all of the events are 295 

summarized in the Table 2, 3 and 4. This particular event was included for the explanation, as 296 

the parameters of invading solar wind particles had good correlation with geomagnetic variables. 297 

Along with that, the nature of energy dynamics also showed some interesting and unique 298 

characteristics that was very necessary for the elucidation.  299 

Percentage energy composition inside magnetosphere  300 

Here, figure 3 represents the percentage composition of the energy deposited inside the 301 

magnetosphere during main phase of all the nine intense storms included in this research. Ring 302 

current energy (Ur), joule heating (Uj) and auroral precipitation (Ua) are considered for the 303 

analysis. As observed in the chart above, out of nine intense storms, six storms had joule heating 304 

as the major energy sink whereas during remaining three events, ring current energy was the 305 

dominant one. Auroral precipitation was the weakest during all the nine events. Akasofu (1978) 306 

believed that ~90% of energy dissipation for geomagnetic storm would be through ring current 307 

injection. Later work of Knipp et al. (1998) and Turner et al. (2009) found out that joule heating 308 

dominates over other form of magnetospheric energy sinks as dissipation channel during storm 309 

events (Poudel et al, 2019). Tenfjord and Ostgaard (2013) also studied different periods and 310 

events of different durations and showed joule heating as the major energy compared to ring 311 

current injection and auroral precipitation. However, they did mention that the calculation does 312 

deviates depending upon the type of coupling function used. They claimed that the coupling 313 

function, Pstorm (as represented in their work) which was used in their study is more essential and 314 

performs better than the  parameter scaled to the energy sink.  315 

Event 5, 7 and 8 stored majority of energy for the kinetics of the ring current particles. SYM-H 316 

depression were significantly high during these three events. Pulkkinen et al, (2001) claimed that 317 

the average ring current energy contributes more than 50% of the SYM-H depression. Therefore, 318 

events with intense SYM-H depression events can be expected to contribute major percentage of 319 

energy to the ring current energy sink. Auroral precipitation contributing least to the energy sink 320 

of magnetosphere was the common situation in all nine cases. In this paper we estimated the 321 

Auroral precipitation and Joule heating using AL and AE indices as a proxy. AE index 322 

mathematically is the difference of the value of AL and AU. Indices AL and AU represents 323 

eastward and westward electrojet currents. As observed from the chart representation, joule 324 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018EA000495#ess2267-bib-0007
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018EA000495#ess2267-bib-0033
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018EA000495#ess2267-bib-0053


heating was major sink and auroral precipitation was on the minority,  it is conformed that the 325 

solar wind particles during intense storm produces electrojet currents more on the eastward than 326 

westward.    327 

 328 
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 333 
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 340 

 341 

Figure 3: Percentage compositions of magnetospheric energy sinks during intense geomagnetic 342 

storm: (a) Event-1, (b) Event-2, (c) Event-3, (d) Event-4, (e) Event-5, (f) Event-6, (g) Event-7, 343 

(h) Event-8 and (i) Event-9. 344 
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 346 
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 348 

 349 

Comparison of percentage dissipation of total solar energy input  350 

 351 

Figure 4:  Bar graph representing the percentage of total energy decomposition of total soar 352 

input 353 

Figure 4 delineates the bar graph of total deposited energy (Ua, Uj and Ur combined) for main 354 

phase of the nine selected intense geomagnetic storms. Very less portion of total solar input 355 

seemed to be dissipated inside the magnetosphere. All the nine events had deposition of less than 356 

1 % of the total solar input. This observation aggresses with the studies done by Østgaard et al. 357 

[2002b] and Stern [1984] where they found out that the efficiency of solar wind energy deposited 358 

into the magnetosphere is smaller or roughly ≈ 1%. Østgaard et al. [2002b] discussed about an 359 

important parameter called the coupling efficiency, which is how much of the available solar 360 

wind kinetic energy that penetrates the magnetosphere. They investigated the data from the 361 

period 1997–2010 and found out that the efficiency on average is 0.8%. Similarly, Stern [1984] 362 

estimated it to be around 1% but Lu et al. [1998] suggested little higher with the value to be as 363 

much as 4%. This is because most of the energy of the solar wind particles is not stored inside 364 

the magnetosphere but gets ejected down the magnetotail to be lost from the Earth to the space, 365 

the process called plasmoid ejection. As observed in the graph, out of all nine events, event 3
rd

