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Key Points:6

• This paper presents a catalog of geomagnetic storms, their phases and interplan-7

etary drivers from 1996 to 2023.8

• During the storm sudden commencement three hotspots of spikes in dHext/dt ex-9

ist, at 04, 09 and 15 magnetic local time.10

• Sheath storms have dHext/dt spikes occurring during the entire main phase, while11

for MC and HSS/SIR peak toward the end of the main phase.12
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Abstract13

The most detrimental geomagnetically induced currents (GICs) documented to date have all14

taken place during geomagnetic storms. Yet, the probability of GICs throughout geomag-15

netic storms driven by different solar wind transients, such as high-speed streams/stream16

interaction regions (HSS/SIR) or interplanetary coronal mass ejection (ICME) sheaths and17

magnetic clouds (MC), is poorly understood. We present an algorithm to detect geomagnetic18

storms and storm phases, resulting in a catalog of 755 geomagnetic storms from January19

1996 to June 2023 with the solar wind drivers. Using these storms and the IMAGE mag-20

netometer network, we study the temporal and spatial evolution of spikes in the external21

dHext/dt greater than 0.5 nT/s during geomagnetic storms driven by HSS/SIR, sheaths and22

MCs. Spikes occur more often toward the end of the storm main phase for HSS/SIR and23

MC-driven storms, while sheaths have spikes throughout the entire main phase. During the24

main phase most spikes occur in the morning sector around 05 magnetic local time (MLT)25

and the extent in MLT is narrowest for MCs and widest for sheaths. However, spikes in the26

pre-midnight sector during the main and recovery phases are most prominent for HSS/SIR-27

driven storms. During the storm sudden commencement (SSC), three MLT hotspots exist,28

the post-midnight at 04 MLT, pre-noon at 09 MLT and afternoon at 15 MLT. The pre-noon29

hotspot has the highest probability of spikes and the widest extent in magnetic latitude.30

Plain Language Summary31

Geomagnetic storms can have damaging implications on technological infrastructures such32

as power grids, pipelines or railway systems. Those implications arise due to geomagnetically33

induced currents (GICs) caused by rapid changes in the Earth’s magnetic field. In this pa-34

per, we present a way to automatically detect geomagnetic storms as well as the key periods35

of the storm’s activity. The primary solar wind structures that cause geomagnetic storms36

are high-speed streams and their stream interaction regions (HSS/SIR), sheaths ahead of37

interplanetary coronal mass ejections and magnetic clouds (MC). Using the detected geo-38

magnetic storms we study spikes in the magnetic field changes in Fennoscandia to map the39

GIC activity throughout the geomagnetic storms caused by HSS/SIR, sheaths and MCs. We40

report on several similarities and differences in the evolution and extent of spikes during ge-41

omagnetic storms for the different solar wind structures. One such difference is for example42

in the likelihood of spikes throughout the storm. For those storms caused by HSS/SIR and43

MCs spikes are more likely close to the time of maximum geomagnetic storm disturbance,44

while for storms caused by sheaths spikes are likely at any time from the beginning of the45

storm to the maximum storm disturbance.46

1 Introduction47

A geomagnetic storm is a large-scale disturbance in the Earth’s magnetosphere caused by48

energetic solar wind transients. The intensity of geomagnetic storms is monitored using the49

(1-min resolution) SYM-H index (or 1 hr resolution Dst index) computed from mid-latitude50

ground magnetometers that measure the Earth’s ring current (Sugiura, 1963; Burton et al.,51

1975; Iyemori, 1990; Wanliss & Showalter, 2006). A geomagnetic storm commonly has three52

phases: a main phase that starts when the ring current begins to grow and ends when it53

reaches maximum intensity, a recovery phase that lasts from the end of the main phase54

until the ring current is back to pre-storm conditions, and occasionally an initial phase that55

precedes the main phase when a sudden change in solar wind dynamic pressure compresses56

the magnetopause before the enhancement of the ring current (see e.g. Burton et al., 1975).57

Most of the weak-to-moderate geomagnetic storms are caused by solar wind high-speed58

streams and their stream interaction region (HSS/SIR), while the most intense geomagnetic59

storms are caused by sheaths in front of interplanetary coronal mass ejections (ICMEs) or60
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magnetic clouds (MCs) embedded in the ICME (Bothmer & Schwenn, 1995; Kamide et al.,61

1998).62

Geomagnetic storms can cause widespread damage to technological infrastructures such63

as power grids, pipelines or railway systems through geomagnetically induced currents64

(GICs). GICs occur as a result of rapid changes in the ground magnetic field, and therefore65

the time derivatives of the horizontal magnetic field at ground level, dH/dt, are an often66

used proxy of GIC activity. These ground magnetic field fluctuations are caused by rapidly67

varying external currents in the ionosphere and magnetosphere. However, a large fraction68

of the contribution to GICs and the measured dH/dt comes from local telluric currents69

induced in the Earth’s ground that are highly dependent on the local conductivity structure70

(e.g. Tanskanen et al., 2001; Juusola et al., 2023). Pulkkinen et al. (2017) presented an71

overview of the current status of GICs and the challenges ahead. They stated that in terms72

of model forecasting of GIC, distinguishing the impact different interplanetary transient73

features, such as shocks, sheaths, MC and ejecta of ICMEs have on producing GIC may74

help improve forecasting.75

Hajra (2022) studied 605 intense GICs in southern Finland, of which only one occurred76

during geomagnetically quiet times. For the storm time GICs, 72% occurred during the77

storm main phase and 28% during the storm recovery phase. Of these, 50.8% were caused by78

sheaths, 44% were caused by MC and 0.2%/3.1% by HSS/SIR. Kataoka & Pulkkinen (2008)79

found that the amplitude of GICs is relatively small during HSS/SIR storms compared to80

ICME storms, but that GICs related to Kelvin-Helmholt instabilities and pulsations in the81

prenoon sector are more frequent and longer lasting during HSS/SIR storms. Huttunen et82

al. (2008) found that the largest GICs are most likely to take place during the passage of83

the ICME sheaths and may even occur when no activity is seen in terms of the Dst index.84

On the contrary, GICs by the ejecta needed significant geomagnetic activity in terms of the85

Dst index. Although ICMEs cause the largest GICs, it has been reported that GICs occur86

preferentially in the declining phase of the solar cycle, which is the time when HSS/SIR-87

driven storms are most frequent (Juusola et al., 2015; Tsurutani et al., 2006).88

