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Abstract12

The aurora often appears as an approximately oval shape surrounding the magnetic poles,13

and is a visible manifestation of the intricate coupling between the Earth’s upper atmo-14

sphere and the near-Earth space environment. While the average size of the auroral oval15

increases with geomagnetic activity, the instantaneous shape and size of the aurora is16

highly dynamic. The identification of auroral boundaries holds significant value in space17

physics, as it serves to define and differentiate regions within the magnetosphere con-18

nected to the aurora by magnetic field lines. In this work, we demonstrate a method to19

detect and model the poleward and equatorward boundaries in global UV images. Our20

methodology enables analysis of the spatiotemporal variation in auroral boundaries from21

2.5 years of UV imagery from the IMAGE satellite. The resulting dataset reveals a root22

mean square boundary normal velocity of 149 m/s for the poleward boundary and 9623

m/s for the equatorward boundary and the velocities are shown to be stronger on the24

nightside than on the dayside. Interestingly, our findings demonstrate an absence of cor-25

relation between the amount of open magnetic flux and the amount of flux enclosed within26

the auroral oval. Furthermore, we highlight the inadequacy of a simplistic generaliza-27

tion of the expanding-contracting polar cap paradigm in explaining temporal variations28

in the auroral oval area, underscoring the imperative for an enhanced understanding of29

equatorward boundary fluctuations.30

1 Introduction31

The aurora is a visible manifestation of Earth’s coupling to near-Earth space and32

is produced by charged particles precipitating into the upper atmosphere. These par-33

ticles are usually confined to closed magnetic field lines that connect directly between34

the Northern and Southern Hemispheres. As a result, Earth’s aurora often appears in35

an oval shape surrounding the magnetic poles. Based on photographs of the aurora, Feldstein36

and Starkov (1967) demonstrated how the average oval moves to lower latitudes and be-37

comes wider as the level of geomagnetic activity increases. This average response to the38

level of activity has since been confirmed in multiple studies (e.g. Starkov, 1994; Car-39

bary et al., 2003; Y. Zhang & Paxton, 2008; Milan et al., 2010; Hu et al., 2017; Han et40

al., 2020) and it has been reported that the radius of the oval is larger when the ring cur-41

rent is strong (Milan, 2009; Milan, Hutchinson, et al., 2009). Auroral boundary locations42

evince a large spread in these statistical studies, indicating that the size of the oval is43

highly variable. This dynamic nature of the shape and size of the auroral oval is observ-44

able both in individual events (e.g. Akasofu, 1964; Craven & Frank, 1987; Frank & Craven,45

1988; Milan et al., 2003; Laundal, Østgaard, Snekvik, & Frey, 2010) and in superposed46

epoch analysis (e.g. Mende et al., 2003; Milan, Grocott, et al., 2009; Laundal, Østgaard,47

Frey, & Weygand, 2010).48

Inside the auroral oval is a region of open magnetic field lines that extend into the49

solar wind. This is the polar cap and the boundary separating this region of open mag-50

netic flux from the surrounding closed flux region is the open-closed boundary (OCB).51

The polar cap expands and contracts as magnetic flux is opened by dayside reconnec-52

tion and closed by nightside reconnection. Net changes in polar cap magnetic flux, P ,53

correspond to differences between opening and closure of flux,54

dP

dt
= ΦD − ΦN . (1)55

where ΦD and ΦN are the dayside and nightside reconnection rates, respectively. This56

is the expanding/contracting polar cap (ECPC) paradigm (Siscoe & Huang, 1985). If57

the instantaneous location of the entire OCB is known, P can be calculated using a model58

of the Earth’s main magnetic field such as the International Geomagnetic Reference Field59

(Alken et al., 2021). The net difference between ΦD and ΦN can then be inferred by con-60

sidering the temporal evolution.61
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A major advantage of global auroral images is the possibility to identify the entire62

OCB with high temporal resolution, since the OCB is approximately located at the pole-63

ward boundary (PB) of the auroral oval (Kauristie et al., 1999; J. B. Baker et al., 2000;64

Carbary et al., 2003; Boakes et al., 2008; Longden et al., 2010; Hubert et al., 2010). The65

method is most reliable during active periods with bright emissions, and less certain when66

the emissions are weak or during periods with emissions on open field lines within the67

polar cap, such as High-Latitude Dayside Aurora (Frey et al., 2003, 2004; Q.-H. Zhang68

et al., 2021) and proton aurora (Frey et al., 2002). Using subsequent PB locations ob-69

tained from auroral images to estimate dP/dt, Equation 1 can be used to give quanti-70

tative estimates of the global flux transport. Milan et al. (2012) identified intervals with71

no significant nightside reconnection (ΦN ≈ 0) and estimated ΦD by quantifying the72

rate of polar cap expansion. Other studies have used empirical coupling functions (e.g.73

Newell et al., 2007; Milan et al., 2012) to estimate ΦD from solar wind observations and74

then used equation 1 to find ΦN (Milan et al., 2007; Ohma et al., 2018). It is also pos-75

sible to derive local reconnection rates by quantifying the amount of magnetic flux cross-76

ing the OCB in any given region based on observations of ionospheric plasma convec-77

tion (de la Beaujardiere et al., 1991; Blanchard et al., 1996, 1997; Hubert et al., 2006;78

Østgaard et al., 2005; Boudouridis et al., 2021). Such estimates must be done in the ref-79

erence frame of the OCB, which means that the boundary normal velocity must be iden-80

tified. These quantitative approaches thus need reliable estimates of the change in the81

OCB location, not only its location at any given time.82

Auroral images also provide the location of the equatorward boundary (EB) of the83

oval, and it has been shown that this boundary corresponds well with the equatorial bound-84

ary identified by particle detectors in low-Earth orbit (Kauristie et al., 1999; Chisham85

et al., 2022). This boundary is often associated with the earthward edge of the main plasma86

sheet (Galperin & Feldstein, 1991; Kauristie et al., 1999). Since particle precipitation87

significantly affects ionospheric conductivity, more accurate identification of the location88

of the auroral oval will significantly improve our ability to resolve ionospheric electro-89

dynamics using data assimilation techniques (e.g., Laundal et al., 2022). Zhu et al. (2020)90

has demonstrated that binning precipitation measurements based on dynamic bound-91

ary locations yields more confined and intense electron energy flux and mean energy, which92

in turn affect conductance and convection estimates.93

If the full PB and EB can be identified, the magnetic flux threaded by the auro-94

ral oval A can be found in the same way as P . A naive interpretation of the ECPC paradigm95

suggests that A increases with ΦN and decreases with ΦD: During nightside reconnec-96

tion, open (dim) field lines are converted to closed (bright) field lines, and during day-97

side reconnection closed (bright) field lines are converted to open (dim) field lines. A cor-98

responding interpretation in terms of magnetospheric dynamics is that the plasma sheet99

grows (in terms of magnetic flux) during nightside reconnection, followed by sunward trans-100

port and eventually destruction as the closed field lines of the dayside extension of the101

plasma sheet are opened by reconnection with the IMF. Decotte et al. (2023) found that102

this simplified fluid model could partially explain large-scale features of the auroral oval.103

