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Abstract19

Forecasting relativistic electron fluxes at geostationary Earth orbit (GEO) has been a20

long term goal of the scientific community, and significant advances have been made in21

the past, but the relation to the interior of the radiation belts, that is, to lower L−shells22

is still not clear. In this work we have identified 60 relativistic electron enhancement events23

at GEO to study the radial response of outer belt fluxes and the correlation between the24

fluxes at GEO and those at lower L−shells. The enhancement events occurred between25

1 October 2012 and 31 December 2017 and were identified using GOES 15 >2 MeV fluxes26

at GEO, which we have used to characterize the radial response of the radiation belt,27

by comparing to fluxes measured by the Van Allen probes ECT-REPT between 2.5 <28

L < 6.0 at E = 2.1 MeV. We have found that in general the response of the radia-29

tion belts during enhancement events is cohesive for L > 5.0, and generally similar for30

L > 4.5. Post enhancement maximum fluxes show a remarkable correlation for all L >31

4.0 although the magnitude of the pre-existing fluxes on the outer belt plays a signifi-32

cant role and makes the ratio of pre-to-post enhancement fluxes less predictable in the33

region 4.0 < L < 4.5. For L < 4 the fluxes are poorly correlated with geostationary34

orbit, but they also tend to be less variable. We have also examined SYM-H, Kp and35

AE indices and found that depending on their magnitude, the response of different parts36

of the outer belt can be better quantified.37
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1 Introduction38

The Earth’s outer radiation belt, located approximately in the region between 3 <39

RE < 7 consists mostly of trapped electrons with energies ranging from few tens of keV40

up to tens of MeV. These electron populations are very dynamic and fluxes are known41

to vary by several orders of magnitude in periods of time ranging from hours to days (e.g.42

X. Li et al., 1999; Millan & Thorne, 2007; Thorne, 2010; Thorne et al., 2013; Jaynes et43

al., 2015). Such extreme responses are known to be associated with changes in the so-44

lar wind (Paulikas & Blake, 1979; Reeves et al., 2011), the phase of the solar cycle (Baker45

et al., 1986) and increased levels of geomagnetic activity (Reeves, 1998). Geomagnetic46

storms have been the centerpiece of the investigation of enhancements of relativistic elec-47

trons as they are known to provide the necessary energy input into the system to set the48

inner magnetosphere in motion. Yet, Reeves et al. (2003) found that only around 50%49

of geomagnetic storms result in enhancement of fluxes at geostationary orbit since loss50

processes are enhanced together with acceleration processes during storm periods. It has51

been shown that geomagnetic storms, defined by a significant drop in the Dst index (Gonzalez52

et al., 1994), are not required to produce enhancement events (Anderson et al., 2015; Schiller53

et al., 2014; Kim et al., 2015; Pinto et al., 2018; Su et al., 2014) since energy transfer mech-54

anisms that are not efficient at driving enhancements in the ring current, and hence the55

Dst index, can still provide the required energy for enhancement of electron fluxes (Borovsky56

& Denton, 2010; Denton & Borovsky, 2012).57

In the past, the bulk of studies focused on enhancement of relativistic electrons at58

geostationary Earth orbit (GEO). Located at RE ∼ 6.6, the geostationary orbit is a59

key location for communication and meteorological satellites, and therefore has provided60

scientific measurements of the outer radiation belt for several decades. Due to its loca-61

tion in the outer part of the radiation belt, dramatic changes can occur in electron fluxes.62

Since relativistic (∼MeV) electrons that get enhanced can cause malfunctions in satel-63

lite equipment (Baker, 2000; G. L. Wrenn et al., 2002; G. Wrenn, 2009), many efforts64

have been made to understand what causes enhancements at GEO (O’Brien et al., 2001;65

Hajra et al., 2015; Kim et al., 2006, 2015; Balikhin et al., 2011; Lyatsky & Khazanov,66

2008; Iles et al., 2002) as well as to accurately forecast their behavior (Baker et al., 1990;67

X. Li et al., 2001; Turner & Li, 2008; Simms et al., 2014, 2016; Boynton et al., 2015).68
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The launch of the Van Allen Probes mission in 2012 provided a unique opportu-69

nity to expand studies of relativistic electron enhancements to the whole extent of the70

outer radiation belt (Mauk et al., 2013). The response of the outer radiation belt to ge-71

omagnetic storms has been studied in detail for relativistic (e.g. Turner et al., 2015) and72

ultrarelativistic (i.e. γ > 10) energies (e.g. Moya et al., 2017; Xiong et al., 2015, 2018;73

Zhao et al., 2019; Katsavrias et al., 2019; Tang et al., 2017; Murphy et al., 2018), and74

their dependence on the solar wind driver of the storms (e.g. Pandya et al., 2019; Bing-75

ham et al., 2018; Yuan & Zong, 2019; W. Li et al., 2015; Shen et al., 2017). Recently,76

