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Abstract17

The 1859 Carrington event is the most intense geomagnetic storm in recorded history,18

and the literature provides numerous explanations for what drove the negative H per-19

turbation on the Earth. There is debate on what dominated the event. Our analysis shows20

a combination of causes of similar orders of magnitude. Previous analyses generally rely21

upon on the observed H perturbation at Colaba, India; historic newspaper reports; and22

empirical models. We expand the analysis using two Space Weather Modeling Frame-23

work simulations to examine what drove the event. We compute contributions from cur-24

rents and geospace regions to the northward B field on Earth’s surface, BN . We exam-25

ine magnetospheric currents parallel and perpendicular to the local B field, ionospheric26

currents, and gap region field–aligned currents (FACs). We also evaluate contributions27

from the magnetosheath, near–Earth, and neutral sheet regions. A combination of cur-28

rents and geospace regions significantly contribute to BN on the Earth’s surface, chang-29

ing as the storm evolves. At storm onset, magnetospheric currents and gap–region FACs30

dominate in the equatorial region. At auroral latitudes, gap–region FACs and ionospheric31

currents are the largest contributors. At storm peak, azimuthal magnetospheric currents32

and gap–region FACs dominate at equatorial latitudes. Gap–region FACs and ionospheric33

currents dominate in the auroral zone, down to mid-latitudes. Both the magnetosheath34

and FACs contribute at storm peak, but are less significant than that from the near–Earth35

ring current. During recovery, the near–Earth ring current is the largest contributor at36

equatorial latitudes. Ionospheric currents and gap–region FACs dominate in the auro-37

ral zone.38

1 Introduction39

The September 2, 1859, Carrington event (Carrington, 1859) was an exceptionally40

strong geomagnetic disturbance. Although geomagnetic observatories existed then, these41

systems had limitations that hinder analysis of the event (Blake et al., 2020). Measure-42

ments were taken manually with limited manpower and consequently had long gaps be-43

tween measurements (Curto, 2019). For example, measurements were taken once per hour44

at the Madras Observatory, except on Sundays when no measurements were taken (Jacob,45

1884). This is a concern because even hourly measurements can miss rapid variations46

in geomagnetic storms (Viljanen et al., 2014). Although some sites had continuously record-47

ing magnetograms, such as in British observatories (Boteler, 2019), geomagnetic distur-48

bances could exceed their operational limits. For example, the horizontal magnetome-49

ter in Rome had an operational range of around 300 nT, which is well below the range50

of the Carrington event (Blake et al., 2020).51

The horizontal magnetogram data from Colaba, India are commonly used in anal-52

yses of the Carrington event (B. T. Tsurutani, 2003; Kumar et al., 2015). Unlike other53

data sets, these measurements were taken with a relatively high sampling rate (begin-54

ning with one measurement every hour and increasing to every 5 minutes). The Colaba55

measurements do not appear to go off–scale during the measurement period. The hor-56

izontal B field, BH , decreased by ∼1,600 nT over 2 hours, then rapidly increased by ∼1,25057

nT over 20 minutes. This rate and magnitude of change are unique among low–latitude58

BH measurements.59

Various hypotheses for changes in BH observed at Colaba have been suggested.60

1. Green and Boardsen (2006) noted that “the large negative Dst values of the [Bom-61

bay] magnetometer occurred during a time of rapid equatorward expansion of the62

aurora to the incredibly low geomagnetic latitudes . . . Ground-based auroral elec-63

trojet magnetometer measurements of 1760 nT, although large, are much more64

in line with what is measured from auroral currents than the ring current."65
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2. Similarly, Cliver and Dietrich (2013) stated, “Various lines of evidence reviewed66

here . . . indicate that a similar auroral–induced (negative) bay contributed to the67

negative spike in the Colaba trace in 1859."68

3. In contrast, Siscoe et al. (2006) concluded “... that it is possible to interpret the69

Bombay magnetogram as having been produced by the magnetospheric currents."70

4. Cid et al. (2015) stated that “. . . the main cause of the large drop in H recorded71

at Colaba during the Carrington storm was not the ring current but field-aligned72

currents (FACs)."73

5. Blake et al. (2021a) stated “. . .magnetospheric currents adjacent to the near–Earth74

magnetopause and strong Region 1 field–aligned currents are the main contrib-75

utors to the large Colaba BH ."76

6. Recently, there has been a discussion on the relative importance of FAC contri-77

butions. Ohtani (2022) stated “similarities to the Halloween storm magnetic de-78