However, the ECPC does not explain variations in the EB, which can be significant (e.g.,104

Mende et al., 2003; Gjerloev et al., 2008). It also neglects several processes that excite105

or deplete the population of precipitating particles producing the auroral emissions, such106

as particle drifts, particle acceleration above the auroral zone, and wave-particle inter-107

actions (Coumans et al., 2002; Newell et al., 2009; Ni et al., 2016).108

A number of approaches have been applied to identify the boundaries of the au-109

rora. Gjerloev et al. (2007) identified the boundaries visually, while Hubert et al. (2006)110

and Hubert et al. (2010) fitted a truncated Fourier series to the contours of the proton111

aurora. Several studies have made latitudinal intensity profiles of the auroral intensity112

through binning or curve fitting (typically Gaussian or double Gaussian) and determined113

boundary locations using global threshold values (e.g. Frank & Craven, 1988; Brittnacher114
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et al., 1999; Mende et al., 2003; Ohma et al., 2018), a fixed fraction of the maximum in-115

tensity (e.g. Kauristie et al., 1999), variable thresholds based on noise levels (e.g. Gjer-116

loev et al., 2008) or by using the width of the fitted functions (e.g. Carbary et al., 2003;117

Boakes et al., 2008; Longden et al., 2010; Chisham et al., 2022). More recently, image118

segmentation techniques based on clustering methods or deep learning have been applied119

to identify auroral boundaries (Hu et al., 2017; Ding et al., 2017; Han et al., 2020; Tian120

et al., 2020).121

Besides global auroral imagers, there are several other ways to infer the location122

of auroral boundaries. The most accurate estimates are provided by particle measure-123

ments from low-Earth orbiting spacecraft (Newell et al., 1991, 1996; Sotirelis & Newell,124

2000; Kilcommons et al., 2017). The drawback is that only a local point estimate of the125

different boundaries is provided each time the spacecraft traverses the oval, which means126

that longitudinal or temporal coverage is limited. Space-based magnetometers can be127

used in a similar manner, as the frequency of magnetic perturbations is much higher within128

the oval compared to outside the oval (Xiong et al., 2014). Remote sensing instruments129

such as radars, photometers, and all-sky cameras can provide regional estimates of the130

OCB within the instrument’s field-of-view (Aikio et al., 2006; K. B. Baker et al., 1995;131

Blanchard et al., 1995, 2001; Chen et al., 2017; Chisham & Freeman, 2003; Chisham et132

al., 2007). In some regions, the ionospheric convection reversal boundary can serve as133

a proxy for the OCB (Sotirelis et al., 2005; Hoque & Fenrich, 2018), but this proxy can134

be misleading as there are also regions where the plasma flow is similar at either side of135

the OCB (Reistad et al., 2021). Instantaneous maps of the global field-aligned current136

systems can also be used to infer the OCB (Clausen et al., 2013; Milan et al., 2015; Bur-137

rell et al., 2020). However, a major drawback with this method is the inability to ob-138

serve the immediate poleward contraction during substorms, which means that ΦN is139

severely underestimated during the unloading phase of substorms. Of available instru-140

ments, global images from high-Earth orbiting spacecraft are therefore the best option141

to infer the spatiotemporal evolution of magnetic flux in the auroral oval and polar cap.142

In this paper, we present a novel method for creating a smooth and differentiable143

model of the auroral boundaries based on global auroral images. We use the model to144

investigate statistical distributions of the boundary normal velocities. We further address145

how the size of the auroral oval, measured in magnetic flux, and its temporal rate of change146

relate to the polar cap flux, solar wind forcing, and geomagnetic indices. We then ex-147

plore a simple, dynamic model of the auroral area’s evolution.148

We describe the data sets in the next section. In Section 3, we outline how we de-149

tect auroral boundaries and how we use these boundaries to construct smooth models150

of the EB and PB variations in time and space. Finally, we describe how we create a data151

set of auroral boundaries including normal velocities. In Section 4, we present statisti-152

cal distributions of the boundary locations and velocities and we explore how the size153

of the auroral oval relates to other geophysical quantities. We summarize our main re-154

sults in Section 5.155

2 Data156

The Wideband Imaging Camera (WIC) on the Imager for Magnetopause-to-Aurora157

Global Exploration (IMAGE) mission provided images of the Lyman-Birge-Hopfield (LBH)158

emission band in the far ultraviolet range from 2000 to 2005 (Burch, 2000; Mende et al.,159

2000, 2000). During the first years of the mission, WIC had the entire auroral zone in160

the northern hemisphere within its field of view for up to eight hours per orbit, provid-161

ing images with 123 s cadence. We use images from the period 2000–2002 in this study.162

The images have been processed to account for sensitivity differences across the detec-163

tor and over the lifespan of the mission and geo-located on Earth in Modified Apex co-164

ordinates (Richmond, 1995). We have also removed background emissions like dayglow165
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based on solar zenith angle and viewing geometry (Ohma, Madelaire, Laundal, Reistad,166

Hatch, et al., 2023). Solar wind plasma and magnetic field data are from the OMNI 1-167

min data set, time shifted to Earth’s bow shock (King & Papitashvili, 2005). This data168

set also includes commonly used geomagnetic indices, of which we will use the AE and169

SYM-H indices. To remove small data gaps and reduce the influence of spikes, we ap-170

ply a centered, 10 min rolling mean to the OMNI data before we resample to the times171

of the auroral images by cubic spline interpolation.172

3 Auroral boundary detection173

To identify auroral boundaries, we use a two-step method. We first create latitu-174

dinal intensity profiles and identify auroral boundaries when the intensities reach differ-175

ent thresholds. We then construct smooth and differentiable models of the boundaries’176

variation in time and space. The full approach is described in the following subsections.177

3.1 Boundary detection178

As outlined in the introduction, a common approach to detect auroral boundaries179

from images is to create latitudinal intensity profiles and then infer boundaries from these180

profiles. We use a similar approach to this well tested method. We define 24 latitudi-181

nal meridians with 1 hour separation. We define the intensity at each point along the182

meridians as the median of all pixels located within a 300-km radius of that point. Three183

example profiles are shown in Figures 1a–1c and the solid latitudinal lines in Figure 1d184

indicate the MLT of these profiles. The black ring in Figure 1d illustrates the circle within185

which the median pixel intensity is calculated for the location indicated by the black dot.186

