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Key point # 1: Magnetospheric substorm clusters produces energetic electron precipitation 12 

peaking in flux ~2 hours after onset. 13 

Key point # 2: The precipitation of >30 keV electrons has a well-defined pattern in 14 

Magnetic Local Time and L-shell, peaking in the morning sector. 15 

Key point # 3: Increasing AE geomagnetic disturbance is found to be a good proxy of both 16 

>30 and >300 keV peak precipitation flux for these events. 17 

 18 

Abstract.  Substorms are short-lived but significant reconfigurations of the geomagnetic 19 

field during which energetic particles are injected into the inner magnetosphere close to 20 

magnetic midnight. There is currently a need to quantify substorm-driven energetic electron 21 

precipitation (EEP) to better understand its role in radiation belt dynamics and to quantify 22 

its impact on the atmosphere. As substorm injections trigger chorus waves, which have 23 

strong MLT, AE, and L-shell dependence, we investigate the dependence of EEP in terms 24 
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of these variables. We utilize many decades of low Earth orbit satellite observations to 25 

examine the typical statistical variability around substorm events identified by the Substorm 26 

Onsets and Phases from Indices of the Electrojet (SOPHIE) algorithm. In contrast to trapped 27 

flux enhancements, enhanced EEP is found to occur even for the quietest AE range of those 28 

considered (AE≤100 nT, 100 nT<AE≤300 nT, AE≥300 nT). The MLT-dependent analysis 29 

for all AE-ranges shows a well-defined variation in >30 keV EEP magnitude, with a distinct 30 

and deep minimum in the late afternoon sector (15-18 MLT), and maxima in the mid to late 31 

morning sector (6-12 MLT). The patterns show similarities to previously published 32 

whistler-mode lower band chorus distributions with MLT. Clusters of substorms reliably 33 

produce enhancements in electron precipitation for >30 keV and >300 keV, with steadily 34 

increasing peak precipitation magnitudes with increasing AE. The peak precipitation flux L-35 

shell also moves inwards with increasing AE, in a similar way for the two energy ranges. 36 

37 
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1.  Introduction  38 

  In the last decade, there has been significant and growing interest in the coupling of 39 

radiation belt electrons into the upper atmosphere through energetic electron precipitation 40 

(EEP). As well as being one of the competing processes driving the dynamic radiation belts, 41 

EEP has been linked to significant changes in the chemical composition of the stratosphere 42 

and mesosphere [e.g., Seppälä et al., 2007; Andersson et al., 2012, 2014; Gordon et al., 43 

2020] potentially playing a role in regional climate variability [Seppälä et al., 2009; 44 

Baumgaertner et al., 2013; Seppälä and Clilverd., 2014]. Because of these findings, recent 45 

efforts have been made to incorporate EEP into climate modeling codes [e.g., van de Kamp et 46 

al., 2016; Matthes et al., 2017] and to better understand electron precipitation measurements 47 

from spacecraft and ground-based instruments [Clilverd et al., 2010; Rodger et al., 2010a, 48 

2010b, 2012; Asikainen and Ruopsa, 2016; Nesse Tyssøy et al., 2016; Pettit et al., 2021l 49 

Nesse Tyssøy et al., 2022].  50 

 51 

  Electron fluxes in the outer radiation belt are highly dynamic, with much shorter lifetimes 52 

than in the inner belt [Claudepierre et al., 2020]. The high dynamism in the outer belt is 53 

understood to be caused by competing drivers that lead to acceleration, loss, and transport. It 54 

is the combination of all of these competing processes that produce changes in the trapped 55 

fluxes. The occurrence and magnitude of the differing drivers are typically dependent upon 56 

the distribution of cold plasma density with distance from the Earth (often described through 57 

the L-shell parameter). This results in a clear delineation in the dynamics and losses of high-58 

energy electrons at the plasmapause [e.g., Walton et al., 2021, 2022]. However, these 59 

competing driving processes are also strongly dependent upon magnetic local time (MLT). 60 

The need to understand the spatial and temporal dynamism of the outer radiation belts 61 
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encapsulates the primary science questions pertaining to that physical system (see, for 62 

example the recent review by Ripoll et al. [2020]).   63 

 64 

  Substorms are short-lived but significant reconfigurations of the geomagnetic field during 65 

which energetic particles are injected into the inner magnetosphere close to magnetic 66 

midnight [Akasofu, 1981; Cresswell-Moorcock et al., 2013]. Approximately 50% of 67 

substorms result in an enhancement of the radiation belts [Forsyth et al., 2016) and 68 

significant outer belt flux changes have been linked to clusters of substorms, termed 69 

"recurrent substorms". Outer belt electron fluxes following substorm clusters show much 70 

more significant flux increases than is observed in isolated substorm events [Rodger et al., 71 

2016]. Substorm injections lead to increases in whistler mode chorus wave activity, due to the 72 

enhancement of chorus "source" electrons with energies of 1-10s of keV [Baker et al., 1986; 73 

Reeves et al., 2013; Thorne et al., 2013; Jaynes et al., 2015]. Recurrent substorm clusters 74 

have been shown to produce consistent enhancements in lower band whistler mode chorus 75 

[Rodger et al., 2016], the level of which is dependent upon geomagnetic activity seen through 76 

the AE index [Meredith et al., 2003; Meredith et al., 2020; Rodger et al., 2022]. Chorus is 77 

now recognized as a significant driver in outer belt electron acceleration [e.g., Jaynes et al., 78 

2015; Simms et al., 2018]. However, it has long been known that chorus elements are also 79 

efficient scatterers of radiation belt electrons, leading to precipitation spanning tens of keV up 80 

to several MeV [Rodger et al., 2007, Thorne et al., 2010; Hendry et al., 2012], dependent on 81 

MLT and L-shell due to the plasmasphere location and MLT-dependent varying chorus 82 

power [Whittaker et al., 2014].  83 

 84 

  The geomagnetic AE index is known to be a good indicator of the occurrence, strength, and 85 

duration of substorms [Gjerloev et al., 2004; Borovsky, 2016]. As one might expect, clusters 86 

of substorms tend to occur during AE enhancements [Rodger et al., 2016], with stronger 87 
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enhancements when the solar wind speeds are high [Rodger et al., 2022]. Multiple studies 88 

have demonstrated that the pattern of intensity, occurrence, and MLT distribution of whistler 89 

mode chorus also varies with the AE index [e.g., Meredith et al., 2003; Li et al., 2009; 90 

Meredith et al., 2020]. In addition, Nesse Tyssøy et al. [2021a] reported that daily >42 keV 91 

electron precipitation is strongly correlated with the daily AE-index. Satellite observations of 92 

the occurrence of relativistic electron microbursts display MLT- and AE-dependent patterns 93 

consistent with those of whistler mode chorus [Douma et al., 2017], however the microburst 94 

magnitude do not show the same dependencies [Douma et al., 2019]. In contrast, it has 95 

recently been reported that the spectral hardness of relativistic electron microbursts is AE-96 

dependent, with more electrons at relatively higher energies when AE is enhanced [Johnson 97 

et al., 2021]. 98 

 99 

  Thus there is increasing evidence that magnetospheric substorms, which are known to 100 

enhance chorus activity, lead to significant EEP into the atmosphere [Beharrell et al., 2015; 101 

Partamies et al., 2021]. There is also evidence that multiple substorms should lead significant 102 

decreases in magnetospheric ozone [Seppälä et al., 2015], caused by substorm-triggered EEP 103 

spanning a wide range of magnetic latitudes [Cresswell‐Moorcock et al., 2013]. Ground 104 

based radar observations of ionospheric electrons and conductivity made before, during, and 105 

after substorm events show MLT-dependent responses [Stepanov et al., 2021]. This latter 106 

study found that the response seen in the ionospheric D-region was stronger in the morning-107 

dayside sector, which is consist with substorms triggering chorus in the morning MLT sector 108 

which in turn results in precipitation of electrons of 10's of keV.   109 

 110 

  In the current study we shift focus from trapped flux variations, as discussed in Rodger et 111 

al., [2022], to precipitating electrons linked to substorm clusters (as well as processes 112 

occurring before and after these clusters). As substorms trigger chorus waves which have 113 
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strong MLT, AE, and L-shell dependence, we investigate the dependence of EEP in terms of 114 

MLT, AE, and L-shell. While it is very challenging to examine MLT processes occurring in-115 

situ [Rodger et al., 2019], due to the rapid drift time of trapped radiation belt electrons 116 