 366 

(Oct 22, 1999) deposited highest percentage (0.24%) of energy into the magnetosphere and event 367 
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4
th

 (Sep 17-18, 2000) was the lowest of the nine with one third of the energy deposited during 368 

event 3
rd

 (0.08%).  369 

Table 2: Total and average deposited magnetospheric energy  370 

 371 

Given table 2 summarizes the average and sum of all three deposited energy Ua. Ur and Uj 372 

including solar input Utot during main phase of all nine selected events. Here, energy is 373 

expressed in the units of Watt. Even though, event 3 had the highest total solar input to deposited 374 

magnetospheric energy conversion ratio, but event 8 was experiencing intense solar flux input of 375 

1.2649×10
15 

Watt on average. Interestingly, compared to other events of lesser solar input, this 376 

event (event 8) could not contribute at the highest level for any form of energy sinks. It comes 377 

second on ring current injection, third on joule heating and third on auroral precipitation. One of 378 

the reasons for such observation is, out of all nine-storm event, it had the shortest main phase 379 

duration. So, it got lesser time to inject energy inside the magnetosphere compared to others. 380 

Talking about highest energy sink, event-5 was the highest for ring current injection (7.8698×1011 381 

Watt), event-6 was the highest for joule heating (6.7176×1011 Watt) and event-6 was the highest 382 

for auroral precipitation (1.3198×1011 Watt).           383 

Table 3: Cross correlation coefficient and time lag of IMF-Bz vs SYM, Ua, Uj, Ur and Utot  384 

 385 

       Bz-SYM              Bz- Ua Bz-Uj Bz-Ur Bz-Utot 

Date Coef Time       Coef Time Coef Time Coef Time Coef Time 

Apr 7, 1995 0.8547 -66 -0.8535 -66 -0.7944 -7 -0.8158 -7 -0.8104 25 

Sep 25, 1998  0.8378 -52 -0.8364 -50 -0.6892 -11 -0.7739 -28 -0.7985 33 

Oct 22, 1999 0.9743 -37 -0.9725 -37 -0.8896 -1 -0.9365 -6 -0.8252 -38 

Sep 17-18, 0.8245 -99 -0.809 -96 -0.7145 -24 -0.7398 -19 -0.6736 -2 

Events Ur Uj Ua Utot 

Total  Average  Total  Average  Total  Average  Total  Average  

1 1.6138×1014                                                                                                 1.8235×1011 3.1715×1014                                                                                            3.5836×1011         7.3101×1013                                                                                           8.2600×1010 3.1863×1017                                                                                                3.6003×1014 

2 1.4125×1014                                                                                            3.7468×1011 1.7205×1014                                                                                           4.5637×1011 3.7785×1013                                                                                         1.0022×1011 2.1352×1017                                                                                              5.6636×1014 

3 1.5231×1014                                                                                         3.6437×1011 1.5651×1014                                                                                       3.7442×1011 4.3101×1013                                                                                         1.0311×1011 1.4898×1017                                                                                              3.5642×1014 

4 8.1808×1013                                                                                         3.4373×1011 1.0769×1014                                                                                       4.5248×1011 2.5415×1013 1.0679×1011 2.6851×1017                                                                                              1.1282×1015 

5 1.5897×1014                                                                                        7.8698×1011 7.3533×1013                                                                                       3.6402×1011 1.7282×1013                                                                                       8.5556×1010 2.1728×1017                                                                                           1.0757×1015 

6 2.9636×1014                                                                                        4.8985×1011 4.0642e+14                                                                                       6.7176×1011 7.9847×1013                                                                                      1.3198×1011 3.8723×1017                                                                                          6.4004×1014 

7 3.3594×1014                                                                                       6.1192×1011 2.9931×1014                                                                                       5.4518×1011 6.6413×1013                                                                                     1.2097×1011 3.2690×1017                                                                                          5.9545×1014 

8 8.0575×1013                                                                                       6.7710×1011 5.8872×1013                                                                                       4.9472×1011 1.3304×1013                                                                                    1.1180×1011 3.2690×1017                                                                                          1.2649×1015 