The likelihood of GICs and large dH/dt depend both on the magnetic latitude (MLAT)89

and magnetic local time (MLT). It has become clear that there are at least two MLT90

hotspots, one in the pre-midnight sector associated with substorm onsets and one in the91

morning sector associated with the passage of omega bands (e.g. Viljanen et al., 2001;92

Juusola et al., 2015). Recently, a third and smaller hotspot has been reported in the pre-noon93

sector and is thought to be caused by Kelvin-Helmholtz-instabilities at the magnetopause94

propagating through field-line oscillations (e.g Milan, Imber, et al., 2023).95

A few studies have separated the internal and external parts of the magnetic field (e.g96

Pulkkinen et al., 2003; Kellinsalmi et al., 2022; Juusola et al., 2020, 2023). We adhere to97

that notion and investigate only the external part of the horizontal magnetic field change,98

dHext/dt. This makes the results independent of the local ground conductivity structure99

since dHext/dt is solely caused by external currents. In this study, we try to address some100

of the challenges laid out by Pulkkinen et al. (2017) and investigate both the temporal101

and spatial development of large dHext/dt during geomagnetic storms driven by HSS/SIR,102

sheaths and MCs from 1996 to 2023.103

The paper is organized as follows: in Section 2.1 we present an algorithm to detect104

geomagnetic storms and storm phases using the SYM-H index. In Section 2.2 the storms105

detected are cross-referenced with catalogs of solar wind transients passing Earth to iden-106

tify the storm drivers. Section 2.3 describes the analysis method used to study the rapid107

geomagnetic variations. Sections 3.1 and 3.2 show the results of the temporal and spatial108

evolution of spikes during the geomagnetic storms detected, respectively. Section 4 contains109

a more in-depth discussion of the results and a comparison to existing literature. Section 5110

presents the conclusions.111
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2 Data and methods112

2.1 Automated identification of geomagnetic storms and their phases113

We developed an algorithm to detect geomagnetic storms and the storm phases using114

the SYM-H index (Iyemori, 1990). The interplanetary drivers were identified by cross-115

referencing the storms with the HSS/SIR catalog by Grandin et al. (2019) and ICME catalog116

by Cane & Richardson (2003) as will be explained in Section 2.2. To detect geomagnetic117

storms and the storm phases the following algorithm was applied to the SYM-H index.118

1. Find all continuous sequences in SYM-H with values less than -15 nT and with a119

minimum SYM-H value ≤ −50 nT. The beginning and end times of this sequence120

occur when the ring current has slightly more energy than during quiet times and121

the minimum SYM-H requirement ensures that the geomagnetic storm is of at least122

moderate intensity (Loewe & Prölss, 1997).123

2. To determine the main phase onset time, include 3 hours of SYM-H data prior to the124

beginning of the above sequence and set the main phase onset to the time the SYM-H125

crossed 0 nT, or to the time of largest SYM-H if there is no zero crossing. This is126

intended to ensure that the beginning of the main phase is set to the time the ring127

current starts growing.128

3. The end of the main phase is set to the time of the minimum SYM-H index. The129

storm recovery phase begins after the end of the storm main phase and lasts till the130

end of the sequence when the SYM-H index has recovered to more than −15 nT.131

4. A search for a storm sudden commencement (SSC) before the main phase onset is132

done by looking for SYM-H increases of at least 10 nT in 3 min or less on the interval133

up to 24 hr before main phase onset (based on Joselyn & Tsurutani, 1990). In the134

cases where several such SYM-H increases are detected before the main phase onset,135

the first time it occurs is set as the time of SSC and a storm initial phase is set to136

commence at the SSC and end at storm main phase onset.137

It is worth noting that while the end of the main phase is strictly defined as the minimum138

of the Dst or SYM-H index, the main phase onset is much more difficult to pinpoint. This139

is because the beginning of the decrease in the Dst or SYM-H index is not well defined140

and for most storms the index does not decrease monotonically throughout the main phase.141

Therefore, finding the onset time of significant particle injection into the ring current that142

actually decreases the index first can be challenging. Several different ways to pinpoint the143

main phase onset have been used, from manual inspection (e.g. Hutchinson et al., 2011),144

machine learning (Balan et al., 2017), the time the Dst or SYM-H index crossed zero (e.g.145

Yokoyama & Kamide, 1997) or the time it crossed to -15 nT (e.g. Walach & Grocott, 2019;146

Pedersen et al., 2021). Our approach above is a combination of the latter two methods and147

is fully automated. Figure 1 top panel shows the SYM-H index and storm phases for one of148

the storms detected using the above algorithm with shading highlighting the initial (green),149

main (blue) and recovery (red) phases.150

A small number of storms detected had a main or recovery phase of less than 25 min.151

From visual inspection of the solar wind and interplanetary magnetic field (IMF) data for152

each storm, these short main phases and recovery phases were solely caused by high-density153

plasma parcels hitting upon the magnetopause, enhancing the magnetopause current that154

caused a positive and negative jump in the SYM-H index with just minutes in between.155

Therefore, storms with a main phase or recovery phase duration of < 25 min have been156

merged with adjacent storms or removed. The SSCs detected using the above criteria are157

in good agreement with the SSCs reported by Ebro Observatory, which is entrusted by the158

International Association of Geomagnetism and Aeronomy (IAGA) to administer and report159

rapid magnetic variations and among them SC (Curto et al., 2007). However, we tend to160

detect slightly more SSCs than reported by Ebro Observatory.161
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Figure 1. The top panel shows the SYM-H index for the geomagnetic storm on the 13th of

October 2016. In the top panel, the shaded region shows the initial phase (green), main phase

(blue) and recovery phase (red) of the storm. The second to fourth panels show the 5-min resolution

solar wind parameters and interplanetary magnetic field in geocentric solar magnetospheric (GSM)

coordinates from OMNI during the time of the storm, and the shading indicates the active solar

wind driver at that time. The bottom panel shows the dHext/dt at Nurmijärvi station (56.9° MLAT)

with the 0.5 nT limit by a dashed line. The dashed vertical lines in all panels are the boundaries

between the storm phases. In the bottom panel, the MC-driver has been extended until the end of

the storm recovery phase as explained in Section 2.3. Time is in Universal Time (UT).
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Sometimes the SYM-H index does not fully recover to -15 nT following a large geomag-162

netic storm before the onset of a second clear depression. To detect significant compound163

storms of this kind, where one storm immediately follows the other, we use the concept of164

prominence of local extrema. The prominence of a local minimum in the SYM-H index is165

defined as the lowest increase necessary before reaching another lower minimum. This is il-166

lustrated in the top panel of Figure 2, where the black circle shows a local SYM-H minimum167

of -391 nT and the grey circle shows the local SYM-H maximum of -76 nT. The prominence168

of the local minimum is 315 nT and is shown by the vertical line. The following steps and169

criteria are used in the analysis of compound storms:170

I To distinguish only significant compound storms, local minima in the SYM-H must171

have a prominence that is at least 1/3 of the absolute value of the global minimum172

in the SYM-H sequence or 50 nT, whichever is largest.173

II The end of the previous recovery phase and the next main phase onset are set to the174

time of the maximum SYM-H value between the minima found in Step I. The end of175

the last recovery phase of a compound storm is the end time of the original sequence.176

