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The maximum extent of the auroral equatorward boundary was estimated for individual days4

for three decades of ground magnetic field data.5

Geomagnetic storms were simulated using the Space Weather Modeling Framework, and found6

to give boundaries similar to historical data.7

Extreme geomagnetic storms (Dst< −1000 nT) were simulated, resulting in auroral equatorward8

boundaries below 40◦ magnetic latitude.9
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X - 2BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMS

Abstract. The equatorward extent of the auroral oval, the region which10

separates the open-field polar cap regions with the closed field subauroral11

regions, is an important factor to take into account when assessing the risk12

posed by space weather to ground infrastructure. During storms, the auro-13

ral oval is known to move equatorward, accompanied by ionospheric current14

systems and significant magnetic field variations. Here we outline a simple15

algorithm which can be used to estimate the maximum extent of the auro-16

ral equatorward boundary (MEAEB) using magnetic field data from ground-17

based observatories. We apply this algorithm to three decades of INTER-18

MAGNET data, and show how the auroral oval in the Northern hemisphere19

moves South with larger (more negative Dst) storms. We simulate a num-20

ber of storms with different magnitudes using the Space Weather Modelling21

Framework (SWMF), and apply the same auroral boundary detection algo-22

rithm. For SWMF simulated storms with Dst > −600 nT, the estimates23
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BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMSX - 3

of the MEAEB are broadly in line with the same estimates for historical events.24

For the extreme scaled storms (with Dst< −1000 nT), there is consider-25

able scatter in the estimated location of the auroral equatorward boundary.26

Our largest storm simulation was calculated using Carrington-like estimates27

for the solar wind conditions. This resulted in a minimum Dst = −1142 nT,28

and a minimum estimated auroral boundary of 35.5◦ MLAT in places.29
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X - 4BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMS

1. Introduction

As the solar wind impacts upon the Earth’s magnetosphere-ionosphere system, energy30

and particles are deposited into the polar regions along field lines, leading to enhanced31

electric currents in the ionosphere, as well as visible auroral emissions [Buonsanto, 1999;32

Russell et al., 2016]. The auroral ovals are the regions centered around the geomagnetic33

poles that separate the Earth’s closed and open magnetic field line regions. The area34

equatorward of the auroral ovals has closed magnetic field lines that reconnect in the35

opposite hemisphere, whereas the regions poleward of the auroral ovals (or polar cap36

regions) have open magnetic field lines that connect directly to the solar wind. The37

enhanced electric currents in the polar cap regions lead to elevated geomagnetic variations38

during geomagnetic storms. These magnetic variations are known to have an adverse effect39

on technologies such as pipelines [Pirjola et al., 1999], railways [Eroshenko et al., 2010] and40

most significantly, power networks [Pulkkinen et al., 2017]. While geomagnetic variations41

occur at all latitudes, the largest variations are seen at higher latitudes, corresponding to42

the complicated current systems in the polar ionosphere [Pirjola, 2001].43

During geomagnetic storms, the polar cap can expand and move equatorward, accom-44

panied by ionospheric currents which drive surface magnetic field variations. During45

particularly large geomagnetic storms, the polar cap regions move into what can normally46

be considered subauroral latitudes under quiet conditions [Yokoyama et al., 1997], leading47

to larger geomagnetic variations at lower latitudes. The maximum extent of the auroral48

equatorward boundary is therefore important to consider when assessing the risk posed49

by large-but-infrequent geomagnetic storms to large-scale grounded infrastructure.50
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BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMSX - 5

A common measure of the strength of a storm is the disturbance storm-time index (Dst).51

This index, which has been definitively measured since 1957, is a proxy measurement of52

the strength of the ring current. It is derived from horizontal magnetic field measurements53

at four low-latitude geomagnetic observatories [Love & Gannon, 2009]. Since the hourly54

Dst has been calculated, the largest geomagnetic storm on record is the March 1989 event,55

with a minimum Dst = −589 nT. This storm famously precipitated the collapse of the56

Hydro-Quebec power system [Bolduc, 2002]. The large geomagnetic variations measured57

at mid- and high-latitudes during this storm, as well as the unusually low latitude visible58

aurora (seen as far South as Florida [Allen et al., 1989]), indicate that the auroral oval59

had expanded significantly towards the equator.60

While the March 1989 storm is the largest storm for which we have widespread mea-61

surements, more intense storms have likely occurred in the past. These include the May62

1921 storm, which was recently estimated to have a Dst = −921 nT [Love, 2019]. That63

storm produced significant technological effects in New York (40.7◦ North), as well as au-64

rora seen on the poleward horizon as far South as 30◦ MLAT[Silverman & Cliver , 2001].65

The August-September 1859 ‘Carrington’ event storm was probably even more intense,66

with an estimated Dst around −900 nT [Cliver & Dietrich, 2013]. This storm had auroral67

sightings reported as far South as the Carribean Sea, among other places [Silverman, 2005;68

Hayakawa et al., 2016, 2018]. In addition to the extremely low-latitude auroral sightings,69

there was an estimated 3,000 nT deviation in the horizontal magnetic field measured at70

Rome. This measurement has been found to be consistent with a site within the auroral71

zone during recent large geomagnetic storms, and is evidence for an expanded auroral oval72
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X - 6BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMS

to at least 38.6◦ magnetic North during the morning of 2 September 1859 [Blake et al.,73

2020].74

A number of related but different phenomena have been used to estimate the the75

poleward and equatorward boundaries of the auroral oval during geomagnetic storms.76

These include the presence of electron precipitation [Ngwira et al., 2013b; Carbary et al.,77

2003], optical auroral sightings [Silverman, 2005; Milan et al., 2009; Ding et al., 2017],78

and changes in ground magnetic variations (as described above) [Woodroffe, 2016]. Of79

these different metrics, optical auroral sightings have been recorded for the longest time80

[Stephenson et al., 2004], but it can be difficult to precisely quantify the ‘footprint’ loca-81

tion of the aurora (i.e., the locations directly beneath the aurora), and care must be taken82

when interpreting historical sources. In addition, auroral emissions are not always coinci-83

dent with the auroral oval, and can even occur during periods of low activity [Silverman,84

