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Abstract

Understanding extreme space weather events in terms of the geospace response is a critical step towards protecting vulnerable

technological infrastructure. This is particularly relevant for the effects of geomagnetically induced currents (GICs) on ground-

based power grids, which can be approximated by examining the rate of change of the surface magnetic field, $dB/dt$. In a

previous study, (missing citation) created estimates for a perfect, isolated interplanetary coronal mass ejection (ICME) and

performed a simple calculation for the response of geospace, including $dB/dt$. In this study, the estimates of (missing citation)

are used to drive a coupled magnetohydrodynamic (MHD)-ring current-ionosphere model of geospace to obtain more detailed

and physically accurate estimates of the geospace response to such an ICME. The sudden impulse phase is examined; calculations

of surface $dB/dt$, Dst index, and day side magnetopause compression are compared to the less sophisticated estimations of

(missing citation). It is found that while the previous study yielded similar estimates for Dst rise and magnetopause compression,

$dB/dt$ estimates are as much as an order of magnitude lower than the results obtained via physics-based modeling. This

work shows that $dB/dt$ values in excess of 30$nT/s$ are found as low as 40$ˆ{\circ}$ magnetic latitude. It is also shown

that the direction of the interplanetary magnetic field plays a critical role: under southward IMF conditions, magnetopause

erosion combines with strong region 1 Birkeland currents to intensify the $dB/dt$ response. The values obtained here surpass

those found in real-world events and sets the bar for the upper threshold of extreme GIC activity at Earth.
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Abstract23

Understanding extreme space weather events in terms of the geospace response is a crit-24

ical step towards protecting vulnerable technological infrastructure. This is particularly25

relevant for the effects of geomagnetically induced currents (GICs) on ground-based power26

grids, which can be approximated by examining the rate of change of the surface mag-27

netic field, dB/dt. In a previous study, Tsurutani and Lakhina (2014) created estimates28

for a perfect, isolated interplanetary coronal mass ejection (ICME) and performed a sim-29

ple calculation for the response of geospace, including dB/dt. In this study, the estimates30

of Tsurutani and Lakhina (2014) are used to drive a coupled magnetohydrodynamic (MHD)-31

ring current-ionosphere model of geospace to obtain more detailed and physically accu-32

rate estimates of the geospace response to such an ICME. The sudden impulse phase is33

examined; calculations of surface dB/dt, Dst index, and day side magnetopause compres-34

sion are compared to the less sophisticated estimations of Tsurutani and Lakhina (2014).35

It is found that while the previous study yielded similar estimates for Dst rise and mag-36

netopause compression, dB/dt estimates are as much as an order of magnitude lower than37

the results obtained via physics-based modeling. This work shows that dB/dt values in38

excess of 30nT/s are found as low as 40◦ magnetic latitude. It is also shown that the di-39

rection of the interplanetary magnetic field plays a critical role: under southward IMF40

conditions, magnetopause erosion combines with strong region 1 Birkeland currents to41

intensify the dB/dt response. The values obtained here surpass those found in real-world42

events and sets the bar for the upper threshold of extreme GIC activity at Earth.43

1 Introduction44

With the arrival, at Earth, of the shock wave of an interplanetary coronal mass ejec-45

tion (ICME), a geomagnetic sudden impulse (SI) is generated in ground-level magnetome-46

ter data (Araki, 1977; Joselyn & Tsurutani, 1990), prominently seen in the horizontal47

component data acquired at low and mid-latitude ground-based observatories. Magnetic48

storms often commence with such an impulse, and the most intense magnetic storms al-49

ways commence with an impulse (e.g., Gonzalez, Echer, Tsurutani, De Gonzalez, & Dal50

Lago, 2011). The future occurrence of rare magnetic superstorms could have widespread51

deleterious impacts on modern technological systems (Cannon et al., 2013; National Re-52

search Committee on the Societal and Economic Impacts of Severe Space Weather Events,53

2008). In this context, the Carrington event of 1859 has taken on particular significance54

– it is, by some estimates, the most intense magnetic storm ever directly measured (Lakhina,55

Alex, Tsurutani, & Gonzalez, 2012; Tsurutani, 2003). Fundamental research into the phys-56

ical nature of extreme space-weather events has included data-driven, numerical simu-57

lation of a Carrington-class ICME (Manchester, Ridley, Gombosi, & DeZeeuw, 2006),58