9 3.0628×1014                                                                                       3.2071×1011 4.3004×1014                                                                                       4.5030×1011 9.1000×1013                                                                                    9.5288×1010 6.0862×1017                                                                                          6.3730×1014 



2000 

Mar 31, 2001 0.9367 -11 -0.9412 -11 -0.8524 -5 -0.9309 -4 -0.8058 52 

Nov 20, 2001 0.878 0 -0.8753 0 -0.7643 1 -0.8018 0 -0.7207 247 

Nov7-8, 2004 0.9216 -43 -0.9221 -39 -0.8629 0 -0.9347 0 -0.8479 137 

May 15, 2005 0.8746 -23 -0.8752 -6 -0.9524 0 -0.9702 0 -0.9676 0 

9          Mar 17, 2015 0.8428 -11 -0.8452 -5 -0.8171 19 -0.8466 0 -0.8119 319 

 386 

Given table 3 shows the correlation coefficient and time lag of magnetospheric parameter IMF-387 

Bz with all three deposited energy Ua. Ur and Uj along with solar input Utot and SYM-H during 388 

main phase of all nine selected events. On comparing the events for IMF-Bz-SYM-H dynamics, 389 

event 3 had the highest correlation with time lag of -37 minutes. This means, SYM-H showed 390 

response 37 minutes later to fluctuation of invading IMF-Bz. Response of Ur for IMF-Bz was 391 

also good with -0.9365 and time lag -6 minutes which is the second highest correlation when 392 

compared to all other events. Ur was faster than SYM-H to show the reaction as it had lesser 393 

time delay. This makes sense as first ring current particles intensifies which later would depress 394 

the SYM-H value. This event also had the highest SYM-H-Ua correlation of all the events with -395 

0.9725-time lag -37 minutes. Interestingly, compared to Ua; Uj showed weaker correlation of -396 

0.8896 but at better time lag -of 1 minutes. This means Ua fluctuation was more like IMF-Bz 397 

than Uj but slower in response to the change in invading IMF-Bz.                                                                                 398 

 399 

Table 4: Cross correlation coefficient and time lag of FAC vs SYM, Ua, Uj, Ur and Utot 400 

       FAC-SYM              FAC- Ua FAC-Uj FAC-Ur FAC-Utot 

Date Coef Time       Coef Time Coef Time Coef Time Coef Time 

Apr 7, 1995 -0.9028 -74 0.9567 0 0.9357 0 0.9055 -73 0.9781 0 

Sep 25, 1998  -0.8384 -21 0.9441 0 0.8965 0 0.8457 -20 0.9708 0 

Oct 22, 1999 -0.9399 0 0.9487 0 0.8872 0 0.9429 0 0.8837 0 

Sep 17-18, 

2000 

-0.8387 -60 0.9588 0 0.9369 0 0.84 -62 0.9613 0 

Mar 31, 2001 -0.8958 -6 0.9528 0 0.9263 0 0.9042 -6 0.9275 0 

Nov 20, 2001 0.845 -4 0.9602 0 0.9223 2 0.8546 -3 0.9082 0 

Nov7-8, 2004 -0.8795 -68 0.9334 0 0.8958 0 0.884 -69 0.9535 0 

May 15, 2005 -0.9327 -5 0.974 0 0.9437 0 0.9442 -3 0.9913 0 

9          Mar 17, 2015 -0.8773 -87 0.9089 0 0.8818 0 0.8838 -64 0.9592 0 

 401 



Given table 4 shows the correlation coefficient and time lag of magnetospheric parameter FAC 402 

with all three deposited energy Ua, Ur and Uj along with solar input Utot and SYM-H during 403 

main phase of all nine selected events. FAC was in good phase with all these energy sinks during 404 

every storm event studied here, as for most of them time lag was 0 minutes. Event 8 had good 405 

impact among all the events as it had the highest relation for all the energy sinks as well as 406 

SYM-H. FAV correlated with SYM-H, Ua, Ur, Uj and Utot with respective coefficient of -407 

0.9327, 0.974, 0.9442, 0.9437 and 0.9913 respectively. Ua and Uj both being the function of 408 

auroral indices, was in phase with FAC but was ahead of SYM-H variation and Ur by 5 minutes 409 

and 3 minutes, respectively. Event 6 showed quite distinctive characteristics as FAC-Ur time lag 410 

was positive of two minutes. This result suggests that, there was some activity of joule heating 411 

happening already before FAC current. This means, ohmic dissipation in ionosphere is not only 412 

the consequences of field aligned current particles.      413 

 414 

 415 

Table 5: Cross correlation coefficient and time lag of PCV vs SYM, Ua, Uj, Ur and Utot 416 

