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Abstract

This paper examines the rapid losses and acceleration of trapped relativistic and ultrarelativistic electron populations in the

Van Allen radiation belt during the September 7-9, 2017, geomagnetic storm. By analyzing the dynamics of the last closed

drift shell (LCDS) and the electron flux and phase space density (PSD), we show that the electron dropouts are consistent with

magnetopause shadowing and outward radial diffusion to the compressed LCDS. During the recovery phase, an in-bound pass of

Van Allen Probe A shows an apparent local peak in PSD. However, a fortuitous timing of a crossing of the two Van Allen Probes

reveals instead how the apparent PSD peak arises from aliasing monotonic PSD profiles which are rapidly increasing due to

acceleration from very fast inwards radial diffusion. In the absence of such multi-satellite conjunctions during fast acceleration

events, the source might otherwise be attributed to local acceleration processes.
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Key Points:6

• GPS electron flux data reveal fast magnetopause shadowing radiation belt losses7

during the September 2017 geomagnetic storm8

• A single subsequent apparent local peak in electron phase space density is observed9

during storm recovery, suggestive of local acceleration10

• Fortuitous timing and L-shell coverage from the two Van Allen Probes instead re-11

veals the source as very fast inward radial diffusion12
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Abstract13

This paper examines the rapid losses and acceleration of trapped relativistic and ultra-14

relativistic electron populations in the Van Allen radiation belt during the September15

7-9, 2017, geomagnetic storm. By analyzing the dynamics of the last closed drift shell16

(LCDS) and the electron flux and phase space density (PSD), we show that the electron17

dropouts are consistent with magnetopause shadowing and outward radial diffusion to18

the compressed LCDS. During the recovery phase, an in-bound pass of Van Allen Probe19

A shows an apparent local peak in PSD. However, a fortuitous timing of a crossing of20

the two Van Allen Probes reveals instead how the apparent PSD peak arises from alias-21

ing monotonic PSD profiles which are rapidly increasing due to acceleration from very22

fast inwards radial diffusion. In the absence of such multi-satellite conjunctions during23

fast acceleration events, the source might otherwise be attributed to local acceleration24

processes.25

Plain Language Summary26

This paper presents a thorough analysis of terrestrially trapped electron space ra-27

diation during the September 2017 geomagnetic storm. By analyzing the measurements28

of the trapped electron population, we show that the predominant loss of the relativis-29

tic and ultra-relativistic electrons depleted from the radiation belt at the beginning of30

the storm arises from outwards loss into the solar wind and not downwards loss into the31

atmosphere. We also reveal for the first time that the signatures of the acceleration pro-32

cesses which refill the belts after such losses can occur on much faster timescales than33

previously thought. Moreover, signatures attributed to the actions of high-frequency plasma34

waves, are actually caused by a different physical phenomenon known as radial diffusion.35

The new knowledge of the very fast rate of change of the amount of electron space ra-36

diation points to an urgent need to evaluate the processes which control belt dynamics.37

As we show here, this can be faster than the orbital period of monitoring satellites. Over-38

all, we show how the limited satellite spatio-temporal coverage may mask and confuse39

the signatures of the physical processes responsible.40

1 Introduction41

Since the discovery of the terrestrially trapped electron radiation in the Van Allen42

radiation belts (Van Allen & Frank, 1959), understanding the processes which govern43
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belt dynamics has remained an active area of research (see e.g., the review by Millan &44

Thorne, 2007, and references therein). A lot of attention has been dedicated to exam-45

ining the underlying physics of the plasma wave-particle interactions inside the Earth’s46

magnetosphere in pursuit of developing accurate simulation models and potentially pre-47

dicting Van Allen belt behavior (e.g., Shprits, Elkington, et al., 2008; Shprits, Subbotin,48

et al., 2008). The processes that cause particle loss and acceleration are those which at-49

tract the most attention since in combination they can cause the radiation belt to change50

drastically on drastically different timescales, ranging from minutes to days and years51