"smearing out" event features, precipitating electrons are lost at a specific MLT, at least for 117 

strong scattering driving electrons into the bounce loss cone. As such it is possible to directly 118 

examine MLT-dependent processes through precipitating electrons measurements.  As such it 119 

is possible to directly examine MLT-dependent processes through precipitating electrons 120 

measurements which are rapidly "smeared out" in trapped flux observations. We utilize many 121 

decades of low Earth orbit satellite observations to examine the typical statistical variability 122 

around these events. There is now a thrust in the radiation belt community to quantify 123 

precipitation loss to better understand its role in radiation belt dynamics. This is important to 124 

test physical theory, which should lead to improved radiation belt modeling, and also to better 125 

quantify the impact of EEP on the atmosphere and linkages to natural climate variability. The 126 

current work sits inside that wider community effort.  127 

2. Experimental Datasets 128 

2.1 POES SEM-2 particle observations  129 

  In the current study the electron precipitating flux data is provided by the Polar Orbiting 130 

Environmental Satellites (POES). These are a constellation of in ~100-minute period Sun-131 

synchronous polar Low Earth Orbits (LEO, ~800-850 km). The Space Environment Monitor 132 

(SEM-2) package [Evans and Greer, 2004] has been carried onboard POES spacecraft from 133 

1998 with the launch of NOAA-15. The NOAA POES spacecraft (i.e., NOAA-15, -16, -17, -134 

18, and -19) all carry identical SEM-2 packages, as do the European MetOp-1 and -2 135 

spacecraft. The European MetOp-3 spacecraft also includes the SEM-2, but data from this 136 

satellite only begins in 2019, and hence is outside the time period considered in the current 137 

study. The specific observations we use come from the Medium Energy Proton and Electron 138 
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Detector [Evans and Greer, 2004; Rodger et al., 2010a, 2010b], which provide both trapped 139 

and precipitating electron observations. For precipitating flux measurements at geomagnetic 140 

latitudes within (and polewards of) the radiation belts, we use the 0-degree telescopes (named 141 

0eX, where X is the channel number (see [Evans and Greer, 2004; Rodger et al., 2010a] for 142 

more details). 143 

 144 

  Our study focuses on the period from 1 Jan 2005 to 30 Nov 2018. Across that time window 145 

the number of SEM-2 carrying POES spacecraft launched mostly increased, although two 146 

satellites were lost during this period (NOAA-17 in 2013 and NOAA-16 in 2014). At the start 147 

of our time window there were three POES SEM-2 satellites (NOAA-15, -16, and -17), with 148 

5 operational at the end of the time window (NOAA-15, -18, and -19, plus MetOp-1 and -2). 149 

The raw POES dataset has 2 s resolution, with simultaneous measurements from multiple 150 

spacecraft. In this time period there are 25,947 file days worth of POES SEM-2 satellite data, 151 

equivalent to ~71 years of precipitating flux observations. 152 

 153 

  Due to the large number of POES spacecraft, and their LEO orbits, there is very good 154 

coverage across L and MLT [e.g., Hendry et al., Fig. 1, 2016]. For the purposes of this study 155 

we have combined the MEPED observations from multiple POES satellites into a grid of 156 

median flux values binned by International Geomagnetic Reference Field (IGRF) L and time, 157 

taking 0.25 L-resolution and 15 min time resolution. This has also been undertaken for a 158 

series of MLT ranges: 0-3, 3-6, 6-9, through to 21-24 MLT. A more detailed description of 159 

the satellite dataset and the processing undertaken can be found in Rodger et al. [2010a] and 160 

Cresswell-Moorcock et al. [2013].  161 

 162 

2.2 SOPHIE Clusters of Substorms 163 
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  In the current study we produce clusters of substorms where each substorm event is 164 

identified by the Substorm Onsets and Phases from Indices of the Electrojet (SOPHIE) 165 

algorithm [Forsyth et al., 2015]. The SOPHIE algorithm examines the rate of decrease and 166 

increase of SuperMAG-L index (SML; [Newell & Gjerloev, 2011; Gjerloev, 2012]) in order 167 

to identify substorm phases. The expansion phase of substorms are identified when the 168 

magnitude of the SML rate of decrease exceeds a given percentile threshold. We follow 169 

Rodger et al. [2022] and use the expansion phase onset times produced by the algorithm 170 

with a percentile threshold of 90. Clusters of substorms were produced using the same 171 

approach taken by Rodger et al. [2016, 2019], who themselves followed the definition and 172 

naming convention of Newell and Gjerloev [2011b]. This leads to a set of onset times of 173 

substorm clusters or chains termed "recurrent" substorm groupings.  174 

 175 

  The substorm clusters used in the current study are identical to those used by Rodger et al. 176 

[2022] when they considered the dynamical changes of trapped electron fluxes seen in 177 

POES and GPS observations. The Rodger et al. [2022] report contains a more detailed 178 

explanation of the application of the SOPHIE algorithm, substorm selection, and clustering 179 

process, as well as the solar wind and geomagnetic index variations during the substorm 180 

clusters. For our time period of interest there were a total of 16,763 SOPHIE determined 181 

substorm expansion phases, leading to 2749 recurrent substorm epoch start times, i.e., 2749 182 

SOPHIE substorm clusters (2005-2018), an average of 197 per year.  183 

3. Radiation Belt Trapped Electron Flux Dynamics 184 

  In an earlier study we examined how clusters of substorms were linked to dynamical 185 

variations of radiation belt trapped electron fluxes (Rodger et al. [2022]). We suggest that 186 

study should be viewed as a companion paper to the current report, as the earlier work made 187 

use of the sets of SOPHIE substorm clusters and AE-thresholds we employ here. As noted 188 
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above it also contains details on the variation of solar wind and geomagnetic index variations 189 

during the substorm clusters. The primary difference between the earlier study and the current 190 

work is that the earlier study was entirely focused upon the dynamical changes of trapped 191 

radiation belt electrons, where-as the current study is entirely focused upon precipitating 192 

electrons and the AE- and MLT-dependent changes observed. The earlier study used POES 193 

LEO observations from the 90-degree telescopes; these are dominated by trapped electrons in 194 

radiation belt geomagnetic latitudes [Rodger et al., 2010a, 2010b]. Contrasts were made with 195 

GPS-provided trapped flux electron observations from Medium Earth Orbit (MEO) to allow a 196 

major expansion in the energy range considered, spanning medium energy energetic electrons 197 

up to ultra-relativistic electrons. We direct the interested reader to the earlier companion 198 

paper, but provide a brief summary below due to the likely interaction between whistler mode 199 

chorus and electron precipitating losses causing dynamic changes in the trapped electron 200 

fluxes.  201 

 202 

  Rodger et al. [2022] undertook analysis of trapped radiation belt electron fluxes made at 203 

LEO and MEO before, during, and after substorm cluster start times. They found that clusters 204 

of substorms linked to moderate (100 nT<AE≤300 nT) or strong (AE≥300 nT) AE 205 

disturbances are associated with radiation belt flux enhancements. These clusters reliably 206 

occur during times of high speed solar winds streams with associated increased 207 

magnetospheric convection. The flux enhancements extended up to ultra-relativistic energies 208 

for the strongest substorms (as measured by strong southward Bz and high AE). However, 209 

substorm clusters associated with quiet AE disturbances (AE≤100 nT) lead to no significant 210 

chorus whistler mode intensity enhancements, or increases in energetic, relativistic, or ultra-211 

relativistic electron flux in the outer radiation belts. In these cases the solar wind speed was 212 

low, and the low geomagnetic Kp index indicated a lack of magnetospheric convection.  213 



 

10 

4. Radiation Belt Precipitating Electron Flux Dynamics 214 

4.1 Overview 215 

  It is relatively common to examine various radiation belt processes [e.g., Douma et al., 216 

2019; Zhao et al., 2019; Aryan et al., 2020] using the same three AE geomagnetic activity 217 

levels used in the chorus intensity studies (e.g., Meredith et al., 2003): quiet (AE≤100 nT), 218 

moderate (100 nT<AE≤300 nT), and strong (AE≥300 nT). Given our focus on substorm 219 

clusters and EEP, it seems logical to apply the same AE activity levels. As noted above, 220 

information on the number of recurrent substorm clusters whose AE-values at onset 221 

correspond to the quiet to strong AE ranges can be found in Rodger et al. [Table 1, 2022], 222 

along with detail on the variation with solar wind drivers, geomagnetic index changes, and 223 

trapped electron fluxes.  224 

 225 

  We undertake superposed epoch analysis (SEA) on POES-reported 0-degree telescope 226 

precipitating fluxes to determine the statistically "typical" behavior (i.e., median) of radiation 227 

belt losses into the atmosphere around recurrent substorm events. The SEA process should 228 

provide insight into the physical processes coupling the radiation belts and atmosphere. To do 229 

this, we take the zero epoch as the onset time of the first SOPHIE substorm expansion phase 230 

in each cluster, and examine the changes before, during, and after this event. We primarily 231 

focus on the >30 keV fluxes provided by the lowest energy channel in the POES MEPED 232 

suite of telescopes; these fluxes are expected to have the highest fluxes, and hence should be 233 

less hindered by the comparatively low sensitivity of these instruments (i.e., the noise floor at 234 

fluxes of 100 electrons cm-2s-1sr-1 [Yando et al., 2011; Rodger et al., 2013]).  235 