ICME-driven sudden commencement action on the magnetosphere-ionosphere system59

(A. Ridley, De Zeeuw, Manchester, & Hansen, 2006), and simulation of the resulting storm60

main-phase (e.g., Li, Temerin, Tsurutani, & Alex, 2006; Ngwira, Pulkkinen, Kuznetsova,61

& Glocer, 2014).62

Recently, Tsurutani and Lakhina (2014) have estimated, on the basis of qualita-63

tive physical arguments, solar-wind parameters at 1 astronomical unit for a theoretically64

most-extreme ICME. They refer to these as the conditions of a ”perfect” ICME. They65

infer that these perfect conditions would generate a giant sudden impulse and a mag-66

netic storm having an intensity far exceeding anything ever measured. They suggest, fur-67

thermore, that the hazards of such a hypothetical event, especially hazards to electric-68

power grids posed by the induction of geoelectric fields in the conducting solid Earth,69

should be further studied. Motivated by the work of Tsurutani and Lakhina (2014), we70

use their estimates of the perfect ICME to drive a numerical simulation of the response71

of the coupled ionosphere-magnetosphere system to the sudden impulse during the ICME’s72

arrival. Results inform projects concerned with the assessment and mitigation of space-73
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weather related hazards and risks (Eastwood et al., 2017), such as the National Science74

and Technology Council (2015) and allied international organizations (e.g., Schrijver, 2015).75

2 Perfect Solar Wind Conditions76

The solar wind conditions preceding and during the hypothetical perfect sudden77

commencement event are adapted from Tsurutani and Lakhina (2014). For the first six78

hours, an ambient solar wind velocity of 350 km/s and density of 5 cm−3 are used. The79

IMF during this period is oriented purely southward with a magnitude of -5 nT . At 2:0080

UT, the IMF turns northward for a period of two hours before returning southward. This81

sets up more realistic magnetospheric conditions in the numerical simulation. At 6:0082

UT, the conditions impulsively change following the analysis of Tsurutani and Lakhina83

(2014). The velocity jumps to 2700 km/s. This assumes a near-Sun ICME speed of 300084

km/s that is only slowed 10% by an inner heliosphere that has been recently “cleaned85

out” by a recent preceding ICME. The ICME density jumps to 20 cm−3 using a shock86

jump ratio of 4. The IMF magnitude changes to 127 nT based on the empirical relation-87

ship from Gonzalez et al. (1998). Two separate orientations are considered here: a north-88

ward IMF case and a southward IMF case. A purely frontal shock is assumed as these89

shocks can result in stronger geomagnetic activity (Oliveira et al., 2018; Oliveira & Raeder,90

2014, 2015), whereas small impact angles are correlated with faster sudden impulse re-91

sponses (e.g., Guo, Hu, & Wang, 2005; Wang, Li, Huang, & Richardson, 2006). The net92

result is input conditions for a hypothetically perfect single sudden commencement event.93

A summary plot of the solar conditions can be found in the supplementary material; time94

series data is available in the repository listed in the acknowledgments.95

3 Modeling Method96

The interaction of these solar wind drivers with the Earth’s magnetosphere and iono-97

sphere are simulated using the Space Weather Modeling Framework (SWMF) (Tóth et98

al., 2005, 2012). The SWMF executes, synchronizes, and couples different models of the99

space environment to obtain a complete description of magnetosphere-ionosphere dynam-100

ics. For this simulation, three models are employed. The first is the Block Adaptive Tree101

Solar wind Roe-type Upwind Scheme (BATS-R-US) code, a flexible, finite-volume mag-102

netohydrodynamic (MHD) model (D. De Zeeuw, Gombosi, Groth, Powell, & Stout, 2000;103

Groth, De Zeeuw, Gombosi, & Powell, 2000; Powell, Roe, & Linde, 1999). BATS-R-US104

has a long history of terrestrial magnetosphere simulations (e.g., Ilie, Liemohn, & Ri-105

dley, 2010; Song, DeZeeuw, Gombosi, Groth, & Powell, 1999; D. T. Welling & Zaharia,106

2012; Zhang et al., 2007) including simulations of extreme driving (Ngwira et al., 2014,107

2013; A. Ridley et al., 2006). Via the SWMF, it is coupled to a height-integrated iono-108

spheric electrodynamics model (A. J. Ridley, De Zeeuw, Gombosi, & Powell, 2001), which109

calculates the ionospheric electric potential and horizontal currents from the MHD Birke-110

land currents. The electric potential is returned to BATS-R-US to set the convection elec-111

tric field. To better capture ring current dynamics, the Rice Convection Model (RCM)112

