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Abstract. The injection, and subsequent precipitation, of 20 to 300 keV3

electrons during substorms is modelled using parameters of a typical sub-4

storm found in the literature. When combined with onset timing from, for5

example, the SuperMAG substorm database, or the Minimal Substorm Model,6

it may be used to calculate substorm contributions to energetic electron pre-7

cipitation in atmospheric chemistry and climate models. Here the results are8

compared to ground based data from the IRIS riometer in Kilpisjärvi, Fin-9

land, and the narrowband subionospheric VLF receiver at Sodankylä, Fin-10

land. Qualitatively, the model reproduces the observations well when only11

onset timing from SuperMAG is used as an input, and is capable of repro-12

ducing all four categories of substorm associated riometer spike events. The13

results suggest that the different types of spike event are the same phenom-14

ena observed at different locations, with each type emerging from the model15

results at a different local time, relative to the centre of the injection region.16

The model’s ability to reproduce the morphology of spike events more ac-17

curately than previous models is attributed to the injection of energetic elec-18

trons being concentrated specifically in the regions undergoing dipolariza-19

tion, instead of uniformly across a single injection region.20
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1. Introduction

The accurate modelling of medium energy particle precipitation (20 keV to 1 MeV), and21

the corresponding absorption measured by a riometer, has long been considered a very22

difficult problem (see eg Hargreaves [2007]). A significant contributor to this difficulty is23

the irregularity and unpredictability of substorms, which provide a significant proportion24

of precipitating electrons in the relevant energy range (> 20 keV). The mesospheric effects25

of medium energy electron precipitation have been modelled by Codrescu et al. [1997], and26

found to produce significant increases in ne, HOX , NO2, and NO, along with significant27

decreases in O3 between 70 and 80 km in the polar regions. The implications for climate28

science are clear, but there are currently no studies of the effects of individual substorms29

on mesospheric composition. The aim of this work is to provide a model of the medium30

energy electron precipitation produced by substorms, which may be used as a driver31

in climate models, or for predicting D-region ionospheric conditions in the short term32

(minutes to hours) following a detected substorm onset.33

The substorm cycle consists of three phases: growth, expansion, and recovery [Akasofu,34

1964]. In the growth phase energy gradually accumulates in the magnetosphere. This35

energy is rapidly released during the expansion phase, so named because a brightening of36

the aurora, which typically begins at 23.5± 2 hours Magnetic Local Time [Nagai , 1991],37

expands in latitude and local time.38

During expansion, which lasts around 0.5 hours, the tail of the magnetosphere returns to39

a more dipolar configuration. The changing magnetic field accelerates electrons and ions40

to energies of up to a few hundred keV, while injecting them from the tail into trapped41
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orbits closer to the Earth. These energies are too low for significant numbers of the42

ions, which are mostly protons, to reach the D-region or lower E-region of the ionosphere,43

where absorption measured by riometers occurs. The rapid relaxation of the magnetic field44

allows ground magnetometers to detect the onset of substorm expansion from deviations45

in the H-component of the field. A list of magnetometer detected substorm onset times46

is compiled and published by the SuperMAG collaborators [Newell and Gjerloev , 2011].47

This list will be used in our study for the timing of electron injections that accompany48

substorm expansion.49

The exact process and order of events leading to onset and expansion are still hotly con-50

tested. Many recent publications present evidence in support of an “outside-in” paradigm,51

in which substorms are initiated by reconnection in the tail, generating earthward flow of52

plasma (see eg Angelopoulos [2008]; Birn [2011], and references therein). In this picture53

dipolarization can be viewed as the piling up of magnetic flux caused by the breaking of54

this flow. However, a number of other recent publications conclude consistency with an55

“inside-out” model, known as the Current Disruption Model, in which the substorm is as-56

sumed to be triggered by a current driven instability at 8 to 10 Earth radii. The resulting57

diversion of current, known as the substorm current wedge, grows over time, dipolarizing58

the magnetotail, and injecting energized particles into the night-side magnetosphere.59

Several previous studies have attempted to model the substorm injection process phys-60

ically. Sarris et al. [2002] considered an earthward propagating electromagnetic pulse,61

which interacts with a pre-existing electron population. Kim et al. [2000] and Liang et62

al. [2007] traced electrons in a guiding center approach, in realistic magnetic fields. When63

the magnetic field changes imparted by dipolarization are neglected, these models are still64
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capable of adequately describing the properties of dispersed injections [Gabrielse et al.,65

2012]. However, the models described in Kabin et al. [2011] and Zaharia et al. [2004]66

include time dependent magnetic fields, ie they include betatron acceleration from the67

dipolarization. The changing magnetic field imparts significantly more acceleration to68

the electrons than transportation alone. Kabin et al. [2011] argues that dispersionless in-69

jections could even be explained by local betatron acceleration alone, without additional70

particle transport.71

The model of Liang et al. [2007] gives reasonable values for electron precipitation flux,72

(integrated over energies > 30 keV,) and is capable of producing precipitation signatures73

similar to those of some spike events observed by ground based riometers. Spike events74

are sudden increases in ionospheric absorption in riometer data, that were first studied by75

Parthasarathy and Berkey [1965]. Spikes occurring in the dayside ionosphere have been76

connected to Magnetic Impulse Events [Terkildsen et al., 2001], whereas night-time events77

are strongly associated with substorms, and are generally more intense. Each substorm78

onset and/or breakup may be accompanied by a spike event [Aminaei et al., 2006].79

Global MHD simulations have provided some encouraging results when reproducing80

substorm observations [Lyon et al., 1998; Raeder et al., 2008]. However, some questions81

remain about the validity of the approximations they use, in particular whether a numer-82

ical resistivity procedure for substorm initiation corresponds to a real physical process83