 236 

  Figure 1 shows an overview of the IGRF L-shell variation SEA for >30 keV precipitating 237 

fluxes in a ±1 day period around the cluster onset, separated by AE activity level. The left-238 

hand side of Figure 1 shows the IGRF L-shell versus time plots, with the upper, middle, and 239 
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lower rows corresponding to the quiet, moderate, and strong AE-ranges. Note that it is 240 

common in studies focused on the trapped radiation electron fluxes to narrow the range of L-241 

shells considered to L<10 (or less). However, substorm triggered EEP spans a much wider 242 

range of L-shells, requiring a much higher upper limit [Cresswell-Moorcock et al., 2013], 243 

hence the chosen upper L-shell value of L=26 for the left-hand panels in Figure 1. The right-244 

hand side panels presents the median, quartiles, and confidence intervals for the left-hand 245 

side plots, restricted to an L-shell range of 5.0-15.0, for each of the corresponding AE-ranges. 246 

In the right hand side panels the superposed epoch median of the plotted parameter is given 247 

by the solid black line and the 95% confidence interval for this median is shown by the red 248 

band. The dark blue bands mark the interquartile range while the 95% confidence interval of 249 

this is shown in lighter blue. 250 

 251 

  The panels in Figure 1 shows well-defined differences as well as similarities in the variation 252 

of the precipitating radiation belt electron fluxes around the times of recurrent substorm 253 

clusters, depending on AE-level. In the case of the quietest AE-range (AE≤100 nT, upper left 254 

panel), there is a clear decrease in the EEP flux starting just before the zero epoch, and 255 

reaching the smallest level at the zero epoch. This rapidly changes, however, to an increase in 256 

EEP flux spanning a wide range of L-shells, roughly L ≈ 5-18, although the enhancement for 257 

L-shells above L=12 only occurs for +1-4 hours after the zero epoch. The peak >30 keV EEP 258 

flux is at L=7.5 and +2 hours after the start of the substorm cluster (i.e., the zero epoch); the 259 

difference between the lowest and highest >30 keV flux magnitudes is slightly greater than 260 

one order of magnitude (i.e., 10 times). The left hand panel shows that the post-substorm 261 

cluster enhancement in EEP flux lasts until roughly +12 hours, at which point it has returned 262 

to "background" levels. The right panel is averaged over a wide L-shell range (L=5.0-15.0), 263 

and shows the variation seen in the left-hand panels is consistent across the substorm epochs 264 

considered, with the brief EEP flux enhancement occurring in the median fluxes but also seen 265 
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in the quartiles and the confidence intervals of those quartiles. Note that the confidence 266 

interval for the median is not large when compared with the magnitude of the EEP variation. 267 

While the changes are not particularly dramatic, they can be regarded as the statistically 268 

typical EEP response to clusters of substorms occurring during quiet AE conditions.   269 

 270 

  The middle panel of Figure 1 presents the SEA for the moderate AE conditions 271 

(100 nT<AE≤300 nT). The left hand panel appears very similar to that shown for the quietest 272 

AE-range (AE≤100 nT), except with larger magnitudes overall. For this AE range there is 273 

also a slow increase in >30 keV EEP in the 12 hours before the zero epoch (by about half an 274 

order of magnitude). Close to the zero epoch the EEP magnitudes start to drop, before rapidly 275 

increasing to a maximum level shortly thereafter. The maximum flux peaks at a larger 276 

magnitude than for quiet AE conditions, but also peaks very slightly earlier (at +1.5 hours). 277 

The peak moves inwards in L to 6.9 and in this case extends over a wider L-shell range 278 

(roughly L ≈4.5-20) than when compared with the quiet AE conditions. The >30 keV 279 

precipitating flux remains slightly enhanced up to roughly +35 hours after the zero epoch, by 280 

which time the fluxes have returned to the same "undisturbed" conditions seen from -24 to -281 

12 hours, before the zero epoch.  282 

 283 

  The moderate AE undisturbed precipitating flux magnitudes in the -24 to -12 hour time 284 

range are a few tenths of an order of magnitude higher than for the quiet cases, providing 285 

some evidence of "preconditioning". This is seen in the mid-right hand panel, with the initial 286 

median precipitating flux value ~0.2 higher in the mid-panel than the upper. The statistical 287 

response in the right hand panel also shows an increase in EEP magnitude during the run up 288 

to the zero epoch, which may be linked to the increasing solar wind speeds for these epochs 289 

(as reported by Rodger et al. [2022]). The statistical response averaged over L=5.0-15.0 again 290 

shows a clear precipitation change around and following the zero epoch, with a decrease, 291 
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sharp increase, and gradual recovery seen in the median, quartiles, and confidence intervals. 292 

The peak >30 keV precipitating flux magnitude averaged from L=5-15 is ~0.6 of a flux 293 

magnitude order higher for quiet AE, both for the median values and the quartiles.  294 

 295 

  In contrast, the variation seen for epochs with strong AE (AE≥300 nT) disturbances seen in 296 

the lower panel of Figure 1 show more enhanced flux magnitudes than for the moderate AE 297 

epochs, but with a less clearly well-defined variation than seen in the moderate (upper) and 298 

quiet (middle) AE condition panels. Aspects of the behavior are still similar to moderate AE, 299 

with a slow increase in flux magnitudes leading up to the zero epoch, a sharp decrease in EEP 300 

magnitude before the zero epoch, followed by a rapid increase in precipitation levels to 301 

higher levels and spanning a wider L-shell range, peaking shortly after the zero epoch. As in 302 

earlier panels, the L-shell of the peak EEP moves inwards with increasing AE, with the peak 303 

for the strong AE substorm clusters occurring at +1.25 hours and L=6.1, i.e. peaking earlier 304 

and moving inwards relative to the less active AE conditions in the upper panels. The peak 305 

EEP value is ~1.8 times (i.e., 100.25) higher than the peak for moderate conditions, showing 306 

there is a strong increase in the substorm-linked EEP with increasing AE. However, in this 307 

case the peak does not have as well a defined pulse as seen for the quiet and moderate AE 308 

epochs. During the peak EEP pulse, which lasts from +0.25-3.5 hours, the EEP extends to 309 

even lower L-shells than seen in the less disturbed conditions, reaching L~3.5. It is not clear, 310 

however, that the outer L-extent expands more, with enhanced fluxes only stretching out to 311 

L~19 in the strong AE disturbances, whereas they extend out to L~22 for the moderate AE 312 

range.  313 

 314 

  The statistical response averaged over L=5.0-15.0 seen in the right hand panels are less well 315 

defined than the middle AE range. The averaging across the L-shells shows that the peak 316 

median and associated confidence intervals appear very similar to the moderate activity case. 317 
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The principal difference between averaged moderate and high activity levels can be seen as a 318 

smaller zero epoch EEP decrease for the high activity case relative to the moderate case. 319 

Nonetheless the statistical response in this high AE activity case is essentially the same as the 320 

moderate AE range, if less well defined.  321 

 322 

4.2 MLT dependent variations for all AE 323 

  It has long been recognized that radiation belt electron flux dynamics are impacted by 324 

multiple different processes which are themselves L and MLT-dependent. Examples are 325 

dayside magnetopause shadowing, substorms injecting energetic particles near magnetic 326 

midnight, and wave-particle interactions with plasma waves (occurring at differing MLT 327 

depending on the plasma wave MLT occurrence). Most of these processes are expected to act 328 

on timescales faster than the electron drift period. However, in-situ observations of these 329 

dynamical changes are challenged by the short drift times. Due to the large time length of the 330 

POES observational database, the satellites good MLT coverage, and the high number of 331 

substorm clusters considered here, we are in a position to examine the MLT dependence of 332 

precipitating electrons. 333 

 334 

  We now consider the MLT-dependent variation in >30 keV precipitating electrons, initially 335 

with no AE dependence. Figure 2 presents the results of the SEA undertaken for all the 336 