III Each compound storm must have a main phase duration ≥ 2 hr and recovery phase177

duration ≥ 10 hrs. This criterion follows the procedure of Balan et al. (2017) and178

satisfies typical recovery phase durations (e.g. Yermolaev et al., 2014).179

The restriction on main phase duration in Step III does not apply to the first storm in180

the compound event, and the recovery phase restriction does not apply to the last storm of181

the event - to make the beginning and ends leading to quiet time conditions have the same182

restrictions as other storms. The reason for having a longer restriction time for the main183

and recovery phases that separate compound storms than those leading to quiet conditions184

was to ensure that compound storms are in fact separate storms.185

Figure 2 shows the October 2003 Halloweens storm which was separated into two com-186

pound storms following the algorithm above. The figure has added markers indicating some187

critical values and times. The prominence of the smaller storm is larger than the thresh-188

old defined in Step I and the recovery phase and main phase durations of the compound189

storms are longer than the minimum durations required in Step III. In total 755 storms were190

detected from January 1996 to June 2023, of which 17 emerged from compound storms.191

In the next section, we identify the solar wind drivers of the storms detected between192

January 1996 and June 2023 and provide a catalog of the geomagnetic storms, their phases193

and the solar wind drivers as supplementary material. We have also included as supplemen-194

tary material an extended list of all geomagnetic storms and their phases detected by our195

algorithm from the beginning of the year 1981 to 2024. However, for the remainder of this196

article, we only study the storms between January 1996 and June 2023.197

2.2 Identifying the solar wind driver198

The storms detected were cross-referenced with the ICME catalog by Cane & Richard-199

son (2003) and an extended HSS/SIR catalog by Grandin et al. (2019) to find the inter-200

planetary drivers active during the storms. The ICME catalog has an indicator of whether201

the ejecta is likely to be an MC. To get a candidate group of MCs and sheaths, we found202

the ICME storms where the ejecta is MC flagged and then checked what parts of the storm203

occurred during the ejecta or the disturbed region ahead of the ejecta known as the sheath204

region. As Cane & Richardson (2003) use multiple detection methods to identify ICMEs,205

while the Grandin et al. (2019) HSS/SIR detection method is fully automated and tries to206

remove HSS/SIR influenced by ICMEs, in all cases where there are conflicts between the207

ICME and HSS/SIR catalogs the driver was set according to the ICME list. On rare occa-208

sions, Cane & Richardson (2003) ICME list reports a new disturbed region during the time209

of an already ongoing ejecta. From visual inspection of the solar wind and IMF during many210
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Figure 2. The top panel shows the SYM-H index for the October 2003 Halloween storms, which

is an example of a compound event. The black and red circles show two minima in the SYM-H

index with the black circle being a local minimum and red the global minimum. The black vertical

line shows the prominence of the local minimum in the SYM-H index. The blue horizontal dashed

lines show the minimum allowed recovery phase and main phase durations for compound storms

used in step 3. All criteria were satisfied and so the originally detected storm was separated into

two storms as shown. The bottom panel shows dHext/dt at Nurmijärvi station during this extreme

event.

of those cases, it is seen that they mostly resemble sheath signatures, and have therefore211

been classified as sheath periods in this study.212

In our geomagnetic storm catalog, which can be found in the supplementary material,213

four different solar wind drivers are reported: HSS/SIR, sheaths, MCs and ejecta without214

MCs. Ejecta without MC signatures caused far fewer geomagnetic storms than any of the215

other drivers and were therefore not included in the remaining of this study. Figure 1 panels216

two through four show the 5-min OMNI solar wind velocity, IMF and solar wind density217

during a geomagnetic storm driven by an ICME’s sheath and MC (King & Papitashvili,218

2005). The yellow shading shows the passage of the sheath region and the light blue shows219

the MC. Typical characteristics of sheaths, such as dense plasma and turbulent IMF can be220

seen, and for the MCs the smoothly rotating IMF structure is clearly visible.221

The top rows of table 1 show the median values and median absolute deviations (MADs)222

of the phase durations and storm intensity for the storms detected using the above algorithm.223

The storms are categorized by the primary solar wind driver that was responsible for the224

largest fraction of the storm’s main phase. Most storms are caused by HSS/SIR and the225

fewest by ejecta without MC signatures. HSS/SIR storms are generally the weakest, while226
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Figure 3. Number of storms and the primary interplanetary drivers (see legend) during the

storm main phase from 1996 till the end of 2022. The grey shaded area shows the 27-day averaged

sunspot number.

the largest storms are caused by sheaths and MCs. The bottom rows of Table 1 categorize227

the solar wind driver causing the SSC. To account for slight uncertainty in the arrival times228

of new interplanetary structures, the driver causing the SSC was set as the interplanetary229

structure present for the majority of the time from the beginning of the SSC to 20 min after.230

134 out of 218 SSCs (i.e. 62%) are caused by the arrival of sheath regions ahead of ICME231

ejecta. Figure 3 shows the yearly distribution of storms and the primary solar wind driver232

for each year from 1996 to the end of 2022 with the 27-day average sunspot number.233

Figure 4 top panel shows the primary interplanetary driver as a percentage of all storms234

within the range of minimum SYM-H index (storm intensity). Only storms with identified235

solar wind drivers are included in Figure 4. HSS/SIR are responsible for 67% of storms236

within the lowest SYM-H index range of -50 nT to -74 nT, while ICME storms are responsible237

for the majority of storms with SYM-H index less than -100 nT and all storms with SYM-H238

index less than -137 nT (Table 1). The majority of the ICME-driven storms are caused239

by MCs, but the fraction of sheath-driven storms becomes larger for stronger storms and240

accounts for 39% for all storms with minimum SYM-H less than -150 nT. The bottom241

panel shows the total number of storms for each driver. The number of storms in each242

bin decreases rapidly with a decreasing minimum SYM-H index resulting in a heavy-tailed243

distribution driven solely by ICME storms. In addition to the storms in Figure 4 there are244

144 storms with unidentified solar wind drivers, whereof 119 are in the range of the first245

bin with minimum SYM-H index between -50 to -74 nT, 18 in the second bin and 7 in the246

third bin. All storms with SYM-H index less than -125 nT between 1996 and June 2023247

have identified solar wind drivers.248
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Table 1. Median values of selected parameters and their median absolute deviations during the

studied storms, categorized based on the interplanetary driver. In the first five rows, the category

is based on the driver that is active during most of the main phase. In the last four rows it is based

on the driver causing the SSC.