This location is also indicated by a black dot in Figure 1c. The shaded region at lower187

latitudes in Figure 1d are not considered when detecting boundaries. The aurora rarely188

extends into this shaded region (Milan et al., 2010; Weygand et al., 2023).189

To determine auroral boundaries, we identify the first and last point where the in-190

tensity crosses specific thresholds. From the intensity profiles in Figure 1, we see that191

the transition from non-aurora to aurora can be sharp or vague, and that multiple peaks192

can exist. When there is a single peak and the transition is sharp, the boundary is well193

defined and only weakly dependent on the threshold level. When several peaks exist and/or194

the transition is more gradual, the boundary is ambiguous and strongly dependent on195

the threshold level. To quantify the uncertainty, we use thresholds from 50 to 200 counts196

with increments of 5 when we determine the initial boundary locations. Sharp auroral197

boundaries then result in closely clustered boundary locations, whereas more ambigu-198

ous boundaries will have a larger spread. Identified boundary locations using a thresh-199

old of 50 (light red), 125 (red) and 200 (dark red) counts are displayed in Figure 1.200

3.2 Boundary modeling201

Well determined boundaries from individual images are sufficient for many appli-202

cations. However, as outlined in the introduction, some key applications rely on knowl-203

edge of how the boundary locations evolve with time. This is challenging to do coher-204

ently, as both the spatial and temporal derivatives determined from images are quite noisy.205

The signal to noise ratio can be low, especially at the dayside, and the exact locations206

of the boundaries can be ambiguous due to weak intensity gradients. There can also be207

strong emissions outside the oval, both on open field lines within the polar cap and at208

sub-auroral latitudes. In addition, uncertainty when geo-locating the images causes ar-209

tificial movement or wobbling between images. This is a known issue with the IMAGE210

satellite, as a broken antenna probably affected the spin of the spacecraft (Green & Reinisch,211

2003). Differentiating the boundaries thus requires outlier removal combined with heavy212

spatial and temporal smoothing and interpolation. We aim to produce models of both213
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Figure 1. Illustration of the boundary detection algorithm. Panels a–c show intensity profiles

at 7.5 h, 13.5 h and 20.5 h MLT and panel d displays the MLT locations of the three profiles.

The intensity at each point along the meridians is the median intensity of all pixels located

within a 300-km radius of that point. The black ring in panel d indicates the spatial extent using

this radius. Boundaries when using thresholds of 50 counts (light red), 125 counts (red) and 200

counts (dark red) are indicated in all panels. The shaded regions are not considered when detect-

ing boundaries.

the poleward and equatorward boundaries, based on the initially identified boundaries.214

These models must cover all local times and be smooth and differentiable in both space215

and time and be minimally influenced by outliers. To achieve this, we use different ap-216

proaches for the two boundaries, described in more detail below.217

3.2.1 Equatorward boundary model218

To represent the co-latitude of the equatorward boundary, we seek a function τe219

of magnetic local time ϕ and time t that represents the smoothed boundary co-latitude,220

represented in terms of B-splines (de Boor, 2001). The B-spline representation along ϕ221

is periodic to ensure smoothness at all local times. In order to guarantee that τe is never222

negative, we model it as the exponential of a sum of B-splines so that223

τ ′e = ln τe =

I∑
i=1

J∑
j=1

aijBi(ϕ)Bj(t), (2)224

where τe = exp τ ′e and aij are model coefficients to be determined. The B-splines Bi225

and Bj are defined by an order and by the location of knot points, and sum up to rep-226

resent any spline function. We have used an order of 3. Since the equatorward bound-227

ary is fairly smooth, we set the spatial knots at 0, 6, 12, and 18 MLT, corresponding to228
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four B-splines. This limits the spatial variation allowed in our model. We place tempo-229

ral knots every 10th minute.230

Equation 2 can be used to construct a matrix equation that relates the set of model231

coefficients, comprising the vector me, to the set of initially determined boundary loca-232

tions, whose logarithms comprise the vector θ′
e:233

θ′
e = Geme. (3)234

The design matrix Ge is the linear relationship between θ′
e and me described by the spa-235

tiotemporal spline function, Equation (2).236

The coefficient vector me can now be found by inversion. We use iteratively re-weighted237

regularized least-squares (e.g., Aster et al., 2013; Madelaire et al., 2022). For the (i+238

1)’th iteration, the solution vector me is239

mi+1
e = (GT

e W
iGe + atλtL

T
t Lt + aϕλϕL

T
ϕLϕ)

−1GT
e W

iθ′
e, (4)240

where Ge is the design matrix and θ′
e is a vector comprised of the logarithms of the ob-241

served equatorward boundaries. The diagonal matrix Wi contains Huber weights, based242

on the i’th iteration, to minimize the influence of outliers (P. J. Huber, 1964; P. Huber243

& Ronchetti, 2009), and is updated in each iteration until the relative change in the model244

norm is less than 0.1%. The matrices Lt and Lϕ provide the temporal and longitudinal245

gradients of the model boundary, and the regularization parameters λt and λϕ determines246

the strength of regularization along these two dimensions. Increasing λt and λϕ give a247

smoother model in time and space, respectively, at the expense of fitting the initial bound-248

ary estimates. The constants at and aϕ are simply scaling factors to make the regular-249

ization invariant with respect to the number of input boundaries. Following Laundal et250

al. (2022), we set at and aϕ equal to the median value of the diagonal of GT
e Ge divided251

by the median value of the diagonal of LT
t Lt and LT

ϕLϕ, respectively. This scaling en-252

sures that the optimal regularization parameters are always of similar magnitudes.253

To determine the value of the two regularization parameters, we use L-curve anal-254

ysis (Hansen, 1992). For no regularization in the longitudinal direction, we find λt =255

1 to be a reasonable compromise between the semi-norm ||Ltme||2 and the model mis-256

fit. Using λt = 1, we find λϕ = 10−2 to be a reasonable value for the regularization257

of longitudinal gradients. We obtain the same values if we reverse the order to find λt258

and λϕ. These numbers are based on experiments with several time intervals and are kept259

constant in our dataset.260

When the model coefficients are determined, equatorward boundary locations τe261

for any MLT and universal time constrained by the model are obtained using Equation 2.262

3.2.2 Poleward boundary model263

The poleward boundary co-latitude θp should be a positive value less than τe. To264

enforce this constraint, we define a fraction ρ such that265

ρ =
θp
τe

, (5)266

which should be between 0 and 1. B-spline representations are not limited to this range,267

so we define θ′p as a function of ρ such that values between 0 and 1 are mapped to R:268