Turner et al. (2019) presented an extended overview of the state of the response of the77

electron radiation belt to geomagnetic storms summarizing most of the findings during78

the Van Allen Probes era and showing that storm-time response of the radiation belt is79

qualitatively predictable.80

Several models of different kinds have been developed to forecast the state of the81

outer radiation belt based on the real-time measurements of the Van Allen Probes. How-82

ever, the end of the mission requires the development of forecast methods that rely on83

proxy measurements. Although several attempts have been made with low-orbiting satel-84

lites, in this study we take a different approach and explore the use of geostationary data85

from the GOES satellites as a possible proxy for the state of the outer radiation belt.86

Recently, Baker et al. (2019) has calculated the correlation between daily averaged fluxes87

at geostationary orbit and the Van Allen Probes mission, establishing a baseline statis-88

tics for how often we should expect to be able to use the GEO boundary as a predictor89

for fluxes at lower L-shells. Additionally, Moya et al. (2017) showed that when geomag-90

netic storms result in enhancement of fluxes, there is a relatively coherent response of91

the belt for L > 4.5. In this paper we focus on the relativistic electron enhancement92

events at GEO and determine under which circumstances the correlation to fluxes at lower93

L−shells, and therefore the potential for forecast across the whole outer belt, can be im-94

proved. This paper is presented as follows. Section 2 describes the data utilized and the95

event selection criteria. In section 3 we compare the response of the fluxes from GOES96

and Van Allen Probes for 60 events that occurred between 1 October 2012 and 31 De-97

cember 2017. Section 4 we study the correlation between fluxes at GEO and those at98

different L−shells. In section 5 we study magnetospheric parameters associated with those99

events to estimate to what extent we can use GEO data from GOES satellites to esti-100

mate the fluxes of relativistic electrons across the outer radiation belts and what are the101
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current limitations. Finally, in section 6 we summarize and discuss the findings of this102

study.103

2 Data and Events104

Relativistic electron enhancement (REE) events at GEO are defined as prolonged105

periods of time over which electron fluxes recover from a dropout and exceed a minimum106

threshold, for example, NOAA issues warnings when fGEO > 103 cm−2 sr−1 s−1. Here107

we follow the definition used in Pinto et al. (2018) and Kim et al. (2006) that defines an108

enhancement event as an increase in electron fluxes from less than 102 cm−2 sr−1 s−1
109

to more than 2×103 cm−2 sr−1 s−1 in less than 2 days, and maintains an average daily110

flux larger than 103 cm−2 sr−1 s−1 for at least 3 days. The increase by at least an or-111

der of magnitude in fluxes, as well as the relatively long 3-day interval of elevated fluxes112

attempts to avoid confusion between real increases in flux, and purely adiabatic effects113

which are reversible and recover when Dst recovers (Kim & Chan, 1997). To identify REE114

events we used > 2 MeV electron fluxes obtained from the Geostationary Operational115

Environmental Satellite (GOES) 15 Energetic Proton, Electron and Alpha Detector (EPEAD)116

instrument (Rodriguez et al., 2014), sampled at 5 minute temporal resolution. From 1117

September 2012 to 31 December 2017 we found 60 REE events at GEO. For each event,118

we have determined a time t = 0 as the last time before the general trend of increase119

in fluxes is detected, given that −1 < t < 0 days define the minimum daily average120

flux of the period of study, and that the daily average flux for t > 0 continually increases121

in the next 2-3 days until the enhancement flux threshold has been met. This selection122

of a time t = 0 is different from the more traditionally used time of minimum Dst (or123

SYM-H) (e.g. O’Brien et al., 2001) and reflects the assumption that we do not consider124

geomagnetic storms to be a strict requirement in the search of REE events, but the two125

phenomena are both results of the same driving conditions. Indeed, a geomagnetic storm126

defined by a minimum Dst < −50 nT (Gonzalez et al., 1994) has long been shown to127

be not strictly required for the occurrence of REE events at GEO (Kim et al., 2015; Pinto128

et al., 2018; Hajra et al., 2015; Anderson et al., 2015; Su et al., 2014; Schiller et al., 2014).129

This is explained in part by the fact that a significant number of events are associated130

with a high-speed stream driven Corrotational Interaction Region (CIR), which has been131

shown to be effective at driving REE’s but can be less effective at causing Dst drops (Borovsky132