SOPHIE substorm clusters, separated into 3 hour MLT zones: 0-3, 3-6, 6-9, through to 21-337 

24 MLT. The format of Figure 2 is essentially the same as the left hand panels of Figure 1, 338 

with the primary difference being the examination of the MLT-dependence of precipitating 339 

electron dynamics in Figure 2 rather than AE-dependence in Figure 1. Note that electron drift 340 

around the Earth is in the direction of increasing MLT.  341 

 342 
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  It is immediately obvious that the MLT-dependence shown in Figure 2 is more dramatic 343 

than seen in the AE-dependence shown in Figure 1. The peak precipitating fluxes range from 344 

a deep low in the "late afternoon" 15-18 MLT sector (peak value 1.2×103 electrons cm-2s-1sr-1 345 

at +3.5 hours after the zero epoch and L=6.1) through to a strong maximum in the "early 346 

morning" 6-9 MLT sector (peak value 3.2×105 electrons cm-2s-1sr-1 at +1.7 hours after the 347 

zero epoch and L=6.9). Note that while the peak precipitating flux occurs during the 6-9 MLT 348 

sector, the next MLT sector (9-12 MLT) is clearly more active in general, with only a slightly 349 

smaller peak flux value of 2×105 electrons cm-2s-1sr-1. MLT dependence leads to a >2 order of 350 

magnitude difference in peak precipitating >30 keV electron fluxes, along with significant 351 

variations in the L-shell range impacted.  352 

 353 

  There appears to be evidence of L-shell dependent dispersion with MLT. In the 0-3 MLT 354 

sector the precipitation enhancement appears to begin at the zero epoch time, ramping up 355 

rapidly to peak at +1 hour. Similar, if less strong variability is seen in the other "magnetic 356 

midnight" sector of 21-24 MLT. This variability likely reflects the start of the substorm 357 

cluster at the zero epoch, injecting electrons (potentially directly into the loss cone) and also 358 

triggering plasma waves leading to scattering and wave particle induced precipitation. In 359 

contrast, in the 9-12 MLT sector the enhancement onset starts at least 30min later, peaking at 360 

+2 hours, with even longer delays occurring at higher and lower L-shells. The center of the 361 

enhanced precipitation in this sector is at about L~8, for which a 30 keV electron with a 10⁰ 362 

pitch angle (and thus near the loss cone edge), the drift period to complete a full Earth 363 

revolution is ~250 min. One would expect an electron to move through roughly a third of the 364 

total MLT range (i.e., from 0-3 to 9-12 MLT) in ~80 min, which is approximately consistent 365 

with the difference in the peak timing between the two sectors. However, the same electron 366 

would drift more quickly at L=10 (drift period of ~180 min) and more slowly at L=6 (drift 367 

period of ~300 min). This is not clearly seen in our SEA analysis, with the enhancement 368 
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starting first in the L~8 mid-L range and appearing later for both higher and lower L values. 369 

As such this behavior may be more dependent on the changing nature of the wave particle 370 

interactions than simple drift times. 371 

 372 

  The statistical variability of the >30 keV fluxes shown in Figure 2, and restricted to L-shells 373 

in the range of 5.0-15.0, are presented in Figure S.1 of the supplementary material. The 374 

format of this figure is based on that of the right-hand side of Figure 1, showing the median, 375 

quartiles, and confidence intervals for the MLT range panels of Figure 2. These plots confirm 376 

the general MLT-dependent variability seen in Figure 2, with small enhancements in >30 keV 377 

EEP magnitudes following the zero epoch for the range 15-21 MLT (i.e., "late afternoon" to 378 

"mid evening"), and ~2 order of magnitude enhancements in precipitation for the range 6-379 

12 MLT (i.e., "morning side"). While the quartiles and the 95% confidence intervals on the 380 

quartiles show large ranges before the zero epoch and from ~6 hours after the zero epoch, in 381 

the ~4-5 hours time period after the zero epoch there is a highly consistent increase in EEP 382 

across most MLT ranges. This suggests the variation seen in Figure 2 immediately following 383 

the start of a substorm cluster is highly reproducible, representing the typical changes in 384 

precipitation linked to these events. Note also that the 95% confidence interval around the 385 

median value has a small range immediately after the zero epoch, again indicating the high 386 

likelihood of such these enhancements.  387 

 388 

4.3 AE- and MLT-dependent variations 389 

  As demonstrated in Figures 1 and 2, there are significant AE- and MLT-dependencies in the 390 

variation of >30 keV EEP magnitudes around substorm clusters, with particularly large 391 

variations across the MLT sectors. In an earlier study [Rodger et al., 2022], we showed that 392 

there were very significant differences in the dynamical variations in trapped flux around 393 

substorm clusters depending on AE ranges, and reported on the MLT dependence of trapped 394 
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flux in Rodger et al. [2019]. We now consider the AE- and MLT-dependencies in EEP for 395 

each of the three AE geomagnetic activity levels commonly used in chorus intensity studies 396 

(as described in 4.1). 397 

 398 

Quiet AE disturbances (AE≤100 nT). Figure 3 presents the results of the SEA undertaken on 399 

the >30 keV EEP fluxes for the SOPHIE substorm clusters which have quiet AE levels at the 400 

zero epoch time. The format of Figure 3 is otherwise identical to Figure 2 (which included 401 

substorms with no AE discrimination). The variation in >30 keV EEP fluxes with MLT, 402 

IGRF L-shell, and epoch time are very similar between Figure 2 and 3, except that the flux 403 

magnitudes in Figure 3 are reliably smaller than the all-AE cases in Figure 2. It is notable that 404 

many of the finer details seen in the different MLT panels are the same when Figures 2 and 3 405 

are contrasted, but with lower magnitudes. One example is the shape of the EEP 406 

enhancements shortly after the zero epoch. These are very similar when comparing the all-AE 407 

and quiet AE epochs, but with peak fluxes which are ~1.5-2 orders of magnitude lower in the 408 

case of the quiet AE epochs. The exception to this is in the MLT zones with the lowest flux 409 

magnitudes (i.e., 15-21 MLT), where the quiet AE precipitating fluxes are fairly close to the 410 

POES flux sensitivity threshold (~100 electrons cm-2s-1sr-1) and the quiet AE peak fluxes are 411 

only ~0.5 orders of magnitude lower. Given the strong agreement between Figures 2 and 3, it 412 

is not surprising that the dominant MLT dependence and the >2 order of magnitude 413 

differences between morning-side and late afternoon/evening EEP levels are present in the 414 

low AE substorm clusters in much the same way as was seen for the all-AE case.  415 

 416 

  Given the expectation that whistler mode lower band chorus will be a significant driver of 417 

>30 keV EEP during and after substorms, it seems reasonable to contrast the MLT, L, and AE 418 

variation of EEP magnitudes shown in Figure 3 with those for equatorial whistler mode 419 

chorus intensity [e.g., Meredith et al., Figure 1, 2020]. Note that we expect precipitation 420 
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fluxes to scale linearly with the power of the plasma wave causing the pitch angle scattering 421 

[e.g., Rodger et al., 2003], as has been previously been confirmed in experimental 422 

observations [e.g., Rodger et al., 2007, 2010]. For quiet AE conditions, Figure 1 of Meredith 423 

et al. [2020] indicates a ~2 order of magnitude difference in whistler mode lower band chorus 424 

intensity with varying MLT, with the lowest values in the MLT-range 18-21. In the morning 425 

and early afternoon MLT sectors there is enhanced chorus intensity extending to at least 426 

L=10, which is the upper limit considered in the Meredith study. There is also a small 427 

enhancement seen in chorus intensities in the post-midnight MLT sector relative to pre-428 

midnight, consistent with difference in EEP flux magnitude variation pre- and post midnight 429 

MLT. All of these lower band chorus characteristics are consistent with the MLT variations 430 

in EEP reported here. 431 

 432 

  The statistical variability of the quiet AE epoch >30 keV fluxes shown in Figure 3, restricted 433 

to L-shells range of 5.0-15.0, is presented in Figure S.2 of the supplementary material.  434 

 435 

Moderate AE disturbances (100 nT<AE≤300 nT). Figure 4 presents the results of the SEA 436 

undertaken on the >30 keV EEP fluxes for the SOPHIE substorm clusters which have 437 

moderate AE levels at the zero epoch time. There are very strong similarities between Figure 438 