θ′p = ln ρ− ln(1− ρ) =

I∑
i=1

J∑
j=1

aijBi(ϕ)Bj(t), (6)269

where θ′p is represented in terms of B-splines. The model of the poleward boundary of270

the auroral oval should be able to capture the dynamic and structured behavior on the271
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nightside. We, therefore, apply a 2-hrs knot separation between 18 and 6 MLT while the272

separation over 6–18 MLT is similar to the EB model. We do not add more knots at the273

dayside because structures here are often caused by features on open field lines inside274

the polar cap, which we try to avoid.275

Similar to the equatorward boundary, the vector of coefficients aij for the poleward276

boundary model, mp, is found by iteratively computing the least-squares solution of the277

regularized inverse problem278

mi+1
p = (GT

p W
iGp + atλtL

T
t Lt + aϕλϕL

T
ϕLϕ)

−1GT
p W

iθ′
p. (7)279

where θ′
p is a vector comprised by observed values of θ′p. Again, we use L-curve analy-280

sis to determine the two regularization parameters and again find λt = 1 and λϕ = 10−2
281

to be reasonable values.282

When the model parameters are determined, we have a model of the primed pole-283

ward boundary τ ′p(ϕ, t) as a sum of B-splines. To recover the actual (unprimed) bound-284

ary colatitude, we invoke the inverse operation:285

τp(ϕ, t) =
τe(ϕ, t)

1 + exp(−τ ′p(ϕ, t))
(8)286

3.2.3 Partial derivatives287

To quantify the amount of magnetic flux crossing the auroral boundaries, the bound-288

ary normal velocities must be known. The derivation in the Appendix demonstrates how289

the normal velocity depends on the derivative of τ with respect to ϕ and t. The deriva-290

tive of B-splines are uniquely and analytically defined by the model coefficients and knot291

locations, and are new B-splines with one order less than the original B-splines. We thus292

have the necessary derivatives for τ ′e and τ ′p. For the equatorward boundary, the trans-293

formation to unprimed coordinates gives294

∂τe
∂x

= eτ
′
e
∂τ ′e
∂x

(9)295

where x is either t or ϕ. For the poleward boundary we get, using (8),296

∂τp
∂x

=
∂τe
∂x

1

1 + e−τ ′
p
+

∂τ ′p
∂x

τee
−τ ′

p(
1 + e−τ ′

p
)2 . (10)297

The longitudinal and latitudinal velocity components of the boundary normal are298

then given by Equations A5 and A6, respectively. The boundary normal velocity is ±
√

v2θ + v2ϕ,299

where we define positive to be towards the magnetic pole and negative to be towards the300

equator.301

3.3 Boundary model quality evaluation302

Figure 2 displays 16 images from 21:38:49 on 28 August 2000 to 05:20:26 on 29 Au-303

gust 2000. The pink and cyan dots indicate the initially detected PB and EB and the304

red and blue lines indicate the PB and EB models. The shaded regions around the two305

lines indicate the model uncertainty related to threshold levels in the initial detection.306

This uncertainty is estimated by creating an individual boundary model for each thresh-307

old level separately and taking the standard deviation of these boundary models. The308

boundary model generally fits the aurora well and captures most large-scale structures.309

However, the predicted location does not fit perfectly everywhere as expected from the310

spline representation and regularization discussed above.311

Figure 3 further displays the model performance, based on all images from 21:18312

on 28 August 2000 to 08:04 on 29 August 2000 (full orbital pass). The medians of the313
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Figure 2. 16 auroral images from 28–29 August 2000. The pink and cyan dots indicate the

initially detected PB and EB, respectively, and the solid red and blue lines indicate the modeled

PB and EB, respectively. The shaded regions indicate the uncertainty of the boundary models.
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Figure 3. Evolution of the poleward boundary locations from 28–29 August 2000. a) Me-

dian location of the initially detected PB. b) Model location of the PB. c) Uncertainty related

to threshold levels and d) boundary normal velocity. The region between the two horizontal red

lines in all panels are identified as having global coverage.

initially detected PB are shown as color in Figure 3a and the PB model is shown in Fig-314

ure 3b. The region between the two horizontal red lines has global data coverage in the315

northern polar region, to be defined below. The figure demonstrates how the model smooths316

and interpolates the input boundaries. The uncertainty related to threshold values is in-317

dicated in Figure 3c and is generally low when the full auroral region is seen by the cam-318

era for this specific event. Figure 3d displays the boundary normal velocity extracted319

from the model, which matches the gradients in the boundary latitude.320

We have created boundary models for each orbit of IMAGE from May 2000 to De-321

cember 2002, inclusive, yielding boundaries from roughly 391,000 different times. Here322

one must bear in mind that, due to regularization based on gradients in space and time,323

our inversion scheme is capable of generating a boundary model at all locations and times324

based on a single input boundary. The model can therefore be poor even though it fits325

the input data well, for instance, if the data coverage is limited or if the signal to noise326

is very low. To be included in the statistical survey presented in Section 4, we require327

the boundary at a given time satisfies the following criteria:328

• Data coverage: The polar cap must be within the field of view of WIC. We have329

defined this by requiring than the region poleward of colatitude θ = 30+10 cosϕ,330
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Figure 4. Comparison between our modeled boundaries (blue), BAS boundaries (orange), and

DMSP-corrected BAS boundaries (green). a) Median boundary locations in a polar projection.

b) Distributions of the EB locations and c) distributions of the PB locations. d) distributions

of EB locations relative to our boundaries and e) distributions of PB locations relative to our

boundaries. f) distributions of relative EB locations using only regions with DMSP coverage and

g) distributions of relative PB locations using only regions with DMSP coverage.

where ϕ is MLT in radians, is observed with a viewing angle less than 65◦. We use331

a rolling window of five images centered at the time in question, to avoid discard-332

ing images when data is missing from individual images even though the combined333

coverage is good.334

• Detected boundaries: We require that initial boundaries are detected in more than335

12 MLT sectors. Again we use a rolling window of five images for the same rea-336

son as above.337

• Auroral intensity: The mean intensity within the defined oval must be larger that338

the mean intensity plus two times the standard deviation in both the region pole-339

ward of the oval and equatorward of the oval.340

• Boundary uncertainty: The uncertainty associated with the detection threshold341

level should not be too large. We have enforced this by requiring that 75% of both342

the poleward and equatorward boundary have an uncertainty below 1.5 degrees343

These criteria are to some degree overlapping, but in general, ensure that the full oval344

is observable in terms of data coverage and intensity with reasonable certainty. Apply-345

ing these criteria, we are left with 65,357 time steps with good boundaries (17%).346

3.4 Boundary validation347

When developing an automated method as described here, it is necessary to make348

choices that cannot always be determined completely objectively. To make the latitu-349

dinal intensity profiles, we take the median intensity in a 300 km radius of each point.350

By visual inspection of many intensity profiles, we find this to be a reasonable compro-351

mise between reducing random noise and keeping sharp intensity gradients. Using this352