[Lui , 2007].84

Clilverd et al. [2008] studied the ionospheric effects of substorm injections using ground85

based subionospheric VLF and riometer observations, in tandem with measurements of86

electron flux made by the spacecraft LANL-97A. Comparing the ground based observa-87
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tions and satellite measurements, they were able to estimate that between 50% and 70%88

of the LANL-97A measured electron flux was precipitating into the ionosphere.89

In section 2, we describe the substorm injection process, as outlined by Kennel [1995],90

and provide a mathematical description of the medium electron precipitation following91

such a process. The results, calculated with onset timing from the SuperMAG substorm92

database, are then compared with measurements from ground based instruments in an93

attempt to determine the validity of the process. A description of the model is given94

in section 3, along with the parameter values chosen, and the reasons for each choice.95

In section 4 we present the results of the model, some comparisons with ground based96

observations, and show the ability of the model to reproduce each category of night-side97

spike event commonly observed in riometer data.98

2. The substorm injection process

During the growth phase of a substorm, the magnetic field near the inner edge of the99

cross-tail current sheet becomes more tail-like, ie stretched away from the planet. At onset,100

dipolarization starts in a small region surrounding the central meridian. The initial size of101

this region is localized to 1 RE or less [Ohtani et al., 1991] at geostationary distance. As102

time passes, the dipolarization front propagates eastward and westward, accompanied by103

dispersionless injections of particles [Kennel , 1995]. Outside this region the magnetic field104

remains stretched in a tail-like configuration, whereas inside the region it has returned to105

a more dipolar shape.106

The exact mechanism responsible for the injection of medium energy (10s to 100s of107

keV) electrons at the dipolarization front is still uncertain. Li et al. [1998] argues that108

electrons are energized by betatron acceleration, whereas Sarafopoulus [2008] proposes a109
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mechanism based on the accumulation of charge at the sharp tip of the stretched field110

lines. However, it is clear that the injection mechanism is distinct from those producing111

lower energy (< 10 keV) auroral electrons. The different mechanisms appear to operate112

in different spatial regions, at different times, and at different energies. For example,113

electrons of 10’s of keV or greater that are injected at the western edge of the substorm114

current wedge can drift eastward across the activation region without further acceleration115

[Lazutin et al., 2007], whereas lower energy auroral electrons will gain much structure from116

mechanisms that are as varied as the diverse forms of aurora. It is the more energetic117

population of electrons (20 keV to 300 keV) that are modelled herein. These precipitate118

to low altitudes of the ionosphere, where they are responsible for increased absorption,119

measured by riometers, and variations in the signals received from subionospherically120

propatating VLF waves [Rodger et al., 2012].121

3. Model description

Some simplifying assumptions are made in the mathematical representation of the in-122

jection process, namely: the dispersionless injection spectrum is fixed over the duration of123

the injection, the expansion of the substorm current wedge occurs at a constant rate, and124

the electrons drift on fixed L-shells. Additionally, the loss rate of electrons to precipita-125

tion and their drift velocities are assumed to be functions of their energy, but independent126

of time. In the current study, neither an outside-in nor an inside-out order is assumed,127

instead the substorm injection timing is independent of magnetic latitude.128

The aim is to produce, as far as is possible, a set of straightforward analytic expressions129

for calculating substorm induced electron precipitation, in terms of measurable physical130

parameters. In cases where estimates of precipitating electron fluxes can be made from131
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multiple observations, such as with a chain of riometers, it will be possible to fit the132

expressions to the measurements, thereby obtaining physical parameters of individual133

substorms. In the following sections we describe the parameters to be used in the model,134

and identify typical values for each of them.135

3.1. Azimutal location of injection

The injection of energetic electrons is closely associated with the regions of dipolarization136

and field aligned currents, at the edges of the substorm current wedge [Lopez et al., 1989].137

Initially, the upward and downward field aligned currents are close to the central meridian,138

but they do not overlap, see Figure 1. Ohtani et al. [1991] gives a value of ≤ 1 RE for the139

initial separation at L = 6 RE, this translates to an azimuthal angle of ≤ 10◦.140

Azimuthal locations, φ, in the model are defined in magnetic coordinates, with the141

origin at magnetic midnight. They are equivalent to magnetic local time, but measured142

in degrees instead of hours. The central meridian is typically located at an azimuth of143

around φCM = −7.5◦ (ie 23.5 MLT). A range of 23.5 ± 1 MLT is given by Nagai [1991],144

whereas Arnoldy and Moore [1983] report that dipolarization begins within about 2 hours145

local time of 2300 MLT, although occasionally the central meridian can be found much146

farther away.147

Following onset, the dipolarization region expands eastward and westward with angular148

velocities of around 3◦/min. Values in the literature include: 0.6◦/min [Atkinson, 1972];149

2◦/min [Kokobun and McPherron, 1981]; 5◦/min to 15◦/min [Nagai , 1982]; and 3.5◦/min150

(westward), 4.8◦/min (eastward) [Nagai , 1991]. With the assumption that this velocity is151

constant, the azimuthal positions of the east and west injection regions during a typical152

substorm are given by153
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φeast(t
′) = −7.5 + 5 + 3

60
t′ degrees (1)

φwest(t
′) = −7.5− 5− 3

60
t′ degrees (2)

where t′ is the number of seconds since substorm onset, −7.5◦ is the typical location of154

the central meridian, and ±5◦ provides the initial azimuthal separation of 10◦.155