2003]. Electron precipitation data only exists for the satellite era, and as an incomplete85

record, so few of the largest geomagnetic storms in the record have such data.86

Enhanced geomagnetic variations due to increased electric currents in the ionosphere are87

perhaps the most consequential indicator of the auroral boundary in terms of threats to88

modern infrastructure. In addition, geomagnetic data have been continuously measured89

across the globe since the 1830s [Stern, 2002], and multiple large geomagnetic storms have90

occurred during this time. Despite this, early geomagnetic records are often off-scale or91

incomplete [Shea & Smart , 2006], or difficult to access for performing a global study. In92

terms of widespread and readily accessible geomagnetic field data, digital archives such as93

INTERMAGNET and SuperMag host data from geomagnetic observatories from around94

the 1980s to present (at cadences of 1 minute or quicker).95
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BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMSX - 7

In this paper, we outline a simple algorithm that uses only geomagnetic field data96

such as these from multiple locations to estimate the maximum extent of the auroral97

equatorward boundary (hereafter MEAEB for brevity). This algorithm separates the98

more equatorward and less active subauroral region from the more active poleward region99

in the Northern hemisphere (in terms of geomagnetic activity) for different days. We apply100

this algorithm to 25 years of global geomagnetic field data, and plot the location of the101

MEAEB against minimum Dst for each day, allowing us to build a relation between the102

MEAEB and storm-intensity. Finally, to investigate the MEAEB for storms larger than103

-589 nT, we simulate storms with a range of intensities using the Space Weather Modeling104

Framework (SWMF) [Toth et al., 2005, 2012]. The most intense of these simulations use105

solar wind inputs that are scaled to Carrington-like conditions, and result in extreme106

geomagnetic conditions (Dst < −1, 000 nT). We apply our auroral boundary algorithm107

to these simulations, and compare to estimates for the historical Carrington event.108

2. Identifying MEAEB from Geomagnetic Data

The basic function of our algorithm used to calculate the MEAEB latitude is to auto-109

matedly separate the relatively geomagnetically quiet and more equatorward subauroral110

region from the more active poleward region, for a fixed time-period. In effect, this111

estimates the maximum equatorward extent of the auroral region, as opposed to an in-112

stantaneous position. The top panel of Figure 1 shows the measured horizontal magnetic113

field components (BX and BY ) for the Eskdalemuir INTERMAGNET observatory for the114

29-31 October 2003 ‘Halloween’ storm period. From these, horizontal electric field val-115

ues were calculated for each site using the frequency dependent (ω) plane-wave equation116

[Pirjola, 2001]:117
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X - 8BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMS

E(ω) = Z(ω)B(ω) (1)

where E and B are the electric and magnetic fields, and Z is the magnetotelluric or118

impedance tensor [Pirjola, 2001]. In practice, a magnetic field time-series is Fourier119

transformed and used in Equation 1 to get E(ω), which is then inverse Fourier transformed120

back to a time-series. The tensor Z is dependent on the resistivity structure at a location.121

For a 1-dimensional Earth resistivity structure (i.e., where the resistivity changes only with122

depth), the diagonal components of Z are set to zero, and the electric field components123

can be written as124

EX(ω) =
1

µ0

ZXY (ω)BY (ω) (2)

and125

EY (ω) = − 1

µ0

ZXY (ω)BX(ω) (3)

where µ0 is the vacuum permeability and subscripts X and Y refer to the North-South and126

East-West components, respectively. From these two calculated electric field components,127

the horizontal electric field (EH) was calculated128

EH =
√
E2

X + E2
Y (4)

From this, the maximum EH was noted. In this paper, the Quebec 1D resistive model129

outlined in Boteler & Pirjola [1998] was used for all electric field calculations. In reality,130
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BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMSX - 9

each of the INTERMAGNET sites will have different subsurface resistivity profiles. By131

using the same profile for each, we are in effect using the maximum calculated electric132

field value as a proxy for variations in the geomagnetic field measured at each site. This133

approach (using maximum 1-D calculated EH as a proxy for magnetic variations) has134

been used before by Woodroffe [2016]; Ngwira et al. [2013, b], and Pulkkinen et al. [2015].135

In addition to the maximum horizontal electric field, the magnetic latitude of the site136

was calculated using the AAGCMv2 method [Shepherd , 2014]. In the case of Eskdalemuir,137

this is 57.8◦. For the same time-period, maximum calculated EH values and magnetic138

latitudes were calculated for all available observatories (as with Eskdalemuir). A plot of139

Emax
H versus MLAT can be seen in Figure 2. For this particular example, there is a clear140

boundary at approximately ±50◦ which separates the quieter subauroral region (with141

calculated electric fields < 0.5 Vkm−1), and the more geomagnetically active poleward142

regions (> 0.5 Vkm−1). This boundary is what we describe as the MEAEB for this143

particular day, and what our algorithm attempts to identify.144

In order to automatically calculate the maximum latitudinal extent of this boundary,145

the following steps were taken. Firstly, the logs of the maximum calculated electric field146

values were taken for the northern hemisphere (as there are far more points here than in147

the Southern hemisphere). A natural cubic spline fit was applied to the data [Woltring ,148

1986]. A fixed smoothing parameter (p = 400) was used in order to prevent over-fitting149

the data. The gradient of this smoothed fit was then taken at every point. The latitude150

at which this gradient was at its greatest was taken as the MEAEB location, i.e., where151

the amplitude of the electric field was seen to increase the most. In order to estimate152

errors in this fit, 500 spline fits were calculated from n randomly selected subsamples of153
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X - 10BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMS

the data (where n = 0.75 times the available sites). The standard deviation of these 500154

calculated MEAEB locations was then used as an estimated error for the fit.155

Figure 3 shows the magnetic latitude versus the log10 of EH plot for a disturbed day (30156

October 2003, minimum Dst = -383 nT), and a quiet day (07 October 2009, minimum157

Dst = 0 nT). It can be seen that the disturbed day (in blue) had elevated maximum158

EH values at all latitudes when compared to the quiet day (in red). The fitted smoothed159

spline fits are shown as bold lines, and the vertical dashed lines show the points along these160

smoothed lines with the largest gradient. These mark the calculated MEAEBs for the two161

days. It can be seen that the disturbed day had a calculated MEAEB that occurred at162