–11–



manuscript submitted to JGR: Space Physics

radius the profiles also become independent equatorward of 70◦ latitude, a typical lo-353

cation of auroral emissions. We have preferred this approach over binning the images354

in circular sectors as it ensures that similar numbers of pixels contribute at all latitudes.355

The threshold values used to detect boundaries are similar to threshold values used for356

the WIC camera in earlier studies (Østgaard et al., 2005; Ohma et al., 2018). We also357

typically obtain threshold values between 100 and 150 when we identify the Otsu thresh-358

old from background-corrected images, a standard method to separate foreground from359

background in gray-scale images (Otsu, 1979).360

When we construct the boundary models, we must decide on knot locations. We361

have chosen to have as few as possible while still fitting most of the large-scale structures.362

This conservative approach ensures that the model is not too flexible. This prevents over-363

fitting, but also means that we can not expect to fully resolve all structures. For events364

with a high signal to noise ratio, more knots could be added to fit smaller structures. With365

the knot location determined, the regularization is objectively identified using L-curve366

analysis.367

We have tried to make reasonable choices in constructing our data set, but the spe-368

cific choices we make are, again, to some degree heuristic. We have therefore validated369

our approach by comparing our boundaries to the recently updated WIC boundaries iden-370

tified by the British Antarctic Survey (BAS) as described by Chisham et al. (2022), which371

builds on the Longden et al. (2010) method. They divide individual images into circu-372

lar sectors and fit a single Gaussian or a double Gaussian to the latitudinal intensity pro-373

files (plus a polynomial to capture background emissions). They select the best fit and374

set the boundary location as the full-width-at-half-maximum distance from the appro-375

priate peak. They also apply several criteria to discard ill-determined boundaries. Fi-376

nally, Chisham et al. (2022) calibrate the auroral boundaries with particle boundaries377

from the Defense Meteorological Satellite Program (DMSP) spacecrafts (Kilcommons378

et al., 2017) and provide a statistical correction.379

The comparison between the two boundary data sets is displayed in Figure 4, where380

only conjunctions in time and MLT are included. The polar plot in Figure 4a shows the381

median boundary location for our data set (blue), the uncorrected BAS data set (orange),382

and the DMSP-corrected BAS data set (green). The grey sectors indicate regions where383

this correction is not supported by data. As evident from the figure, our median bound-384

aries are in reasonable agreement with the BAS boundaries, but our oval is consistently385

more narrow. It is also interesting to note the good match between our boundaries and386

the corrected BAS boundaries in the dusk sector. This indicates that our median bound-387

ary is close to the typical particle boundary without any correction. Our poleward bound-388

ary is also closer to the corrected BAS boundary in the pre-noon sector. However, the389

equatorward boundary is close to the uncorrected BAS boundary, indicating a misalign-390

ment here.391

The histograms in Figures 4b-4c display the locations of the equatorward and pole-392

ward boundaries. The EB distributions are very similar, but our PB distribution is slightly393

shifted towards lower latitudes. The locations of the BAS boundaries relative to our bound-394

aries are displayed in Figures 4d-4g, where Figures 4d-4e include all data and Figures 4f-395

4g only include data where DMSP data is available. All panels indicate that our bound-396

aries are closest to the corrected BAS boundaries (green), supporting that our data set397

is close to the particle boundaries on average. Note that a large fraction of the differ-398

ence between our data and the BAS data is due to the wobbling of the geo-located WIC399

images, as our spatiotemporal model greatly reduces this artificial boundary movement.400
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Figure 5. Distributions of boundary locations. a) Normalized PB locations on a logarithmic

scale and b) distributions of EB locations on a logarithmic scale. The white lines indicate the

upper and lower quartiles. c) Distributions of PB (red) and EB (blue) locations for all MLTs.

4 Results401

In the next sections, we present distributions of boundary locations based on our402

boundary data set. We then examine how the amount of magnetic flux in the auroral403

oval relates to the polar cap flux, solar wind forcing, and geomagnetic activity. Finally,404

we explore the performance of a very simplified fluid model of the auroral area.405

4.1 Boundary locations and velocities406

Figure 5 displays normalized distributions of the boundary locations. Figure 5a shows407

the MLT-dependent distribution of the PB, Figure 5b shows the MLT-dependent dis-408

tribution of the EB, and Figure 5c shows the combined distributions of both boundaries.409

The white lines indicate the upper and lower quartiles. The median PB changes from410

∼70◦ near midnight to ∼76◦ near noon while the median EB changes from ∼61◦ to ∼68◦,411

with an interquartile range of ∼3.8◦ and ∼4.4◦. The EB distribution thus has a slightly412

larger spread than the PB distribution.413

The corresponding distributions for the boundary normal velocities are displayed414

in Figure 6, showing MLT-dependent PB and EB velocities in Figures 6a–b and the com-415

bined distributions in Figure 6c. The PB velocity distribution is wider than the EB dis-416

tribution and has a slight skew toward positive values. Hence, the PB typically moves417

slightly faster towards the magnetic pole than towards equator, consistent with the ex-418

plosive nature of substorm unloading. Additionally, a decrease and increase of the same419

amount of magnetic flux will elicit different velocities as the flux density changes with420

latitude. Therefore, poleward velocities will statistically be larger than equatorward ve-421

locities. Furthermore, this effect will increase with latitude as the ratio between mag-422

netic flux density poleward and equatorward of the boundary decreases with latitude.423

The distribution is also considerably wider at the nightside compared to the dayside, again424

consistent with rapid nightside dynamics. The EB velocity distribution has a similar spread425

at all MLTs, but a small peak near 20 MLT. The Root Mean Squared (RMS) speeds of426
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Figure 6. Distributions of boundary velocities. a) Normalized PB velocities on a logarithmic

scale and b) distributions of EB velocities on a logarithmic scale. The white lines indicate the

upper and lower quartiles. c) Distributions of PB (red) and EB (blue) velocities for all MLTs.

the PB and EB when considering all MLTs are 149 m/s and 96 m/s, respectively. For427

the PB, the maximum occurs at midnight (201 m/s) and the minimum at 10 h MLT (124 m/s).428

For the EB, the maximum occurs at 19 h MLT (111 m/s) and the minimum at 3 h MLT429