The spatial sizes of the injection regions were inferred by Robert et al. [1984], who esti-156

mated their radii to be from 20 km to 900 km at geosynchronous orbit. This was achieved157

by measuring the width of the current filaments associated with substorm dipolarizations158

as they propagated across GOES 2. We use Gaussian distributions to represent the injec-159

tion as a function of azimuth. Since a more distributed current connects to the ionosphere160

on the eastern edge compared to that on the western edge [Kennel , 1995], the Gaussian161

distributions are given standard deviations, σφ, of 0.5◦ for the western injection region,162

and 1◦ for the eastern region, consistent with the sizes inferred by Robert et al. [1984].163

These values are illustrated in Figure 1. Normalized azimuthal distributions of the injec-164

tions, fφ, which are centred on φeast and φwest (equations 1 and 2), are shown in Figure165

2a.166

3.2. Distribution in L-shell

The injection flux as a function of L-shell, fL, used in this study is given in Figure167

2b. It is taken from Crosswell-Moorcock et al. [2013], who performed a re-examination168

of the L-shell limits of energetic electron precipitation during substorms, using data from169

multiple low-Earth orbiting spacecraft.170
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3.3. Dispersionless injection spectra

The spectrum of the dispersionless injection, fW , is assumed to be a kappa distribution,171

see Figure 2c. The kappa distribution is given by172

fE =

(
me

2πκE0

)3/2
Γ(κ+ 1)

Γ(κ− 1/2)

(
1 +

E

κE0

)−κ−1

(3)

The background plasma sheet electron distribution can be represented with values of173

κ = 5 and E0 = 1 keV [Liang et al., 2007]. For a typical substorm injection spectrum174

we use values from Kim et al. [2000] of κ = 3.5 and E0 = 1.14 keV, which are based175

on measurements by Christon et al. [1991]. The difference between this spectrum and176

the power law used by Clilverd et al. [2008] for substorm injected electrons is negligible177

over the energy range of interest. An upper energy limit to the dispersionless injection178

is reasonably well established, with only 20% of events energizing electrons to energies179

greater than 300 keV [Baker et al., 1979]. Values for a lower energy limit include 10 keV180

[Baker et al., 1989], 20 keV [Lazutin et al., 2007], and 50 keV [Reeves , 1998]. For the case181

of a typical substorm, we therefore limit the spectrum to energies between 20 keV and182

300 keV, with smooth cut-offs.183

3.4. Time evolution of injection

The time variation of the injection flux, ft is assumed to be a Gaussian distribution,184

with width σt, and peak flux occurring at time tp, as shown in Figure 2d. The injection185

ceases when the dipolarization reaches the flanks of the magnetosphere, at td seconds186

after onset. At this time the dipolarization of the magnetospheric tail is assumed to be187

complete. A relatively flat distribution, peaking at the time of maximum current in the188
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associated substorm current wedge, typically 16.4 minutes post onset [Vagina and Sergeev ,189

1996], was found to provide qualitatively good results.190

3.5. Magnitude of injection

So far, we have described an injection in terms of normalized density functions. These191

must be multiplied by the total number of injected electrons, NT . This is the total192

number of energetic electrons that are injected over the course of a typical substom, and193

then precipitated into the atmosphere. The number is of the order 1028 [Atkinson, 1972].194

In section 4 the value of NT is determined for 61 substorms by fitting the model to IRIS195

riometer observations. The fitted NT have a mean of 1.15 × 1028 electrons, very close196

to the value of 1028 from Atkinson [1972]. With the duration of a typical substorm, td,197

being 1800 s (30 minutes), this translates to an average electron flux of 0.64 × 1025 s−1,198

not far from the rate of electron acceleration of 1× 1025 s−1 to 4× 1025 s−1 determined by199

Atkinson [1984].200

3.6. Azimuthal drift and lifetime of electrons

Following the injection, electrons drift eastward around the planet, with a drift velocity201

ωd. Although the electron energy spectrum throughout the injection is assumed to be202

constant, ie a dispersionless injection, the higher energy electrons have higher drift veloc-203

ities, travelling around the planet in a shorter time. This causes dispersion in the particle204

populations, which increases as the particles drift farther around the planet.205

In degrees of magnetic longitude per second, the bounce-averaged drift velocity of elec-206

trons in a dipole field can be written as207
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〈ωd〉 =
3LE

22× 106
(0.7 + 0.3 sinα0) + 4.17× 10−3, (4)

(see eg Northrop [1966]) where L is measured in RE, the energy E in eV, and α0 is the208

equatorial pitch angle. 4.17 × 10−3 is the contribution from Earth’s rotation, since the209

magnetic field lines rotate with the Earth.210

According to equation 4 the drift velocity of individual electrons will depend on their211

equatorial pitch angle, which suggests there will be an additional dispersion in the electron212

population, with high pitch angle particles drifting at higher rates. However, over a period213

of time corresponding to the pitch angle diffusion time scale, the electrons will share a214

similar average pitch angle, and the pitch angle dispersion will be reduced. For simplicity215

we use a single value for equatorial pitch angle, 39.5 degrees, the average pitch angle in216

an isotropic distribution.217

An electron that is injected t′ seconds after onset, at an azimuthal location φ′, will reach218

the location φ at a time given by219

t =
φ− φ′

〈ωd〉
+ t′. (5)

The injected electrons drift towards the morning side, and when their fluxes reach the220

stably trapped limit [Kennel and Petschek , 1966] the pitch angle distribution of electrons221

with energies of 10s of keV approaches isotropy, and their precipitation rate nears the222

strong diffusion limit [Kennel , 1969]. At this limit the proportion of particles precipitating223

into the ionosphere approaches a maximum value that depends on the size of the loss cone.224

For electrons with a bounce period of TB seconds, the lifetime in the strong diffusion regime225

is226
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τSD ≈ TBL
3. (6)