52.5◦N. This value can be compared to the ±50◦ boundary estimated by eye in Figure 2.163

The quiet day’s boundary was calculated at 63.7◦.164

2.1. Applying Algorithm to 25 Years of Geomagnetic Data

The MEAEB location was calculated for every day from 1991 to 2016 using 1-minute165

INTERMAGNET data taken from all available observatories. The magnetic observatories166

that contribute to these networks are distributed across the globe, with the majority in167

the northern hemisphere. Since 1991 (the start of the availability of INTERMAGNET168

data), the number of recording INTERMAGNET observatories has steadily increased from169

around 40 to over 100. In addition to the INTERMAGNET data, 1-minute data were170

taken from the SuperMag database (http://supermag.jhuapl.edu) for the 13-14 March171

1989 geomagnetic storm.172

The location and shape of the auroral oval can change significantly throughout the173

course of a single geomagnetic storm. The algorithm uses the maximum EH over a174

fixed time-period, therefore calculating the maximum equatorward extent of the auroral175
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BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMSX - 11

boundary, as opposed to an instantaneous position. By using the maximum EH for176

a relatively long period (i.e., 24 hours), the auroral and sub-auroral regions are better177

differentiated, as not all observatories North of the auroral boundary will experience178

elevated geomagnetic activity at exactly the same time. In addition, a calendar day is a179

convenient time window given the long timescale of 25 years covered in the study, and180

the fact that INTERMAGNET data files are given for individual observatories for each181

calendar day.182

For a given day, the horizontal magnetic time-series for each available magnetic ob-183

servatory were examined. Datapoints which were more than 12σ from the mean of the184

time-series were considered spurious and removed. Gaps in the data were linearly inter-185

polated over. Where some time-series exhibited large artificial steps of several hundred186

nT (i.e., where the data baseline suddenly increased or decreased), these datasets were187

discarded. Using the remaining data from the observatories, the algorithm outlined in188

Section 2 was applied, and the MEAEB was calculated.189

For each day, the calculated MEAEB was plot against the corresponding minimum190

daily Dst (taken from the World Data Center for Geomagnetism, Kyoto- wdc.kugi.kyoto-191

u.ac.jp). This can be seen in Figure 4. Errorbars are the previously mentioned 1 σ192

estimates from 500 bootstrapped spline fits. As can be seen from this plot, the calculated193

MEAEB can be seen further South for larger geomagnetic storms. For minimum Dst194

values > −200 nT, days appear to have calculated MEAEB’s within a decreasing band195

of approximately 8◦. Days with minimum Dst < −200 nT are less plentiful, and show a196

larger scatter in MEAEB position. The day with the lowest calculated MEAEB was for197

the 14 March 1989, with a calculated boundary location of 45 ± 3.8◦ magnetic latitude.198
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X - 12BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMS

For days with low geomagnetic activity, the subauroral and poleward regions are poorly199

differentiated in ground geomagnetic data (or in maximum calculated EH , our chosen200

proxy). As such, the boundary calculation routine outlined above can misattribute a201

lower auroral boundary than is expected, and produce a large 1σ errorbar. Figure 4 has202

days with 1 σ > 5◦ omitted for this reason.203

As previously mentioned, the number of INTERMAGNET observatories varies by date.204

The limited number of operational observatories towards the start of the dataset meant205

that binning the observatories by longitude and calculating the MEAEB for different206

longitudes was not possible using the above method. For example, in 1991 there were207

only 40 geomagnetic observatories with available data, 34 of which were in the Northern208

hemisphere. Furthermore, most of these were clustered around Europe. All available209

INTERMAGNET data were therefore used for every day, and a single latitude value was210

returned for the MEAEB.211

In order to investigate how the number of available observatories affects the calculated212

MEAEB location, two storm events with a large number of recording observatories were213

chosen. These were the 30 October 2003 and 17 March 2015 events. For both storm events,214

an increasing number of observatories (from 40 to the maximum number available) were215

chosen at random, and the MEAEB was calculated. This was repeated 1,000 times to216

get 90% confidence intervals for the boundary calculations, for every number of available217

magnetic observatories.218

Figure 5 shows the mean of the calculated MEAEBs for both events, as well as the219

90% confidence intervals. For both, as the number of observatories used in the boundary220

calculation increases, the 90% intervals narrow. In the case of the 30 October 2003 event,221
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BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMSX - 13

the mean MEAEB only changes by a fraction of a degree as the number of sites is increased222

from 40 to 90. For the 17 March 2015 event, the mean MEAEB changes by approximately223

1.7◦ as the number of observatories is increased from 40 to 113. The difference between224

the change in MEAEB for the two storms may be due to intensity or global structure of225

the individual storms. For both events, the calculated MEAEB using all available sites226

was within the 90% confidence interval for the calculated MEAEB using only 40 sites.227

From these two events, we conclude that days with more available magnetic observatories228

will have smaller uncertainties associated with the MEAEB calculation. In addition, there229

is an uncertainty on the order of a few degrees in the location of the calculated MEAEB230

using our algorithm.231

3. SWMF Simulations and Setup

The simulations performed in this paper use the Space Weather Modelling Framework232

(SWMF), a software framework for physics based simulations of the Sun-Earth system233

[Toth et al., 2005, 2012]. The SWMF combines a number of different physics domains that234

span a wide range of spatial and temporal scales. These domains cover different parts of235

the Sun-Earth environment, from the solar corona to the ionosphere. The model used in236

this study consists of the Block-Adaptive Tree Solar wind Roe-type Upwind Scheme global237

magnetosphere model (BATS-R-US) coupled to the Rice Convection Model for the inner238

magnetosphere (RCM) and the Ridley Ionosphere Model (RIM), which together simulate239

the magnetosphere-ionosphere system’s interaction for a number of different solar wind240

driver scenarios.241

BATS-R-US is a magnetohydrodynamic (MHD) model which simulates the plasma con-242

ditions in the magnetosphere on a block-adaptive grid [Powell et al., 1999; De Zeeuw et243

D R A F T October 22, 2020, 2:22pm D R A F T



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

X - 14BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMS

al., 2000]. RCM models the inner magnetosphere [Toffoletto et al., 2003; De Zeeuw et al.,244