4 and the all-AE case version of this plot (Figure 2), except that the moderate AE epochs 439 

show slightly stronger EEP magnitudes than seen in Figure 2. The moderate AE epochs EEP 440 

magnitudes are typically only 1-2 times larger than the all-AE case (i.e., essentially the same 441 

value or enhanced by up a factor of 2). A similar result was reported by Rodger et al. [2022] 442 

for the same epoch set when SEA was undertaken on trapped radiation belt fluxes; the 443 

variation for the moderate AE epochs was very similar to that for the all-AE case. Rodger et 444 

al. [2022] suggested this was because the all-AE SEA will be dominated by the events in the 445 

moderate AE range, as the moderate AE epoch set is the largest of the 3 groupings (Rodger et 446 
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al. [Table 1, 2022]), making up ~47% of the total epochs. The MLT-dependent EEP 447 

variations seen in Figure 4 are similar  with the changing lower band chorus wave reported 448 

for this AE range by Meredith et al. [Figure 1, 2020]. In particular, in that study the lowest 449 

chorus wave intensity are found shortly before 18 MLT (consistent with out 15-18 MLT 450 

panel). However, the highest EEP magnitudes are seen in the 9-12 MLT sector, while the 451 

equatorial lower band chorus intensity peaks in the ~2-6 MLT sector in Meredith et al. 452 

[Figure 1, 2020], but from ~7-11 MLT in the earlier Meredith et al. [Figure 4, 2012]. As such 453 

the EEP comparison with chorus observations presented in the most up to date literature is 454 

not dissimilar, but certainly not the same.  455 

 456 

  Figure 5 shows the statistical variation of the L=5-15 fluxes plotted in Figure 4, following 457 

the same formatting used on the right hand side of Figure 1 as well as Figure S.1 and S.2 in 458 

the supplementary material. As expected, the differences between Figure 5 and the all-AE 459 

case (Figure S.1) are rather small. Also as expected, the MLT-dependent pattern seen for 460 

quiet AE epochs (Figures 3 and S.2) are still present in Figure 5 in a consistent way, but with 461 

larger EEP magnitudes for the moderate AE range.  462 

 463 

Strong AE disturbances (AE≥300 nT). The SEA of >30 keV EEP magnitudes around the 464 

strong AE substorm cluster epochs is given in Figure 6. As expected from the lower left-hand 465 

panel of Figure 1, the MLT-dependent EEP magnitudes are larger than for the quiet and 466 

moderate ranges (Figures 3 and 4), and also larger than the all-AE case (Figure 2). The 467 

fundamental MLT-dependent pattern in the variation of EEP around the substorm cluster 468 

epochs is not significantly different, but as seen in the lower left-hand panel of Figure 1, it is 469 

less clearly defined than for the quiet and moderate AE level epochs. When the strong AE 470 

and all-AE SEA results are contrasted there is an increase in the strong EEP magnitudes at 471 

most MLT by ~1.5-2 orders of magnitude for radiation belt L-shells (i.e., L~4-7), and also for 472 
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time periods outside of the main substorm cluster activity (i.e., 0-0.2 days equivalent to 0-5 473 

hours). Inside the time period dominated by the substorm cluster the EEP levels are much 474 

more similar, as expected from the comparisons shown in Figure 1. The significant 475 

differences between the strong AE and all-AE SEA results before the zero epoch is likely due 476 

to preconditioning, as discussed below.  477 

 478 

  When contrasted with Figure 3 or 4, there is evidence in Figure 6 of preconditioning in the 479 

EEP magnitudes before the zero epoch at essentially all MLT sectors, i.e., slowly growing 480 

EEP magnitudes in the 12-24 hours before the cluster onset, followed by a sharp change 481 

associated with the substorm cluster. This was noted earlier in our study focused on trapped 482 

flux changes at LEO and MEO around the occurrence of the same substorm cluster epoch list 483 

[Rodger et al., 2022]; in that study it was suggested the preconditioning might be linked 484 

increasing pre-zero epoch convection, as evidenced by the SuperMAG AU and Kp values 485 

before the zero epoch time [Rodger et al., Figure 3, 2022]. Such convection would be 486 

expected to stimulate additional chorus wave activity before the substorm, which would lead 487 

to enhanced >30 keV EEP and drive changes in trapped radiation belt fluxes. We suggest this 488 

would be a worthy subject for a future study, making use of in-situ plasma wave datasets.  489 

 490 

  The MLT-dependent pattern of changing EEP in Figure 6 is very similar to that seen earlier 491 

(i.e., in Figures 2, 3, and 4), other than what appears to be steadily increasing EEP 492 

magnitudes with increasing AE, and possible preconditioning. When contrasted with the 493 

MLT and L-dependence of lower band whistler mode chorus intensities [Meredith et al., 494 

Figure 4, 2012, Meredith et al., Figure 1, 2020], there is broad agreement, with orders of 495 

magnitude more activity in the late morning to early afternoon sectors when compared with 496 

late afternoon to early afternoon sectors. However, there is not a detailed one to one 497 
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correspondence between the AE-dependent lower band whistler mode chorus intensities from 498 

the literature and the >30 keV EEP magnitudes presented in the current study. 499 

 500 

  Figure 7 shows the statistical variation of the L=5-15 EEP fluxes plotted in Figure 6, 501 

following the same formatting used in Figure 5 and similar previous figures. When averaged 502 

over this wide L-shell range the peak EEP fluxes are similar to those seen in Figure 5, and in 503 

some cases slightly smaller. The variability is not as clear as previously seen for quiet epochs 504 

(Figure S.2) or moderate (Figure 5), suggesting that the EEP produced by the high-AE 505 

substorm cluster is not as clearly dominant when contrasted with other processes occurring 506 

before, during, and after the cluster. That may be caused by pre-cluster convection driving by 507 

high speed solar winds which typically occur around this set of epochs [Rodger et al., Figure 508 

3, 2022]. It seems important to note that the patterns seen previously are not absent, as was 509 

clear from Figure 6, only that these EEP variability patterns are not as clearly defined.  510 

 511 

Overview. From the SEA conducted in the sections above, we conclude that the MLT 512 

dependence is not particularly AE sensitive. There is, however, a clear AE dependence in 513 

terms of the peak EEP magnitudes (i.e., higher AE linked to larger EEP peaks) and weak 514 

levels of preconditioning (i.e., higher AE levels show higher EEP before, as well as after, the 515 

zero epoch substorm cluster start time). In section 5 we examine the AE dependence on the 516 

peak flux magnitudes in greater detail.  517 

5. Variation of EEP with increasing AE activity  518 

  The analysis presented in section 4 indicates that the magnitude of the >30 keV EEP flux 519 

depends on whether the substorm cluster is linked to AE-levels which are quiet, moderate, or 520 

strong. Recently, Nesse Tyssøy et al. [2021a] reported that daily averaged >30 keV fluxes 521 

were strongly correlated with daily AE geomagnetic values, but that the higher energy 522 
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MEDPED observations from the 0e3 channel (nominally >300 keV electrons) were poorly 523 

predicted by changing AE. Given the clear AE-dependent patterns seen in Figures 1 to 6, we 524 

investigate the detailed AE-dependence of the 0e1 (>30 keV) and 0e3 (>300 keV) 525 

observations below. The comparatively large number of substorm clusters in the SOPHIE 526 

produced epoch list means it is practical to make a more detailed investigation of the AE 527 

dependence (neglecting MLT variation), moving away from the broad AE groupings 528 

commonly used to consider whistler mode chorus and other radiation belt processes.  529 

 530 

5.1 >30 keV Medium Energy Electron Precipitation 531 

  Figure 8 presents our investigation into changing EEP magnitudes following the start of 532 

substorm clusters, and the variation with the AE value taken at the start of the cluster, i.e., the 533 

zero epoch. This is essentially the same as the broad AE groupings considered in Section 4, 534 

but we now sweep through AE using a much smaller AE step-size, in this case only 25 nT. 535 

There are sufficient substorms and observations to allow meaningful analysis from 0 to 536 

750 nT.  537 

 538 

  The top left panel of Figure 8 provides an example of the changing EEP magnitudes for one 539 

of the smaller AE steps, in this case the SEA of the >30 keV EEP for the AE range from 200-540 