       PC-SYM              PC- Ua PC-Uj PC-Ur PC-Utot 

Date Coef Time       Coef Time Coef Time Coef Time Coef Time 

Apr 7, 1995 -0.9052 -66 0.8742 -6 0.8342 -7 0.9055 -66 0.9172 0 

Sep 25, 1998  -0.8942 -52 0.8981 0 0.8281 0 0.8964 -49 0.9275 1 

Oct 22, 1999 -0.9693 -21 0.9425 0 0.887 0 0.9679 -19 0.8301 -22 

Sep 17-18, 

2000 

-0.8128 -96 0.8908 8 0.8781 0 0.8009 -96 0.8743 2 

Mar 31, 2001 -0.9375 -10 0.9439 -3 0.8757 0 0.9423 -9 0.8229 7 

Nov 20, 2001 -0.8781 -1 0.915 0 0.8748 1 0.8825 0 0.7522 10 

Nov7-8, 2004 -0.9203 -65 0.9552 0 0.8975 0 0.9223 -47 0.8716 21 

May 15, 2005 -0.9156 -8 0.9807 0 0.9516 0 0.9216 -6 0.9813 0 

9          Mar 17, 2015 -0.8943 -30 0.9222 0 0.8947 -26 0.9006 -40 0.8732 51 

 417 

Given table 5 shows the correlation coefficient and time lag of magnetospheric parameter PCV 418 

with all three deposited energy Ua, Ur and Uj along with Utot and SYM-H during main phase of 419 

all nine intense geomagnetic storms. PCV seems to have very good influence on the 420 

magnetopsheric energy sinks. We observed, event-3 had the highest average energy deposition 421 

but had unsubstantial impact in auroral dynamics compared to other eight events. It had the 422 

strongest correlation of -0.9693 and 0.9679 with SYM-H and Ur respectively. Even though 423 

having strong correlation coefficient manifested the similarity of their characteristics, there was 424 

still significant time delay between them. That means, potential was setup first in ionosphere and 425 

minutes later (21 for SYM-H and 19 for Ur) ring current induced and SYM-H activity started. 426 



PCV had good influence on polar weather in event 8 as it had it’s the highest correlation with Ua 427 

(0.9807) and Uj (0.9516) during this time. PCV was in phase (zero-time lag) with total solar 428 

input and strongly correlated with Utot (0.9813) as well. Like that by FAC, PCV also showed 429 

quite distinctive characteristics during event 6 storm as FAC-Uj time lag was positive one 430 

minute. This result hints us about the intensification of joule heating before PCV was active.  431 

4. Summary 432 
For the first time, this paper studies all the major intense storm included from solar cycle 22, 23 433 

and 24 and provides the statistical analysis of the energy dynamics and current system of the 434 

magnetosphere during such events.  Nine intense storms from 1995 to 2015 are analyzed using 435 

measurements from the OMNIWEB network of ground-based magnetometers. Various 436 

interplanetary and geomagnetic parameters were studied to understand the dynamics of the 437 

geomagnetism, current system and energy distribution inside the magnetosphere during 438 

geomagnetic disturbance. Different statistical analysis technique were executed to the parameters 439 

included in the research which helped us to dig out important information about magnetospheric 440 

dynamics of earth. 441 

The highlights of the study can be summarized as follows: 442 

- Events included from solar cycle 22 and 24 were triggered by Stream Interaction 443 

Region (SIR) as well as SIR associated with complex structures which were a 444 

resultant of interactions between SIRs and Interplanetary Coronal Mass Ejections 445 

(ICMEs) respectively. The rest of the selected events which are all from solar cycle 446 