2004], capturing ring current dynamics by receiving magnetic field and plasma moments245

from BATS-R-US, then returning plasma density and pressure back to BATS-R-US. RIM246

is a height-integrated ionospheric electrodynamics model [Ridley et al., 2004]. It receives247

field-aligned current density from BATS-R-US, and delivers electric potential to RCM and248

BATS-R-US. The communication among these models is facilitated by the SWMF, allow-249

ing for a more comprehensive representation of the Earth’s magnetosphere-ionosphere250

system.251

Surface magnetic field perturbations are calculated as part of the SWMF on a user-252

defined grid for a specified timestep. The surface magnetic field at any point is approxi-253

mately the sum of the Biot-Savart integrals calculated magnetic contributions from each254

of the current systems in the magnetospheric and ionospheric domain, as well as the255

field-aligned currents which connect them. The simulations in this study output a 1 × 1◦
256

grid every 60s. In addition, the simulations output magnetospheric conditions, a 2d shell257

of ionospheric currents and a SYM-H estimate from the simulation, which is in effect a258

1-minute Dst value [Wanliss & Showalter , 2006].259

The combination of BATS-R-US, RIM and RCM is well established for extreme ge-260

omagnetic storm simulations [Ngwira et al., 2013, 2014; Welling , 2020], and has been261

shown to perform well when replicating surface dB/dt [Pulkkinen et al., 2013; Toth et al.,262

2014] and Dst. It is currently being used for operational forecasting at the Space Weather263

Prediction Center [Haiducek et al., 2017].264

Each of the simulations in this paper was run on a grid made up of approximately265

5.89 million computational cells, with the smallest cells being 1/16 Earth radii in size. A266
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BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMSX - 15

high coupling rate of 5 s was chosen for the different modules, and F10.7 value of 275 solar267

flux units was used. This value is consistent with solar maximum conditions [Ngwira et268

al., 2014]. Typically in SWMF simulations, the inner magnetosphere boundary (Rbody)269

and location at which the magnetospheric currents are mapped (Rcurr) are set to 2.5 and270

3.0 RE respectively. Despite requiring greater computational time, we found that when271

attempting to simulate larger geomagnetic storms, smaller values for these numbers were272

necessary in order to correctly map geomagnetic variations at lower latitudes. This is273

explored further in Appendix A. We therefore reduced these values, depending on the274

severity of the solar wind drivers used as inputs. For our largest storm simulations, we set275

Rbody = 1.25RE and Rcurr = 1.5RE. The latitudinal resolution for RIM was 1◦, and the276

latitude boundary for RIM was 10◦. For all the simulations performed in this study, the277

radial magnetic field was not forced to coincide with the internal magnetic field (B0 value278

in the simulations). Due to this smaller boundary in the simulation, we also increased the279

particle density at the magnetospheric boundary to 1,000 particles cm−3.280

3.1. Solar Wind Scenarios

Inputs for the simulations are solar wind components in the form of magnetic field, ve-281

locity, temperature and density. For our simulations, 1-min data were taken from the ACE282

and WIND spacecraft (accessed via NASA’s OMNIWeb portal - omniweb.gsfc.nasa.gov).283

Seven periods with different solar wind conditions were chosen to be simulated. These284

periods were chosen according to solar wind data availability, and because these periods285

had a range of actual Dst values, from very quiet (Dst= 0 nT) to extremely disturbed286

(Dst= −422 nT). The solar wind conditions, actual measured minimum Dst values and287

simulated minimum Dst values are shown in Table 1.288
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X - 16BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMS

Solar wind data are of limited availability (due to saturation of satellite instruments289

during large events), so in order to simulate extreme events more intense than March 1989290

event (Dst < −589 nT), the solar wind conditions during two recent storms were scaled291

and used as inputs for the SWMF simulations. The two storms chosen were the 20-21292

November 2003 storm (with a minimum Dst= −422 nT), and the 8-9 November 2004293

storm (minimum Dst= −374 nT). This scaling approach was chosen in order to main-294

tain some small-scale structure within the solar wind, as opposed to creating completely295

synthetic time-series.296

The velocity, magnetic field, density and temperatures for the unscaled November 2003297

event are shown in Figure 6. An hour into the time-series (dashed vertical red line) marks298

the arrival for the CME for this storm. Each of time-series after this point were scaled by299

some factor, to get different solar wind scenarios of increasing intensity. The final scaled300

iteration (Scaled-B6 in Table 1) is what we estimate to be a ‘Carrington-like’ storm.301

For our Carrington event, a maximum estimated velocity of 1,945 kms−1 was chosen.302

This approximate value was arrived at by comparing the timing of the flare on 1 September303

1859, with the onset of the geomagnetic storm on the 2 September 1859 [Cliver & Dietrich,304

2013; Li et al., 2006]. Manchester et al. [2005] simulated an extremely fast CME which305

travelled 1 AU in 18 hours (approximately the same time as the Carrington CME). In306

order to achieve this, their simulated CME had an eruptive velocity of 4,000 kms−1. This307

reduced to ∼ 2, 000 kms−1 at 1 AU. For our Carrington-like solar wind conditions, the308

velocity after 0801 UT was therefore multiplied by 2.59. Of all of the components of the309

solar wind, the velocity is the only value that we can bound with some confidence for310

the Carrington event. Other values must be inferred, or arbitrarily scaled. A maximum311
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intensity for the total magnetic field of the solar wind inputs was set at 91 nT. This value312

is calculated from the empirical relationship between velocity and B of magnetic clouds313

at 1 AU recorded by Gonzalez et al. [1998]:314

Bpeak(nT) = 0.047 × Vpeak(kms−1) (5)

Although we note here that this relationship is derived from a limited CME dataset315

with peak B intensities of < 40 nT. The By and Bz components of our solar wind were316

therefore scaled by a factor of 1.6 after 0801 UT. The density was multiplied by a factor317

of 4 so that it peaked with 115 cm−3. This arbitrary multiplier is large, but we note that318

it results in a time-series with a lower peak density than has been measured before in319

CMEs [Tsurutani et al., 2003]. Finally, the temperature was multiplied by a factor of 8,320

to give a maximum of 6 MK. This is in line with the measured temperature of the July321