(Harel et al., 1981; Sazykin & Stanislav, 2000; Toffoletto, Sazykin, Spiro, & Wolf, 2003)113

is also employed. It receives plasma sheet conditions, magnetic and electric fields from114

the other models and returns plasma pressure and number density to BATS-R-US (D. L. De115

Zeeuw et al., 2004). Using this and similar model combinations, the SWMF has demon-116

strated skill in reproducing magnetospheric dynamics (Rastätter et al., 2011; A. J. Ri-117

dley et al., 2002; D. T. Welling et al., 2015; D. T. Welling & Ridley, 2010), Birkeland cur-118

rent distributions (Korth, Rastätter, Anderson, & Ridley, 2011), ground magnetic per-119

turbations (Yu & Ridley, 2008, 2009b), surface dB/dt (Pulkkinen et al., 2013), and as-120

sociated geomagnetic indices (Glocer, 2016; Haiducek, Welling, Ganushkina, Morley, &121

Ozturk, 2017; Rastätter et al., 2013).122
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The exact configuration of these models follows Pulkkinen et al. (2013) with some123

notable exceptions:124

1. The inner boundary is set at 1.75 RE instead of 2.5 RE . This prevents situations125

where the magnetopause touches the inner boundary under extreme driving.126

2. The grid resolution follows Figure 1 of D. T. Welling and Ridley (2010). Near the127

inner boundary, cell sizes are cubes of 1/8 RE width. The inner magnetosphere128

and magnetopause during the SI lie within regions of 1/4 RE cell size.129

3. All models are coupled at a frequency of 1 Hz, as opposed to typical values of .1Hz.130

This ensures the models stay synchronized during the rapid SI.131

4. To simplify analysis, the dipole tilt is set to zero, i.e., the magnetic dipole is aligned132

with the rotation axis.133

Input files are available in the repository listed in the acknowledgments. Using this setup,134

two simulations are performed: a purely northward IMF sudden commencement and a135

purely southward IMF case.136

Ground magnetic perturbations are calculated using chains of virtual magnetome-137

ters (Yu & Ridley, 2009b). These are probes of the coupled-model system that perform138

Biot-Savart integrals of four distinct current systems:139

1. All currents within the MHD domain,140

2. Birkeland currents in the “gap region” between the MHD inner boundary and the141

ionosphere, mapped along assumed dipole field lines,142

3. Ionospheric Hall currents,143

4. Ionospheric Pedersen currents.144

The four contributions are used to calculate the total perturbation in three orthogonal145

directions; only the two horizontal components (north-south, “X” and east-west, “Y”)146

are examined here. Because the geomagnetic axis is set to be parallel with the Earth’s147

rotational axis in this simulation, geomagnetic and geographic directions are equivalent.148

Virtual magnetometer results have 1 Hz resolution. The efficacy of these tools in repro-149

ducing observations and their role in space weather forecasting has recently been reviewed150

by D. Welling (2019).151

4 Simulation Results152

Figure 1 shows the response of the magnetosphere-ionosphere system to the hypo-153

thetical perfect ICME arrival, for both the northward and southward cases. The top row154

of Figure 1 (frames a-d) illustrates the moment when the ICME shock wave arrives at155

the bow shock (approximately 6:00:40 simulation time, herein referred to as TArrival).156

At this point, the northward IMF case (frames a, b) is the same as the southward case157

(frames c,d). 40 seconds later (second row, frames e through i), the ICME has begun to158

compress the magnetosphere. In agreement with previous studies of sudden impulses in159

global MHD models (Kataoka, Fukunishi, Fujita, Tanaka, & Itonaga, 2004; Slinker et160

al., 1999; Yu & Ridley, 2009a), low latitude flow vortices form along the day side mag-161

netopause and propagate with the shock to the night side (not shown). These drive Birke-162

land currents connecting to the day side ionosphere (frames f and g), propagating to the163

night side with the associated magnetospheric flow vortices. At TArrival +1 : 10 (Fig-164

ure 1, third row), the two cases begin to diverge. The southward oriented IMF begins165

to erode the day side magnetopause rapidly (frame l), driving the magnetopause further166

inwards compared to the northward IMF case (frame i). While the spatial distribution167

of the Birkeland currents are similar between the two cases, the additional contribution168

from reconnection-driven Birkeland currents creates stronger magnitudes in the south-169

ward IMF case (3.3 µ/Am2 peak, frame k) as compared to the northward case (frame170
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Figure 1. Each row shows results from a different point in the simulation. Results for the

northward IMF case are shown in the leftmost two columns, results for the southward case on

the right. The leftmost and rightmost columns show the state of the magnetosphere in the noon-

midnight meridian plane in terms of magnetic field (black lines for open field, white lines for

closed field, and red lines for the last-closed line) and plasma thermal pressure (colored contours).