(80 m/s).430

4.2 Magnetic flux in the auroral oval431

It is common to measure the polar cap area in terms of magnetic flux, as changes432

are then directly related to the dayside and nightside reconnection rates (magnetic flux433

per time). It is therefore convenient to also consider the auroral oval’s area in terms of434

magnetic flux, which we refer to as auroral flux. Since our boundaries are defined in Mod-435

ified Apex coordinates, we can treat the Earth’s magnetic field as a dipole. We use a mag-436

netic dipole moment ME = 8.05 · 1023 Am2. The magnetic flux through a spherical437

surface element is then438

F =

∫ ϕ2

ϕ1

∫ θ2

θ1

µ0ME

4πr3
2 cos θ · r sin θdθdϕ =

µ0ME

4πr2

∫ ϕ2

ϕ1

[
sin2 θ2 − sin2 θ1

]
dϕ (11)439

where µ0 is the magnetic permeability of free space and r is the radius of the spherical440

shell. We set r = 6501 km, the same altitude as the geo-located images. We get the441

polar cap flux P by setting θ2 = τp and θ1 = 0 and we get the auroral flux A by set-442

ting θ2 = τe and θ1 = τp. The rate of change of Equation 11 is443

dF

dt
=

µ0ME

4πr2

∫ ϕ2

ϕ1

[
sin(2θ2)

∂θ2
∂t

− sin(2θ1)
∂θ1
∂t

]
dϕ. (12)444

In Figure 7, we compare A and the rate of change dA/dt to P and dP/dt. Figure 7a445

displays the distribution of A (green) and P (orange) from concurrent images. While the446

two distributions peak in the same region, A has a significantly larger spread. The size447

of the auroral oval is therefore more variable than the size of the polar cap. The rela-448

tion between A and P is explored in Figure 7b. Surprisingly, the correlation between A449

and P is only 0.09.450
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Figure 7. a) Distributions of polar cap flux P (orange) and auroral flux A (green) from

concurrent images. b) Polar cap flux versus auroral flux, where r is the Pearson correlation co-

efficient. Distributions of dP/dt (orange) and dA/dt (green) from concurrent images. b) dP/dt

versus dA/dt, where r is the Pearson correlation coefficient.

Figure 7c displays the distributions of dA/dt (green) and dP/dt (orange) and Fig-451

ure 7d displays the relation between the two. Both distributions are centered near zero452

with the auroral distribution having the larger spread. The auroral distribution is also453

slightly skewed towards positive values, consistent with the rapid expansion known to454

occur during substorm expansion. As seen in the latter figure, the two values are anti-455

correlated with r = −0.65. This is expected, as contraction of the polar cap area in-456

creases the auroral area. Note that as both A and P depend on the PB, both the real457

and erroneous movement of this boundary contribute to the correlation. We have tried458

to minimize erroneous movement through regularization, but the correlation coefficient459

should anyway be considered as a lower limit (the anti-correlation is probably smaller).460

Also note that the slope in Figure 7d is about −2, much larger than the one-to-one re-461

lation that would exist if the EB was held fixed. We will return to this in Section 4.3.462

In Figures 8a–b we compare A and dA/dt to ΦD, estimated from solar wind data463

using the empirical coupling function provided by Milan et al. (2012). We see that the464

auroral oval area is to some extent controlled by the dayside reconnection rate, but the465

correlation coefficient is only 0.45. The rate of change of A is practically uncorrelated466

with ΦD.467

Figures 8c and e compare A and to the geomagnetic indices AE and SYM-H, while468

Figures 8d and f compare their derivatives. Figure 8c shows that there is a strong re-469
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Figure 8. a) Auroral flux A versus dayside reconnection ΦD. b) dA/dt versus ΦD. c) A ver-

sus the AE index and d) dA/dt versus the temporal change in the AE index. e) A versus the

SYM-H index and d) dA/dt versus the temporal change in the SYM-H index. The Pearson corre-

lation coefficient r is indicated in each panel.

lation between the AE index (which quantifies the combined strength of the eastward470

and westward electrojets) and A, which implies that the AE index is a good predictor471

of the auroral size, in addition to being a good predictor of the auroral power (Newell472

& Gjerloev, 2011). This result is consistent with earlier studies showing increased av-473

erage auroral area for higher geomagnetic activity (Feldstein & Starkov, 1967; Starkov,474

1994; Y. Zhang & Paxton, 2008). However, the rate of change of the AE index and dA/dt475

only have a weak correlation of about 0.3 (Figure 8d). The AE index thus has limited476

predictive power with regard to changes in the oval size.477

Figure 8e shows that the SYM-H index (quantifying the strength of the ring cur-478

rent) is also clearly correlated with the auroral flux, but with a considerably lower cor-479

relation coefficient. The temporal derivatives (Figure 8f) appear to be completely un-480

correlated.481

4.3 A simple model of auroral flux482

The ECPC paradigm tells us that changes in polar cap flux P are equal to the dif-483

ference between flux opened by dayside reconnection and flux closed by nightside recon-484

nection. Figure 9 illustrates this concept, based on a similar sketch presented by Siscoe485

and Huang (1985), where we have added the auroral oval (green) outside the PB (red).486
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a b

P

A A

P

Figure 9. Conceptual sketch of how the ECPC could influence the surrounding auroral oval.

a) An impulse of nightside reconnection contracts the polar cap area and expands the auroral

area. b) An impulse of dayside reconnection expands the polar cap area and contracts the auroral

area.

Figure 9a shows a sketch of how an impulse of nightside reconnection leads to a contrac-487

tion of the polar cap and an associated expansion of the auroral oval. Expansion of the488

auroral oval occurs during the unloading phase of substorms and has been an integral489

part of all substorm models since first described by Akasofu (1964). Based on this con-490

ception, it is natural to assume that the change in auroral flux dA/dt varies with ΦN .491

Figure 9b illustrates how an impulse of dayside reconnection leads to an expansion492

of the polar cap on the dayside. If this region contained aurora prior to the impulse, the493

trapped particles producing the aurora might be lost as the field lines change from a closed494

to an open configuration. The auroral flux would then decrease with a rate proportional495

to the dayside reconnection rate ΦD (Decotte et al., 2023).496

In Figure 10 we explore these ideas in relation to our dataset. Figure 10a displays497

dA/dt versus ΦN = ΦD−dP/dt (Equation 1), where ΦD is estimated using solar wind498

data and the Milan et al. (2012) equation. There is, as expected, a clear relation between499

the two. Interestingly, the correlation is lower than the correlation found between dA/dt500

and dP/dt directly (Figure 7d). By including ΦD, we would have expected to account501

for polar cap expansion not directly affecting the auroral size and thus increasing the cor-502

relation, but this does not happen. It is also interesting to note that we still find a slope503

that is larger than one. This indicates that nightside reconnection excites precipitation504

in a larger region than the auroral bulge directly associated with the reconfiguration of505

field lines.506

We explore the influence of dayside reconnection on dA/dt in Figure 10b. Here we507

only consider the auroral flux in a 0.1-hrs wide MLT sector at noon to isolate dayside508

effects. We find no apparent correlation, consistent with the result for the full auroral509

oval displayed in Figure 8b. Although appealing from a conceptual perspective, we must510

therefore conclude that dayside reconnection has no direct influence on the auroral area511

on a systematic level, at least for aurora of the energy range and brightness observed by512

WIC.513

If we assume that nightside reconnection is the only process that produces auro-514

ral flux, we can formulate a simple model of the evolution of the auroral area based on515

Figure 10a:516

dA

dt
= 1.7ΦN − L, (13)517
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Figure 10. a) Relation between the temporal change in auroral flux dA/dt and the nightside

reconnection rate ΦN . The dashed, pink line indicates the slope. b) Relation between the tempo-

ral change in auroral flux in a 0.1-h MLT bins at noon dA12/dt and the dayside reconnection rate

ΦD. c) Relation between the loss term L = 1.7ΦN − dA/dt and the amount of auroral flux A.