2012 fast CME [Ngwira et al., 2013]. With these solar wind inputs, the Carrington-like322

simulation returned a minimum Dst of -1142 nT. This value is in the upper range of Dst323

estimates for the Carrington event derived using historical magnetic field data(see Cliver324

& Dietrich [2013] and references within).325

The 20-21 November 2003 solar wind conditions were incrementally scaled six times,326

to get six different storm events with decreasing Dst (increasing intensity). The 8-9327

November 2004 conditions were scaled only twice, as it was found that even when scaled328

to Carrington-like conditions (Scaled-A2 in Table 1), this resulted in a minimum Dst of329

only -757 nT.330

4. Calculating MEAEB from SWMF Ground Magnetics
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As mentioned above, the SWMF simulations can calculate the geomagnetic field for a331

user specified grid. In our case, the simulations calculated geomagnetic field data on a332

1 × 1◦ grid in geomagnetic coordinates. We can therefore apply our auroral boundary333

algorithm to the SWMF simulated geomagnetic data in different ways. Here we outline334

two approaches. Firstly, we interpolate the geomagnetic field data to INTERMAGNET335

locations in order to directly compare with our historical MEAEB estimates. Secondly, we336

use all of the available simulated geomagnetic data to get a 2D estimate of the MEAEB.337

4.1. Method 1: Interpolating to INTERMAGNET sites

In order to directly compare the simulation outputs with the MEAEB locations calcu-338

lated from INTERMAGNET data, the simulated geomagnetic field outputs were interpo-339

lated to the magnetic coordinates for all of the 95 INTERMAGNET stations that were340

recording in 2017. From these, EH was calculated using the Quebec resistivity model341

as before. Then our boundary algorithm was applied. The normalized electric fields in342

the Northern hemisphere and resulting calculated boundaries for 12 of the simulations343

are shown in Figure 7. This shows the location of the INTERMAGNET sites as white344

dots, the calculated boundary as a horizontal red line, and bootstrapped 1σ estimates as345

a yellow horizontal region.346

The daily minimum Dst versus calculated MEAEB latitudes are shown in the top panel347

of Figure 8 for both the historical INTERMAGNET data and each of the SWMF sim-348

ulations (as red stars). For storms with Dst > -600 nT, the calculated MEAEB loca-349

tion/minimum Dst pairs for the simulations appear to line up quite well with the his-350

torical data, indicating that for storms of this magnitude, the SWMF can reproduce the351

maximum extent of the auroral boundary. Beyond -600 nT, the simulated points become352
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more scattered. Of the most intense storms (< -1000 nT Dst), the minimum calculated353

auroral boundary location was 40.87◦ ± 1.59◦ MLAT. The black line shows the simple354

empirical fit that was applied to the simulated auroral boundary locations. This relation355

between auroral boundary locations and Dst takes the form356

Boundary (MLAT) = 36.7 − 9, 400

Dst − 342
, (−1150 < Dst < 0 nT) (6)

The shaded black region shows a fit of the same form applied to the calculated bound-357

aries ±2σ.358

4.2. Method 2: Using all Simulated Geomagnetic field Data

The second approach used all the simulated geomagnetic field to calculate the MEAEB359

location. For each simulation, the maximum electric field was calculated at all points of360

the output grid. For every line of longitude, a ±10◦ averaging window was applied to the361

maximum calculated EH for each latitude bin. The boundary algorithm was then applied362

to the resulting averaged geoelectric field to get an auroral boundary location estimate for363

that particular line of longitude. The window was moved longitudinally by a 1◦ increment364

and the process was repeated in order to get a 360◦ estimate of the auroral boundary365

location.366

Figure 9 shows the location of these calculated auroral boundaries for 12 of the sim-367

ulations. The calculated MEAEBs can be seen to move South as the simulated storm368

intensities increases. The calculated MEAEBs generally separate the Northerly active369

regions from the quieter Southerly regions well. Exceptions to this are the two lowest370

intensity storm simulations (Dst -1 and -7 nT). In these examples, the algorithm does not371

D R A F T October 22, 2020, 2:22pm D R A F T



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

X - 20BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMS

perform well, for the same reason that it does not perform well for quiet historical days;372

subauroral and poleward regions are poorly differentiated in terms of EH amplitudes.373

In addition, for the most intense simulations (Dst < −1000 nT), the auroral boundary374

estimate is discontinuous in places.375

For every simulation, there are therefore 360 calculated MEAEBs latitudes using376

Method 2. The median of these is plotted against minimum Dst for each of the simulations377

in the bottom panel of Figure 8 as red diamonds. In addition, the 25% − 75% confidence378

intervals are plotted as red errorbars, and the total range of calculated boundaries values379

are plotted as green errorbars. The median boundary values calculated using Method 2380

appear to match the historical boundaries calculated for days with Dst > −600 nT, with381

the auroral latitude moving mostly linearly South with decreasing Dst to this point. A382

simple fit was applied to the median calculated auroral boundary locations (shown as a383

black line). This takes the form384

Boundary (MLAT) = 33.8 − 16, 770

Dst − 584
, (−1150 < Dst < 0 nT) (7)

The shaded black region shows a fit of the same form applied to the 25% and 75%385

confidence intervals. Equation 6 returns slightly lower calculated MEAEB values than386

Equation 7.387

While the median MEAEB latitude values for all of the simulations are above 40◦, the388

three largest storm simulations (with Dst < −1000 nT) saw calculated boundaries at389

certain longitudes dip below 40◦ N. The lowest calculated boundary was 35.5◦ for the390

simulation with a minimum Dst of -1054 nT. This low-latitude boundary value can be391

compared to the historical Carrington event, albeit indirectly. While there are not enough392

D R A F T October 22, 2020, 2:22pm D R A F T



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

BLAKE S.P. ET AL.: AURORAL EQUATORWARD BOUNDARY DURING GEOMAGNETIC STORMSX - 21

existing surface magnetic field data from the Carrington event to directly calculate the393

MEAEB as above, the location of the auroral latitude for this event can be inferred.394

One existing surface magnetic field dataset for the Carrington event is from Rome. This395

dataset saw an extremely large horizontal magnetic field deviation, which, when coupled396

with very low-latitude auroral sightings, indicate that the auroral oval was at least as far397