The polar plots illustrate the Birkeland currents flowing into (blue) and out of (yellow) the north-

ern hemisphere. The scale of the current contours is shown via the color bar at the center of the

figure.

j). After passage of the ICME (TArrival+4 : 30, bottom row), the two simulations have171

relaxed into a new pseudo-steady state. Dynamics are well characterized by forward and172

reverse magnetospheric convection; typical Birkeland current patterns for the southward173

and northward case, respectively. Again, reconnection has eroded the magnetopause fur-174

ther inward in the southward case (frame p) than in the northward case (frame m), where175

compression acts alone. Noteworthy for the southward case (frame o) is the extreme Birke-176

land current amplitudes (6.7 µAm2) and their low latitudes on the day side due to from177

magnetopause erosion.178

The simulated DST values illustrate the impact of the perfect ICME arrival. Fig-179

ure 2(a) shows DST from the northward IMF and southward IMF cases. Values are plot-180

ted against time relative to TArrival. For the northward case, DST reaches a peak of 234.0181

nT , slightly lower than the (Tsurutani & Lakhina, 2014) estimate of 245 nT . For the182

southward case, the peak DST is of larger magnitude (268.7 nT ) and is reached slightly183

sooner than the northward IMF case. Despite small differences between the northward184

and southward cases, both are congruent with the estimates of (Tsurutani & Lakhina,185

2014).186

Before the simulated ICME makes contact with the bow shock (T < TArrival),187

a precursor signature is observed in DST . These signatures arise from the intense cur-188
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Figure 2. Summary of the northward IMF (blue) and southward IMF (orange) simulated

sudden impulse in terms of the DST index (frame a) and the magnetopause stand-off distance

(frame b).

rent sheet that forms at the IMF discontinuity as it jumps from −5 nT to ±127 nT . Be-189

cause the virtual DST is the result of a Biot-Savart integral covering the entire MHD do-190

main, the ICME current sheet begins to drive pre-arrival signatures as soon as it enters191

the MHD model’s upstream boundary at +32 RE . Immediately before impulse onset,192

the precursor signature reaches ∼ ±50 nT , growing slightly as the shock approaches Earth,193

with the orientation corresponding to the direction of the IMF. The addition of the pre-194

cursor signal to the sudden impulse signal can explain the differences in magnitude and195

timing between the northward and southward IMF cases. This signal is a result of the196

magnetostatic assumption implicit in the Biot-Savart integral. Under the more realis-197

tic MHD formalism, such a magnetic signal propagates with local plasma wave speeds198

and could not arrive faster than the shock, as the relevant upstream Mach numbers are199

all greater than 1.200

Figure 2(b) shows the magnetopause stand-off distance for both the northward and201

southward IMF cases. The values are calculated by identifying the first computational202

cell in the MHD domain whose field line is open to the solar wind when progressing ra-203

dially from the Sun to the Earth. Though the magnetopause is pushed very close to the204

inner boundary, several grid cells separate the two. The ICME leads to extreme com-205

pression of the day side magnetosphere. For the northward IMF case, the stand-off dis-206

tance reaches a new equilibrium at 4.41 RE , reasonably agreeing with the estimate from207

Tsurutani and Lakhina (2014). For the southward case, day side reconnection further208

erodes the magnetopause to a stand-off distance of 2.84 RE . The polarity of the IMF209

is clearly an important factor in setting the stand-off distance.210

Figure 3 shows the effect of the ICME on the surface magnetic field in the geomag-211

netic north-south direction for a latitudinal chain of magnetometers all located at local212

noon. Both the magnetic perturbation (∆BN , frames a and c) as well as the time deriva-213

tive (dBN/dt, frames b and d) are shown. The geomagnetic east-west component results214

(not shown) are drastically weaker than the north-south component, except at auroral215
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latitudes where the values are of the same order as the north-south component. The fig-216

ure covers seven minutes of the event.217

Figure 3. Virtual magnetometer surface perturbation results in the magnetic north-south di-

rection for stations situated at local noon, two minutes before shock arrival through five minutes

afterwards. Both ∆BN (left column) and dBN/dt (right column) are shown. Top row (frames

a-b) shows results for the northward IMF case; bottom row (frames c-d) shows the results for

the southward case. Stations are arranged in latitudinal order with the lowest latitudes on the

bottom. For each curve, the dashed line of the same color shows where ∆BN = 0 or dBN/dt = 0.