Kennel and Petschek [1966]. As a function of energy, E, and L-shell, the electron bounce227

period in a dipole magnetic field is228

TB =
LRE

c

√
me

E
(3.7− 1.6 sinα0) , seconds (7)

(eg Baumjohann and Treumann [1996]). me is the electron rest mass (511 keV).229

The primary mechanism by which electrons with energies greater than 20 keV are230

scattered into the loss cone, during all geomagnetic activities, is by interactions with231

lower band chorus waves [Ni et al., 2011]. These are present more than 10% of the time,232

and can persist during times of low geomagnetic activity [Li et al., 2009].233

Calculations by Ni et al. [2011] show that the bounce-averaged rates of pitch angle234

diffusion into the loss cone for 20 keV electrons reach the strong diffusion limit during235

geomagnetically active times (AE > 300 nT), and are approximately 1 order of magni-236

tude below the limit in periods of moderate activity (100 nT < AE < 300 nT). During237

substorms, an increased AE index is observed, with values reaching up to 1000 nT during238

the April 2007 events that are presented in the following sections.239

Based on the duration of riometer absorption events, Liu et al. [2007] argue that pitch240

angle diffusion of medium energy electrons is likely to be close to the strong limit during241

substorms, with a time scale of τ ∼ 1200 s for the precipitation loss of 50 keV electrons242

at L = 10 RE. Applying constant strong diffusion in the model produces too much pre-243

cipitation on the night-side, and too little on the day-side, but reducing the precipitation244

rate to 1/5th of the strong diffusion limit is found to give acceptable results, with model245
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precipitation levels on the day-side and night-side more closely matching observations of246

cosmic noise absorption during substorms. This is broadly similar to the diffusion rates247

used by Liang et al. [2007], who assume characteristic diffusion time scales of D−1
αα = 10248

s for substorm injected electrons with bounce periods on the order of a few seconds.249

Figure 2e shows the mean lifetime of electrons, τ , as a function of energy, at L = 6. The250

solid line represents the strong diffusion limit, and the dotted line is the mean lifetime251

with the partially filled loss cone used throughout this study.252

At t seconds after onset, the proportion of electrons remaining, of those that were253

injected at t′ seconds after onset is254

δ = exp [−(t− t′)/τ ] . (8)

3.7. Magnetospheric density of injected electrons

To calculate the magnetospheric density of electrons along a field line, N (in units255

of deg−1 R−1
E eV−1), at azimuth φ, and t seconds since onset, we sum over all injected256

electrons that reach φ at time t. Some of these electrons will be injected at an azimuth257

closer to φ than other electrons of the same energy, but at a later time. The summation258

is equivalent to the following integration.259

N = NT fE fL

∫ T

t′=0

δ(t′) fφ(φ′(t′)) ft(t
′) dt′ (9)

where fE, fL, fφ, ft are the normalized distributions of the energetic electron injection in260

terms of energy (eV), L-shell (RE), azimuth (deg), and time since onset (s), respectively.261

φ′ and t′ are dummy variables that do not appear in the solution to the integral. Electrons262

that were injected t′ seconds after the substorm onset, at the location φ′, will drift to the263
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location of the result, φ at time t. φ′(t′) is found by rearranging equation 5. T is the264

smaller of the two values t and td, which are the time since onset, and the duration of the265

injection, respectively.266

Representing ft and fφ with Gaussian distributions allows the integral to be solved267

analytically. There are no such restrictions for the distributions in energy, fE, and L-268

shell, fL, which are not inside the integral. The exact forms of each of the normalized269

distributions used in the model are shown in Figure 2. The solution to equation 9 is270

N = NTfEfL

√
1

πZ
exp

(
X

Z

)
×
[
erf

(
tp√
2σt

)
− erf

(
tp − td√

2σt

)]
×

[
erf

(
Y + (σ2

φ + σ2
t (ωd − ωi)2)T

σtσφ
√
Z

)

−erf

(
Y

σtσφ
√
Z

)]
(10)

where,271
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X = 2ωdtp
2ωi − tp2ωi

2 − 2σt
2tωi

2/τ + 2σφ
2tp/τ

−2σ2
φt/τ − 2ωdttpωi − 2φCMtpωi + 2φtpωi − φ2

+2σt
2ωdtωi/τ − 2σt

2φCMωi/τ + 2σt
2φωi/τ

−ωd2tp
2 + 2ωd

2tpt+ 2φφCM − 2ωdφtp + σt
2σφ

2/τ 2

+2σt
2ωdφCM/τ + 2ωdφCMtp − φCM

2 − 2σt
2ωdφ/τ

−ωd2t2 − 2ωdφCMt+ 2ωdφt

Y = σt
2(ωdφ− φωi − σφ2/τ + (ωi − ωd)(ωdt+ φCM))

−σφ2tp

Z = 2σ2
φ + 2σ2

t (ωd − ωi)2

The variables, and their values in the model are as follows. Reasons for these choices are272

given in sections 3.1 to 3.5. ωd (degrees s−1) is the azimuthal drift velocity of electrons,273

from equation 4. ωi = ±0.05 degrees s−1 is the azimuthal velocity of dipolarization274

expansion. φ (degrees) is the azimuthal location of the result. φCM = −7.5 degrees is275

the azimuthal location of the central meridian. σφ = 0.5 degrees (western injection) or276

1 degree (eastern injection) is the azimuthal width of the injection. t (s) is the time since277

substorm onset, which is determined using the onset times in the SuperMAG substorm278

database. tp = 984 s is the time of peak injection flux during each substorm, σt = 1800 s279

is the temporal width of the injection. τ (s) is the mean lifetime of electrons before they280

are lost to precipitation, a value of 5τSD is assumed for the reasons discussed in section281