South as Rome (38.6◦ magnetic N) in 1859 [Blake et al., 2020; Hayakawa et al., 2019].398

This indicates that the MEAEB estimates for our largest simulations are consistent with399

actual superstorm values.400

5. Comparing Algorithm Outputs to other Auroral Phenomena

As can be seen in Figures 7 and 9, the algorithm outlined in this paper can separate401

the geomagnetically active poleward regions from the more geomagnetically quiet equa-402

torward regions. Throughout the paper, we have labelled these calculated points as the403

maximum extents of the auroral equatorward boundaries (or MEAEBs). In this section,404

we compare the algorithm output values to auroral equatorward boundaries estimated405

using precipitating electron data taken by satellite, as well as the location of the polar406

cap boundary for two of the SWMF simulations.407

5.1. Comparison with Empirical Auroral Model

On successive orbits from its launch in 2003, the Defense Meteorological Satellite Pro-408

gram (DMSP) f16 satellite measured the mean energy and energy flux of precipitating409

electrons in the auroral oval with extreme ultraviolet to far ultraviolet images taken using410

the Special Sensor Ultraviolet Spectrographic Imager (SSUSI) instrument. By identify-411

ing areas with energy flux thresholds above 0.2 ergs s−1cm−2, an initial nightside auroral412
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boundary is identified. This boundary is then combined with a pre-calculated auroral413

boundary using the Global UltraViolet Imager (aboard the TIMED satellite, see Zhang &414

Paxton [2008]) data to get an equatorward boundary estimate for an orbit. These data,415

along with other along with other products such as identification of discrete auroral arcs,416

can be found at https://ssusi.jhuapl.edu/, along with a detailed description of the algo-417

rithms used. The SSUSI-derived auroral boundary model data are available from 2005418

to 2016. In this time-period, the minimum Dst was -247 nT. For 855 randomly selected419

days in this time-period (including the 100 most disturbed days by Dst), the most equa-420

torward location of the boundaries derived by the SSUSI-derived auroral boundary model421

were recorded, and compared to our calculated MEAEBs for the same days. This is shown422

in Figure 10.423

In comparison to the SSUSI based model, our algorithm predicts more poleward424

MEAEBs as the minimum Dst of the day decreases (with slope = 1.35). In addition,425

there are many geomagnetically quiet days (Dst > −15) for which the SSUSI model426

gives a very low minimum latitude value (< 52◦). A least absolute difference linear fit427

(which effectively weighs these outliers less) is shown in Figure 10. The outputs from428

our algorithm, which estimates the location of the auroral boundary using surface geo-429

magnetic data (a proxy for electric currents in the ionosphere) gives similar estimates to430

the electron-precipitation based model. That the two empirical models are not perfectly431

correlated is unsurprising, as they in effect measure different phenomena associated with432

the auroral boundary, in order to estimate its daily most equatorward position. Differ-433

ent caveats also exist for each method. In the case of the SSUSI-derived boundaries,434

that model was made with a limited number of available large-scale (high Kp) geomag-435
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netic events. In addition, the look angle of the instrument can affect measurements (see436

https://ssusi.jhuapl.edu/data algorithms for more).437

In addition to the SSUSI model, There are also other auroral boundary models that438

rely on electron precipitation and satellite data, and have been calculated for different439

time-periods. These include Zhang & Paxton [2008]; Kilcommons et al. [2017]; Carbary440

[2005] and Ding et al. [2017] for example. Sigernes et al. [2011] compares ground-based441

and satellite based estimates for the auroral oval. Further research could combine our442

MEAEB algorithm with precipitation data to estimate the auroral oval boundaries.443

5.2. Comparison to Simulated Polar Cap Boundaries

Next, we compare our calculated MEAEBs (using both Method 1 and 2) with the polar444

cap boundary for two of the SWMF simulations (20-11-2003 and Scaled-B6 in Table 1.445

The polar cap boundary, which will be a few degrees North of the auroral equatorward446

boundary (depending on the width of the auroral oval), separates the closed and open447

geomagnetic field lines. With significant solar wind forcing and reconnection, the polar448

cap expands, but also shifts towards the dayside [Ngwira et al., 2014]. This brings the449

ionospheric current systems to lower latitudes, and with them an increase in surface450

magnetic field variations. Figure 11 shows the unscaled 20-21 November 2003 and Scaled-451

B4 simulations at snapshots when the respective simulations saw the largest expansion452

of the polar cap boundary. The top row shows total current density in the near-Earth453

magnetosphere, and the bottom row shows the normalized electric field in the Northern454

hemisphere, with the 2D extent of the polar cap boundary.455

The scaled simulation shows a more compressed magnetopause when compared to the456

unscaled simulation. This corresponds to a lower dayside polar cap (at 34.5◦N MLAT)457
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when compared to the unscaled simulation (41.5◦ N MLAT). Figure 12 shows how the458

calculated auroral boundaries compare to the most equatorward extent of the polar cap459

boundaries for both of the simulations. In both of these instances, the auroral boundaries460

calculated using Method 1 (interpolated INTERMAGNET sites) were less than 3◦ further461

South than the most equatorward position of the polar cap boundary. The boundaries462

calculated using Method 2 (i.e., all SWMF simulated geomagnetic field data) intersects463

with the minimum latitude polar cap boundary in places. In reality, the location of the464

polar cap boundary and auroral oval should be close, but are not necessarily coincident,465

with the polarcap boundary expected to be North of the auroral oval (and its emissions)466

by a few degrees [Carbary , 2005]. Figure 12 shows that the boundary calculated using467

only SWMF simulated geomagnetic data is closely related to the extent of the polar cap468

boundary.469

6. Discussion and Conclusion

In this paper, we have outlined a simple algorithm to estimate the maximum extent of470

the auroral equatorward boundary from simulated and historical surface geomagnetic field471

data. This method was applied to horizontal geomagnetic field data from INTERMAG-472