(e.g., Mauk et al., 2012). The NASA Van Allen Probes mission has collected radiation52

belt data with unrivaled quality and resolution over its seven years of continuous oper-53

ation. This mission allowed for the most detailed and complete assessment of radiation54

belt dynamics to date, and has resulted in multiple ground-breaking discoveries (Reeves55

et al., 2013; Mann et al., 2013; Baker et al., 2014; Mann et al., 2016; Li et al., 2019, to56

list a few). However, assessing radiation belt dynamics on timescales shorter than the57

orbital period of the Van Allen Probes is challenging due to the lack of high spatio-temporal58

coverage of a rapidly evolving belt even with the twin Van Allen belt spacecraft.59

In this paper, we analyze a geomagnetic storm that occurred on September 7-9, 2017,60

and was characterized by an extremely fast radiation belt dropout, following by a very61

fast and intense recovery ultimately associated with energization up to ∼10 MeV ener-62

gies. In addition to explaining the radiation belt dynamics during this event, we show63

how utilizing the data from a single satellite mission, i.e, illustrated here using data from64

a single Van Van Allen Probe, can cause misinterpretation of the data during events with65

fast changes on sub-orbital timescales. Using a fortuitous spatial and temporal conjunc-66

tion between the two Van Allen Probe spacecraft during a period of very fast acceler-67

ation, we are able to show here how an apparent local peak in electron phase space den-68

sity (PSD) observed along the orbit of a single satellite is instead explained by the evo-69

lution of a monotonic PSD profile generated by fast inwards radial diffusion.70

2 Overview of the September 2017 storm71

The overview of the September 2017 storm shown in Figure 1 demonstrates that72

it was a relatively intense geomagnetic storm. It was associated with two periods of de-73

creasing Dst, reaching -142 nT and then -124 nT separated by around 12 hours (cf. Fig-74

ure 1 1(d)). Figure 1(a-c) show solar wind speed, interplanetary magnetic field (IMF),75

–3–



manuscript submitted to Geophysical Research Letters

and solar wind dynamic pressure throughout the storm. These plots reveal that the ge-76

omagnetic storm started on September 7, 2017, at around 00 UT with an intense increase77

in the solar wind speed and dynamic pressure and with the southward component of the78

IMF reaching a minimum of around -10 nT over the next several hours. At around 22 UT79

on September 7, the IMF turned very strongly southward, reaching the value of -31 nT80

by 24 UT. This period of strongly southward IMF is also associated with a secondary81

increase in solar wind speed and dynamic pressure. Finally, at around 12 UT on Septem-82

ber 8, there is a secondary decrease in IMF Bz but no substantial changes in other so-83

lar wind parameters. Figure 1(d) shows the resulting Dst and Kp geomagnetic indices,84

that are consistent with the characteristics of the driving solar wind, marking the be-85

ginning of the storm with an increase in Dst on September 7, and with two subsequent86

geomagnetically active periods on September 8. Figure 1(e) shows the location of the87

last closed drift shell (LCDS), representative of the interaction of the LCDS with the mag-88

netopause (cf., Olifer et al., 2018). The LCDS dynamics are relatively complex during89

this event, however, the most significant compressions of the LCDS occurred during the90

two IMF Bz < 0 periods on September 8, reaching L* values as low as 3.9 and 4.3, re-91

spectively.92

Figure 2 shows the Van Allen radiation belt response during the September 201793

event. In this study, we analyze radiation belt electron flux measurements from the Com-94

bined Xray Dosimeter (Morley et al., 2017, and references therein) on-board 21 Global95

Positioning System (GPS) satellites (Figure 2(a)), as well as from the Relativistic Elec-96

tron Proton Telescope (REPT) instrument (Baker et al., 2012) on board of the two Van97

Allen Probes (Figure 2(b)). Both datasets show similar storm-time behavior of the trapped98

radiation, data from the constellation of GPS satellites revealing the electron dynam-99

ics with much higher spatio-temporal resolution than the Van Allen Probes (e.g., Olifer100

et al., 2018, and references therein). Figure 2(a) shows that the beginning of the storm101

on September 7 is followed by moderate loss at high L*, and confinement of the radi-102

ation belt to L*<5.5. Figure 2(b) shows evidence that the lower L* in the heart of the103

radiation belt are being depleted to some degree at this time as well. The strong com-104

pression of the LCDS at around 0 UT on September 8 is associated with rapid and in-105

tense losses at L* above the LCDS as revealed in the GPS data, and which are obvious106

in two subsequent passes of the Van Allen Probes data around that time. The recovery107

and the replenishment of the belt starts immediately after the loss at ∼3 UT on the same108
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Figure 1. An overview of the September 7-9, 2017 geomagnetic storm. (a) solar wind speed,