3.6. τSD is given by equation 6.282
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Equation 10 is calculated for a number of electron energy values (∼ 300, log spaced) in283

the range 20 keV to 300 keV, and for each injection occurring in the preceding 12 hours.284

It is possible to use different values for the parameters of each particle injection, and this285

is the case for the west and east injections that comprise a single substorm event. The286

only parameter that must vary from one substorm to the next is t, the number of seconds287

since onset. The results for each injection are summed together to produce a total value288

of N for each electron energy. We also include electrons that have made more than one289

complete orbit around the planet (known as drift echoes) by adding integer multiples of290

360◦ to φ.291

3.8. Energetic electron precipitation

In the current model, the precipitation flux P is assumed to be equal to the electron

loss rate. In units of degrees−1 (azimuth), R−1
E (radius), seconds−1, eV−1,

P =
N

τ
, deg−1 R−1

E s−1 eV−1 (11)

where N is the magnetospheric density of electrons, given by equation 10, summed over292

all injections occurring in the preceding 12 hours. τ is a fifth of the strong diffusion limit293

(equation 6). In the dipole field approximation, an infinitesimally narrow flux tube with294

radial size dR (RE) in the equatorial plane, and azimuthal size dφ (degrees), will have an295

ionospheric footprint of area296

π

180

(6.45× 106)2

√
L4 − L3

dR dφ, meters2 (12)

D R A F T February 11, 2015, 12:23pm D R A F T



X - 18 BEHARRELL ET AL.: SUBSTORM PRECIPITATION MORPHOLOGY

With this conversion factor, the precipitation flux can be written in more convenient units

as

P =
N

τ

180

π

√
L4 − L3

(6.45× 106)2
, m−2 s−1 eV−1 (13)

3.9. Ionospheric electron density

The ionospheric electron density is calculated with the steady-state equation297

Ne =

√
Q+Qquiet

αeff

(14)

where Qquiet is the quiet production rate, and αeff is the effective recombination rate.298

The quiet production rates are taken from Barabash et al. [2012], which are given for299

various solar zenith angles. The effective recombination rates are calculated using the300

Sodankylä Ion Chemistry model [Turunen et al., 1996]. Q is the production rate due301

to the precipitating electrons. It is calculated using the modelled precipitation rates, P ,302

over the range of energies from 20 keV to 300 keV, following the method of Semeter303

and Kamalabadi [2005], who provide tabulated energy dissipation functions based on304

laboratory measurements.305

4. Results

The model electron density profiles can be used to predict the response of ground306

based instruments including riometers and VLF radio receivers. Ionospheric absorption307

is calculated using the Appleton-Hartree equation (see eg Davies [1966]), with neutral308

densities from the NRLMSISE-00 neutral atmosphere model [Picone et al., 2002], and309

effective momentum-transfer collision frequencies from Beharrell and Honary [2008], and310

references therein. Figure 3 shows the resulting model cosmic noise absorption following311
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a single typical substorm, using the parameters specified in section 3.7. The contours312

represent the levels of absorption at 38.2 MHz, and are evenly spaced at multiples of313

0.3 dB. Each of the 6 plots shows the absorption at a different elapsed time since the314

substorm onset. Although the plots only cover the first 90 minutes of a substorm, trapped315

electrons that are drifting for up to 12 hours are included in our model runs. The results316

in Figure 3 are similar to the absorption maps produced from a survey of substorm317

riometer observations by Berkey et al. [1974], showing the westward travelling surge,318

the eastward drift of absorption patches, and small levels of absorption lingering hours319

after the substorm onset. At geosynchronous orbit (L = 6.6RE) trapped 200 keV electrons320

with pitch angles used in the model (α0 = 39.5◦) have drift periods of around 35 minutes,321

whereas 30 keV electrons that are otherwise identical orbit the planet in around 215322

minutes. This dispersion is the cause of the azimuthally near-uniform absorption pattern323

90 minutes after onset, shown in panel f of Figure 3.324

4.1. Comparison with IRIS data

Figure 4a shows the model electron precipitation (20 keV – 300 keV) calculated for325

the location of the IRIS riometer in Kilpisjärvi, Finland (69.05◦N, 20.79◦E, L-shell=6.1),326

during 5 days in April/May 2007. The timing of all 61 substorm onsets detected by Super-327

MAG during this period are represented by vertical blue lines. The model precipitation328

comprises the individual precipitation from each of the magnetometer-detected substorms329

added together. In Figure 4b is the corresponding model cosmic noise absorption, together330

with measurements from IRIS (wide beam, with corrections for the oblique angles of the331

beam’s edge). In this model run the substorms are treated as identical, typical substorms,332

each injecting NT = 1028 electrons with energies of 20 keV to 300 keV. The elapsed num-333
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ber of seconds since substorm onset, t, is the only model parameter that varies between334

each substorm. It is determined by the onset times in the SuperMAG substorm database.335

This period was chosen because it contains a good number of substorms with varied336

spacing, and good data availability from the IRIS riometer, the nearby subionospheric VLF337

receiver at the Sodankylä Geophysical Observatory (SGO), and the SuperMAG substorm338

database. It was also close to solar minimum, a time when most other contributors to339

absorption, such as solar proton events, and direct ionization by X-rays emitted by large340

solar flares, are far fewer in number. During the 5 day period there was only minor flare341

activity, peaking with a B7 flare. The X-rays emitted by flares of this magnitude cause342

negligible ionospheric absorption. A high speed solar wind stream began on 27 April at343

around 16 UT, and peaked on 29 April with a speed of 717 kms−1. The geo-effectiveness344

of the high speed stream is apparent in the AE index and SYM-H, shown in Figure 5. The345

large upswings in AE index are directly related to substorm activity, while the observed346