The black arrow in the lower-left of each frame shows the scale of the perturbations.

Starting with the northward case (Figure 3, frames a-b), it can be seen that the218

impulse onset organizes itself into three distinct phases. The first phase is the precur-219

sor phase, where the current sheet within the IMF discontinuity is driving the precur-220

sor signal at all latitudes and local times. The strength of the disturbance grows to −50 nT221

at middle latitudes. The second phase, beginning at ∼30s after ICME arrival and last-222

ing until ∼120s after arrival, is the sudden impulse phase. The ground magnetometers223

exhibit dynamics closely following well-established patterns from observations (Araki,224

1977; Araki et al., 1997) and previous MHD simulations (Kataoka et al., 2004; Slinker225

et al., 1999; Yu & Ridley, 2009b) at all local times. The ∆BN magnitude reaches 300nT226

at mid latitudes and more than 900nT at auroral latitudes. For the northward IMF case,227

this is the period of the most intense dBN/dt values (frame b). At low- and mid-latitudes,228

values agree with the estimates from Tsurutani and Lakhina (2014) (∼ 30nT/s). At higher229

latitudes, extreme dBN/dt values are observed (> 200nT/s). The final phase of the event230
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is the formation of perturbations related to the the establishment of Dungey-cycle mag-231

netospheric convection as the system reaches a new steady state configuration. Region-232

1 Birkeland currents form, driving perturbations on the order of several hundred nT . These233

become static as the system settles, reducing dBN/dt values to zero.234

Frames c-d of Figure 3 illustrate the same but for the case where IMF is southward.235

Note that the scale of the ∆BN plot has changed (frame c); the distance between two236

zero lines (dashed lines) is now 800 nT instead of 300 nT (as in frame a). Again, three237

phases are evident: the precursor, the sudden impulse signature, and perturbations re-238

lated to the development of typical region-1 Birkeland currents. Because the polarity of239

the IMF has changed, the polarity of the precursor signature has flipped. Because the240

ICME shock is identical to the northward case in terms of dynamic pressure, the sud-241

den impulse signatures are identical, both in terms of polarity, magnitude, and dB/dt.242

Through the first two phases, the polarity of the IMF plays only a minor role.243

The final phase of the commencement stands in stark contrast to the northward244

case. The southward oriented IMF drives intense reconnection and associated region-1245

Birkeland currents. These develop quickly and concurrently with the end of the sudden246

commencement signature. The superposition of the sudden commencement signal and247

the intense Birkeland current signal creates perturbations that reach into the thousands248

of nanotesla with dB/dt values that reach 300 nT/s. The final phase of the event pro-249

longs the GIC threat beyond what is presented by the northward case. The erosion of250

the day side magnetopause also brings the Birkeland currents to lower latitudes on the251

day side, bringing the threat over more populated areas of the globe.252

The magnitudes of dB/dt are dependent both on latitude and longitude. Figure253

4 summarizes the maximum dBN/dt for -2:00<T-TArrival <5:00 and local times between254

dawn and dusk. On the night side, complicated tail dynamics present a complicated pic-255

ture that will be the focus of future studies and not addressed here. Further, east-west256

component values remain at or below the north-south values shown in Figure 4.257

Figure 4 illustrates the danger presented during the arrival of a perfect, isolated258

ICME. It is evident that the strongest dB/dt values occur at local noon between 55◦ and259

65◦ latitude. However, extreme values appear across a large region, frequently in excess260

of the 30nT/s estimates provided by Tsurutani and Lakhina (2014). The red lines in Fig-261

ure 4 mark the latitude boundary above which dB/dt > 30nT/s. For the northward262