(b) Bz component of the interplanetary magnetic field, (c) solar wind dynamic pressure. Panels

(a-c) show 5-min resolution solar wind data in black and 1-hr resolution data in green. High-

resolution solar wind data is absent for the majority of September 9. (d) Dst index as a line

plot and Kp index as a histogram (secondary y-axis). (e) Location of the last closed drift shell

(LCDS) in L* calculated for three different second adiabatic invariants, K shown in different

colours defined in the legend using Tsyganenko and Sitnov (2005) geomagnetic model and the

LANLGeoMag library (Henderson et al., 2017).
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Figure 2. Radiation belt response during the September 7-9, 2017 geomagnetic storm. (a)

3 MeV electron flux measured by the constellation of Global Positioning System (GPS) satellites

(Morley et al., 2017) as a function of time and L*, overplotted with the last closed drift shell

(LCDS) location in black. (b) 90◦ pitch angle 2.6 MeV electron flux measured by the Van Allen

Probes (Baker et al., 2012) overplotted with the LCDS location. The Tsyganenko and Sitnov

(2005) geomagnetic field model and LANLGeoMag library (Henderson et al., 2017) are used for

calculation of the LCDS location and the L* values for the satellites.

day. However, it is interrupted by a second geomagnetically active period that causes109

some of the newly recovered electron population at L* around 4-5 to be lost. The recov-110

ery process continues uninterrupted until the radiation belt fluxes increase by an order111

of magnitude over the pre-storm levels.112

3 Detailed analysis of radiation belt loss and recovery113

To reveal the non-adiabatic effects of wave-particle interactions on the radiation114

belt electrons we analyze electron phase space density (PSD) over the course of the storm.115

The electron PSD is calculated using the algorithm (e.g., Morley et al., 2013) for con-116
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version between electron flux measurements and an estimate of electron PSD. The cal-117

culations were performed using the Tsyganenko and Sitnov (2005) magnetic field model,118

utilizing electron flux data from the combination of Magnetic Electron Ion Spectrom-119

eter (MagEIS) (Blake et al., 2013) and Relativistic Electron Proton Telescope (REPT)120

(Baker et al., 2012) particle detectors. Such an approach provides access to a wide en-121

ergy range of electron flux measurements from ∼100 keV to ∼10 MeV and enabling the122

analysis of a wide range of first and second adiabatic invariants even at high L-shells.123

In addition, we used the magnetic field measurements from the Electric and Magnetic124

Field Instrument Suite and Integrated Science (EMFISIS) suite (Kletzing et al., 2013)125

to validate the Tsyganenko and Sitnov (2005) model used in the calculation of PSD and126

to calculate the first adiabatic invariant. To obtain the electron PSD as a function of the127

first adiabatic invariant, µ, we perform fitting of the measured electron energy spectrum128

by a kappa-distribution (Mauk & Fox, 2010), meanwhile, the dependence on the second129

adiabatic invariant, K, is obtained by linearly interpolating the observed pitch angle dis-130

tributions to obtain the resolution required. Figure 3 shows the resulting electron PSD131

during the loss phase in panels (a, b) and the recovery phase in panels (c, d) for both132

Van Allen Probes A and B. Here, for the purposes of the detailed analysis which follows,133

we separate between the periods of dominant loss and recovery at 2:30 UT on Septem-134

ber 8, 2017. This is the time when the GPS electron flux data is starting to show signs135

of recovery in the ultrarelativistic (>2 MeV) energy channels around L* of 3.5.136

3.1 Loss period137

Figure 3 (panels a, b) show the PSD profiles as a function of L* observed during138

the in- and out-bound passes of the Van Allen Probes during the loss phase of the Septem-139

ber 2017 geomagnetic storm. As shown earlier in terms of flux, there are two clear pe-140

riods of strong and fast loss. The first period starts at ∼6 UT on September 7, 2017, dur-141

ing an initial compression of the LCDS. The electron PSD on both probes shows signs142

of loss. Significantly, there are signs of an outward PSD gradient developing at that time.143