Ejecta
HSS/SIR Sheath MC without MC

Number of storms (605) 297 101 168 39
Median main phase 7.6± 3.7 hr 5.7± 3.5 hr 8.9± 4.4 hr 7.6± 4.5 hr
Median recovery phase 25± 15 hr 18± 14 hr 27± 16 hr 27± 16 hr
Median minimum SYM-H −62± 8 nT −89± 26 nT −90± 26 nT −72± 13 nT
Minimum SYM-H in category -137 nT -432 nT -490 nT -228 nT
Number of SSC (218) 51 134 19 14
Median initial phase 3.0± 2.2 hr 5.0± 3.7 hr 1.7± 1.6 hr 1.8± 1.7 hr
Median ∆SYM-H (nT/3min) at SSC 11± 1 14± 3 11± 1 11± 1
Max ∆SYM-H (nT/3min) at SSC 26 63 19 44

Figure 4. Percentage of geomagnetic storms categorized by primary interplanetary driver during

the storm main phase, separated into six minimum SYM-H index ranges. The number N above

each bar is the total number of storms within that range. The first four intervals are 25 nT wide,

the fifth interval is 50 nT wide and the last interval is storms with minimum SYM-H index -200

nT or less

2.3 Analysis of rapid geomagnetic variations from IMAGE data249

The 10 s ground magnetic field measurements from the International Monitor for Au-250

roral Geomagnetic Effects (IMAGE) magnetometer network were used from 1996 to 2023.251

Figure 5 shows the IMAGE stations used in this study, with the Nurmijärvi station that252

was used in Figures 1 and 2 marked in blue. Only IMAGE stations with magnetic latitude253

(MLAT) above 54° and with data covering more than five years have been included in this254

study (see https://space.fmi.fi/image/ for a list of all IMAGE stations and their data avail-255

ability). The requirement of at least 5 years of data coverage ensures that each station has a256

sufficient number of measurements to reliably determine probabilities and not be too heavily257

influenced by a short portion of a solar cycle favourable to certain drivers (see Figure 3).258
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Figure 5. IMAGE magnetometer stations included in this study. To be included the station

must be at a magnetic latitude above 54° MLAT and have at least five years of data. Nurmijärvi

(NUR) station that was used in Figures 1 and 2 is shown by a blue circle. This figure was created

using the M Map mapping package for MatLab (Pawlowicz, 2020).

The external and internal parts of the magnetic field disturbances at each IMAGE259

station are derived using the Spherical Elementary Current System (SECS) method with260

an external current layer placed at 90 km altitude and an internal telluric current layer261

at 1 m depth (Pulkkinen et al., 2003; Juusola et al., 2020; Vanhamäki & Juusola, 2020).262

The amplitude of the time change of the external horizontal magnetic field disturbance was263

calculated as:264

dHext/dt =

√
(dBx,ext/dt)

2
+ (dBy,ext/dt)

2
(1)

where Bx,ext, By,ext are the external north and east components of the magnetic field265

perturbation measured on the ground which is solely caused by ionospheric and magneto-266

spheric currents.267

Time derivatives exactly at midnight have been excluded from the analysis as artefacts268

may occur between days due to different station configurations (Juusola et al., 2020, 2023).269

The internal dHint/dt could be calculated similarly but was not used in this study as we270
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want to study the effect of external drivers on producing GICs. Figure 1 bottom panel271

shows dHext/dt at Nurmijärvi station (56.9° MLAT) with a dashed line indicating 0.5 nT/s.272

To analyze the MLT distribution of large dHext/dt measurements versus development273

of the SSC, initial phase, main phase and recovery phases, the duration of each storm phase274

was separated into bins of equal percentage time for each storm. For each bin, we found275

all measurements with dHext/dt exceeding 0.5 nT/s from all the IMAGE stations. For the276

remainder of this paper, measurements exceeding 0.5 nT/s are called “spikes”. Many studies277

have previously used 1 nT/s as a threshold for large dH/dt (e.g. Viljanen et al., 2001). When278

separating into external and internal components more than half of the total dH/dt often279

comes from the internal part (see e.g. Juusola et al., 2020, 2023). When analyzing only280

the external component, 0.5 nT/s is a sufficiently high threshold and in line with previous281

studies.282

In our statistical analysis presented in Section 3 the occurrence rate of spikes is nor-283

malized, so that probabilities can be calculated. The results are binned according to MLT284

and MLAT, or according to MLT and fractional duration of the storm phase, called the285

storm phase percentage (SPP). The total number of spikes in a given MLT-SPP bin, or286

MLT-MLAT bin, is divided by the total number of measurements in the bin, which yields287

the probability of spikes. In the supplementary material figures showing the total number288

of measurements inside each bin and figures showing the number of storms contributing to289

each bin are shown. The SSC bin is not on a percentage of the initial phase duration but290

covers the time from 2 min before the increase in SYM-H triggering the SSC to 5 min after291

to better capture the immediate impact of the magnetopause compression on the probability292

of spikes. The initial phase bins cover the time from the end of the SSC until the beginning293

of the main phase.294

The results have been separated into the active solar wind driver at the time of the295

measurement, e.g. if a part of one storm was driven by a sheath region that part contributes296

to the sheath category, while a later part of the same storm might contribute to the MC297

category. Because the strong solar wind-magnetosphere coupling that drives the storm298

terminates in the storm recovery phase, the storm recovery phase was limited to 24 hours299

and the driver of the storm recovery phase was prolonged so that the last active driver300

covers the remaining of the recovery phase up to 24 hours. This prolongation of the driver301

in the storm recovery phase only affects HSS/SIR and MCs, but not sheaths. A sheath is302

always followed by an ejecta or an MC and is therefore only the last active driver in the303

case it is ongoing at the end of the recovery phase or 24 hr into it. Figure 1 bottom panel304

demonstrates how the end of the recovery phase MC driver was extended to the end of the305