IMF case (frame a), this boundary straddles 50◦. For the southward IMF case (frame263

b), this boundary reaches as low as 40◦. It is important to note that because these sim-264

ulations used a simplified dipole axis, extreme dB/dt could reach lower geographic lat-265

itudes in a real world situation, easily encroaching into the continental United States of266

America.267

5 Historical Context268

Table 1 places the results of the above simulations in the context of other simu-269

lations and real-world observations of extreme sudden commencements. Where available,270

the impulse as measured by Dst (or equivalent), the magnetopause stand-off distance,271

and the maximum reported dB/dt are shown. While not an exhaustive list, it empha-272

sizes the most prominent space weather events that should be comparable to the hypo-273

thetical ICME in question.274

Overall, the hypothetical most-extreme storm sudden commencement simulated275

here surpasses magnitudes presented by its peers. Estimates from the Tsurutani and Lakhina276

(2014) (Table 1, top row) are accurate in terms of the strength of the impulse as mea-277

sured by DST , but underestimate compression/erosion of the day side magnetopause and278

dB/dt at mid- to high- latitudes. An attempt to produce conditions similar to the fa-279

mous Carrington Event (fourth row) yields magnetopause compression similar to that280
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Figure 4. Maximum dBN/dt from -2:00<T-TArrival <5:00 as a function of local time (x-axis)

and latitude (y-axis). Results for the northward and southward case (frame a and b, respectively)

are shown. Red lines mark the contour of 30nT/s.

Table 1. Comparison of simulation results to other extreme space weather events & simula-

tions.

Event/Simulation DST Impulse Standoff Distance Maximum dB/dt

T & L Estimates1 245 nT 5 RE 30 nT/s
Present Results: NBZ 234.0 nT 4 RE 12 to 260 nT/s
Present Results: SBZ 268.7 nT < 3RE 12 to 290 nT/s
Synthetic Carrington2 < 200 nT >2 RE N/A
July 2012 near-miss3,4 No strong impulse N/A ∼ 10 nT/s
September 1909 Storm5 ∼ 70.0 5.9 N/A
May 1921 Storm6 ∼ 107.0 5.3 N/A
March 1989 Storm7 ∼ 70 nT N/A ∼ 20 nT/s
March 24, 1991 Storm8,9 202 nT N/A ∼ 20 nT/s at MSR

1Tsurutani and Lakhina (2014), 2Ngwira et al. (2014), 3Baker et al. (2013), 4Ngwira et al. (2013),
5Love, Hayakawa, and Cliver (2019b), 6Love, Hayakawa, and Cliver (2019a), 7Kappenman (2005),
8Allen, Sauer, Frank, and Reiff (1989), 8Araki et al. (1997), 9Araki (2014)

found here, but a weaker sudden commencement DST . “What If” simulations of the July281

2012 near-miss extreme CME (Ngwira et al. (2013); fifth row) show that it would have282

not produced a significant sudden commencement; peak dB/dt for this hypothetical were283

much lower than those found in this study. The September 1909, May 1921 “railroad,”284

and the March 1989 “HydroQuebec” historical extreme storms (Table 1, Rows 6-8, re-285

spectively) all delivered sudden commencements far weaker than the hypothetical worst-286

case explored here. The HydroQuebec event of 1989 famously disrupted power distri-287

bution in eastern Canada; peak dB/dt values are as much as an order-of-magnitude less288

than those found in the present simulations. In each of the above cases, the character-289

istic magnitudes of the simulated worst-case scenario are notably greater.290
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An interesting outlier is the March 24, 1991 storm (Table 1, bottom row). This event291

produced an anomalously large sudden commencement as measured on the ground: 202292

nT in the H-component of the Kakioka ground station (Araki et al., 1997). While the293

overall storm is not as famous or destructive as the March 1989 event, large geomagnet-294

ically induced currents were reported in the HydroQuebec (Bolduc, 2002) and northern295