The loss is more pronounced on high L, at L*>5, where the PSD drops by more than144

an order of magnitude from the pre-storm levels. Meanwhile, in the heart of the radi-145

ation belt at L*≈4.5 the radiation belt appears to be only depleted by a factor of around146

2. This loss period is followed by a relatively stable period where the radiation belt mor-147

phology remains approximately constant, with little overall depletion or recovery, un-148

–7–



manuscript submitted to Geophysical Research Letters

3.0 3.5 4.0 4.5 5.0 5.5
L*

10 12

10 11

10 10

10 9

10 8

10 7

10 6

10 5

Lo
ss

 p
ha

se
 e

le
ct

ro
n 

PS
D

=1
46

6 
M

eV
/G

, K
=0

.1
0 

R E
G

1/
2

(a)
Van Allen Probe A

22:03-02:32 UT, Sep 06
02:32-07:00 UT, Sep 07
07:00-11:29 UT, Sep 07
11:29-15:57 UT, Sep 07
15:57-20:26 UT, Sep 07
20:26-00:55 UT, Sep 07
00:55-05:23 UT, Sep 08

3.0 3.5 4.0 4.5 5.0 5.5
L*

(b)
Van Allen Probe B

23:14-03:45 UT, Sep 06
03:45-08:17 UT, Sep 07
08:17-12:48 UT, Sep 07
12:48-17:20 UT, Sep 07
17:20-21:52 UT, Sep 07
21:52-02:23 UT, Sep 07

3.0 3.5 4.0 4.5 5.0 5.5
L*

10 12

10 11

10 10

10 9

10 8

10 7

10 6

10 5

Re
co

ve
ry

 p
ha

se
 e

le
ct

ro
n 

PS
D

=1
46

6 
M

eV
/G

, K
=0

.1
0 

R E
G

1/
2

(c)
Van Allen Probe A

05:23-09:52 UT, Sep 08
09:52-14:20 UT, Sep 08
14:20-18:49 UT, Sep 08
18:49-23:17 UT, Sep 08
23:17-03:46 UT, Sep 08
03:46-08:14 UT, Sep 09
08:14-12:43 UT, Sep 09

3.0 3.5 4.0 4.5 5.0 5.5
L*

(d)
Van Allen Probe B

02:23-06:55 UT, Sep 08
06:55-11:26 UT, Sep 08
11:26-15:58 UT, Sep 08
15:58-20:29 UT, Sep 08
20:29-01:01 UT, Sep 08
01:01-05:33 UT, Sep 09
05:33-10:04 UT, Sep 09
10:04-14:36 UT, Sep 09

Figure 3. Electron phase space density (PSD) in units of c3cm−3MeV−3 during the Septem-

ber 7-9, 2017 geomagnetic storm. The data is shown as a function of L*, for fixed first and

second adiabatic invariants µ=1466 MeV/G and K=0.10 REG
1/2. PSD during the loss phase for

Van Allen Probe A (panel a) and B (panel b). Different colors represent different inbound and

outbound passes of the probes. PSD during the recovery phase for the Van Allen Probe A (panel

c) and B (panel d). See text for details.
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til 0 UT on September 8, 2017. At that time, the LCDS is rapidly compressed into the149

heart of the radiation belt, reaching L*=3.9. This immediately depletes the electrons150

at higher L-shells and results in a further very rapid loss, which reaches L* of around151

3.5, and which further depletes the PSD at L* of around 4.5 by 2-3 orders of magnitude.152

Notably, the outbound pass of the Van Allen Probe B at 21:52-02:23 UT on September153

7-8 (brown color in Figure 3b) shows that a steep outward gradient has developed along154

the depleted flux tubes above L*=3.8. The subsequent pass of Van Allen Probe A at 00:55-155

05:23 UT on September 8 shows how this gradient is flattened by depletion of the PSD156

between L* of 3.5 and 4.0. Such behavior of the radiation belt is consistent with losses157

caused by magnetopause shadowing and enhanced by outward radial diffusion. The tim-158

ing of the losses, and the PSD profiles observed by Van Allen Probes A and B, occur at159

the time of the inwards motion of the LCDS, with the outwards PSD gradients further160

supportive of outwards radial diffusion inside the LCDS (e.g., Shprits, Elkington, et al.,161