& Denton, 2006, 2010). A detailed list of the dates of each event with their respective133
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solar wind driver, maximum Kp index and SYM − H minimum values can be found134

in the supporting information.135

To study the response of the outer electron radiation belt as a function of L−shell136

during REEs at GEO, we used data from the Van Allen Probes (Mauk et al., 2013) En-137

ergetic Particle, Composition and Thermal Plasma Suite (Spence et al., 2013) Relativis-138

tic Electron-Proton Telescope (Baker et al., 2013) (ECT-REPT). As we want to com-139

pare between GOES and the Van Allen Probes, we will use the E = 2.1 MeV differ-140

ential energy channel. The data has been processed following a procedure similar to the141

one described in Moya et al. (2017), that is, we have calculated omni-directional fluxes142

by averaging over all pitch angles, and then we have performed a binning to ∆L = 0.1.143

We then combined data from RBSP-A and RBSP-B and performed a new binning in both144

time ∆t = 6 hours and space ∆L = 0.1. This procedure ensures continuous coverage145

over all 2.5 < L < 6.0 but reduces the temporal resolution to 4 points a day. To de-146

termine enhancements in the outer belt during each event, we follow the more traditional147

definition of evaluating whether the maximum fluxes in the time interval 12 < t < 96148

hours (t = 0 is defined by the GOES events) are at least twice the maximum fluxes dur-149

ing the interval −72 < t − 12 hours for every L−shell between 2.5 < L < 6.0 (Reeves150

et al., 2003; Turner et al., 2015; Moya et al., 2017). To avoid spurious results due to os-151

cillations in low fluxes, we also require that the maximum flux after t = 0 for a par-152

ticular L−shell to be larger than the 25 percentile values calculated from the entire Van153

Allen Probes mission (values can be found in the supporting information).154

Figure 1 shows the temporal evolution of two different REE events that occurred161

on 08 October 2012 (left) and 13 May 2015 (right). Both events are associated with large162

geomagnetic storms (SYM-H min ∼ −100 nT), continuously elevated AE index values163

for at least one day after t = 0, large > 500 km/s solar wind speed and a somewhat164

negative interplanetary magnetic field Bz. Differences do exist in maximum Vx and sout-165

ward IMF Bz intensity, but despite these differences both events result in very similar166

maximum flux values as observed at GEO of ∼ 2 × 104 cm−2 sr−1 s−1 during the re-167

covery phase of the storm and on the following days. These similarities in flux evolution168

at GEO are still present down to L = 5.5 but do not propagate inward across the rest169

of the outer radiation belts. Panels (b) and (h) show the E = 2.1 MeV channel as a170

function of L−shell. The black lines correspond to the contours of 90% and 75% of the171

maximum log(flux) illustrating the differences in penetration to lower L−shells. It can172
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Figure 1. Two relativistic electron enhancement (REE) events that occurred on 08 October

2012 (left) and 13 May 2015 (right). From top to bottom: (a,g) > 2 MeV electron flux from

GOES 15, (b,h) Van Allen Probes REPT E = 2.1 MeV electron flux binned in time and space.

Contours correspond to 90% and 75% of log(maximum flux) showing the different regions of max-

imum enhancement. Lower panels show SYM-H index (c,i), solar wind speed (d,j) , AE index (e,

k) and interplanetary magnetic field Bz component (f,l).
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156

157

158

159

160

be appreciated from the figure that the event of 08 October 2012 presents significant en-173

hancement down to L ∼ 3.2 with a peak in flux at L = 4.0. The event of 13 May 2015174

shows an enhancement down to L ∼ 4.0 with peaks in fluxes at L = 4.5 More impor-175

tantly, the enhancement profiles are very different, fluxes for the event of 08 October 2012176

are up to an order of magnitude larger than in the event of 13 May 2015 in the region177

3.5 < L < 5.0 but are actually lower in the region L < 3.3. Still the high magnitude178

of pre-existing fluxes on the belt results in a depletion (when comparing by L) of fluxes179

for the 13 May 2015 events for all L < 3.7.180

The examples in Figure 1 show that REE events that look similar at GEO may re-181

spond very differently at different L-shells across the outer radiation belt, and especially182

so at lower L−shells. Also, the magnitude of pre-existing fluxes on the belt may play an183

important role in the interpretation of any statistical analysis that uses ratios of post-184

to-pre enhancement fluxes and therefore must be considered. In the following sections185

we characterize the similarities and differences in the response of the belt as a function186
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of L for the 60 events we have found and quantify how the strength of some geomagnetic187

indices translates to predictive capabilities of the extent of the enhancements across the188

outer belt.189

3 Radial response of relativistic electron enhancement events190

To understand the evolution of the outer radiation belt at different L−shells we191

have estimated the ratio of change in electron fluxes for all 2.5 < L < 6.0. Figure 2192

shows the comparison of the maximum fluxes measured in the −72 < t < −12 hours193

prior to t = 0 and maximum fluxes measured in the 12 < t < 96 hours after t = 0.194

The different panels show electron fluxes at GEO and at 7 different L−shells ranging from195

L = 6.0 and decreasing at intervals of ∆L = 0.5 to L = 3.0. Blue (red) dashed lines196

in each panels correspond to a ratio r = 2.0 (r = 0.5), traditionally used to determine197

an enhancement (depletion) event (e.g. Reeves et al., 2003). Individual events have been198

color-coded following the same definition.199

Figure 2. Maximum post-to-pre t = 0 fluxes at geostationary orbit (GOES 15) and at dif-

ferent L−shells from Van Allen Probes data. Dashed blue (red) lines mark the ratio r = 2.0

(r=0.5). Individual events have been color coded according to whether their ratio is indicative of

an increase r > 2.0 (blue), a decrease r < 0.5 (red) or in between showing no change (black).