The dashed, pink line indicates the slope. The Pearson correlation coefficient r is indicated in all

panels.

where L is some loss term. It has been shown earlier that the strength of the field-aligned518

Birkeland currents have an exponential decay when the solar wind forcing is low, with519

a decay time of about one hour (Moretto et al., 2018). A mean decay time of about 14±520

4 h have been found for the strength of the ring current following geomagnetic storms521

(Dasso et al., 2002). To explore if the aurora follows a similar trend, we plot L versus522

A in Figure 10c. The two quantities are correlated, but there is also considerable spread.523

A simple linear fit yields an exponential decay time of 3.6 h.524

By combining the above results, we obtain a simple dynamic model of the auro-525

ral flux526

dA

dt
= 1.7ΦN −A/3.6. (14)527

Correlating the two sides of this equation we obtain a linear correlation of 0.64. While528

this is better than the correlation obtained using only geomagnetic indices, it is not bet-529

ter than the direct correlation in Figure 7d. Thus, this model does not perform any bet-530

ter than just considering the motion of the poleward aurora boundary directly. The model531

is also rather impractical as both ΦN and A must be known. Since we can only explain532

about 40% of the variation, the model appears to be too simple.533

To illustrate the temporal evolution more clearly, Figure 11 displays the evolution534

of dA/dt (green) and ΦN (orange) in the left column and L (green) and A/3.6 (purple)535

in the right column for three consecutive orbits (28–29 August to 2000). These orbits536

occurred during a period of high solar wind speed and high geomagnetic activity, with537

a visible oval and only minor gaps in the solar wind observations. From the left column,538

we see that the two curves often follow each other, but there are also clear deviations.539

From the right column, we observe that the exponential decay (purple) is not able to pick540

up the rapid fluctuations observed in the loss term (green). At best, it is able to describe541

some slow, average decay.542
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Figure 11. The left column displays the evolution of dA/dt (green) and ΦN (orange) during

three orbits on 28–29 August 2000. The right column displays the observed loss L (green) and

potential exponential decay related to the amount of auroral flux (purple) for the same orbits.

5 Discussion and summary543

In this work, we have presented a novel method to create a spatiotemporal model544

of the poleward and equatorward boundaries of the auroral oval. The model is smooth545

and differentiable in both longitude and time. We have used our own method to detect546

initial boundaries from auroral images to construct the models, but any boundary data547

set from any source can be used (the data can be regular or irregular in both space and548

time). Both the processed data set and the code is publicly available (Ohma, Madelaire,549

Laundal, Reistad, Walker, & Hatch, 2023a, 2023b, 2023c). Since the model approach pre-550

sented here provides the boundary normal velocity directly, it is ideally suited to be used551

in conjunction with ionospheric data assimilation techniques such as the Assimilative Map-552

ping of Ionospheric Electrodynamics (AMIE) procedure (Richmond & Kamide, 1988; Lu,553

2017) and the Local mapping of polar ionospheric electrodynamics (Lompe) technique554

(Laundal et al., 2022; Hovland et al., 2022) to estimate regional or global reconnection555

rates. Using the PB model and estimates of the dayside reconnection rate, we also ob-556

tain estimates of the instantaneous nightside reconnection rate. This could be used in557

future studies to construct scaled coupling functions of ΦN from geomagnetic indices to558

be used when direct estimates are unavailable.559

We have used B-splines as basis functions in both space and time when construct-560

ing boundary models. However, truncated Fourier series have commonly been applied561

to get a mathematical representation of the average aurora (e.g. Holzworth & Meng, 1975;562

Hubert et al., 2006; Gjerloev et al., 2008). It is straightforward to replace the spatial B-563

spline Bi in Equation 2 with a Fourier series and this approach is also provided in the564

code repository. We have preferred the B-spline approach as it is easier to regularize since565

the model coefficients have similar amplitudes, as opposed to the Fourier series where566

the magnitude decreases with increasing order. However, both methods are capable of567

fitting the auroral oval well.568

We presented distributions of the boundary locations and velocities in Section 4.1.569

The boundary locations are in reasonable agreement with earlier results (e.g. Hu et al.,570

2017), but an exact match is not expected as different methods and time periods favour571
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different geomagnetic activity levels. We are not aware of earlier studies showing veloc-572

ity distributions as displayed in Figure 6. However, several studies have examined the573

boundary velocities during substorms. Craven and Frank (1987) examined two isolated574

substorms and found an average poleward motion of 230 m/s with a maximum of 1000 m/s575

during an intensification. Gjerloev et al. (2007) combined 116 isolated substorms and576

report a poleward motion of 660 m/s, but expansion rates above 1 km/s for the east and577

west ends of the bulge. Mende et al. (2003) found an average of ∼4 degree poleward move-578

ment at the onset location during the first 10 minutes of the expansion phase, correspond-579

ing to about 740 m/s, but considerably slower changes at other locations and epoch times580

of the averaged substorms. While the averages found by Craven and Frank (1987) agree581

well with the tail of our PB velocity distribution, the most extreme speeds found by Gjerloev582

et al. (2007) and Mende et al. (2003) are rare in our statistics. There are several reasons583

why our long-term distributions usually show smaller magnitudes: First, the occurrence584

frequency of such high speeds is low, as they only occur just after an onset or intensi-585

fication. Second, Gjerloev et al. (2007) and Mende et al. (2003) bin their boundaries rel-586

ative to the substorm location, but we bin the velocities in a fixed MLT grid. High, sub-587

storm related velocities are thus smeared out on the nightside. Third, our temporal knot588

separation of 10 min combined with the regularization needed to make our model robust589

and unaffected by wobbling means that we do not have the time resolution to resolve590

these very high, short-lived boundary velocities. Our distributions should therefore be591

considered as slightly conservative estimates of the real distributions and the tails are592

likely slightly heavier.593

In Sections 4.2 and 4.3 we explored how different quantities could predict the tem-594

poral evolution of the auroral flux, dA/dt. Specifically, we investigated a naive exten-595

sion of the Expanding-Contracting Polar Cap paradigm, in which the auroral area is ex-596

panded via nightside reconnection and reduced via dayside reconnection (Decotte et al.,597