pression suggest that the Colaba H depression was also caused by the dayside R1-79

sense wedge current system." Whereas, B. T. Tsurutani et al. (2023) viewed this80

as “highly improbable . . . [rather] the cause of the Carrington storm was most prob-81

ably a Bz ∼ −90 nT component inside an interplanetary magnetic cloud."82

7. Finally, Keika et al. (2015) proposed “. . . that the [ring current] flow-out effect plays83

a significant role in the rapid recovery of the Carrington storm."84

Because the literature has diverse views, we try to resolve which current systems85

and geospace regions are responsible for the magnetic signature observed at Coloba and86

elsewhere on the Earth’s surface. Due to the limitations of the historic observations, we87

use results from Space Weather Modeling Framework (SWMF; Tóth et al. (2005); Gom-88

bosi et al. (2021); Welling (2019)) simulations to calculate contributions to the north B89

field (BN ) on the Earth’s surface:90

1. from magnetospheric, ionospheric, and gap region currents; and91

2. from the magnetosheath, neutral sheet, and near–Earth regions.92

Our objective is to get a new perspective on the question using a quantitative ap-93

proach to understand which current systems and regions dominate the event. A limita-94

tion of this approach is that we do not have measured solar wind data from the Carring-95

ton event to provide as input into SWMF simulation, and we must use assumed values96

based on experience with other storms.97

In analyzing the SWMF simulation results, we observe multiple current systems98

and geospace regions providing contributions of similar magnitude. And most proposed99

causes (Siscoe et al., 2006; Green & Boardsen, 2006; Cliver & Dietrich, 2013; Cid et al.,100

2015; Blake et al., 2021a) play a significant role.101

In the following sections, we provide the details of our analysis. In Section 2, we102

describe two sets of solar wind conditions applicable to the Carrington event, which we103

use in SWMF simulations. In Section 3, we discuss the details of our methodology. This104

section discusses how SWMF results are analyzed to isolate contributions from specific105

currents and geospace regions to the magnetic field measured on the Earth’s surface. In106

Section 4, we examine these contributions, first at Colaba, India and then across the Earth’s107

surface. We identify which currents and geospace regions dominate changes in the mag-108

netic field. This analysis highlights the trends observed in the results and how the con-109

tributions evolve over time. And finally, in Section 5, we summarize our conclusions.110
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2 Solar Wind Conditions111

We examine two Carrington–like solar wind scenarios. Scenario 1 is from Blake et112

al. (2021a) and Scenario 2 is from Ngwira et al. (2014). These scenarios provide differ-113

ent approaches for recreating Carrington–like conditions.114

The authors of Scenario 1 attempted to replicate the Carrington event by adjust-115

ing the solar wind inputs such that the simulated B field at Colaba was similar to that116

observed. The historic Colaba BH time series was used as a template for the shape of117

the solar wind parameters: interplanetary magnetic field, velocity, particle density, and118

temperature. The objective was to produce a fast solar wind that would cause a high119

ram pressure and lead to a large magnetopause compression. Each solar wind param-120

eter was scaled to peak at ∼06:30 GMT when the Colaba BH was at its most extreme.121

Figure 1 shows the solar wind conditions used in Scenario 1.122

The authors of Scenario 2 attempted to create a “Carrington-type” event rather than123

replicating the event. The solar wind parameters were estimated to create a strong ge-124

omagnetic perturbation, and a portion of the Halloween 2003 storm was superimposed125

onto the solar wind parameters to introduce realistic solar wind fluctuations. For the anal-126

ysis in this paper, the solar wind conditions are time-shifted 5.5 hours so that Colaba127

is at approximately the same local time as it is in the Scenario 1 when the storm peaks.128

Figure 2 shows the solar wind conditions used in Scenario 2.129

The solar wind conditions in these scenarios are substantially different, allowing130

the analysis to consider how sensitive the results are to different solar winds. In Scenario 1,131

the large excursion in the solar wind lasts just over 1 hour (from ∼05:30 to ∼06:45), but132

in Scenario 2, it lasts about 3 hours (from ∼05:45 to ∼08:45). And the magnitude of the133

changes in the solar wind are significantly different between the two scenarios. For ex-134

ample, the maximum temperature, T , is ∼5 times larger in the first scenario compared135

to the second. Additional differences are seen in other parameters.136

To provide context for the solar wind conditions in these scenarios, we consider the137

range of values seen in a modern superstorm - the Halloween 2003 storm. B. Tsurutani138

et al. (2006) show a peak solar wind speed of ∼ 2100 km/sec, a peak temperature of ∼ 1.4×139