storm recovery phase.306

3 Statistics of rapid geomagnetic variations307

3.1 Temporal evolution of spikes during geomagnetic storms308

Figure 6 shows the probability of spikes (dHext/dt> 0.5 nT/s) during the SSC, initial309

phase, main phase and recovery phase for the geomagnetic storms driven by different solar310

wind structures. The x-axis is the percentage of the initial phase (left), main phase (middle)311

and recovery phase (right) duration. The left-most bin at the SSC is not on a percentage312

base but covers the time from 2 min before the positive jump in the SYM-H index to 5 min313

after. The normalization of probabilities is explained in Section 2.3.314

According to Figure 6 the probability of spikes during the SSC is around 0.1-0.25 in315

the 08-20 MLT sector for HSS/SIR storms. This means that if there is an HSS/SIR-driven316

storm ongoing, then 10% - 25% of the time dHext/dt exceeds 0.5 nT in this MLT sector as317

averaged over all the IMAGE stations. The MLT sector is wider and probabilities are higher318

for sheath-driven storms, where three hotspots of high probabilities can be observed during319

the SSC, that is at 04-05 MLT, 08-11 MLT and 14-17 MLT. For the MC-driven storms the320
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statistics is sparse during the SSC, but enhanced probabilities are observed around 04-06321

MLT and 09-13 MLT. Few spikes are observed during the first half of the initial phase, with322

only slightly higher probabilities observed during MC and sheath-driven storms around 04-323

10 MLT. Low probabilities in the first half are expected, as it comprises the interval of324

time after the arrival of the shock to the solar wind coupling becoming intense enough to325

drive the geomagnetic storm. In the latter half of the initial phase, HSS/SIR-driven storms326

display some increase in the probabilities between 03-06 MLT, while sheath-driven storms327

display a slightly larger increase covering a wider region between 02-11 MLT.328

Figure 6. Probability of spikes in magnetic local time (MLT) and storm phase percentage (SPP)

bins. Top shows HSS/SIR storms, middle top sheath storms, middle bottom MC storms and bottom

all storms between 1996 and 2023. Left shows the SSC and initial phase, middle shows the main

phase and right side shows the recovery phase. The bins have a size of 1 MLT hour and the SPP

are of size 50% of the phase duration for the initial phase, 20% for the main phase and 10% for

the recovery phase. At 100% of the initial phase begins the main phase, and at 100% of the main

phase begins the recovery phase. The SSC bins are 10 mins and cover the time from 2 min before

the jump in the SYM-H index to 5 min after.

For the storm main phase, shown in the middle column of Figure 6, HSS/SIR and329

MC-driven storms show a development with few occurrences at the beginning and increas-330

ing probabilities throughout the storm main phase, with maximum close to the SYM-H331

minimum. This is explained for MC-driven storms by the previous finding that they have332

field-aligned and ionospheric equivalent currents that develop gradually and maximize close333

to the end of the main phase (see Figure 9 in Pedersen et al. (2022)). However, in HSS/SIR-334

driven storms the currents develop faster during the geomagnetic storm and the largest335

currents that typically cause spikes have been reported early in the storm main phase (Ped-336
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ersen et al., 2021). The fact that Pedersen et al. (2021) used clock time, and did not scale the337

storm phases like in Figure 6 appears to account for some of this discrepancy. If the analysis338

in Pedersen et al. (2021) is repeated by re-scaling the main phase in the same way as in the339

present study, then the second peak in the superposed total ionospheric and field-aligned340

currents in their Figure 4 becomes equally large as the first, which may explain some of the341

high probabilities for spikes close to the end of the storm main phase.342

The MLT regions of the spikes in HSS/SIR storms also extend as the main phase343

progresses, starting with two distinct peaks, one in the pre-midnight sector and one in the344

morning sector, that at the end of the main phase overlap through the midnight region.345

On the other hand, sheath-driven storms show a large probability for spikes throughout346

the entire storm main phase, with two distinct peaks in the pre-midnight and morning347

sectors. The largest extent in MLT is seen at the beginning of the storm main phase, where348

large probabilities can be seen from 20-13 MLT. The morning sector region slightly contracts349

toward the mid and late main phase, where it only reaches 9 MLT. This is in agreement with350

the evolution and extent of large ionospheric and field-aligned currents (FAC) during the351

main phase of sheath-driven storms, where the currents develop quickly and reach the largest352

extent early, while they remain large throughout the entire storm main phase (Pedersen et353

al., 2022).354

The probability of spikes quickly decreases during the storm recovery phase, shown355

in the right column of Figure 6. For the first 20% of the recovery phase, the probability356

decreases from 0.25 to less than 0.01 in the morning sector of sheath and MC-driven357

storms. For HSS/SIR storms elevated probabilities of spikes of 0.05 - 0.1 are observed358

throughout the entire storm recovery phase in parts of the morning and particularly pre-359

midnight sectors. For sheath-driven storms, some occasions of higher probabilities are seen360

during the middle of the recovery phase, particularly in the morning sector. At the very end361

of sheath-driven storms, in the bins 80%-100% of the recovery phase in the pre-midnight362

sector, high probabilities of > 0.3 are seen. It should be noted that very few sheaths were363

active during the end of the storm recovery phase, as the solar wind at Earth transitions into364

the ICME ejecta or MC (figures of total number of points and storms contributing to each365

bin are in the supplementary material). Those bins with very high probability at the end of366

the recovery phase are highly influenced by the activity of just a few storms, in particular367

the “second” Halloween storm on the 30th of October 2003 that was driven by the sheath368

of a new ICME as can be seen in Figure 2. The onset of the “second” Halloween storm369

is chosen according to the storm detection algorithm in Section 2.1 at the largest SYM-H370

value between the two storms, which for this storm had large ionospheric disturbances prior371

to it.372

The bottom panel includes all storms from 1996 to 2023, i.e. also storms where the373

interplanetary driver was not identified in Section 2.2. The highest probabilities of spikes374

are seen during the SSC and the storm main phase. For the typical storm, at the beginning375

of the storm main phase the probability for spikes is 0.09 between 23-01 MLT and between376

04-05 MLT. As the main phase progresses the probabilities increase and the MLT extent377

of the two regions widens. Toward the end of the storm main phase, the region with spike378

probabilities larger than 0.09 has extended to 21-08 MLT, with the highest probability of379