NET stations from 1991-2016, as well as data for the March 1989 storm. The calculated473

auroral equatorward boundaries were shown to be further South as a day’s minimum Dst474

decreased. For −400 < Dst < 0 nT, there appears to be a scatter of ∼ 8◦ MLAT where475

the maximum extent of the auroral boundary is located. The lack of extreme geomag-476

netic storm days in the database means it is hard to estimate the range of MEAEBs for477

Dst< −400 nT, although the boundaries can be seen to continue equatorward for what478

data exist. The most disturbed day for which we have widespread geomagnetic data is the479
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14 March 1989, with a minimum Dst= −589 nT. This had a calculated auroral boundary480

of 45◦ ± 3.8◦ MLAT.481

A number of geomagnetic storms of different intensities (ranging from minimum Dst482

values of -1 nT to -1142 nT) were then simulated using a high resolution setup of the Space483

Weather Modeling Framework. From the geomagnetic field outputs of these simulations,484

the MEAEBs were calculated using 1) interpolated geomagnetic field values at INTER-485

MAGNET locations and 2) using all simulated geomagnetic data to get a 2D estimate of486

the extent of the auroral oval. For both of these methods, the calculated MEAEBs for the487

simulations broadly match with the calculated MEAEBs for historical geomagnetic data488

(i.e., for Dst > −600 nT). This indicates that for low to medium-intensity geomagnetic489

storms, the SWMF setup used here can replicate the geomagnetic signal of the auroral490

oval.491

For Dst values between 0 to around −600 nT, the extent of the simulated auroral492

boundaries appears to move equatorward mostly linearly (from > 60◦ to ∼ 44◦). A493

massive increase in the intensity of the simulated storms (from Dst −600 to < −1000 nT)494

resulted in an only slightly more equatorward auroral boundary (down to ∼ 40◦). The495

most extreme simulated storms (Dst < −1000 nT) had calculated MEAEBs as far South496

as 35.5◦ N in places (as calculated using Method 2), and a large scatter. There are not497

enough worldwide magnetic field data available to directly apply our auroral boundary498

algorithm to any historical storm day of similar intensity (in terms of Dst). That said,499

the low latitude auroral boundaries in our large storms (< 40◦ N) are consistent with the500

estimated auroral oval location of the Carrington event (at least 38.6◦ N) [Blake et al.,501

2020].502
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Our MEAEB estimates were compared to an empirical auroral boundary model using503

satellite electron precipitation data for a 855 days between 2005 and 2016. Our boundary504

estimates are broadly in line with the SSUSI-derived model, although it should be noted505

that our algorithm in effect uses the magnetic signature of electrical currents in the iono-506

sphere, as opposed to electron precipitation. Future work should more comprehensively507

compare our estimates to the various empirical satellite based auroral boundary models508

for a larger time-period. In addition to this, the MAEABs for two simulations were found509

to be closely related to the maximum equatorward extent of the polar cap boundary, as510

expected.511

The relationship between the size of a geomagnetic disturbance and the location of512

the auroral oval is particularly important when estimating the effects of extreme events.513

A common approach to estimating peak geomagnetic and geoelectric field values for an514

extreme geomagnetic superstorm for a location is to apply different fits to distributions515

of all available historical measurements [Pulkkinen et al., 2008, 2012; Thomson et al.,516

2011; Love et al., 2016; Love, 2020; Riley & Love, 2017]. As digital magnetic field data517

is typically available for only a few decades (depending on the location), a low or mid-518

latitude location may have been only subauroral for all available data. Depending on519

the location, such a site may become engulfed by magnetic variations from the auroral520

oval as it expands during an extreme storm. Extrapolating from measured geomagnetic521

field data for an extreme geomagnetic storm estimate may therefore underestimate peak522

geomagnetic field values in this scenario.523

The large scatter in calculated auroral oval latitude for the more extreme simulations524

may be indicative of a suboptimal simulation setup, and different parameters may be525
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needed to adequately simulate extreme geomagnetic storms. For example, the radial526

component of the total magnetic field can be forced to coincide with the B0 field in future527

simulations. It may be useful to re-run the larger simulations using greater resolution in528

the different SWMF models used. In addition, the combination of BATS-R-US, RCM529

and RIM is just one possible configuration that can be used to simulate geomagnetic530

storms, and the position of the auroral boundary will be explored in the future with531

different SWMF models. An example of this is the comprehensive inner magnetosphere-532

ionosphere model (CIMI) [Fok et al., 2014]. In addition, all of the storms here represent533

a limited number of solar wind templates. In particular, all of the storms that resulted in534

a Dst< −1000 nT were scaled versions of the 20-21 November 2003 storm event. CMEs535

with different orientations and substructures will have varying levels of geo-effectiveness.536

Future studies will use more varied large-scale solar wind inputs. In particular, efforts are537

being undertaken to simulate a storm which will more accurately replicate aspects of the538

Carrington event (i.e., the quick recovery in the geomagnetic field at low-latitudes).539

Appendix A: Location of Inner Magnetospheric Current Mapping in SWMF

Simulations

The latitude at which a magnetic field line at an L-shell L touches the surface of the540

Earth can be described by541

Λ = arccos

√
1

L
(A1)

For smaller L values, the magnetic field line will have a footprint at a lower latitude. As542

outlined in Section 3, the location of the inner boundary of the magnetospheric domain543

(Rbody) and the location at which the magnetospheric currents are mapped (Rcurr) are544
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two parameters that can be altered when running the BATS-R-US simulation. The values545

chosen can have a marked effect on the distribution of BH at the Earth’s surface.546

Through the course of running the simulations in this paper, it was found that for more547

intense solar wind drivers, these values needed to be lowered, in order to avoid sharp548

discontinuities in the surface geomagnetic field. As the Rbody parameter is increased,549

the footprint of the FACs which connect the magnetosphere to ionosphere is mapped to550

higher latitudes. This is highlighted in Figure 13, which shows the maximum SWMF-551

calculated BH at every point on the Earth’s surface for three test simulations. Each of552

these simulations used the SWPC v2 high resolution BATS-R-US grid (approximately 1.9553

million cells, minimum cell size = 1/8RE), and were driven using the ‘Scaled-B4’ solar554

wind conditions (see Table 1). Different values for Rbody and Rcurr were used for each of555

these runs, and the corresponding Λ latitudes are plotted as horizontal dashed white lines556