107 K, a peak density of ∼ 25 per cm3, and a Bz ranging between ∼ −60 to +40 nT.140

141

3 Methodology142

Our methodology involves calculating and analyzing contributions to the north-143

ward B field on Earth’s surface, BN , from currents in geospace regions and systems. We144

examine the magnetospheric currents parallel and perpendicular to the local B field, iono-145

spheric currents, and gap region FACs. We also evaluate contributions from the mag-146

netosheath, near–Earth, and neutral sheet current systems.147

We focus on what drove BH and note that BN is the dominant contributor to BH .148

In the scenarios we examine, the average |BH/BN | near Colaba is ≈ 1. As the domi-149

nant contributor and a vector, we use BN rather than the scalar BH in our analysis.150

The results from both scenarios are from the SWMF (Tóth et al., 2005). Runs were151

executed at NASA’s Community Coordinated Modeling Center (CCMC; Hesse et al. (2001)).152

We use the Biot–Savart Law and the current density, j, to calculate the BN con-153

tributions from magnetospheric, gap–region, and ionospheric currents on the Earth’s sur-154

face.155
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Figure 1. Scenario 1 solar wind conditions from Blake et al. (2021a)

Figure 2. Scenario 2 solar wind conditions from Ngwira et al. (2014)
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3.1 Magnetospheric Currents156

BN contributions from magnetospheric currents are divided into components par-157

allel and perpendicular to the local B field.158

j‖ = j · B

|B|
159

160

j⊥ = j− j‖
B

|B|
161

We further decompose j⊥ into two components:162

j⊥φ = j⊥ · φ̂163

164

∆j⊥ = |j⊥ − j⊥φφ̂|165

The dominant BN contributions generally are from the j‖ and j⊥φ components.166

The contributions from the ∆j⊥ component are typically small. One component, j⊥φ,167

is azimuthally–directed and can lead to ring currents.168

3.2 Magnetospheric Regions169

We also consider which magnetospheric regions provide the largest contributions170

to BN . Figure 3 is taken from Scenario 1 at 06:00 (UTC) and illustrates the identifica-171

tion of the bow shock, magnetopause, and neutral sheet. The boundary conditions used172

to identify them are (Baumjohann & Treumann, 2012):173

1. Bow shock: solar wind speed normal to the bow shock, ubs⊥, becomes submag-174

netosonic (ubs⊥ < cMS where cMS is the magnetosonic speed).175

2. Magnetopause: magnetic pressure due to tangential B field, pmag, equals thermal176

pressure, pthermal, plus dynamic ram pressure due to solar wind normal to the mag-177

netopause, pdyn (pmag = pthermal + pdyn).178

3. Neutral sheet: B field switches direction (Bx = 0) in the region anti–sunward179

of the Earth and inside of the magnetopause.180

Calculations are performed in geocentric solar magnetospheric (GSM) coordinates. Ad-181

ditional details are given in the appendix.182

Using the locations of the bow shock, magnetopause, and neutral sheet, the SWMF183

grid is divided into four regions:184

1. The magnetosheath includes the grid points between the magnetopause and the185

bow shock. In examining the current density near the bow shock, we observe a186

thin current layer covering the sunward side of the bow shock (Figure 3). We in-187

clude this current in the magnetosheath by including points within 0.5RE sunward188

of the bow shock.189

2. The near–Earth region is within 6.6RE of the Earth’s center and anti–sunward190

of the magnetopause. The 6.6RE criteria is based on Ganushkina et al. (2018) not-191

ing the tail current is outside of 6.6RE and Le et al. (2004) observing that ring192

currents are within ∼ 7RE193

3. The neutral sheet region is within ±3RE ẑ of the neutral sheet, outside of the near–194

Earth region, and anti–sunward of Earth. This region includes both the plasma195

sheet (PS) and plasma sheet boundary layer (PSBL), and the ±3RE ẑ criteria is196

based on SPDF - Satellite Situation Center Web (SSCWeb) (2023) limits.197

4. Any remaining points from the SWMF grid are placed into the “other" region.198
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Figure 3. Identification of bow shock (red line), magnetopause (white line), and neutral sheet
(black line) for Scenario 1 at 06:00 (UTC). Colormap is log |j|, with j having units of (µA/m2).
Green ruler is 5RE long.
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3.3 Gap Region, and Ionospheric Currents199