200

201

202

203

Figure 2 shows the drastic decrease in the effectiveness of the enhancement response204

as L−shell decreases. At L = 6.0, all but one event (98%) result in enhancements, which205

decreases to 85% at L = 5.0. However, for L < 5.0 the decrease in occurrence is sig-206

nificant, with only 36% of events resulting in enhancement of fluxes at L = 4.0 and only207

–8–



manuscript submitted to Journal of Geophysical Research: Space Physics

5% at L = 3.0. Since Figure 2 also shows the changes in fluxes, we can notice that the208

trend is to move towards lower post-to-pre flux ratios as we move to lower L−shells. Sev-209

eral events present little to no change (0.5 ≤ r ≤ 2.0) for L ≤ 5.0 which then becomes210

the majority of the events at L = 3.0. Additionally, a number of events correspond to211

depletions (r < 0.5) between 3.0 < L < 4.5, with a peak in the decrease in fluxes at212

L = 4.0 where the depletions appear to be most significant suggestive of a possible lo-213

cal loss mechanism (e.g. Bortnik et al., 2006; Mourenas et al., 2016; Blum & Breneman,214

2019).215

Figure 3 expands the information of Figure 2 to all L−shells in the range 2.5 ≤216

L ≤ 6.0. Figure 3(a) shows the occurrence (in percentage) of enhancements, depletions217

and no-change of fluxes as a function of L−shell. Between 6.0 < L < 5.1 the occur-218

rence of enhancement events is > 90% as would be expected since they are selected based219

on REEs at GEO. However, a significant decrease in enhancement occurrence takes place220

between 3.5 < L < 5.1, decreasing down to only 8% of events resulting in enhance-221

ment of fluxes at L = 3.1. The number of unaffected (no change) events increase from222

2% at L = 6.0 up to 98% at L = 2.5, indicating the range of effectiveness of propa-223

gating an REE from GEO towards the inner magnetosphere, the exception being the 17224

March 2015 storm (minimum Dst = −223 nT) that caused an enhancement for all L ≥225

2.5, consistent with the expected result that only extremely strong geomagnetic activ-226

ity can affect the innermost part of the outer radiation belt. For L < 4.7 there are a227

number of events that present a depletion compared to pre t = 0 fluxes (r < 0.5). The228

peak occurrence of depletions is ∼ 25% of events, which occurs at 3.4 < L < 3.8, sug-229

gestive of a local loss mechanism.230

Figure 3(b) shows the distribution of post-to-pre flux ratios as a function of L−shell237

for all 60 events. The black dots represent the median of the distribution at each L−shell;238

the green colored bars indicate the upper and lower quartiles of the distribution and black239

bars the 5th and 95 percentiles. The blue (red) dashed lines represent the enhancement240

(depletion) thresholds r = 2.0 (r = 0.5). The median of the distributions show a de-241

crease in the flux ratio as L decreases that reaches a minimum at around L = 3.5 and242

that slightly increases for L < 3.5 to reach a value of almost r = 1 at L = 2.5, indi-243

cating the range of penetration of a REE at GEO. By showing the 5th and 95th percentiles244

we can get a sense of how much spread there is in the distribution for all L > 4.0 with245

the highest variability between 4.0 ≤ L ≤ 4.5. A sharp decrease in the spread for L <246
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Figure 3. (a) Occurrence percentage as a function of L for enhancement (blue), depletion

(red) and no-change (black) response of all 60 events. (b) Distribution of post-to-pre flux ratios

as a function of L−shell. Black dots indicate median values, the colored bar corresponds to up-

per and lower quartile distributions and black lines indicate the 5th and 95th percentiles of the

distribution of events at each L−shell. (c) Distribution of maximum to minimum flux ratio as a

function of L−shell. Colored bars and black lines indicate similar percentiles as in (b).
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234
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3.5 indicates that this region is mostly unaffected by processes that affect the external247

part of the belt. The depletion zone r < 0.5 between 3.5 < L < 4.5 indicates the re-248

gion that is likely affected by the depletion processes driven by geomagnetic activity but249

not so much for the processes producing the enhancement of fluxes, for around 25% of250

the events and it shows that the peak in depletion occurrence is between 3.5 < L <251