2008; Mann et al., 2016; Ozeke et al., 2020).162

The loss on September 8, 2017, is so intense that it depletes the radiation belt over163

the course of a single Van Allen Probe orbit. By contrast, however, the accompanying164

spatio-temporal dynamics are resolved in the combined data from the GPS satellite con-165

stellation (cf. Figure 2a). Overall, the large scale morphology of the radiation belts fol-166

lows the dynamics of the LCDS. In this way, the results presented here are very simi-167

lar to those reported by Olifer et al. (2018). Olifer et al. assessed the belt dynamics dur-168

ing 4 geomagnetic storms and demonstrated that the very fast and intense losses were169

associated very closely with the dynamics of the LCDS. Consistent with the conclusions170

of Olifer et al. (2018), the dynamics of the fast loss processes reported here also appear171

to be controlled by the dynamics of the envelope of the L* of the LCDS and related mag-172

netopause shadowing. Due to the speed of the loss processes which are operating, the173

results presented here again demonstrate the value and utility of using data from the con-174

stellation of GPS satellites to monitor and diagnose the resulting impacts on the belts.175

3.2 Recovery and Acceleration Period176

We now turn to examine the belt dynamics during the period of belt recovery and177

dominant acceleration starting around 02:30 UT on September 9, 2017. Unlike the dy-178

namics resolved during the loss interval, the PSD data from the two Van Allen Probes179

(Figure 3, panels c and d) shows rather different behavior along the world-lines of the180

–9–
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in- and out-bound satellite orbits during this period of dominant acceleration. As we de-181

scribe in detail below, the different profiles observed by Van Allen Probes A and B demon-182

strate that the belt morphology is changing very rapidly on the timescale of the satel-183

lite traversal through the outer belt. Moreover, a fortuitous conjunction in L* and time184

provides the opportunity to resolve the spatio-temporal ambiguity thereby revealing im-185

portant information about the active acceleration processes. The local peak in PSD seen186

by Probe B is confined to the L* range between 3 and 4.25 and such features and belt187

morphology are usually considered to be suggestive of the signature of local acceleration188

processes, for example, connected to acceleration by VLF chorus waves. However, the189

observation of a narrow peak in L* by one probe at the same time as the other probe190

reveals the increase of PSD at the outer boundary raises a question about the dominant191

acceleration processes which are active at this time. In particular, in the analysis pre-192

sented below, we show how this apparent local peak in PSD can be explained by inward193

radial transport acting on timescales shorter than the orbital period of Van Allen Probes,194

therefore creating a spatio-temporal ambiguity in the PSD data as a function of L* and195

time.196

Indeed, when combined, the PSD data from Van Allen Probes A and B during the197

most intense period of the enhancement phase (10-16 UT on September 8) reveal that198

the overall belt evolution is characterized by rapidly evolving inwards radial gradients,199

apparently driven by an external source. Figure 4 shows combined PSD data from both200

probes during the interval of close conjunction in L*, at fixed first and second adiabatic201

invariants, µ and K. In each panel, data from the out-bound Probe A and the in-bound202

Probe B are shown in orange and pink, respectively. Data from passes immediately be-203

fore and after the fast acceleration are shown as grey dots. The near-simultaneous elec-204

tron population measurements allows a calculation of the direction of the PSD gradients205

during the enhancement phase, almost contemporaneously, provided that both probes206

are located inside the radiation belt with different values of L*. These gradients are shown207

with three straight lines connecting data from the two Van Allen Probes at the same time,208

revealing the local direction of the PSD gradient at those times. Note that the profiles209

are only shown for the period from 13:00 UT until 13:20 UT, as at other times one of210

the probes is close to the magnetopause and the Tsyganenko and Sitnov (2005) magnetic211

field model fails to recreate the observed magnetic field at the satellite location, there-212

fore preventing accurate analysis of the PSD as a function of L* at fixed K. Refer to the213

–10–
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supplementary material for the comparison of the magnetic field measurements from the214

Van Allen Probes and estimating the location of the magnetopause using the THEMIS215

(Angelopoulos, 2008) satellites. Nonetheless, the analysis of the PSD dynamics is clear216

– there is an abrupt and very fast acceleration of the electrons with the instantaneous217