0.18 in the morning region between 03-06 MLT.380

3.2 Spatial evolution of spikes during geomagnetic storms381

Figure 7 shows the MLT-MLAT distribution of spike probabilities during the SSC,382

main phase and recovery phase as viewed from above the north geomagnetic pole in altitude383

adjusted corrected geomagnetic (AACGM) coordinates (Baker & Wing, 1989). The initial384

phase (after the SSC and before the main phase) is not shown because of the long intervals385

of little activity.386
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During the SSC, shown in the left column of Figure 7, HSS/SIR storms have an in-387

creased spike probability on the dayside from 7 to 19 MLT. For sheath-driven storms, which388

are responsible for by far the most SSCs, the region of high probabilities above 0.10 is vastly389

larger than for HSS/SIR storms, extending from 02 to 22 MLT. Three MLT hotspots can390

be observed during the sheath-driven SSCs, in the post-midnight at 03-04 MLT, in the pre-391

noon from 07-11 MLT and in the afternoon from 14-17 MLT. Only the pre-noon SSC hotspot392

extends into the polar region, where probabilities exceeding 0.3 are seen above 70° MLAT393

as well. The MLT extent of spikes in the polar region is narrower than that of the mainland394

stations and typically increased probabilities are seen between 3-18 MLT for sheath-driven395

storms. The divide between the mainland and polar stations is visible in all figures around396

70° MLAT where there is a gap of IMAGE stations.397

During the main phase, shown in the middle row of Figure 7, the highest probabilities398

are seen in the morning sector for all storm drivers. The activity of large dH/dt in this sector399

is most likely associated with omega bands (e.g. Juusola et al., 2015, 2023; Apatenkov et400

al., 2020; Milan, Imber, et al., 2023). The MLT extent of the morning region hotspot is the401

largest for sheath-driven storms, where probabilities > 0.20 extend from 03 to 08 MLT over402

the MLAT range 63° to 69°. The largest probabilities of 0.48 are found between 06-08 MLT403

at the high-latitude mainland stations 67.5-69° MLAT. The latitudinal extent is similar for404

MC-driven storms, although the MLT width is slightly narrower, only extending from 03-07405

MLT for probabilities > 0.20. Only sheath-driven storms have spikes extending beyond406

noon, which might be related to the high solar wind dynamic pressure during the passage of407

sheaths (e.g. Kilpua et al., 2017). Throughout all MLTs, the probability of spikes is lower408

in the polar region than for the mainland stations, and only slightly increased probabilities409

are seen extending into the polar latitudes around 06 MLT.410

A second distinct MLT hotspot was seen in the pre-midnight region during the beginning411

of the main phase in Figure 6 for HSS/SIR and MC storms, and occasionally for sheath412

storms. However, when analyzing the whole main phase as in Figure 7, the pre-midnight413

hotspot disappears for sheath and MC storms. It stands out and has the highest probabilities414

out of the storm categories for HSS/SIR storms around 21 - 23 MLT at 67° MLAT, with415

some patches of elevated probabilities extending into the polar region. The spikes in the416

pre-midnight region have been shown to be associated with substorm onsets and westward417

traveling surges (Juusola et al., 2015; Schillings et al., 2022; Milan, Imber, et al., 2023).418

However, for the ICME sheath and MC storms elevated probabilities are seen arising around419

18 MLT, which is not visible for HSS/SIR storms.420

The right column of Figure 7 shows that spike probabilities drastically decrease for all421

drivers in the recovery phase compared to the SSC and main phase, and different regions422

and latitudinal extents are prominent depending on the geomagnetic storm driver. The pre-423

midnight hotspot becomes more distinct during the storm recovery phase, and particularly424

for HSS/SIR-driven storms where it has equally high probabilities as the morning region425

hotspot. For sheath and MC-driven storms the morning hotspot is still the most dominant.426

Sheath storms have the highest probabilities of spikes and largest extent in both MLT and427

MLAT in the morning sector, and interestingly, sheath-driven storms have an increased428

probability for spikes in the pre-noon polar region – as was also seen during the SSC. This429

polar region is the most noon-ward extent of the spikes in the recovery phase.430

4 Discussion431

4.1 About the methodology432

The results in Figures 6 and 7 are very robust to changes in the threshold value and433

methods of counting spikes. In these figures we show all spikes larger than 0.5 nT/s without434

any form of filtering. However, we tested various ways of filtering the number of spikes to435

limit the influence of a few large storms that have a long-lasting series of dHext/dt values436
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Figure 7. Probability of spikes in magnetic local time (MLT) and magnetic latitude (MLAT).

From the top to bottom row are the HSS/SIR storms, sheath storms, MC storms and in the bottom

are all geomagnetic storms from 1996 to 2023. The left side is at the SSC, the middle is during the

storm main phase, and the right is during the storm recovery phase. The bins are of size 1° MLT

hour and 1.5° in MLAT. The lower limit MLAT bins is at 54° and the higher limit is at 78°.
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exceeding the threshold value by filtering the spikes into events that had to be separated by437

30, 120 and 600 seconds. Filtering the spikes like this did not have a large impact on the438

distribution of spikes seen in Figures 6 and 7, but made the definition and meaning of the439

probabilities less straightforward. We also repeated the analysis for many different threshold440

values to see how that affected the results. The same distributions of spikes emerged for441

higher threshold values, only the probabilities became lower. This demonstrates that the442

distributions are very robust to changes in methodology.443

The importance of removing the internal component that contributes to dH/dt should444

be emphasized when studying the statistical behavior of geomagnetic variations during ge-445

omagnetic storms. Geomagnetic storms have a UT dependence, with the Dst or SYM-H446

index minima peaking at 06-08 and 21-23 UT (see e.g. Balan et al., 2021, and Figure S1447

in the supplementary material). A UT dependence has also been reported for sudden com-448

mencement (Zhou & Lühr, 2022). The internal component makes up a large part of the total449

measured dH/dt (cf. Table 2 in Juusola et al., 2020). The contribution of the internal com-450

ponent depends on location due to the spatial variation in ground conductivity. Therefore,451

when showing the distribution of spikes from selected stations as function of MLT, like in452

Figures 6 and 7 the UT dependence together with the local ground conductivity structures453

could bias the result. This bias can be eliminated by only considering the external dH/dt454

component.455

4.2 Spikes during SSC456

Several studies have reported large GICs during SSCs, particularly at low and mid-457

latitudes (e.g. Zhang et al., 2015; Smith et al., 2021; Marshall et al., 2022, and references458

therein). The largest hotspot during SSC seen in Figure 7 occurs in the pre-noon sector459

between 07 - 11 MLT, extending to 12 MLT above 70° MLAT for sheaths and all storms.460