4.0 with the strongest depletion rate at L = 4.0.252

Figure 3(c) shows the distribution of the ratios of maximum flux post enhancement253

versus minimum flux measured within −24 < t < 24 hours, in the same format as Fig-254

ure 3(b). The black dashed line is located at an increase in fluxes by a factor of 10 with255

respect to the minimum flux measured at that particular L−shell. At higher L > 5.5256

the increase can be of 3-4 orders of magnitude with respect to the minimum measured257

flux but this factor also decreases as L decreases. For L < 3.5 the majority of the events258

presents no increase in fluxes with respect to the minimum value, and therefore the cat-259

egorization of a depletion or a no-change event is mostly determined by the pre-existing260

magnitude of the fluxes and the dropout effectiveness at low L−shells instead of by any261

process occurring afterwards. Figure 3(b,c) also indicates that enhancements are less ex-262

treme as L decreases, although the maximum fluxes can be 1-2 orders of magnitude higher263

than at GEO.264
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4 Correlation of fluxes as a function of L265

We have discussed the general response of the outer radiation belt during REE events266

at GEO. To get a better idea of the coherence of the response across the belt for all events,267

we have calculated the correlation coefficient between the fluxes at GEO and at differ-268

ent L−shells for three quantities of interest: the maximum flux post enhancement (t >269

0), the maximum flux pre enhancement (t < 0)and the pre-to-post flux ratio. Figure270

4 shows the correlation coefficient between the maximum fluxes post t > 0 at GEO and271

maximum fluxes at different L−shells every ∆L = 0.5. The correlation coefficient is272

very high R > 0.8 for L > 4.5, indicating that the response of the outer belt at L >273

4.5 is in general similar to the response that the geostationary orbit is experiencing. The274

correlation coefficient quickly decreases in the region L < 4.5 and becomes very low (R <275

0.2) for L < 3.0 showing that in this region the response is independent to what oc-276

curs at higher altitude. Similar figures for the correlation coefficients of maximum flux277

pre enhancement and ratios can be found in the supporting information. Although they278

have a similar trend, they also show some significant differences.279

Figure 4. Maximum fluxes measured by GOES after t = 0 versus maximum fluxes measured

by the Van Allen Probes at different L−shells. The red line indicates the best linear fit of the

fluxes from which a correlation coefficient has been calculated, showing the general decrease in

coherence as L−shell decreases.

280

281

282

283

Figure 5 shows the correlation coefficients obtained in Figure 4 as a function of L−shell,284

plus correlation coefficients calculated for maximum fluxes pre-enhancement and for the285
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ratio maximum post-to-pre enhancement flux. The correlation coefficient is expected to286

increase and approach R = 1 as the measurements get closer together. Of course, the287

spatial gap between the Van Allen Probes and the GOES satellites ( ∆L ≥ 0.6) plus288

the differences in the actual instruments (integrated channels in GOES versus differen-289

tial energy channels in the Van Allen Probes), and calibrations can result in differences290

such that a perfect correlation is unlikely to be achieved. Still, for fluxes post enhance-291

ment the correlation coefficient is very high, peaking at R = 0.94 for L = 5.8. The292

slightly lower correlation coefficient at L = 6.0 is probably related to the lack of cov-293

erage from the Van Allen Probes during certain events since this L is larger than the ra-294

dial distance of the spacecraft apogee, and thus requires data from off the equatorial plane,295

thus reducing accuracy relative to more equatorial measurements. The strong correla-296

tion for L > 4.5 and in particular for L > 5.5 confirms that by simply predicting the297

same flux evolution in this region as in GEO should have a very high accuracy.298

Figure 5. Correlation coefficients of GOES fluxes versus Van Allen Probes at different

L−shells for flux ratio (blue line), maximum flux post-event t > 0 (green line) and maximum

flux pre-event t < 0.

299

300

301

Examining the correlation of post-to-pre flux ratios we observe a peak of R = 0.8302

at L = 5.8 and a continuous near-linear decrease down to R = 0.4 at L = 4.5. Then,303

the correlation continues decreasing but at a slower rate down to L = 3.5 where it sig-304

nificantly drops again. The increase in correlation for L < 3.1 is yet another indication305

of how unaffected that part of the outer belt is for most of the enhancement events stud-306
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ied. Of course, correlation of fluxes for t < 0 does not depend on the geomagnetic driver307

resulting in relativistic enhancement event and it probably indicates a natural tendency308

of the outer radiation belt to remain somewhat coherent in its evolution (Kanekal et al.,309

2001). Still, a difference in correlation of up to ∼ 0.25 in pre or post fluxes shows that310

geomagnetic activity results in a heavily organized outer belt. Recently Baker et al. (2019)311

calculated correlations coefficients of daily average fluxes between the Van Allen Probes312

and GOES data for most of the mission lifetime and found that fluxes are generally cor-313

related to a high degree the closer they are. Still, it is noteworthy that there is a signif-314

icant difference in the correlation between fluxes for t < 0 and for t > 0 that indicate315

that it is more likely to have better predictions capabilities for the outer belt if data from316