PSD gradients, and the PSD dynamics both inside and outside the probe conjunction218

region at L*∼3.75, indicative of acceleration which occurred as a result of fast inwards219

transport. In the next section, we use a ULF wave radial diffusion model to demonstrate220

clearly that inward ULF wave transport caused the rapid acceleration observed in the221

belt.222

4 Recreating a local peak in electron PSD by inward radial diffusion223

On account of the observed instantaneous inward PSD gradients, it is interesting224

to evaluate the ability of the radial diffusion to recreate the local peak in electron PSD225

observed in the Van Allen Probe B data. We perform a radial diffusion simulation us-226

ing initial conditions from the observed pre-acceleration Van Allen probe flux (e.g., lower227

grey PSD profile in Figure 4), using radial diffusion coefficients from the Ozeke et al. (2014)228

Kp parametrization. The boundary conditions are shown in Supplementary Figure S4229

and represent a short loss period, observed by Van Allen Probe B from 11:30 UT un-230

til 12:00 UT, which coincides with the inward motion of the LCDS, followed by a sharp231

assumed enhancement of the outer boundary electron population which acts as a source232

population for the subsequent inwards radial diffusion. Figure 5 shows the instantaneous233

PSD PSD profiles as a function of L*, obtained from the radial diffusion simulation, as234

well as a PSD profile observed by a virtual spacecraft within the simulation domain and235

which is representative of Van Allen Probe B accounting for its orbital dynamics dur-236

ing the inbound pass. Note that that similar behavior is observed for electrons with dif-237

ferent µ (cf. Figure 4), thus the simulation results in Figure 5 are representative of the238

relativistic electron population overall.239

Figure 5 shows the overall temporal evolution of the electron PSD L* profile in-240

side the Van Allen radiation belt over the course of the event. PSD profiles during the241

short loss phase (11:30-12:00 UT) at the beginning of the Van Allen Probe B pass are242

shown in green-to-blue colors. This time coincides with the time of increased geomag-243

netic activity and a short compression of the LCDS (c.f., Figure 1). Figure 4 reveals the244

loss and a decreasing PSD as Probe B moves inbound from apogee. The same rapid drop245
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scatter plots. Instantaneous local PSD gradients are assessed using data from close to the orbital

crossing point in L* using 20 minutes of data from 13:00 to 13:20 UT, with the instantaneous

data from the two probes being connected by short solid lines. (Panels b,c and d) PSD profiles

as a function of L* for three different µ values and fixed K=0.04 REG
0.5, in the region of the

narrow L* crossing regions between L*=3.8 and L*=4.4, shown in the same format as panel (a).
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Figure 5. Electron phase space density (PSD) profiles as a function of L* obtained from the

radial diffusion simulation of the acceleration phase during September 8, 2017, with measure-

ments from the inbound pass of a virtual Probe B through the simulation shown in solid circles.

The instantaneous PSD profiles across the full L* range derived from the radial diffusion model

are shown in two sets of colors: green-to-blue during the short loss phase and yellow-to-purple

during the acceleration phase. The solid colored dots with connected black lines represents a

recreation of the Van Allen Probe B data during an inbound pass of a virtual satellite, after

tracing the temporal L* trajectory of the satellite. This simulation shows how fast inward radial

diffusion can can create apparent local peaks in PSD in the frame of the satellite, especially when

the belt is evolving on timescales faster than the orbital period of the satellite.
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in PSD is recreated in Figure 5, showing that the inward PSD gradient at L*>4.25, re-246

vealed by Van Allen Probe B, is consistent with outward radial diffusion and magnetopause247

shadowing. This short loss phase is followed by an intense and rapid acceleration (post248

12:00 UT). Figure 5 shows the radial PSD profiles during this time in yellow-to-orange-249

to-purple colors. While the PSD gradients for instantaneous L* profiles remain directed250

inward, the orbital movement of Probe B causes it to observe an apparent local L* peak251

while the satellite continues its inbound pass and observes levels of PSD which are still252

increasing. The key point here is that when the belts are evolving under the action of253

fast acceleration processes, the observation of a local L* peak in PSD should not nec-254

essarily be automatically associated with a local acceleration process. Indeed, in the ex-255

ample presented here a fortuitous temporal and L* conjunction between Van Allen Probes256