225 nT. Only the time period from -1 to +5 hours is shown, otherwise the format is the same 541 

as the left-hand panels in Figure 1. This SEA results for 200-225 nT shown in this panel is 542 

very similar to the same time period of the moderate AE range (100 nT<AE≤300 nT) seen in 543 

the middle left-hand panel of Figure 1. The primary differences are that in Figure 8 the 544 

variability is less smooth than for the panel in Figure 1, due to the smaller AE range and 545 

lower number of substorm clusters included (1283 moderate clusters c.f. 213 clusters in the 546 

range 200-225 nT). For each 25 nT AE range, we sum the flux across all L-shells (this 547 

analysis was undertaken from 1.5-30), and determine the epoch time where this is maximum. 548 
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For the L-varying EEP at the epoch time of maximum summed EEP, we find the peak flux 549 

value, and the L-shell at which this occurs, along with the statistical variation in the peak flux 550 

values (i.e., confidence intervals and quartiles). As an example, for the AE range shown in 551 

the upper left hand panel of Figure 8 with mid-point AE=212.5 nT, the maximum summed 552 

EEP flux time was +1.75 hours after the zero epoch, with the maximum >30 keV EEP flux at 553 

this epoch time occurring at L=7.1, with a value of 1.5×105 electrons cm-2s-1sr-1. 554 

 555 

  The lower left panel of Figure 8 shows the L-varying EEP at the epoch time of maximum 556 

summed EEP for each 25 nT AE bin in our range. At the lowest AE levels EEP magnitudes 557 

are small, but clearly above the MEPED noise floor. This panel suggests the EEP magnitudes 558 

rise steadily with increasing AE indicating that the AE at the start of a substorm cluster is a 559 

good proxy for the EEP fluxes occurring during the cluster. This may be useful for future 560 

investigations into the importance of substorms on atmospheric chemistry, dynamics, and 561 

climate coupling (i.e., building on previous work, examples being Seppälä et al. [2007, 2009, 562 

2015] and Matthes et al. [2017]). This panel shows that for >30 keV fluxes, the substorm 563 

linked precipitation extends well beyond the traditional range of the radiation belts, out to 564 

beyond L=15 (particularly for mid-AE range substorms). It is also clear that the L-shell of the 565 

peak EEP flux moves inwards with increasing AE, from L~8 at lowest AE levels in to L of 5-566 

6 at the highest AE; this is plotted in the left-hand panel of Figure S.3 of the supplementary 567 

material. We note that the inward motion of the peak EEP location and the AE dependence is 568 

consistent with Figure 1, but is considerably clearer due to the smaller AE-ranges. 569 

 570 

  In the lower right-hand panel of Figure 8 we examine in more detail the AE dependence and 571 

statistical variability of the peak >30 keV EEP flux magnitudes linked to substorm clusters. 572 

This figure shows the maximum flux value for the time and L-shell of the peak. The colors 573 

used are the same as those employed in previous statistical plots, for example, the right hand 574 
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panels of Figure 1. As noted for the lower left-hand panel of Figure 8, the peak >30 keV EEP 575 

fluxes increase with AE, in an essentially monotonic fashion. Across the AE range 576 

considered, peak fluxes increase by two orders of magnitude, demonstrating the strong link 577 

between the EEP magnitudes in substorm clusters and the AE-value at the start of the cluster. 578 

The confidence interval around the median, shown in red in this panel, expands with 579 

increasing AE, likely reflecting the smaller number of events in the SEA with increasing AE. 580 

Flux magnitudes initially rise rapidly with increasing AE, and then more slowly, but without 581 

saturating (or reaching an asymptotic value) in the AE range considered. The magenta line in 582 

the panel is a 3-order polynomial fit to the line joining the median SEA flux magnitude 583 

results (black line), which closely matches its variation. The magenta line equation is given 584 

by: 585 

  log10(EEP) = 1.42×10-8 AE3 - 2.12×10-5 AE2 + 0.011 AE + 3.65 (1) 586 

where EEP is the >30 keV precipitating electron flux with units of cm-2s-1sr-1, and AE is the 587 

AE index value with units of nT. As an example, for an AE value of 212.5 nT, equation 1 588 

suggests the peak EEP flux should be 1.47×105 cm-2s-1sr-1, essentially the same as that 589 

observed (1.5×105 cm-2s-1sr-1, as noted above).  590 

 591 

  The upper right panel of Figure 8 investigates how the timing of the peak summed EEP 592 

changes during the SEA time period (-1 to +5 hours), with respect to AE. The variability seen 593 

in this panel is less distinct and clear than that seen for the L-shell of the peak (i.e. Figure 594 

S.3). At the lowest AE values the peak summed EEP fluxes occurs at +2-2.5 hours after the 595 

zero epoch, but occurring earlier for higher AE levels. For the AE range 300-325 nT (i.e., 596 

mid-point of 312.5 nT), the peak summed EEP fluxes occurs at +1.25 hours after the zero 597 

epoch, and thus roughly an hour earlier. This pattern does not continue for higher AE ranges, 598 

however, and the peak timing is found both earlier and later. This likely reflects higher 599 

statistical variation caused by smaller numbers of events in the SEA; for 600-625 nT there are 600 
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only 41 clusters included in the SEA. On the basis of this panel we caution that is not clear 601 

that the peak flux timing moves earlier with increasing AE, indeed, it might be argued more 602 

simply from this figure that the peak precipitation typically occurs at +1.5-2 hours after the 603 

epoch. 604 

 605 

5.2 >300 keV Electron Precipitation  606 

  We now undertake similar analysis as was considered above for the >30 keV EEP for the 607 

>300 keV EEP flux channel. The result of this is shown in Figure 9. The upper panel of 608 

Figure 9 is equivalent to the lower left-hand panel in Figure 8. Note that a much small flux 609 

range is plotted (less than 1 order of magnitude above the instrument noise floor), as the 610 

EEP enhancements are much smaller than seen for the lower energy integral fluxes. In the 611 

upper panel of Figure 9 we also limit ourselves to a smaller L-shell range, as the EEP flux 612 

changes are only observed in radiation belt L-shells, and do not extend to higher L in the 613 

higher energy case. For the lowest AE ranges no enhancements are visible with substorm 614 

linked AE-values needing to reach ~150 nT before the >300 keV fluxes are seen to rise 615 

above noise-floor levels. While the >300 keV flux levels linked to substorm clusters seen in 616 

Figure 8 are significantly lower than those seen for >30 keV fluxes in Figure 8, it is 617 

apparent that the >300 keV flux magnitudes increase with increasing AE. There is also 618 

evidence that the L-shell of the peak EEP fluxes moves inwards with increasing AE, as was 619 

seen for the >30 keV EEP case. The L-shell of the peak >300 keV EEP flux is plotted in the 620 

right-hand panel of Figure S.3. One intriguing feature of the L-shells of the peak EEP fluxes 621 

seen in Figures 8 and 9, and contrasted in Figure S.3, is that they appear to be located at 622 

essentially the same L-shells for the two energy ranges. They also move inwards in the same 623 

way with respect to energy. Despite the very large differences in magnitude, this contrast 624 

suggests the same wave processes are scattering electrons in both energy ranges.  625 

 626 
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  The lower panel of Figure 9 presents the AE dependence and statistical variability of the 627 

peak >300 keV EEP flux magnitudes in the same format as the lower right-hand panel of 628 

Figure 8. As noted above, at the lowest AE-values the peak EEP are around the noise floor, 629 

but increase by ~1 order of magnitude across the AE range considered. As in the equivalent 630 

panel in Figure 8, the magenta line presents a 3-order order polynomial fit of the median peak 631 

EEP fluxes, showing strong evidence of increasing flux magnitudes with increasing AE. We 632 

only fit fluxes for AE>300 nT, to ensure we are not impacted by the noise floor. In this case 633 

the fitted equation is given by: 634 

  log10(EEP) = 8.20×10-9 AE3 - 9.80×10-6 AE2 + 4.91×10-3 AE + 1.44 (2) 635 

where EEP is the >300 keV precipitating electron flux with units of cm-2s-1sr-1, and AE is 636 

again the AE index value with units of nT. Superimposed on the panel is equation 1, but 637 

with the flux magnitudes divided by 1650, shown by the yellow line. The magenta and 638 

yellow lines appear fairly similar, suggesting that the EEP spectra does not change 639 

significantly with changing AE. It is also clear that the >300 keV flux magnitudes do 640 

increase with increasing AE for substorm clusters, in contrast to the findings of Nesse 641 

Tyssøy et al. [2021a]. These results suggest the EEP energy spectra is roughly consistent 642 

with AE.  643 

6. Discussion  644 

  As shown in Figure 2, and subsequent analysis, the >30 keV EEP magnitudes peak in the 645 

9-12 MLT ("late morning") sector. This is roughly consistent with earlier studies into the 646 

MLT variation of the equatorial intensity of whistler mode chorus (e.g., Meredith et al. 647 