GOES satellites is used as a proxy once a REE is initiated.317

By studying the occurrence rate of enhancement events as a function of L−shell318

and by calculating the flux correlations between GEO and different L−shells, we show319

that prediction of events should be possible and relatively simple for L > 5.0, and most320

likely remain very accurate for L > 4.5. We also know that relativistic electron events321

at GEO can be predicted with a fairly high degree of confidence when solar wind and322

magnetospheric conditions are known by using simple models (O’Brien et al., 2001; Lyons323

et al., 2009; Lyatsky & Khazanov, 2008; Kim et al., 2015; Pinto et al., 2018) to indicate324

that an enhancement is likely to occur or with more complex models that will predict325

the maximum flux levels (Baker et al., 1990; X. Li et al., 2001; Simms et al., 2014, 2016)326

facilitating a simple prediction mechanism for fluxes across the outer belt for L > 4.5.327

For lower L−shells, it may be possible to improve the correlations and, possibly, our de-328

gree of predictability if we improve our understanding of the response and occurrence329

of enhancements by accounting for geomagnetic activity or solar wind parameters.330

5 Response to geomagnetic indices331

It is well known that geomagnetic indices are useful at characterizing and some-332

times predicting the response of the outer radiation belt, and so the most commonly used333

indices, SYM-H, Kp and AE are studied to determine if they improve the potential for334

prediction of the response of the belt during REE events at GEO. SYM-H minimum in-335

dex (or Dst) is reflective of the ring current strength and is known to determine fairly336

well the location of peak electron fluxes in the outer radiation belt following geomagnetic337

storms (Zhao & Li, 2013; Tverskaya et al., 2003; Moya et al., 2017). The AE index is338
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indicative of substorm particle injections into the inner magnetosphere and is considered339

relevant for the occurrence of REE events at GEO (Kim et al., 2015; Pinto et al., 2018;340

Hajra et al., 2015; Antonova et al., 2018; L. Y. Li et al., 2009; Borovsky, 2017) and Kp341

index indicative of general magnetospheric convection and is regularly used in different342

forecasting models (e.g. NOAA).343

To understand the response of the outer radiation belt to geomagnetic activity as344

reflected in different geomagnetic indices, we separate the events into 3 groups accord-345

ing to their intensity and describe how those groups of events differentiate from each other.346

For SYM-H index, we have separated our 60 events into three different groups of roughly347

the same size according to their minimum SYM-H value within −24 < t < 24 hrs. This348

separation results in thresholds of min(SYM-H) > −48 nT for weak or no storms (20349

events), min(SYM-H) < −70 nT for strong storms (18 events). The group of min(SYM-350

H) in between those two quantities is referred to as the moderate storm group (18 events).351

For the AE index, we have selected the three groups using thresholds of daily averaged352

AE index (for the first day of enhancement) of AE < 325 nT (18 events) which will be353

named “low AE”, 325 ≤ AE ≤ 430 nT (20 events) which we will refer to as “moder-354

ate AE” and AE > 430 nT (22 events) “strong AE”. It is important to mention that355

compared to quiet times, all these events are actually “strong AE” and our sub-division356

only makes sense with that understanding in mind. For the Kp index the separation is357

considered weak for Kp ≤ 4.7, moderate for 5.0 ≤ Kp < 5.7 and strong for Kp≥ 5.7.358

Figure 6 shows a superposed epoch analysis of all events when divided according366

to their SYM-H minimum value within a day of t = 0 (left) or according to their daily367

average AE index strength for the first day of enhancement 0 < t < 24 hrs. (right).368

Similar figures for Kp index and for all events combined are available in the supporting369

information. Separation according to a particular geomagnetic results in partial sepa-370

ration of other indices as they present some degree of correlation. For example when sep-371

arating according to min(SYM-H), the events with the strongest drops also have the high-372

est AE indices during the period of enhancement. Similarly, when sorting by the AE in-373

dices, increasing AE intensity also results in more pronounced decreases in SYM-H. Nev-374

ertheless, we can still get relevant information from this sorting for singular parameters.375

Possibly the most relevant information is that minimum SYM-H does not discriminate376

the statistical evolution of fluxes at geostationary orbit. It can be seen in panel 6(a) that377

all groups present a very similar temporal evolution at GEO with very similar median378
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Figure 6. Superposed Epoch Analysis of all events separated according to their SYM-H min-

imum values (left) and to their averaged AE index (right). From top to bottom (a) GOES > 2

MeV fluxes (e) SYM-H index (f) Solar Wind Speed (g) Solar wind proton density (h) IMF Bz (h)

AE index. Solid lines represent median values and the envelopes represent the quartile distribu-

tions. Black color is used for weak index group, red for the moderate index group and blue for

the strong index group. Van Allen probesE = 2.1 MeV flux distribution (median) are shown in

panels (b) weak (c) moderate and (d) strong.