SYM-H values between around -10 and -40 are indicative of a mild geomagnetic storm.347

In Figure 5, the model is re-run with the total number of electrons injected in each348

substorm, NT , allowed to vary. The values of NT are those that give the best least-349

squares fit between the data and the model. They are found with an iterative Markov350

chain method, by adjusting the value of NT for each injection in turn, and calculating the351

square-difference between the model and the data.352

During times of enhanced AE index the model energy-integrated electron precipitation353

flux also shows enhancements (Figure 5c). However, on the afternoons of 30 April, and 1354

May there are increases in AE index that are not represented in the model precipitation355
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flux. This is unavoidable given that there are no SuperMAG detected substorm onsets356

during these times.357

Following the method outlined in section 3.9, energy dependent precipitation values are358

used to calculate the ionospheric electron density profiles (Figure 5d), which are in turn359

used to calculate cosmic noise absorption (Figure 5e). The close correspondence between360

the model results and data shows that the majority of absorption events during this period361

are well represented by the model of substorm induced electron precipitation.362

Figure 5f shows the total number of electrons injected in each substorm, NT , inferred by363

fitting the model absorption to the data. The mean of the fitted NT values is 1.15× 1028,364

and the maximum is 9.6× 1028 electrons.365

It is interesting to note that the first two substorms on 27 April produced similar levels366

of absorption at the IRIS riometer, but both the AE index and the inferred value of NT367

were larger in the second of the two substorms. This is because AE and NT are (ideally)368

independent of the planet’s rotation, but the local time of the riometer during each event369

meant that it was farther from the near-midnight injection during the second substorm.370

As a result a smaller proportion of the injected electrons reached its location.371

4.2. Comparison with subionospheric VLF data

The propagation of a subionospheric low frequency radio wave depends on the properties372

of the wave-guide formed between the ground and ionosphere. Variations in the electron373

number density profile at the bottom-side of the ionosphere determine the phase and am-374

plitude of the signal that arrives at a remote receiver, having travelled subionospherically375

from the transmitter. One approach for representing the electron density profile is to use376

the parameters h′ and β from the Wait ionosphere [Wait and Spies , 1964]. Here h′ is377
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the reference height, and β describes the steepness of the profile at h′. A reduction in378

the height of the ionosphere will cause a positive phase advancement, but the amplitude379

variation is the result of a more complex relationship depending on the summation of the380

waveguide modes, and may be positive or negative.381

Figure 6 shows results for the 37.5 kHz radio wave propagating between the NRK trans-382

mitter in Grindavik, Iceland, and the SGO subionospheric VLF receiver in Sodankylä,383

Finland. This path is part of the AARDDVARK network [Clilverd et al., 2009]. The384

results cover a single day from the same period in 2007 used in the comparison with385

IRIS riometer absorption in the previous section. In Figures 6a and 6b, the parameters386

h′ and β are calculated along the great circle path between NRK and SGO by fitting387

the Wait ionosphere to the substorm model results. A distance of 0 km on the y-axis388

corresponds to the position of the transmitter. The mean ionospheric height along the389

path is given by the solid black line in Figures 6c, where the shaded area represents the390

range of ionospheric heights along the path. A good correlation exists between the model391

ionospheric height and the phase and amplitude measured by the SGO receiver. The ver-392

tical dashed lines indicate the times of maximum change in the model ionospheric height,393

h′. As expected [eg Clilverd et al., 2008, 2009], a reduction in ionospheric height due to394

precipitating electrons leads to an advancement of the received phase .395

In Figure 6 the model uses the values of NT , the number of energetic electrons in each396

substorm injection, found in the previous section by fitting the model to IRIS absorption397

data. These values provide a considerable improvement to the correlation between iono-398

spheric height and the measured VLF phase, compared to using the same NT for each399

substorm injection (not shown). The Pearson correlation between the mean ionospheric400
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height and VLF phase improves from a value of -0.14 (low correlation) when using fixed401

values of NT , to -0.56 (moderate negative correlation) with the fitted values of NT .402

This result confirms the usefulness of the substorm precipitation model in providing403

context for VLF phase and amplitude observations. The modelled injection of energetic404

electrons in a region close to magnetic midnight, as described in section 3, with timing405

based on the SuperMAG substorm database, and magnitudes determined from a single406

riometer site, is able to successfully predict the VLF perturbation timings on the Iceland407

to Finland path. The relative perturbations in h′, from substorm to substorm, predicted408

by the model are consistent with the levels of phase perturbations observed. This is409

expected if the change in ionisation along the VLF path is reasonably represented in the410

substorm model at energies of > 100 keV.411

4.3. Riometer spike events

Four distinct types of spike events are categorized by Spanswick et al. [2005], these412

are: A) a spike embedded in slowly varying, diffuse, precipitation; B) a spike preceding413

diffuse precipitation; C) a solitary spike; and D) spike events with a sharp rise time414

(< 3 min), and slow decay time (> 15 min). The sharp rise of less than 3 minutes is a415

strong indicator of dispersionless injection, and distinguishes these events from dispersed416

electrons [Spanswick et al., 2007].417

Figure 7 show all four of the spike categories occurring in the current model, each418

at a different azimuthal location, φ (ie Magnetic Local Time) relative to the central419

meridian, φCM . The azimuthal angles, in degrees, are equivalent to MLT, and may be420

converted to MLT (hours) by dividing by 15. The parameters used to generate Figure421