In addition to magnetospheric currents, we examine contributions from gap–region200

FACs and ionospheric Pedersen and Hall currents. The gap region is between the iono-201

sphere and 1.8 RE in Scenario 1 and the ionosphere and 1.5 RE in Scenario 2. In MHD202

simulations, the currents are assumed to be field–aligned in the gap region to reduce sim-203

ulation time. (Near Earth, the Alfvén velocity (Yu et al., 2010) becomes large. To avoid204

small time steps, the MHD simulation assumes field–aligned currents.)205

4 Results206

Figures 4 and 5 show the contributions that the magnetospheric currents, gap–region207

FAC, and ionospheric Pedersen (jP ) and Hall (jH) currents make to BN on the Earth’s208

surface at Colaba. The total BN contribution at Colaba is the sum of the contributions209

from the six currents. BN is minimum at ∼06:30 in Scenario 1 and ∼07:30 in Scenario 2.210

Important overarching conclusions follow from Figures 4 and 5. The relative mag-211

nitude of the BN contributions is similar in both scenarios. For magnetospheric currents,212

j⊥φ dominates in both scenarios. The j‖ and ∆j⊥ contributions are much smaller. Sim-213

ilarly, we see the same ordering of gap-region and ionospheric contributions in both sce-214

narios. The gap–region FAC contribution is the most negative, followed by ionospheric215

Pedersen currents. Ionospheric Hall currents are the most positive, with Scenario 2 hav-216

ing larger Hall BN contributions than Scenario 1.217

Overall, the magnetospheric j⊥φ, gap–region FACs, and ionospheric Pedersen cur-218

rents drive the negative deviation in BN at Colaba. We also note that they are of the219

same order of magnitude. Although there is uncertainty in the assumed solar wind con-220

ditions, the consistent results from the different solar wind conditions in the two scenar-221

ios indicate these three currents are significant contributors.222

We expand this analysis from a single point at Colaba to the entire Earth’s sur-223

face. The analysis focuses on specific times that illustrate the evolution of BN . For Sce-224

nario 1, we select five times - 05:00 before the BN decrease begins, 06:00 during the growth225

phase, 06:30 at BN minimum, 07:00 during the recovery phase, and 08:00 when the re-226

covery is well advanced (vertical dotted lines in Figure 4). Similarly, for Scenario 2, we227

select 05:30, 06:30, 07:30, 08:30, and 09:30 for further analysis (vertical dotted lines in228

Figure 5). For each scenario, heatmaps illustrating the evolution of BN across the Earth’s229

surface are shown in Figures 6 and 7. The columns in each figure correspond to the se-230

lected times, and the rows correspond to the magnetospheric, gap, and ionospheric cur-231

rents discussed above.232

Both figures show a similar evolution of BN , as seen through the similar color pat-233

terns:234

1. At storm onset (06:00 in Figure 6 and 06:30 in Figure 7), in the equatorial region,235

magnetospheric currents along with gap–region FACs dominate BN contributions.236

At auroral latitudes, gap–region FACs and ionospheric currents dominate.237

2. At the peak (06:30 in Figure 6 and 07:30 in Figure 7), azimuthal magnetospheric238

currents and gap–region FACs dominate at equatorial latitudes. Gap–region FACs239

and ionospheric currents dominate in the auroral zone, down to mid-latitudes.240

3. As shown below, the magnetosheath is a strong contributor. Both the magnetosheath241

and FACs contribute at storm peak, but they are less significant than magneto-242

spheric j⊥φ, which we will show is a ring current.243

4. During recovery (07:00 and 08:00 in Figure 6; 08:30 and 09:30 in Figure 7), the244

ring current is the largest contributor at equatorial latitudes. As Keika et al. (2015)245

suggested, ring current relaxation is driving recovery. In contrast, ionospheric cur-246

–8–
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Figure 4. Scenario 1: BN contributions at Colaba from magnetospheric, gap, and ionospheric
currents. Vertical dotted lines are times selected for additional analysis. The total BN contribu-
tion at Colaba is the sum of the contributions from the six currents.