359

360

361

362

363

364

365

values, regardless of that group they are in. In contrast, AE index does a somewhat bet-379

ter job at discriminating the final flux values at GEO based on this group separation.380

Of course, both minimum SYM-H and AE index separation are significantly better in381

describing the outer belt response at lower L−shell as seen from the Van Allen Probes382

perspective. Fluxes with a low minimum SYM-H index drop or the lowest AE index take383

more time reaching enhanced levels and they develop predominantly at high L-shells (panel384

6(b). Strong SYM-H drops and the strongest AE index groups develop enhancement across385

the belt significantly faster and over a wider range of L-shells, with peaks in flux being386
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higher in value and developed at lower L−shells compared to the other groups. The top387

4 panels in each column of Figure 6 show the essential point of this study, namely that388

similar enhancements of relativistic electron fluxes at GEO can result in vastly differ-389

ent responses at lower L−shells, including the heart of the radiation belts. As a result,390

studies that only focus on electron fluxes at GEO as a proxy for the entire outer radi-391

ation belt and draw conclusions about the radiation belt dynamics from just this one lo-392

cation can be misleading or sometimes simply wrong, as evidenced by the range of re-393

sponses shown in panels 2-4 from the top. Fortunately, it appears that even a single ge-394

omagnetic index combined with fluxes at GEO can significantly improve the predictabil-395

ity of the outer radiation belt at regions interior to GEO.396

Figure 7 shows the distribution of maximum electron fluxes before t = 0 (a) post405

t = 0 (b) and the post-to-pre flux ratios (c) for all three different groups. Colored dots406

represent each group; black for the lowest values group, red for the moderate values group407

and blue for the strong values group. Colored envelopes represent their respective quar-408

tile distributions. Figure 7(a) indicates a lack of intense pre-event fluxes on the belt fa-409

voring a particular group of SYM-H minimum, and that therefore post flux and ratio410

should offer some valuable information. Figure 7(b) quantifies what Figure 6 clearly shows,411

that being for L > 5.5 the SYM-H minimum has little impact of the resulting maxi-412

mum fluxes whereas it plays a very important role in the region 3.5 < L < 5. It can413

also be appreciated how even statistically the peaks in flux move inward as the SYM-414

H minimum decreases. Figure 7(c) also offers some of that information as it is clear that415

the ratio has a very strong dependence with SYM-H in the region 3.5 < L < 5.0.416

Figure 7(d-i) present the corresponding distributions when events are separated by

the magnitude of the daily averaged AE index (d-f) calculated for the first day after t =

0. Figure 7(d) shows that although the distributions seem to be relatively similar to each

other, they are not identical and the moderate AE group has a slightly lower median in

the region 3.7 < L < 5. We do not anticipate that a pre-conditioning exists here, but

the difference may need to be considered when discussing ratios. Figure 7(e) shows ex-

tremely clearly separated distributions for all L > 3 when daily average AE is larger

than 430 nT and for all L > 4 for all three groups. It is well known that AE plays an

important role in enhancement events at GEO, as it correlates with the amount of en-

ergetic electrons that can be injected from the tail through dipolarizations, and even di-

rectly injecting MeV electrons well inside the GEO orbit (Dai et al., 2014, 2015; Kanekal
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Figure 7. (a) Distribution of maximum fluxes for t < 0 when separated in three different

groups according to their SYM-H minimum values. Black corresponds to weak (or no) storm, red

corresponds to moderate storms and blue corresponds to strong storms. Dotted lines corresponds

to the median of each distribution and the colored envelopes to the upper and lower quartiles.

(b) Same as in (a) but showing maximum fluxes for t > 0. (c) Same as in (a) but for the ratio of

change in fluxes. (d-f) Same as in (a-c) but when separating by daily average AE index during

the first day after t = 0. (g-i) Same as in (a-c) but when separating by maximum Kp index.

Green lines in panel (f) correspond to the best Gaussian fit for each of the median curves.