7 are those of a typical substorm, defined in section 3.7. The model is able to represent422
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all of the recognised variations of spike events because, in line with Kennel [1995], the423

energetic electron injections are concentrated at the dipolarization fronts, at the edges424

of the substorm current wedge, instead of being uniformly distributed across magnetic425

midnight in a single large injection region.426

The model spike that resembles a category D event (Figure 7d) has a rise time of ∼ 1427

minute, inside the 3 minute limit specified by Spanswick et al. [2007], this differentiates428

it from the dispersed events that occur farther from the injection region (Figure 7e).429

Aminaei et al. [2006] independently categorized spike events, with four types denoted430

by Roman numerals, and presented the observed local time distributions of each. Their431

type I is a solitary spike, equivalent to C; type II contains both B and D events; and432

type IV shares the definition of type A. Type III spikes events are those in which a spike433

appears after more diffuse absorption. They are a rarely observed class, representing only434

1 in 18 observed spikes. This scarcity could indicate that type III spikes are not a true435

independent category, but are instead a coincidental occurrence of a solitary spike with436

an unrelated earlier injection.437

The distribution of type IV (A) events is skewed towards eastward magnetic local times,438

whereas type II (B & D) events are mostly observed around central locations (∼ 22:45439

MLT), these results match our model predictions. The most common local time for type440

I (C) events is the most westward of the three categories, as predicted by the model, but441

there are a substantial number of these events to the east. It is not clear if the eastward442

type I (C) events are misclassified type IV (A) events, as could happen if the level of443

diffuse absorption is low, or if the fault is with the assumptions made in our model. There444

is a large amount of spread in each of the local time distributions reported by Aminaei et445
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al. [2006], leading to considerable overlapping. This could be due to the different locations446

of each substorm’s central meridian.447

5. Discussion

The substorm model is capable of representing medium energy electron precipitation448

well, only requiring the number of electrons injected in each substorm to be adjusted for449

an overall good fit between the model and IRIS riometer data (see Figure 5). This does not450

mean that the magnitude of each substorm is the only variable that is important; changes451

in the spectra of injected electrons can have similar effects. Without more information452

it would be difficult to untangle the effects of the magnitude, and spectra of injections453

to fit them simultaneously. This information could come from, for example, satellite454

measurements of the injection spectra. This is beyond the scope of the current study, but455

it is something we are currently working toward.456

During the 5 day period in April/May 2007 for which the model was run, a high speed457

solar wind stream hit the Earth, causing a moderate geomagnetic storm. This resulted in458

an increase in the frequency of substorms, and significant populations of electrons injected459

by different substorms existed simultaneously in the magnetosphere. With a simple linear460

addition of the injected electron populations, the model appears to cope well with the461

concurrent substorms.462

The model relies on reliable detection of substorm onsets, without them the model will463

not show any precipitation. At around 20 UT on 28 April, the IRIS riometer measured an464

enhancement in absorption (Figure 5e) that was not accompanied by an onset detection465

in the SuperMAG substorm database. Two properties of the event suggest that this was466

not a substorm: there was no corresponding enhancement in the AE index, and the rise467
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time of the absorption enhancement was longer than the decay time. One possibility is468

that it is a result of the increase in dynamic solar wind pressure (not shown), which grew469

from 1.8 nPa at 18 UT, to 2.8 nPa at 20 UT, distorting the magnetosphere and causing470

electrons to enter the loss cone.471

A simplifying assumption made in the model is that pitch angle diffusion rates are472

constant. In other words, at a particular location and time the proportion of electrons473

precipitating into the ionosphere is proportional to the trapped flux at that location. In474

reality the diffusion rate has a non-linear relationship with the trapped electron flux, in475

part because chorus waves are strongly enhanced by substorms [Meredith et al., 2001]. As476

a result intense chorus waves coincide with the injected drifting electrons in the morning477

sector, leading to higher pitch angle diffusion rates than in the afternoon. In the future we478

hope to extend the model to take into account the varying levels of pitch angle diffusion479

in each sector, and include a more nuanced energy dependence.480

In times of prolonged substorm activity (lasting ∼days), such as during geomagnetic481

storms and high speed solar wind streams, a small proportion of the injected medium482

energy electrons can be accelerated by the chorus waves to MeV energies [Summers et al.,483

2007; Ni et al., 2011]. Reeves et al. [2003] examined 276 geomagnetic storms over a whole484

solar cycle, finding that around half of the storms increased fluxes of relativistic electrons485

(1 to 3 MeV) in the outer radiation belt, one fifth of storms decreased fluxes, and the486

remaining storms made negligible difference to the relativistic fluxes. The probability that487

a storm will increase or decrease the population of relativistic electrons was found to be488

essentially the same throughout the outer radiation belt, from L = 4 to geosynchronous489

orbit. The variability in the response of relativistic fluxes to storm activity is a result of490
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the competing effects of the acceleration and loss processes [Summers et al., 2007]. The491

relatively low flux of MeV electrons compared to medium energy electrons, even during492

storms (see eg Gabrielse et al. [2012]), combined with the insensitivity of riometers to493

relativistic electron precipitation, allows us to neglect relativistic electrons when modelling494

ionospheric cosmic noise absorption. In contrast, subionospheric VLF propagation is most495

sensitive to ionisation caused by relativistic electron precipitation (> 100 keV) [Clilverd496

et al., 2008]. Therefore, accurate modelling of VLF propagation is likely to benefit from497

the inclusion of MeV electrons.498

The various types of spike events observed in the result emerge naturally from equation499

10. They are a result of azimuthal asymmetries in the model. The primary asymmetry500

being that electrons only drift eastward, so dispersed particle precipitation is only observed501

to the east of the injection (except for drift echoes). Expanding an earlier 1-dimensional502