Traveling convection vortices (TCVs) in the high-latitude geomagnetic field perturbations461

have been observed following rapid dayside compression of the magnetosphere because of462

sudden changes in the solar wind (Friis-Christensen et al., 1988). TCVs have their center463

and largest magnetic field perturbations at ∼73°-75° MLAT, occur most frequently at 08 -464

10 MLT and have a typical horizontal size of 1000 - 3000 km (see e.g. Glassmeier et al., 1989;465

Amm et al., 2002; H. Kim et al., 2017). The region and extent of TCVs following pressure466

pulses in the solar wind coincide with the pre-noon SSC hotspot, especially in the polar467

region. TCV could be a possible mechanism, together with Kelvin Helmholtz instabilities,468

that drives spikes in this SSC hotspot.469

A post-midnight SSC hotspot occur at 04 MLT. By inspecting individual events where470

spikes are seen in the nightside during the SSC, the spikes and the post-midnight hotspot471

seem to occur if IMF BZ is southward at the time of the SSC and there are already large472

currents present. This could be a result of compression of the entire magnetosphere that473

enhances already existing currents that give rise to large dHext/dt. This hotspot is only474

seen for ICME storms. For HSS/SIR storms, low probabilities of spikes are seen throughout475

the entire nightside during SSCs.476

The MLAT extent of the high probability spikes during the SSC is wider than during477

the main phase and recovery phase as seen in Figure 7, extending down to the lower MLAT478

limit of 54° in the pre-noon and post-noon hotspot for sheaths and all storms. It is apparent479

that during the SSC, spikes are likely to occur in different regions than during the main480

and recovery phases of geomagnetic storms. These observations suggest that those three481

(two) hotspots during the passage of ICME sheaths (HSSs/SIRs) warrant extra precautions482

during the early arrival of these interplanetary structures likely to cause SSCs.483

–16–



manuscript submitted to Journal of Geophysical Research

4.3 MLT and MLAT extent of spikes during main and recovery phases484

The MLT extent of the region where spikes occur with probability larger than 0.15485

during the storm main phase, as seen in Figure 7, is 20-11 MLT for sheaths, 20-09 MLT for486

HSS/SIR and 00-08 MLT for MC-driven storms. Figures 6 and 7 clearly show that MCs are487

an equally big threat with regards to large dHext/dt in the morning sector during the main488

phase of geomagnetic storms as sheaths. MCs are very coherent interplanetary structures489

with autocorrelation functions of solar wind parameters and ionospheric currents decaying490

much slower than for HSS/SIR and sheaths (Pedersen et al., 2023). This shows that large491

dHext/dt in the morning sector also take place during steady solar wind coupling. However,492

the coherent MC structures are less likely to cause pre-midnight spikes than the denser493

and more turbulent HSS/SIR and sheaths. The MLAT region of spike probabilities higher494

than 0.15 is the widest for sheath and MC-driven storms, covering the latitudes from 60° to495

67.5°. HSS/SIR-driven storms have a narrower extent in MLAT of spike probabilities higher496

than 0.15, extending from 63° to 67.5° MLAT. There is a gap in the data coverage between497

the IMAGE mainland stations at 67.5° and polar stations at 71.4° MLAT, which results in498

uncertainties of the higher latitude boundaries.499

During the storm main phase, Figure 7 showed two distinct hotspots for HSS/SIR500

storms, while for sheath and MC-driven storms the morning hotspot completely dominates.501

Milan, Imber, et al. (2023) showed that the morning sector spikes in SuperMAG data were502

almost completely absent during the quiet year of 2008, which was a year with no ICME-503

driven storms (see Figure 3). Although HSS/SIR-driven storms have a lower probability504

of spikes than sheath and MC-driven storms, they are still responsible for the majority505

of spikes during the solar cycle because of their high occurrence rate. It was reported by506

Milan, Imber, et al. (2023) that the occurrence of |dB/dt| > 300 nT/min in SuperMAG507

data peaked during the declining phase of the solar cycle, when HSS/SIR storms are most508

frequent.509

It is interesting that HSS/SIR-driven storms have so pronounced increases in prob-510

ability in the pre-midnight region of the main and recovery phase seen in Figures 6 and511

7. The HSS/SIR storms contain Alfvénic fluctuations embedded in the HSS that cause512

high-intensity long-duration continuous AE activity (HILDCAA) (Guarnieri et al., 2007).513

Controversy exists about whether HILDCAA during the recovery phase of HSS/SIRs is re-514

lated to substorm occurrences, which is the primary cause of geomagnetic variation in the515

pre-midnight region (Tsurutani et al., 2004, 2006; H.-J. Kim et al., 2008). Be that as it may,516

Milan, Mooney, et al. (2023) studied HSS/SIR with HILDCAA events and also observed517

spikes in the pre-midnight region and stated that this type of activity is sufficient to pose518

a significant risk of GICs. This is in agreement with Engebretson et al. (2024) observation519

that extreme geomagnetic disturbances in Arctic Canada at latitudes between 65° and 70°520

were associated with high-speed solar wind streams and occurred during the declining phase521

of the solar cycle.522

Schillings et al. (2022) reported that during geomagnetic storms the location of spikes523

develops from the pre-midnight sector to the morning sector. The results by Schillings et524

al. (2022) might explain why the morning sector probabilities seen in Figure 6 maximize525

immediately after the pre-midnight probabilities for sheath and MC-driven storms. Sheath526

storms have the largest probabilities in the pre-midnight sector at 0− 20% and 60− 80% of527

the main phase duration, and the morning sector has the largest probabilities in 20− 40%528

and at the end of the main phase. Likewise, for MC-driven storms the pre-midnight sector529

maximizes when the main phase is at 60− 80% and the morning sector at 80− 100% of the530

duration.531

4.4 Effect of storm intensity532

It is well known that HSSs/SIRs drive weaker storms than ICMEs (e.g. Borovsky &533