Figure 5. Scenario 2: BN contributions at Colaba from magnetospheric, gap, and ionospheric
currents. Vertical dotted lines are times selected for additional analysis. The total BN contribu-
tion at Colaba is the sum of the contributions from the six currents.
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Figure 6. Scenario 1: BN contributions from magnetospheric currents, gap region FAC, and
ionospheric Pedersen and Hall currents. Each column represents a different time identified in
Figure 4. The yellow star shows the location of Colaba, and the shading indicates the day/night
boundary.
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Figure 7. Scenario 2: BN contributions from magnetospheric currents, gap region FAC,
and ionospheric Pedersen and Hall currents. Same format as Figure 6. Times are identified in
Figure 5.
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rents and, to a lesser extent, gap–region FACs are the dominant contributors in247

the auroral zone.248

The heatmaps from the scenarios have numerous similarities, strengthening the con-249

clusions that we draw. As an example, Figure 8 compares gap–region and ionospheric250

current heatmaps. The left column is taken from Figure 6, and the right is from Figure 7.251

The two extracts are near the storm peaks, 06:30 for Scenario 1 and 07:30 for Scenario 2.252

The heatmaps contain features common to both scenarios, and the similarities are ap-253

parent. Comparisons of other parts of Figures 6 and 7 show other similarities. Because254

the solar wind conditions for the two scenarios are different, these commonalities sug-255

gest that the conclusions that we draw from the two scenarios are robust.256

To further understand the role of magnetospheric currents, we divide the SWMF257

grid into four regions, which leads to additional conclusions. The regions are defined above:258

magnetosheath, near Earth, neutral sheet, and other. The BN contributions from these259

regions in Scenarios 1 and 2 are shown in Figures 9 and 10. Magnetosheath and near–260

Earth regions are the primary contributors to BN as the excursion starts (06:00 in Fig-261

ure 9 and 06:30 in Figure 10), with the near–Earth region providing the largest contri-262

butions. The neutral sheet and other regions do not contribute significantly. As BN re-263

covers (07:00 and 08:00 in Figure 9 and 08:30 and 09:30 in Figure 10), the near–Earth264

region is the dominant contributor. As discussed earlier, at the storm’s peak and dur-265

ing recovery, we observe large magnetosphere j⊥φ contributions, which we see here are266

near Earth. Consequently, ring currents are significant.267

Figure 8. Comparison of heatmaps from Scenario 1 at 06:30 (UTC) and Scenario 2 at 07:30
(UTC), near the storm peak. These heatmaps are taken, unchanged, from Figures 6 and 7.
Although the solar wind conditions are different, the similarities between the heatmaps are ap-
parent.
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Figure 9. Scenario 1: BN contributions from magnetospheric currents in the magnetosheath,
near Earth, neutral sheet, and other regions. Same format as Figure 6. Times are identified in
Figure 4.

Figure 10. Scenario 2: BN contributions from magnetospheric currents in the magnetosheath,
near Earth, neutral sheet, and other regions. Same format as Figure 6. Times are identified in
Figure 5.
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5 Summary and Conclusions268

Our analysis shows that the Carrington event was due to a combination of mag-269

netospheric and ionospheric currents. With multiple currents and geospace regions pro-270

viding BN contributions of the same order of magnitude. Since the Carrington event pumped271

a tremendous amount of energy into the Earth’s magnetosphere, it is not surprising that272

multiple pathways are needed to restore equilibrium.273

Because our conclusions are insensitive to the solar wind conditions, they should274

be applicable to a range of superstorms comparable to the Carrington event. As noted275

previously, the solar wind conditions (Figures 1 and 2) are substantially different between276

the two scenarios examined, but the conclusions drawn from both scenarios are consis-277

tent. Consequently, they should be relevant to a range of superstorms that produce large278

changes in BN on the Earth’s surface. Whether these conclusions are applicable to smaller279

storms is unclear because the scenarios examine only Carrington–like events.280

Such superstorms are expected to include BN contributions, of the same–order–281

of–magnitude, from multiple magnetospheric and ionospheric currents. Furthermore, as282

a superstorm progresses, we expect the BN contributions to evolve similarly to the evo-283

lution observed in this analysis.284

Shortly after the onset of the high-pressure solar wind peak in the scenarios, we285

see significant changes to BN . At storm onset, magnetospheric FACs and azimuthal cur-286

rents, gap region FACs, and ionospheric Pedersen and Hall currents contribute. As the287

storm evolves, magnetospheric ring currents dominate in the equatorial regions, and gap288

region FAC and ionospheric Pederson and Hall currents dominate in the auroral regions.289