(radial only) model of substorm injection to include the azimuthal drift of electrons, Liang503

et al. [2007] were able to reproduce spikes of type C (solitary) and D (fast rise, slow decay),504

as well as dispersed signatures of precipitation (slow rise, slow decay). Sharp spikes were505

found at the western edge of the injection region, and spikes with slow decay were found506

at the eastern edge. However, between the two edges of their uniform injection region507

a range of spikes exist with intermediate decay times. The ability of the current model508

to represent spike events more accurately than previous models can be attributed to the509

assumptions that energetic electron injections are concentrated in the regions undergoing510

dipolarization, and that these regions expand from a central meridian. Such features511

have been recognised for some time (eg Nagai [1982]; Lopez et al. [1989]), but are often512
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neglected in other models. For example, while the injection region of Liang et al. [2007]513

expands over time, it is a single, azimuthally-uniform region.514

6. Conclusion

We have constructed a model of substorm injection that, when combined with onset515

timing provided by the SuperMAG substorm database, is capable of reproducing ground516

based observations of medium energy electron precipitation at energies from 20 keV to517

300 keV. During a period in April/May 2007, 61 substorm injections are modelled, and518

the number of energetic electrons injected during each substorm is estimated. The mean519

is found to be 1.15×1028, in agreement with previous estimates by Atkinson [1972, 1984].520

The four distinct categories of riometer spike events, as well as dispersed precipitation521

signatures, emerge in the model results. The results indicate that each type of spike522

event are observations of the same phenomena, made at different locations relative to the523

central meridian. These locations appear to be consistent with the statistical observations524

of Aminaei et al. [2006], although there is some uncertainty due to the variation of the525

central meridian location from one substorm to the next.526

To investigate the contribution of substorm precipitation to changes in climate, the527

model may be used as an input to atmospheric chemistry and climate models, such as the528

Sodankylä Ion Chemistry model (SIC) [Turunen et al., 1996], or the Whole Atmosphere529

Community Climate Model (WACCM), see eg Garcia et al. [2007]. In this case, onset530

timing could be taken from, for example, the Minimal Substorm Model [Freeman and531

Morley , 2004] for a range of possible future solar wind parameters.532

It is well known that energetic particle precipitation causes significant changes in atmo-533

spheric chemistry, not just at ionospheric altitudes, but as low as the stratosphere, where534

D R A F T February 11, 2015, 12:23pm D R A F T



BEHARRELL ET AL.: SUBSTORM PRECIPITATION MORPHOLOGY X - 29

up to 40% of the NOx in the polar region can be attributed to the descent of NOx pro-535

duced at high altitudes by particle precipitation. Results from WACCM underestimate536

this contribution to stratospheric NOx by around a factor of 2 [Fang et al., 2008]. Cur-537

rently, the medium-energy electron precipitation used in the WACCM model are averaged538

patterns from Codrescu et al. [1997]. These are based on MEPED data, with a different539

pattern for each of several levels of geomagnetic activity. Averaging of the data in this way540

is likely to smooth over the small scale (temporal and spatial) variations in precipitation541

following a substorm injection. Incorporating the electron precipitation values from the542

substorm model could improve the accuracy of the WACCM NOx simulations.543
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Figure 1. The substorm current wedge and injection process, after Kennel [1995].
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Figure 2. Parameters for a typical substorm: a) fφ, the azimuthal location of the injection

as a function of time; b) fL, the injection flux as a function of L-shell; c) fE, the dispersionless

injection spectrum; d) ft, the injection flux as a function of time; and e) τ , the mean lifetime of

injected electrons as a function of energy, at L = 6.
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a. b. c.

d. e. f.

Figure 3. Ionospheric absorption at various elapsed times since the onset of a typical substorm,

as a function of magnetic latitude (λ), and magnetic azimuth angle (φ). Magnetic midnight is

at φ = 0◦. The absorption is calculated for 38.2 MHz radio-waves, with contours evenly spaced

at multiples of 0.3 dB.
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a.

b.

Figure 4. Comparison of IRIS riometer data with the model, for a 5 day period in 2007.

Model parameters are those of a typical substorm injection for each of the 61 SuperMAG detected

substorms. Top: Model energetic electron precipitation at IRIS, integrated in energy. Blue lines

indicate substorm onset times. Bottom: Comparison of IRIS wide-beam riometer absorption

with the corresponding model absorption.

D R A F T February 11, 2015, 12:23pm D R A F T



X - 44 BEHARRELL ET AL.: SUBSTORM PRECIPITATION MORPHOLOGY

Figure 5. Comparison of IRIS riometer data with the model, for a 5 day period in 2007. Model

parameters are those of a typical substorm injection, except for the total number of electrons

injected during each substorm, NT , which is allowed to vary from one substorm to the next. The

values of NT are fitted so that the model best fits the IRIS data. The vertical blue lines indicate

the SuperMAG detected onset time of each substorm, and those in the panel f show the fitted

values of NT for each substorm.
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Figure 6. The modelled ionosphere along the path of the NRK to SGO subionospheric VLF

signal. a) The height of the ionosphere along the path (the y-axis is the distance from the

transmitter to the VLF receiver along the great circle path). b) The steepness of the ionosphere

along the VLF signal path. c) The mean model ionospheric height along the path (solid line), and

the range of heights along the path (shaded region). The dashed vertical lines indicate the five

times when the mean ionospheric height along the path changes most rapidly. d) The measured

VLF amplitude (red) and phase (black) at the SGO receiver.
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Figure 7. Spike events observed in the model absorption. a) type A, a spike embedded in

drifting electrons; b) type B, a spike preceding drifting electrons; c) type C, a solitary spike; d)

type D, a spike with sharp rise time, and slow fall time. Panel e) shows the model absorption on

the day-side from the precipitation of dispersed drifting electrons.
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