A and B reveals that the local L* peak in PSD is instead generated by the inward mo-257

tion of the satellite through rising but monotonic PSD L* profiles as a result of fast in-258

ward radial diffusion. Notably and as discussed by Mann and Ozeke (2016) (see also Mann259

et al., 2016), ULF wave radial diffusion can be responsible for the inward radial trans-260

port of Van Allen belt elections from a source population at the outer edge into the heart261

of the belt on timescales much faster than is often thought. As we show here, this can262

occur on sufficiently short timescales that it complicates the analysis of PSD profiles ob-263

served along the world-line of single satellites in geosynchronous transfer orbits.264

5 Conclusions265

Overall, our findings when analyzing the loss and acceleration of Van Allen radi-266

ation belt electrons during the intense geomagnetic storm on September 7-9, 2017 can267

be summarized by the following points:268

1. The fast loss of relativistic and ultra-relativistic electron populations is observed269

during the September 2017 storm in electron flux data measurements from the con-270

stellation of 21 GPS satellites and from the dual spacecraft of the NASA Van Allen271

Probes mission. Analysis of the electron phase space density (PSD) and high tem-272

poral resolution dynamics of the last closed drift shell (LCDS) demonstrates that273

the observed fast losses can be explained by magnetopause shadowing losses en-274

hanced by outward radial diffusion.275

2. An apparent local L* peak in PSD is observed during the subsequent in-bound276

pass of Van Allen Probe B during the storm acceleration phase. However, an out-277
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bound pass of Van Allen Probe A, at the same time and in conjunction with Probe278

B, observed a totally different PSD profile as a function of L* being characterized279

by an inward gradient. A combination of the Van Allen Probes A and B PSD data280

reveals instantaneous PSD profiles with inward gradients, suggestive of the action281

of fast inward radial diffusion.282

3. A radial diffusion simulation of the acceleration phase during the September 2017283

storm shows that the local peak in PSD, observed in the Van Allen Probe B data,284

is an artifact of the spatio-temporal evolution of the radiation belt, combined with285

a relatively long orbital period of the satellite. In general, the result reported here286

highlights the importance of multi-point measurements for resolving the spatio-287

temporal ambiguities in fast belt dynamics. Indeed, and as shown here, an appar-288

ent local peak in PSD as a function of L* can be created along an in-bound or-289

bit even during periods of dominant inwards radial diffusion.290

4. In general, our study shows that the observation of a single local peak in PSD can-291

not be used to definitively identify that local acceleration was the cause of the ob-292

served radiation belt enhancement, especially during periods of very fast dynam-293

ics. Instead, it can be the product of the inward radial diffusion and the analy-294

sis of periods of fast belt dynamics should be handled with care. Overall, and in295

the absence of other indicators, observations of local peaks in PSD as a function296

of L* in single satellite data should not in and of themselves be used to infer the297

action of local acceleration processes. Careful analysis of ideally multi-point data,298

together with appropriate modeling, are in our view required when seeking to defini-299

tively identify the causative physical processes operating during fast radiation belt300

enhancements.301
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Text S1. This supplementary information provides an overview of the magnetic field mea-

surement data from NASA Van Allen Probes mission in comparison with the Tsyganenko

and Sitnov (2005) magnetic field model. This comparison is crucial for evaluating the

validity of the conversion from the measured electron flux (as a function of the loca-

tion, energy, and pitch angle) to electron phase space density (PSD) as a function of the

three adiabatic invariants µ, K, and L*. We also use data from the THEMIS-D satel-

lite (Angelopoulos, 2008) to determine the location of the magnetopause from particle

detector data and hence further validate the importance of magnetopause shadowing for
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radiation belt loss and the significance of the location of the last closed drift shell (LCDS)

for the storm-time radiation belt dynamics during storm recovery phase.

Figure 4 of the main paper shows the two measured PSD profiles as a function of L* for

fixed µ and K observed by Van Allen Probes A and B. It also shows the instantaneous PSD

gradients inferred from the satellite data at different L* at the same time. These gradients

are shown for the period from 13:00 UT until 13:20 UT on September 8, 2017. During this

time, the measured magnetic field is in good (<10% difference in magnitude) agreement

with the Tsyganenko and Sitnov (2005) magnetic field model and the Van Allen Probes are

sufficiently apart to infer the PSD gradients. However, outside of the aforementioned time

slot, the Van Allen Probes are close to the magnetopause and boundary layer currents,

which causes a disagreement with the magnetic field model. Figures S1 and S2 provide

an overview of the magnetic fields observed by the satellites around that time. Hence,

only the instantaneous gradients are only shown for the valid time period from 13:00 UT

until 13:20 UT.