European (Pirjola, 2005) power grids. A handful of other extreme storm sudden com-296

mencements with ground amplitudes commensurate with the present hypothetical worst-297

case simulations have been reported by Araki (2014), suggesting that the results here298

are not out of the realm of possibility.299

6 Discussion & Conclusions300

The estimates of the impacts of a “perfect” ICME arrival at Earth, as given by Tsu-301

rutani and Lakhina (2014), paints an incomplete picture of the full hazards of such an302

event. The first-principles-based simulations performed in this study show the full im-303

pact at a range of locations. Magnetopause compression exceeds the pressure-balance-304

based estimates from the previous work. The magnitude and nature of the ground mag-305

netic perturbation is heavily location dependent. This analysis shows that the 30nT/s306

estimates from Tsurutani and Lakhina (2014) are easily surpassed above ∼ 45◦ geomag-307

netic latitude. Accounting for the dipole tilt and time of arrival means that densely-populated308

lower geographic latitudes can be impacted by the extreme dB/dt values found in these309

simulations. While the day side is most strongly affected, extreme perturbations are found310

across the globe. Though only the initial moments of such an event are considered, this311

sudden impulse would surpass its real world peers in terms of dB/dt.312

The orientation of the IMF plays a critical role in determining the severity of the313

ground response during the impulse. As day side reconnection develops, erosion of the314

day side field combines with compression to drive the magnetopause within 3 RE of the315

Earth. While compression-related magnetic perturbations between the purely northward316

and purely southward simulation are nearly identical, the development of intense region-317

1 Birkeland currents in the southward IMF case increase both the magnitude and the318

duration of the ground perturbations. The erosion of the day side magnetopause pushes319

these currents and their associated perturbations to far lower latitudes than the north-320

ward case. This means that even during the first moments of an extreme space weather321

storm, IMF orientation plays a critical role in determining the danger to vulnerable tech-322

nological systems. Further exploring the parameter space of the IMF orientation will help323

quantify the full range of impacts as a function of impact angle (e.g., Oliveira et al., 2018;324

Oliveira & Raeder, 2014, 2015).325

Many limitations must be considered when interpreting these results, starting with326

the construction of the idealized solar wind and IMF conditions. The work of Tsurutani327

and Lakhina (2014) merely provides amplitudes. Here, these amplitudes have been adapted328

into a simple step function. In reality, a more complicated sheath region would form, with329

strong oscillations in IMF and plasma conditions. The transition to fully southward or330

northward IMF are not likely to be simultaneous with the pressure increase. Further,331

the plasma density used here, 20cm−3, is frequently surpassed in real-world ICMEs. This332

could be considered a lower bound for a real world event. While considering these fac-333

tors should be a priority in the future, the results of this study still provide meaning-334

ful estimates of an extreme impulse.335

Further work is required to fully tie ICME arrival to consequences for the power336

grid. dB/dt, while clearly tied to geomagnetically induced currents (GICs), is not the337

value of interest. Geoelectric field must be calculated by including the ground impedance.338

This means accounting for the effects of an inhomogeneous conducting crust, lithosphere,339

and ocean. Higher frequency components of the impulse can be reflected by the conduct-340

ing Earth, intensifying the surface response. It is also important to note that it is not341
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just the geoelectric field amplitude, but also spectral content that affects the power grid.342

These must be further examined to understand the precise impact such an event would343

have on power transmission.344

Despite these shortcomings, this work stands as an important indicator of the ac-345

tivity possible during the first moments after arrival of a “perfect” ICME at Earth. The346

magnitude of dB/dt, compression and erosion of the day side magnetopause, and short347

time scales for the onset of activity make such an event uniquely threatening to ground-348

based infrastructure. The penetration of activity to mid-latitudes early in the event will349

affect regions not prepared for such strong geomagnetic activity, raising the vulnerabil-350

ity of power grids in populated areas. Further exploring and preparing for such extreme351

activity is important to mitigate space-weather related catastrophes.352
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system. Journal of Atmospheric and Solar-Terrestrial Physics, 64 (16), 1793–386

1802. Retrieved from https://www.sciencedirect.com/science/article/387

pii/S1364682602001281 doi: 10.1016/S1364-6826(02)00128-1388

Cannon, P., Angling, M., Barclay, L., Curry, C., Dyer, C., Edwards, R., . . . Under-389

wood, C. (2013). Extreme space weather:impacts on engineered systems and390

infrastructure. Royal Academy of Engineering.391

De Zeeuw, D., Gombosi, T., Groth, C., Powell, K., & Stout, Q. (2000). An392

–11–



manuscript submitted to Geophysical Research Letters

adaptive MHD method for global space weather simulations. IEEE Trans-393

actions on Plasma Science, 28 (6), 1956–1965. Retrieved from http://394

ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=902224395

doi: 10.1109/27.902224396

De Zeeuw, D. L., Sazykin, S., Wolf, R. A., Gombosi, T. I., Ridley, A. J., & Tóth, G.397
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