Denton, 2006). Figure 4 shows that the majority of the HSS/SIR-driven storms do not reach534
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Figure 8. Probability of spikes in magnetic local time (MLT) and magnetic latitude (MLAT)

for the main phase during storms separated by storm intensity. The left column is storms with a

minimum SYM-H index between -50 nT and -74 nT. The middle column are storms between -75

nT and -99 nT, and the right column are storms between -100 nT and -124 nT.
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SYM-H index below -75 nT, and none below -137 nT (see Table 1). In contrast, ICME-535

storms have a substantial fraction of intense storms with SYM-H index below -150 nT. This536

poses the question of whether similarly sized HSS/SIR, sheaths and MC-driven storms are537

equally effective at causing spikes. Figure 8 shows the probability of spikes for HSS/SIR,538

sheath and MC-driven storms separated by minimum SYM-H index. It can be seen that539

weaker storms have a lower probability of spikes and narrower extent in MLT and MLAT540

compared to larger storms. In the storm category for minimum SYM-H index between -100541

nT and -124 nT, HSS/SIR-driven storms have almost equally large probability of spikes in542

the morning region as ICME sheath and MC-driven storms. This shows that the relatively543

low probability of spikes seen in Figures 6 and 7 during HSS/SIR-driven storms compared544

to ICME-driven storms comes from the fact that HSS/SIR-driven storms are responsible545

for many more weak-to-moderate sized storms. However, in the midnight sector and at the546

pre-midnight hotspot the probability of spikes is typically higher for HSS/SIR-driven storms547

compared to equally strong sheath or MC-driven storms.548

4.5 Implication on predictability of GICs549

Observations of halo CMEs heading toward Earth (Webb & Howard, 2012) or coronal550

holes as the source of HSS/SIR on the Sun can give us an early indication of the type of551

interplanetary structure that may hit us in the coming days. This study has characterized552

the spatial extent of rapid geomagnetic variations above 54° MLAT during geomagnetic553

storms following the arrival of these interplanetary structures. The results of this study can554

help us forecast the times and locations of rapid geomagnetic variations driving GICs.555

Figure 9 illustrates the progression of geomagnetic storms and the locations with high556

and very high probability of spikes in dHext/dt following the arrival of HSS/SIR and ICMEs.557

The locations with high probability of spikes implies a probability P > 0.20 for the SSC,558

P > 0.15 for the main phase (MP) or P > 0.10 for the recovery phase (RP), and very559

high probability of spikes implies P > 0.30 for SSC or P > 0.25 for MP. It typically takes560

between 1 - 5 days for the solar wind from a coronal hole or CME to reach Earth’s orbit561

(Richardson & Cane, 2010). For extreme cases this transit time can be even faster, such as562

for the July 2012 CME that reached 1 AU within 21 hours (Cash et al., 2015).563

The chance for a SSC to occur is highest at the initial impact of the solar wind structure564

upon the magnetopause. At that time attention should be paid to the two (for HSS/SIR)565

or three (for ICMEs) SSC hotspots. The two ICME hotspots at 04 and 09 MLT have very566

high probability for spikes. During the storm main phase spikes occur from the morning567

to midnight sector, regardless of the driver. ICME driven storms have regions of very high568

probability, which are all concentrated in the morning sector. Spikes still occur during the569

recovery phase, but with lower probability and extent than during the main phase.570

5 Conclusions571

This paper presents an automated algorithm for identifying geomagnetic storms and572

storm phases. A catalog of 755 geomagnetic storms and the storm phases with interplanetary573

drivers from January 1996 to June 2023 is provided as supplementary material. Using those574

storms and IMAGE ground magnetometer 10-second resolution data, it has been shown575

that both the temporal and spatial development and extent of rapid geomagnetic variations576

in the form of dHext/dt> 0.5 nT/s, denoted as spikes, varies depending on the geomagnetic577

storm driver.578

The main results are:579

• HSS/SIRs are responsible for 67% of all storms with minimum SYM-H index in the580

range -50 to -74 nT, and 40% of storms in the range of -75 to -99 nT. ICMEs are581
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Figure 9. Schematic illustrating the locations as viewed from above the north geomagnetic pole

in aacgm coordinates with high and very high probability of spikes during the SSC, main phase

and recovery phase for storms driven by HSS/SIR, sheaths and magnetic clouds. The two images

in the top show a coronal hole and a halo CME taken by the Solar Dynamics Observatory and the

Solar and Heliospheric Observatory, respectively.

–20–



manuscript submitted to Journal of Geophysical Research

responsible for all storms with a minimum SYM-H index of less than -137 nT between582

January 1996 and June 2023.583

• For all three storm drivers, the largest probabilities of spikes during the storm main584

phase are seen in the morning sector centered around 05 MLT.585

• The probability for spikes gradually increases from ∼ 0.08 in the morning sector at586

the beginning of the storm main phase to 0.16 and 0.30 at the end of the storm main587

phase for HSS/SIR and MC-driven storms, respectively. On the contrary, sheath-588

driven storms have probabilities of ∼ 0.25 in the morning sector throughout the589

entire storm main phase.590

• Sheath storms have the widest MLT extent of spikes during the storm main phase with591

probabilities larger than 0.15 extending from 19-11 MLT. For HSS/SIR storms the592

extent is from 19-09 MLT and MC-driven storms 00-08 MLT. Storms driven by MCs593

(coherent solar wind structures) pose an equally large risk of spikes in the morning594

region as sheaths (turbulent structures), but fewer spikes in the pre-midnight region595

associated with substorms than sheaths or HSS/SIR.596

• Sheath and MC-driven storms have the widest MLAT extent of spikes with proba-597

bilities higher than 0.15 during the storm main phase extending from 60° to 67.5°598

MLAT, while HSS/SIR storms the MLAT extent is narrower extending from 63° to599

67.5° MLAT.600

• HSS/SIR storms cause more pre-midnight spikes than ICME storms. Elevated prob-601

abilities of pre-midnight spikes are also seen throughout the entire recovery phase602

for HSS/SIR storms. This is likely related to HILDCAA in the HSS storm recovery603

phase, causing intermittent reconnection due to the Alfvén fluctuations in the IMF.604

• Three MLT hotspots are observed related to the SSC. These are in the post-midnight605

at 04 MLT, pre-noon at 09 MLT, and afternoon at 15 MLT and occur within 10 min606

of the SSC. The pre-noon hotspot has the highest probability of spikes and extends607

well into the polar region up to 78° MLAT.608

• Spikes occur over a wide MLAT range during SSCs, reaching lower latitudes than609

during the main or recovery phase. Probabilities greater than 0.15 extend down to610

the lower MLAT limit of 54°.611

• Finally, the fact that HSS/SIR storms have a lower probability of spikes in the morning612

sector than ICME storms during the main phase seems to arise because HSS/SIR are613

limited to producing mainly weak-to-moderate storms. The intensity of the storm in614

terms of the SYM-H index plays a role in the probability of spikes during the main615

phase. For storms with similar SYM-H minima, HSS/SIR-driven storms have about616

equally large probabilities of spikes in the morning sector than ICME sheath and617

MC-driven storms.618
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Vanhamäki, H., & Juusola, L. (2020). Introduction to spherical elementary current sys-782

tems. Ionospheric multi-spacecraft analysis tools: Approaches for deriving ionospheric783

parameters, 5–33.784
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