23 were also the responses of solar structures like SIR and ICME along with sheath 447 

and magnetic cloud. 448 

- Comparing on the basis of time average of solar wind energy input, event 8 449 

experienced the most (1.2649×10
15

 Watt) and the event 3 was the experiencing the 450 

least amount (3.5642×10
14 Watt) of invading solar flux. However, highest average 451 

deposited energy inside the magnetosphere was during event 6 (Table 2).     452 

- Less than 0.5 % of total solar input was deposited inside the magnetosphere for all the 453 

nine intense storms. Maximum deposited energy was during event 3 with 0.24 % and 454 

the minimum was deposited during event 4 with 0.08% (Figure 4).  455 

- Joule heating, ring current injection and auroral precipitation was studied for the 456 

research. Out of these three energy sinks, joule heating turned out to be the dominant 457 

one for significantly number of times. Six times, joule heating contributed the most 458 

and during 5 of those 6 times, it was around 50% or more. Ring current energy was 459 

dominant for the rest of three events. Auroral precipitation was the weakest one 460 

during all nine events.  461 

- Intensity of the solar cycle appeared to be swelling. 24 was the weakest one and 22 462 

was the strongest one.  463 

- IMF-Bz, FAC and PCV showed very strong correlation with all the deposited 464 

energies, total solar input and SYM-H.  465 

- The inversely proportional relation between SYM‐H index and ring current energy as 466 

proposed by Dessler Parker‐Scopke relation holds true.  467 

- Solar wind parameters IMF‐Bz correlates positively with SYM‐H and negatively with 468 

ring current energy (Ur), joule heating (Uj), auroral precipitation (Ua), and solar wind 469 

energy (Utot). 470 

 471 



  472 

 473 

 474 

5. Conclusion 475 
This study attempts to contribute on the understanding of the solar induced electromagnetic 476 

phenomena also known as geomagnetic storm; the influence of which has been observed in 477 

technological inventions for over a century. This paper has focused on the energy dynamics of 478 

invading solar wind energy input, deposited energy inside the magnetosphere-ionosphere couple 479 

and characteristics of magnetospheric current and potential system during highly intense solar 480 

storm period. Hence, the conclusion of this research work encompasses: 481 

 Our result approved of the orientation of IMF‐Bz playing significant role in letting the 482 

solar wind particles inside the magnetosphere. Be that as it may, some geomagnetic 483 

activity were observed irrespective of the orientation of IMF‐Bz. This suggested that 484 

magnetic reconnection is important but not the singular reason for the geomagnetic 485 

disturbance. The viscous interaction of charged solar wind particles and the 486 

magnetopause, solar quiet, and lunar quiet current system could as well be the triggering 487 

factor for the disturbance.  488 

 Joule heating turned out to be the major contributor as an energy sink inside 489 

magnetosphere during geomagnetic storm. Its impact on middle to low latitude 490 

ionosphere appeared quite evident.  Radio wave signal distributed by man-made 491 

technology is spread throughout the ionosphere region. This indicates that the impact of 492 

joule heating on manmade technology is highly plausible. 493 

 Undoubtedly, as observed from the result, joule heating was the dominant channel of 494 

solar wind energy transfer into the magnetosphere. This result was very consistent with 495 

many studies done by other researcher. Even though, ring current energy was considered 496 

to be the dominant one but every important study done in recent time’s accounts joule 497 

heating as the main dissipation mechanism. This means that the energy deposition due to 498 

the increase in the electric conductivity within ionosphere during geomagnetic 499 

disturbance is more than the kinetics of the ring current particles encircling the equatorial 500 

plane of earth. Particles precipitation in the auroral region is observed visually as polar 501 

lights and is easy to measure using ultraviolet images but its energy contribution is still 502 

least of the three.      503 

 Cross correlation coefficient was significantly strong for all the parameters. Specifically, 504 

high correlation of SYM-H, Ua and Uj indicated strong coupling with magnetosphere and 505 

magnetosphere coupling with ionosphere.   506 

As future perspectives, this paper will open so many prospects for further research associated 507 

with the space weather. Activities in the absence of magnetic reconnection implied that a study 508 

of the expanse of energy invaded inside magnetosphere through polar cusp can be conducted. 509 

Total energy deposited inside magnetosphere was calculated to be less than 0.5% of the total 510 

solar input. So, we can investigate whether the rest of the energy is stored in tail of 511 

magnetosphere or there are other forms of energy sinks yet to be considered. The disturbance 512 

that magnetosphere go through is just due to the energy sinks which turned out to be less than 513 

0.5% of total solar input or other factors such as cosmic energetic ray play significant role. 514 

 515 

 516 
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