Figure S1 shows three components of the magnetic field in the GSM coordinate system

measured by the Van Allen Probe A during its outbound pass. Figure S1 also shows the

absolute value of the measured magnetic field vector as well as that from the Tsyganenko

and Sitnov (2005) magnetic field model. Note that the measured magnetic field is in

good agreement with the one from the model until 13:40 UT on September 8. However,

the PSD data for Probe A at the value of second adiabatic invariant K =0.04 REG
0.5

assessed in this study exists only until 13:20 UT, because at later times the particles with

K =0.04 REG
0.5 mirror below the satellite.
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Similarly, Figure S2 shows the measured and modeled magnetic field for Van Allen

Probe B during its inbound pass. As the satellite moves inwards, it leaves the boundary

Chapman-Ferraro layer at 12:45 UT, which is evident by the decrease in the absolute

value of the magnetic field. At 12:45 UT the L* values of both Van Allen Probes are the

same (difference in L* is <0.1), therefore it is hard to infer the directionality of the PSD

gradients until the time past their crossing in L* crossing, i.e., only after 13:00 UT.

To verify that the Van Allen Probes are indeed close to the magnetopause at the as-

sessed times, we show a summary of THEMIS-D satellite measurements in Figure S3.

THEMIS-D crosses the magnetopause around 13:00 UT on September 8, 2017, which is

evident in the magnetic field and the particle flux data from the satellite. Interestingly,

this is the time of rapid last closed drift shell (LCDS) compression (cf. Figure 1 of the main

paper). At the time of the magnetopause crossing by the THEMIS-D satellite at around

13:00 UT, which is also the time of the Van Allen Probe conjunction, its L* location is

4.3 (according to Tsyganenko & Sitnov, 2005, magnetic field model for K =0.04 REG
0.5).

This suggests that the magnetic field model underestimates the extent of the rapid mag-

netopause compression and is not capable to invalidate the PSD data at that time. Such

observations further strengthen the selected timeslot of 13:00-13:20 used in the analysis

of the PSD gradients in the main paper.
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Figure S1. Van Allen Probe A model and measured magnetic field data during the acceleration

phase from 12 UT until 14 UT on September 8, 2017. Measured components of the magnetic

field in the GSM coordinate system are shown in blue, orange, and green colors. The red color

corresponds to the absolute value of the measured magnetic field vector and is used in the

calculation of the first adiabatic invariant µ. The absolute value of the modeled magnetic field

vector (Tsyganenko & Sitnov, 2005) is shown in purple. A comparison between the measured and

modeled data provides a reliable assessment of the model data quality and is used to distinguish

where the quantitative analysis of PSD is valid.
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Figure S2. Van Allen Probe B model and measured magnetic field data in the same format

as Figure S1.
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Figure S3. A summary plot of THEMIS-D magnetic field and particle measurements. From top

to bottom, the panels show magnetic field components in the GSE coordinate system, ion plasma

flow velocity in the GSE coordinate system, and ion energy flux from the electrostatic analyzer

(ESA), solid-state telescope (SST) electron energy flux, ESA electron energy flux. THEMIS-D

briefly crosses the magnetopause at 12:57 UT, which corresponds to a sharp decrease in Bz com-

ponent of the magnetic field, an increase in the ion drift velocity measurement of the warm sheath

plasma populations, and a rapid drop in the electron measurements above 10 keV. THEMIS-D

then enters the boundary layer, before crossing into the clean magnetosheath around 13:40 UT.

December 21, 2020, 10:36am



X - 8 :

Figure S4. Outer boundary conditions used in the radial diffusion simulation. The figure

represents a short loss period, observed by Van Allen Probe B from 11:30 UT until 12:00 UT,

which coincides with the inward motion of the last closed drift shell (LCDS), followed by a

sharp assumed enhancement of the outer boundary electron population which acts as a source

for the subsequent inwards radial diffusion. Note that these data were inferred from the observed

electron phase space density data at fixed µ=3000 MeV/G and K=0.04 REG
0.5. However, such

dynamics are representative of the relativistic electron population at other µ and K values as

explained in the main text of the paper.
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