[2012]), although in that case the peak appears to shift with increasing AE from 8-10 MLT 648 

to 6-8 MLT. However, more recent studies, incorporating observations from the Van Allen 649 

probes flagship radiation belt mission have shifted the chorus equatorial intensity peak into 650 

the late morning sector, at roughly 2-5 MLT [Meredith et al., 2020]. It is not currently clear 651 
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if the differences between our AE and MLT dependent >30 keV EEP magnitudes following 652 

substorms contradict the studies looking at the variability of equatorial intensity whistler 653 

mode chorus, or not. While a shift of 7 MLT (i.e., ~100⁰ in longitude) certainly seems 654 

considerable, we note that this is not an "apples with apples" comparison; here we focus on 655 

a clearly defined set of physical events driving precipitation, i.e., clusters of substorms, 656 

rather any time period with disturbed geomagnetic AE values. We suggest a dedicated study 657 

into the variation of the equatorial intensity of whistler mode chorus following substorms 658 

would be of value, especially given the large high-quality datasets currently available.  659 

 660 

  The results presented in the current study suggest a possible route to create an AE index 661 

proxy-driven model to represent EEP following magnetospheric substorm clusters. Such a 662 

model would be L- and MLT-dependent, able to capture the comparatively "fast" changes in 663 

EEP magnitudes occurring during recurrent substorms, as well as include an indication of 664 

the statistical variability in the EEP-input. While our focus has been on clusters of recurrent 665 

substorms rather than isolated events, it should be sufficient to capture the primary impact 666 

of substorm EEP; previous studies have shown that isolated substorms are roughly as 667 

common as substorm clusters [Rodger et al., Table 1, 2016], but produce ~1-2 orders of 668 

magnitude smaller EEP magnitudes in each event [Rodger et al., Figure A1, 2016]. 669 

 670 

  Previous proxy-driven EEP representations have been coupled to global atmospheric 671 

chemistry climate models, with varying levels of success (see for example, Nesse Tyssøy et 672 

al. [2021b]). Those EEP representations likely include substorm-driven EEP in an 673 

"averaged" or "smeared out" fashion, and more detailed work is required to determine if the 674 

averaging adequately captures the EEP-impacts. One example of this question is the large 675 

MLT-dependence expected in EEP, as all plasma wave drivers of precipitation have very 676 

strong MLT occurrence variations. van de Kamp et al. [2018] put forward a MLT-677 
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dependent medium energy EEP representation, suitable for coupling into long term 678 

atmospheric and climate modeling. Subsequent chemical modeling found that daily zonal-679 

mean electron forcing provides a sufficiently accurate ozone response in long-term climate 680 

simulations, with only small differences in the ozone responses to the MLT-dependent and 681 

the MLT-independent forcings [Verronen et al., 2020]. The same atmospheric study noted 682 

the importance of capturing the MLT variability in preparing the EEP input, noting "Even 683 

when atmospheric simulations can be made with a zonal-mean MEE forcing, it is important 684 

to apply a forcing that provides the correct total amount of energy input, and this requires 685 

flux measurements that have an adequate MLT coverage". We note also that this conclusion 686 

is specifically focused on long term ozone responses in climate simulations; a study focused 687 

on ionospheric rather than atmospheric impacts could well produce very different 688 

conclusions.  689 

 690 

  The SEA analysis undertaken here shows a decrease in the >30 keV EEP flux starting just 691 

before the zero epoch, for all AE ranges and MLT-sectors. We speculate that processes 692 

occurring before the substorm expansion phase, i.e., during the substorm growth phase 693 

[Rostoker et al., 1980], could damp plasma wave activity, and hence generate the observed 694 

decrease in precipitation fluxes. Some justification for this speculation comes from the 695 

observation that the flux decreases are largest in the 9-12 MLT sector where chorus wave 696 

activity dominates. This pre-zero epoch precipitation decrease becomes weaker with 697 

increasing AE, which may mean the convection provided by solar pre-conditioning 698 

dominates the EEP driver during this time for higher AE conditions, overcoming the impact 699 

of the substorm growth phase. We note that that this suggestion is rather speculative. 700 

However, the pre-zero epoch flux decrease is a striking feature in the data, requires a 701 

definitive explanation, and could be the focus of future detailed consideration.  702 

 703 
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  A recent study has modelled the SEM-2 MEPED telescopes, and concluded there may be 704 

significant problems with measurements by the 0-degree telescope which is commonly 705 

taken to provide bounce loss cone fluxes. To quote Selesnik et al. [2020]: ".... the 0° 706 

telescope usually measures stably trapped or quasi-trapped (drift loss cone) electrons, rather 707 

than precipitating (bounce loss cone) electrons as would be expected based on its 708 

orientation. (Exceptions occur when pitch angle diffusion is sufficiently enhanced, or when 709 

even the 90° telescope measures precipitating electrons.)". This might suggest that the 0eX 710 

data is essentially meaningless, and is simply providing information on the trapped/drift loss 711 

cone fluxes monitored by the 90eX telescope (which were previously analyzed around 712 

substorm clusters by Rodger et al. [2022]). At first glance the conclusions of Selesnik et al. 713 

[2020] appear extraordinary, given there have been roughly 20 years of studies employing 714 

the SEM-2 MEPED 0eX data as an indication of EEP (starting from Koontz et al., [2001)). 715 

Nonetheless, the conclusions deserve serious consideration and investigation due to the 716 

potential impact.  717 

 718 

  Based on the conclusions of Selesnick et al. [2020], one might expect that the variability in 719 

the 0eX data mirrors that in the 90eX data. Looking at the literature, one can find many 720 

examples where the 90eX and 0eX data are plotted alongside one another for the same time 721 

period or following the same analysis (examples are: Clilverd et al. [2010], Meredith et al. 722 

[2011], Hendry et al. [2012], Turner et al. [2012], Hardman et al. [2015], Neal et al. 723 

[2015], Søraas et al. [2018]). Looking at those plots, it is not uncommon for the 90eX and 724 

0eX data to show strong similarities in time, i.e., very similar time variability is seen in both 725 

datasets. That would, of course, be consistent with the idea that the 0eX data reported is 726 

dominated by contamination from the 90eX measurements. However, and as mentioned by 727 

Selesnik et al. [2020], this is also expected during intense scattering events (i.e., strong 728 

diffusion). During these time periods stably trapped electrons with relatively high pitch 729 
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angles (mirroring close to the geomagnetic equator) will be scattered to much lower pitch 730 

angles and hence lower altitudes, passing through the 90eX telescopes pitch angle range on 731 

the way to the 0eX telescopes and precipitating into the atmosphere. In fact, precipitating 732 

particles must, almost by definition, be scattered from the trapped populations thus if the 733 

scattering process is considered to be stochastic (i.e. scatters a given proportion of the 734 

trapped population), then the variability in the precipitating fluxes will have a strong 735 

component of the variability of the trapped population. This has been observed in the case 736 

of EMIC-wave driven EEP, with sharp peaks in both telescopes [e.g., Carson et al., 2013, 737 

Hendry et al., 2017]. Despite having all the hallmarks of Selesnik-style potential 738 

contamination, the precipitation was subsequently confirmed by sharply defined events 739 

observed in ground based data [e.g., Clilverd et al., 2015; Rodger et al., 2015; Hendry et al., 740 

2016]. We also note that the papers presenting 90eX and 0eX data side by side show both 741 

similarities and differences, including times where the 90eX fluxes are high without 742 

corresponding increases in 0eX data.  743 

 744 

  Finally, we note there is existing impendent evidence that the 0eX fluxes are representative 745 

of EEP fluxes and not dominated by contamination. In the last 5-10 years there have been 746 

efforts to use the 0eX electron flux data to provide EEP as an energy input into the 747 

atmosphere (see the discussion in van de Kamp et al. [2018] and Nesse Tyssøy et al. 748 

[2021b]). That has involved a significant effort around the validation of the 0eX electron 749 

fluxes, often by comparing ground-based or atmospheric observations against the impact 750 

expected from the POES SEM-2 MEPED 0eX observations (examples being Clilverd et al. 751 

[2010], Neal et al. [2015], Rodger et al. [2013], and Clilverd et al. [2020]), effectively 752 

cross-calibrating the 0eX data against independent datasets.. While those studies have 753 

identified issues with the POES 0eX observations, they have generally found that the POES 754 

SEM-2 reported EEP fluxes are meaningful, particularly at times of strong scattering - 755 
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similar to the scattering produced by whistler mode chorus considered in our current study. 756 