397

398

399

400

401

402

403

404

et al., 2016; Tang et al., 2016). It is remarkably how well it differentiates post enhance-

ment fluxes at low L-shells. Figure 7(f) shows the ratio of change between maximum post-

to-pre fluxes and again the separation is very clear from one group to the other. Given

that AE index presents the most clear separation, we fit each distribution to a Gaussian

of the form

R = A exp

(
(L− L0)2

σ

)
+ c
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where the parameters A, L0, σ and c have been determined numerically by minimizing417

the sum of the squared residuals. Table 5 shows the values that provide the best Gaus-418

sian fits for all three groups. Although far from perfect, as a first approach to the prob-419

lem it at least indicates that the response of the radiation belt presents a coherent re-420

sponse that increases, widens in L-shell extent, and moves inward as AE index increases.421

Table 1. Gaussian fit coefficients for post-to-pre flux ratios as a function of AE intensity422

A L0 σ c

Lowest AE 6.62 5.98 0.98 -0.05

Mid AE 16.8 5.75 3.08 -5.50

Largest AE 55.9 6.70 17.66 -31.2

Figure 7(g-i) show the distributions for Kp index. Interestingly, Kp index shows423

little differences in the two lowest groups, which behave similarly in terms of maximum424

post-fluxes and ratio of enhancement, but for events with Kp > 5.7 there is a huge dif-425

ference in their response through the outer belt. Kp at GEO does show some minor dif-426

ferences across the groups, with the highest Kp events exhibiting a slightly larger sta-427

tistical increase relative to the other two groups (see supporting information), and that428

difference can be appreciated down to L = 5. However, events with high Kp show a sig-429

nificant difference in the region 3.5 < L < 5.0 compared to the other two groups, again430

showing that this particular parameter can be of utility when trying to estimate the fluxes431

across the radiation belt based on information from GEO. Since Kp and Ap are related432

to each other, this result is consistent with the findings of Mourenas et al. (2019) who433

showed that elevated integrated Ap results in high peaks of E = 2.1 MeV across the434

outer belt.435

6 Discussion and Conclusions436

In our study, we identified 60 relativistic electron enhancement events that were437

observed at geostationary orbit between 01 September of 2012 and 31 December 2017438

using data available from GOES 15 > 2 MeV electrons and the criteria previously es-439

tablished in Pinto et al. (2018). By comparing against simultaneous data available from440

–18–



manuscript submitted to Journal of Geophysical Research: Space Physics

the Van Allen Probes ECT-REPT (Baker et al., 2013) instrument we studied the response441

of the E = 2.1 MeV electron channel during those 60 REE events.442

We have found that despite all events starting off as enhancements in the exter-443

nal part of the outer belt (by definition), the occurrence rate (that is the percentage of444

events that results in enhancement) decreases significantly for L < 5.0 and that some445

enhancement events can actually result in a depletion of fluxes for L < 4.6. Those de-446

pletion rates are generally slow and they tend to peak at L = 4.0 which may be an in-447

dication of a local loss mechanism. The most general behavior is that as L decreases fur-448

ther, the post-to-pre flux ratio gets closer to unity, indicating that the penetration of the449

enhancement event is always limited to some extent, such that almost no enhancement450

occurs below L = 3.0.451

By studying the correlation between flux enhancements at geostationary orbit with452

contemporaneous fluxes provided by the Van Allen Probes as a function of L, we find453

that maximum post event fluxes present a very strong correlation between these two re-454

gions. Recently, Baker et al. (2019) showed that the correlation coefficient between GEO455

and different L−shells is generally high for any day, and that can be seen by the fact that456

even pre-enhancement fluxes are relatively well correlated for L > 4.5. However, post-457

enhancement event fluxes present a much larger correlation down to L = 4.0 indicat-458

ing that predictions of the response of the belt up to that point should be relatively ac-459

curate, but only at post-enhancement times.460

We have also studied the response of the outer radiation belt when we separate the461

events according to the strength of certain geomagnetic indices, in particular SYM-H,462

AE and Kp, since they are all known to be effective at modulating the response of the463

outer belt. We have found so far that all three studied parameters are useful in describ-464

ing part of the response of the outer belt in terms of ratio of enhancement, peak of the465

fluxes and maximum post flux values and location. We also examined several solar wind466

parameters (solar wind speed, solar wind proton density, solar wind dynamic pressure,467

IMF southward directed Bz and time of southward directed Bz) attempting to separate468

them in three groups as we did with geomagnetic indices. We have included those re-469

sults in the supporting information, because the solar wind parameters leading to en-470

hancement events are strongly correlated with geomagnetic indices. Thus, the results are471

somewhat redundant with what we have discussed already.472
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This study has attempted to quantify what other studies have suggested, that fluxes473

at GEO can be used as a proxy for the fluxes throughout the whole outer radiation belt.474

In a first step, we have demonstrated that it is possible to use GEO for the occurrence475

of enhancement events and enhanced fluxes with high accuracy for L > 5 and with mod-476

erate accuracy for L > 4. While reconstructing the fluxes of the radiation belt in real477

time using proxy data seems unlikely, and it is necessary to have real time in-situ mea-478

surements for increased prediction potential, the use of GEO. Although not discussed479

here, it is possible that by adding GPS and low altitude measurements results in an im-480

proved description of the system, in particular at lower (L < 4) radial distances and481

therefore improved predictions of fluxes throughout the outer radiation belt.482
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