(SWPC’s operational run uses Rbody = 2.5RE and Rcurr = 3.0RE).557

For the runs with Rcurr = 3.5RE and Rcurr = 3.0RE, there is a sharp discontinuity in558

∆BH at the Λ-latitudes in both hemispheres. For the run with Rcurr = 1.8RE, there are559

clearly auroral and subauroral regions, but this is not demarcated by the Λ-latitudes.560

For each of the 15 simulations shown in Table 1, a suitably small Rcurr value was chosen561

such that no sharp discontinuity in ∆BH was seen. We recommend that Rcurr is set to a562

value less than 3 Rcurr when an intense geomagnetic disturbance is to be simulated.563
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Figure 1. Top: Measured horizontal magnetic field values (after a baseline is removed)

at Eskdalemuir during the Halloween storms of 2003. Bottom: calculated horizontal

electric field using the resistive Quebec model and Equations 2,3. Eskdalemuir had a

magnetic latitude = 57.8◦N for this storm, and a maximum calculated EH = 2 Vkm−1.
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Figure 2. Maximum calculated EH vs. magnetic latitude for 30 October 2003. The

maximum electric field values can be clearly seen to increase sharply around ±50◦ when

moving poleward. This marks the MEAEB zone for the duration of the storm.
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Figure 3. Maximum calculated EH vs. magnetic latitude for two different days. The

blue and red dots are for INTERMAGNET sites for a stormy (30 Oct. 2003, Dst =

-383 nT) and quiet (07 Oct 2009, Dst = 0 nT) days respectively. Bold lines are for the

smoothed spline fits. Dashed vertical lines mark the points where the gradients for the fit

lines are the greatest. These mark the calculated auroral boundaries (MEAEBs) for the

two days.
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Figure 4. Daily calculated MEAEB against daily minimum Dst values from INTER-

MAGNET data (1991-2016). In addition, the 12-14 March 1989 days were included using

SuperMag data. Errorbars are 1σ estimates from 500 bootstrapped sample fits.
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Figure 5. MEAEB calculations when the number of magnetic observatories used varies.

The left panel is for 30 October 2003, and the right panel is for 17 March 2015. The 90%

confidence intervals can be seen to narrow as the number of observatories increases.
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Figure 6. Solar wind conditions for 20-21 November 2003 storm. These data were taken

from the NASA OMNIWeb portal (https://omniweb.gsfc.nasa.gov/), and were scaled to

simulate more intense storms. Red vertical dashed line indicates the time after which the

time-series were scaled.
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Date From Min. BZ Min. VX Max. n Real Dst SWMF Dst

DD-MM-YYYY nT kms−1 cm−3 nT nT

23-07-2014 -5.21 -388 18.5 0 -1

29-05-2010 -13.84 -523 25.8 -80 -7

14-12-2006 -17.41 -916 16.7 -162 -46.5

21-10-2001 -28.85 -705 65.28 -187 -202

15-05-2005 -48.26 -984 33.1 -247 -284

08-11-2004 (A) -48.53 -722 55.36 -374 -263

20-11-2003 (B) -52.33 -751 28.7 -422 -383

Scaled-A1 -70.5 -1426 80 - -485

Scaled-B1 -60.18 -1051 42.9 - -497

Scaled-B2 -68.03 -1351 57.3 - -681

Scaled-A2 -94 -1902 110 - -757

Scaled-B3 -75.88 -1652 85.9 - -916

Scaled-B4 -78.5 -1749 95.4 - -1053

Scaled-B5 -81.1 -1847 105.2 - -1059

Scaled-B6 -83.73 -1945 114.6 - -1142

Table 1. Selected maxima and minima for the simulated events. The BZ , VX , and n

columns refer to the solar wind inputs used for the simulations. The ’Real Dst’ column is

the minimum Dst for the real events. The ‘SWMF Dst’ column is the minimum calculated

Dst from the output of the simulations. The scaled events used scaled solar wind inputs

from two historical periods (A and B).
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Figure 7. The normalized calculated EH values for the Northern hemisphere for 12

of the SWMF simulations. White dots show the locations of the INTERMAGNET sites

at which the simulated geomagnetic field was interpolated. Red horizontal lines show the

calculated locations of the MEAEB, and yellow lines show the bootstrapped 1σ errorbars.
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Figure 8. Minimum Dst versus calculated MEAEB latitudes for INTERMAGNET

data and SWMF simulation outputs. Top: SWMF MEAEBs calculated using interpo-

lated INTERMAGNET sites (Method 1, red stars). Errorbars are 1σ estimates from

bootstrapped spline fits. Bottom: SWMF MEAEBs calculated using all surface magnetic

field data (Method 2, red diamonds). The 25%-75% confidence intervals are shown as red

errorbars and the total range of calculated boundaries are shown as green errorbars. For

both panels, the shaded black lines show simple fits applied to the data (Equations 6 and

7).
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Figure 9. The normalized calculated EH values for the Northern hemisphere for 12 of

the SWMF simulations. The bold red lines mark the location of the MEAEB calculated

using all of the output surface magnetic field data (Method 2 outlined in the text).
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Figure 10. Comparison between calculated equatorward auroral boundaries using our

algorithm (x-axis) and the SSUSI-derived empirical model (y-axis). Dashed black line

shows the 1:1 reference line., and red dashed line is a least absolute difference linear fit.
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Figure 11. Comparison between the unscaled November 2003 simulation (left column)

and scaled simulation (right column). The top row shows the total current density in near-

Earth magnetosphere. Black and white lines show open and closed field lines respectively.

Red lines are the highest latitude closed field lines. The bottom row shows a snapshot

of the normalized electric field in the Northern hemisphere, with the 2D position of the

polar cap boundary.
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Figure 12. Calculated MEAEB using the geomagnetic field data and Method 1 & 2

outlined in Section 4 (red and blue lines, respectively), and the minimum latitude of the

polar cap boundary (green line) for the two comparison simulations.
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Figure 13. Maximum BH on Earth for three test simulations using the SWPC grid.

All three simulations were run using the Scaled-B4 solar wind inputs (see Table 1), but

had different Rbody and Rcurr parameter values. The dashed white lines correspond to Λ

values calculated from Equation A1 using the Rcurr for each simulation.
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