2023). For the aurora observed with the IMAGE WIC camera, our analysis shows that598

this idea is too simple, indicating that kinetic effects, like acceleration and wave-particle599

interactions, dominate the rate of change. Based on the limited statistics investigated600

here, the best model for the temporal evolution of dA/dt is −2·dP/dt (Figure 7d), in-601

dicating that nightside reconnection causes auroral emissions also in regions outside the602

bulge region. This is in qualitative agreement with the superposed epoch analysis of the603

PB and EB, which demonstrated that the average EB moves equatorward as the aver-604

age PB moves poleward in the expansion phase (Mende et al., 2003; Gjerloev et al., 2008).605

Gjerloev et al. (2008) provide a mathematical representation of the average PB and EB606

relative to substorm onset. By assuming a dipole field, we find dA/dt ≈ −1.6 · dP/dt607

based on these boundaries, providing quantitative support for our result. Gjerloev et al.608

(2008) also point out that the auroral intensity in the main oval and the bulge region609

decay at different rates in the recovery phase, indicating that several decay rates exist.610

We found no evidence for dayside reconnection reducing the spatial extent of the611

oval. However, it is important to recognise that boundary detection is most uncertain612

around noon (Chisham et al., 2022). This means that there is a large degree of smooth-613

ing and interpolation in this specific region, which might mask such an effect. In addi-614

tion, WIC is not sensitive to very soft precipitation, so we do not see the full diffuse au-615

rora. It is therefore possible that this effect exists, but we find no support for it in this616

analysis.617

The auroral oval can also expand during prolonged periods of northward-directed618

magnetic field in the solar wind. This is called the horse collar aurora (Murphree et al.,619

1982; Hones Jr. et al., 1989), and it has been suggested to be the result of dual lobe re-620

connection (Milan et al., 2020). This means that reconnection at the magnetopause could621

directly expand the oval, which we have not included in our simple model. However, the622

horse-collar aurora is usually below the signal to noise ratio in WIC, and is therefore not623

expected to be included in our analysis.624

–20–



manuscript submitted to JGR: Space Physics

The aurora is the most prominent and visually striking manifestation of the com-625

plex interplay between the solar wind and Earth’s magnetosphere. It is within the au-626

roral oval that the bulk of energy dissipation resulting from this coupling occurs, mak-627

ing it a focal point for investigating hazardous space weather effects. However, despite628

its paramount importance, the spatial extent of the auroral oval exhibits significant vari-629

ability, and the underlying mechanisms driving this variability remain poorly understood.630

Regrettably, the lack of recent high-quality global observations hampers our progress,631

as the most up-to-date dataset available, used here, is over two decades old. Although632

the upcoming ESA-CAS SMILE mission with its UV camera holds promise for tempo-633

rary improvement, the need for dedicated missions targeting global auroral observations634

persists (Branduardi-Raymont et al., 2021). Notably, the methodology proposed in this635

study and in the work by Ohma, Madelaire, Laundal, Reistad, Hatch, et al. (2023) can636

be readily applied to similar datasets, offering valuable insights into auroral dynamics.637

6 Open Research638

Auroral boundaries identified and used in this study (Ohma, Madelaire, Laundal,639

Reistad, Walker, & Hatch, 2023b), background-corrected images (Ohma, Madelaire, Laun-640

dal, Reistad, Walker, & Hatch, 2023c) and the code to make these data sets (Ohma, Made-641

laire, Laundal, Reistad, Walker, & Hatch, 2023a) are available. The most recent version642

of the code is also available at https://github.com/aohma/fuvpy/.643

The original WIC images can be accessed at https://spdf.gsfc.nasa.gov/pub/644

data/image/fuv/ and were processed using the FUVIEW3 software (http://sprg.ssl645

.berkeley.edu/image/). The OMNI 1-min data is available at https://spdf.gsfc.nasa646

.gov/pub/data/omni/647
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Appendix A Analytic boundary velocity in spherical coordinates653

We define the boundary θ = τ(ϕ, t) in spherical (shell) coordinates as an implicit654

surface:655

f(θ, ϕ, t) = θ − τ(ϕ, t) = 0, (A1)656

where θ and ϕ are the colatitude and longitude at a time t. The material derivative of657

f(θ, ϕ, t) is658

Df

Dt
=

∂f

∂t
+ v · ∇f = 0, (A2)659

where v is the velocity of some point on the surface.660

Let us require that v always be in the direction normal to the surface, where the661

normal vector (without normalization) is662

n = ∇f =

〈
0,

1

r
, − 1

r sin θ

∂τ

∂ϕ

〉
. (A3)663

Then v = ⟨0, vθ, vϕ⟩, and664

vθ
vϕ

=
nθ

nϕ
=

1/r

− 1
r sin θ

∂τ
∂ϕ

= − sin θ
∂τ
∂ϕ

. (A4)665

–21–



manuscript submitted to JGR: Space Physics

Inserting Equations A1 and A4 into Equation A2, and solving for vϕ, yields666

vϕ = − r

sin θ

∂τ
∂t

∂τ
∂ϕ

1 +
(

∂τ/∂ϕ
sin θ

)2 . (A5)667

We then insert Equation A5 into Equation A4 and solve for vθ to obtain668

vθ = r
∂τ

∂t

sin2 θ

sin2 θ +
(

∂τ
∂ϕ

)2 . (A6)669
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Xiong, C., Lühr, H., Wang, H., & Johnsen, M. G. (2014). Determining the bound-998

aries of the auroral oval from CHAMP field-aligned current signatures – Part999

1. Annales Geophysicae, 32 (6), 609–622. doi: 10.5194/angeo-32-609-20141000

Zhang, Q.-H., Zhang, Y.-L., Wang, C., Oksavik, K., Lyons, L. R., Lockwood, M., . . .1001

Xia, L.-D. (2021). A space hurricane over the earth’s polar ionosphere. Nature1002

Communications, 1207. doi: 10.1038/s41467-021-21459-y1003

Zhang, Y., & Paxton, L. (2008). An empirical kp-dependent global auroral model1004

based on timed/guvi fuv data. Journal of Atmospheric and Solar-Terrestrial1005

Physics, 70 (8), 1231-1242. doi: 10.1016/j.jastp.2008.03.0081006

Zhu, Q., Deng, Y., Richmond, A., Maute, A., Chen, Y.-J., Hairston, M., . . .1007

Mitchell, E. (2020). Impacts of binning methods on high-latitude electro-1008

dynamic forcing: Static versus boundary-oriented binning methods. Jour-1009

nal of Geophysical Research: Space Physics, 125 (1), e2019JA027270. doi:1010

10.1029/2019JA0272701011

–28–