As noted in Section 1, Green and Boardsen (2006), Cliver and Dietrich (2013), Cid290

et al. (2015), Siscoe et al. (2006), Cid et al. (2015), and Blake et al. (2021a) proposed291

various factors as driving the Carrington event. Overall, most of the causes suggested292

in the literature play a role.293

The literature examines both ionospheric (Cliver & Dietrich, 2013; Green & Board-294

sen, 2006) and magnetospheric currents (Siscoe et al., 2006), with discussion on which295

is more significant. Our analysis indicates that both ionospheric and magnetospheric cur-296

rents make significant contributions to BN . The contributions are of the same order of297

magnitude with magnetospheric contributions at Colaba being larger.298

FAC in the magnetosphere and the gap region play an important role (Cid et al.,299

2015; Ohtani, 2022), although they are not as large as other contributors. The magni-300

tude of the magnetosheath contributions is smaller than contributions from the near–301

Earth region, consistent with other observations (Blake et al., 2021a).302

Ohtani (2022) and B. T. Tsurutani et al. (2023) debated the significance of FACs.303

While gap–region FACs are not the dominate contributor at Colaba, they are not a mi-304

nor contributor and are the same order of magnitude as magnetospheric and Pedersen305

contributions.306

In addition, during recovery, azimuthal magnetospheric currents in the near–Earth307

region are significant as BN stabilizes after the event (Keika et al., 2015).308

6 Open Research309

The software used in this analysis can be found at Thomas (2024). The Scenario 1310

data set is available at Blake (2021b), and the Scenario 2 data set is at Ngwira (2014).311
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Appendix A Magnetospheric Regions Methodology323

We use an iterative approach to find the bow shock and magnetopause because we324

need their respective functional forms to determine the normals used in the boundary325

conditions defined in Section 3.2. In the first iteration, we assume paraboloid functional326

representations of the bow shock and magnetopause. From these, we calculate normals327

and use the boundary conditions to create numerical estimates of the bow shock and mag-328

netopause locations. With the updated estimates, we recalculate the normals and repeat329

the process until convergence. In the discussion below, all positions are in GSM.330

For the bow shock, we initially assume a one–parameter paraboloid (Formisano,331

1979), whose width, measured at the Earth along the y–z axes, is 4 times the subsolar332

distance from the Earth to the bow shock, xBS:333

x = xBS −
y2 + z2

4xBS
.334

The subsolar distance is determined by the bow shock boundary condition and the as-335

sumption that the bow shock lies along the x–axis with normal (1, 0, 0). In later itera-336

tions, we use a two-parameter (A and B) paraboloid:337

x = xBS +Ay2 +Bz2.338

For the magnetopause, we also initially assume a one–parameter paraboloid:339

x = xMP −
y2 + z2

4xMP
,340

where xMP is the subsolar distance from the Earth to the magnetopause and is deter-341

mined similarly to xBS. As with the bow shock, we assume the paraboloid’s width along342

the y–z axes is 4xMP. In later iterations, we use the Shue et al. (1997) equation,343

r = xMP

(
2

1 + cos θ

)α
,344

where r is the radial coordinate, θ is the angle between r and the Earth-Sun line, and345

α is a fit parameter. The two formulations are linked. As shown in Narita et al. (2023),346

when α = 1, the Shue et al. (1997) equation reduces to a paraboloid.347

To find the iterative solutions, we generate a grid of lines parallel to the x–axis. Us-348

ing the assumed shapes, we determine normals to the bow shock and the magnetopause.349

These normals and data from the SWMF simulations are used to calculate the quanti-350

ties in the boundary conditions. Each line in the grid is followed from the Sun toward351

the Earth until we find the points where the bow shock and magnetopause boundary con-352

ditions are satisfied. These points provide an (x, y, z) grid for the bow shock and a sim-353

ilar grid for the magnetopause.354
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Using a two-parameter paraboloid for the bow shock and the Shue et al. (1997) equa-355

tion for the magnetopause, the shapes are updated using a least-squares fit to the grids.356

Fitting the equations smooths the normals. Digital artifacts in SWMF data (e.g., when357

the grid changes size) create discontinuities in the normals. Smoothing is required to al-358

low convergence.359

We repeat the process using the normals from the updated fits to determine new360

estimates for the bow shock and magnetopause. The process is repeated until the solu-361

tions converge, generally in a few iterations. Visual checks confirm that the bow shock362

and magnetopause are found.363

For the neutral sheet, we look for the region in the magnetotail where Bx = 0.364

We explore the region inside the magnetopause and anti–sunward of Earth. We create365

a grid of lines parallel to the z–axis and follow the lines from positive to negative z. In366

one pass, we identify the Bx = 0 boundary.367
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