Indeed, independent evidence from three different atmospheric or ionospheric 757 

measurements, i.e., cosmic noise absorption, chemical species concentrations, and 758 

subionospheric radiowave propagation perturbations, do not support the idea that the POES 759 

0-deg detector is reporting excessively large/false fluxes (Rodger et al. [2013], Nesse 760 

Tyssøy et al. [2016], and Clilverd et al. [2020]). One consistent conclusion of those studies 761 

is that the POES reported EEP is an underestimate of the "real" precipitation level into the 762 

atmosphere not a contamination-dominated over-estimate as suggested by the Selesnik et al. 763 

[2020] study.  764 

 765 

  We now turn to the SEA undertaken in the current study. For the quiet AE SEA results, 766 

there are some similarities and differences between the 90e1 and 0e1 SEA fluxes. This 767 

includes small increases in the 0e1 EEP flux starting at the zero epoch for the 21-24 MLT 768 

range at a time when the 90e1 EEP fluxes decrease. For the high flux, strong AE 769 

(AE≥300 nT) disturbances, we acknowledge there are strong similarities in the time 770 

dependence of the 90e1 and 0e1 SEA fluxes. This could simply be due to the strong 771 

scattering situations occurring for these high AE cases. While we believe the previous 772 

literature described in detail above is strongly suggestive that the 0e1 fluxes are most likely 773 

to be "real" in this case, and not meaningless, we cannot currently rule out the possibility 774 

that there is significant contamination present, as suggested by Selesnik et al. [2020].   775 

 776 

7. Summary  777 

  In this study we have examined the precipitation of energetic electrons around the times of 778 

substorm clusters. Using many decades of low Earth orbit satellite observations we have 779 

determined the typical behavior of EEP around these events, as well as the statistical 780 
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variability, focused on the MLT, AE, and L-shell dependence. We undertook an analysis 781 

route informed by the knowledge that substorms trigger chorus waves which have strong 782 

MLT, AE, and L-shell dependence. We employed the same dataset of substorm clusters that 783 

have earlier been used to examine the variability in trapped radiation belt fluxes linked to 784 

recurrent substorm activity (in our earlier study, Rodger et al. [2022]). That earlier study 785 

concluded substorm clusters associated with quiet AE disturbances (AE≤100 nT) produced 786 

no increases in energetic, relativistic, or ultra-relativistic electron trapped flux in the outer 787 

radiation belts. Whereas substorms which occur linked to moderate (100 nT<AE≤300 nT) 788 

or strong AE (AE≥300 nT) disturbances are clearly geoeffective in terms of radiation belt 789 

trapped flux enhancements. In contrast, this study finds that quiet, moderate, and strong AE 790 

disturbance substorm clusters all produce clear EEP enhancements immediately following 791 

the cluster onset. 792 

 793 

  The MLT-dependent analysis shows a well-defined MLT-dependent variation in >30 keV 794 

EEP magnitude, which is largely consistent across the AE-ranges considered. The EEP 795 

magnitude varies by several orders of magnitude depending on MLT, with a distinct and 796 

deep minimum in the late afternoon sector (15-18 MLT), and maxima in the mid to late 797 

morning sector (6-12 MLT). The MLT and L-occurrence of >30 keV EEP varies in a 798 

similar, if not identical way, to that seen earlier in the variation of lower band whistler mode 799 

chorus intensities. The strong similarity between the intensity of whistler mode chorus 800 

reported in the literature and >30 keV EEP magnitudes reported in the current study 801 

suggests the precipitation during these events is dominated at all MLT by plasma wave 802 

pitch angle scattering, rather than field line curvature scattering.  803 

 804 

  Clusters of substorms reliably produce enhancements in electron precipitation for >30 keV 805 

and >300 keV, with steadily increasing peak precipitation magnitudes with increasing AE. 806 
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The peak precipitation flux L-shell also clearly moves inwards with increasing AE, in a 807 

highly similar way for the two energy ranges. The relationships between the peak >30 keV 808 

and >300 keV precipitating fluxes and AE are fairly similar, suggesting the precipitation 809 

spectra does not vary significantly with AE. This finding provides the basis required to 810 

specify the energy spectrum of EEP by plasma wave pitch angle scattering during substorm 811 

events.  812 

 813 

  We suggest the current study of the average magnitudes and statistical variability in the 814 

EEP parameters could be employed to further the examination of the relative importance of 815 

substorms to ozone variability in the mesosphere and upper stratosphere. Given those 816 

influences, it could also be used to provide a route for building an EEP model to represent 817 

precipitation driven by substorm clusters to be linked to atmospheric coupled chemistry and 818 

climate simulations.  819 
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 1115 

 1116 
 1117 
Figure 1.  SEA showing the dynamics of the median >30 keV precipitating electron flux 1118 
variation from POES. The SEA is considered separately for three geomagnetic activity 1119 
levels, specified by AE index value at the time of zero epoch, which is the start of the 1120 
substorm cluster. The left hand plots show the SEA of median precipitating electrons for the 1121 
AE dependent recurrent Substorm Epochs, plotted against L-shell. The right hand plots show 1122 
the statistical variation of the outer radiation belt >30 keV fluxes in the L-shell range from 1123 
5.0 to 15.0. In the right hand panels the superposed epoch median of the plotted parameter is 1124 
given by the solid black line. The 95% confidence interval for this median is shown by the 1125 
red band. The dark blue bands mark the interquartile range and the 95% confidence interval 1126 
about it (light blue). 1127 
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 1130 
 1131 
Figure 2.  SEA showing the dynamics of the median >30keV precipitating electron flux 1132 
variation observed from POES, plotted against L-shell. The start of the substorm cluster 1133 
defines the zero epoch, shown by the dashed white line in the panels. Each panel is for a 1134 
different MLT range, as labeled. Note that electrons drift around the Earth from top-left to 1135 
bottom-right. This SEA uses all the substorm clusters, without discriminating by AE.  1136 
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 1139 
 1140 
Figure 3.  SEA of median >30 keV POES precipitating electrons for the Substorm Cluster 1141 
Epochs, plotted against L-shell for zero epoch AE values in the range AE≤100 nT (i.e., 1142 
quiet). Each panel is for a different MLT range, as labeled. The format is otherwise as 1143 
shown in Figure 2.  1144 
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 1147 
 1148 
Figure 4.  As Figure 3, but for the moderate AE range (100 nT<AE≤300 nT). 1149 
 1150 

1151 
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 1153 
 1154 
Figure 5.  Statistical variation of the >30 keV precipitating fluxes in the L-shell range from 1155 
5.0 to 15.0 for the flux variations shown in Figure 4 (i.e., zero epoch AE values in the range 1156 
100 nT<AE≤300 nT). The median, quartiles, and confidence intervals are plotted in the 1157 
same format as the right hand panels of Figure 1.  1158 
 1159 
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 1162 
 1163 
Figure 6.  As Figure 3 and 4, but for the strong AE geomagnetic disturbance range 1164 
(AE≥300 nT).  1165 
 1166 
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 1168 

 1169 
Figure 7.  Statistical variation of the >30 keV precipitating fluxes in the L-shell range from 1170 
5.0 to 15.0 for the flux variations shown in Figure 6 (i.e., zero epoch AE values in the range 1171 
≥300 n). This figure is in the same format as Figure 5 and the right hand panels of Figure 1. 1172 
 1173 
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 1176 
 1177 
Figure 8.  Examination of the variation in peak >30 keV fluxes EEP magnitude with respect 1178 
to changing AE. Top left: SEA of the >30 keV EEP for the AE range from 200-225 nT. 1179 
Bottom left: L- and AE-variation in 30 keV EEP fluxes at the times where the summed EEP 1180 
fluxes are maximum for each AE-range. Top-right: Variation in epoch time when the 1181 
summed EEP fluxes are maximum. Bottom-left: Statistical variability of the peak >30 keV 1182 
EEP fluxes, using the same color scales as shown earlier (e.g., Figure 3). The magenta line is 1183 
a 3-order polynomial fit to the median fluxes.  1184 
 1185 

1186 
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 1187 

 1188 
Figure 9.  Examination of the variation in peak >300 keV fluxes EEP magnitude with 1189 
respect to sweeping AE. Top left: L- and AE-variation in 300 keV EEP fluxes at the times 1190 
where the summed EEP fluxes are maximum for each AE-range. Bottom-left: Statistical 1191 
variability of the peak >300 keV EEP fluxes, using the same color scales as shown earlier. 1192 
The magenta line is a 3-order polynomial fit to the median fluxes, while the yellow line is 1193 
the >30 keV fit shown in Figure 8 divided by 1650. 1194 
 1195 
 1196 
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