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Abstract. The primary sources of energetic electron precipitation (EEP) which affect 15 

altitudes <100 km (>30 keV) are expected to be from the radiation belts, and during 16 

substorms. EEP from the radiation belts should be restricted to locations between L=1.5-8, 17 

while substorm produced EEP is expected to range from L=4-9.5 during quiet geomagnetic 18 

conditions. Therefore, one would not expect any significant D-region impact due to electron 19 

precipitation at geomagnetic latitudes beyond about L=10. In this study we report on large 20 

unexpectedly high latitude D-region ionization enhancements, detected by an incoherent 21 

scatter radar at L≈16, which appear to be caused by electron precipitation from substorms. 22 

We go on to reexamine the latitudinal limits of substorm produced EEP using data from 23 
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multiple low-Earth orbiting spacecraft, and demonstrate that the precipitation stretches 24 

many hundreds of kilometers polewards of the previously suggested limits. We find that a 25 

typical substorm will produce significant EEP over the IGRF L-shell range L=4.6±0.2-26 

14.5±1.2, peaking at L=6-7. However, there is significant variability from event to event; in 27 

contrast to the median case, the strongest 25% of substorms have significant EEP in the 28 

range spaning L=4.1±0.1-20.7±2.2, while the weakest 25% of substorms have significant 29 

EEP in the range spaning L=5.5±0.1-10.1±0.7. We also examine the occurrence probability 30 

of very large substorms, focusing on those events which appear to be able to disable 31 

geostationary satellites when they are located near midnight MLT. On average these large 32 

substorms occur approximately 1-6 times per year, a significant rate given the potential 33 

impact on satellites. 34 

 35 

1.  Introduction  36 

  Magnetospheric substorms (henceforth referred to as substorms) are brief disturbances in 37 

the magnetosphere in response to a time limited increase in energy input from the solar 38 

wind to the magnetosphere. They are linked to the southward turning of the z component of 39 

the Interplanetary Magnetic Field (IMF) [e.g., Akasofu, 1981] (also described as “IMF 40 

negative”) and to the presence of high solar wind speeds [e.g., Tanskanen et al., 2005], 41 

although substorms have been known to occur when these conditions are not met [Rostoker 42 

et. al., 1980]. Substorms are significant space weather events, involving the reconfiguration 43 

of the magnetic fields in the magnetosphere, plasma flows in the magnetotail, the generation 44 

of electromagnetic waves in the inner magnetosphere, and particle precipitation into the 45 

ionosphere ranging from auroral to relativistic energies. While the various phenomena 46 

occurring during substorms are fairly well documented, the order of the events leading to 47 

the substorm onset is still under some dispute [e.g., Nishimura et al., 2010; Liu et al., 2012]. 48 
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While comparatively common, with several substorms occurring in a typical day, large 49 

substorms have been associated with effects as dramatic as the loss of control of the Galaxy 50 

15 geostationary communications satellite in April 2010 [Connors et al., 2011; Clilverd et 51 

al., 2012b]. 52 

  Substorms generate energetic electron precipitation (EEP) through the conversion of solar 53 

wind energy stored in the Earth's magnetotail into particle heating and kinetic energy, part 54 

of which is seen in the ionosphere as brightenings of aurorae [e.g. Akasofu, 1964; Axford, 55 

1999; Liu et al., 2009]. Spanswick et al. (2009) studied a substorm on 27 August 2001 in 56 

detail, concluding that EEP was observed on the ground near L = 6.6 and it expanded both 57 

polewards and equatorwards - consistent with the earlier riometer-based survey of Berkey et 58 

al. [1974]. Typically, EEP from a substorm starts near magnetic midnight, with the 59 

ionospheric precipitation region rapidly expanding eastwards with velocities that 60 

correspond to electron drift velocities associated with energies of 50-300 keV [Berkey et al., 61 

1974]. The electron energies involved in substorm injections seen by satellites such as 62 

LANL are typically 50-1000 keV, with the highest fluxes occurring at the lowest energies 63 

[Clilverd et al., 2008, Rodger et al., 2012]. Recent papers have suggested that a very large 64 

fraction of the enhanced population of energetic electrons (50-1000 keV) observed by 65 

geostationary satellites during substorms precipitates into the atmosphere. Clilverd et al. 66 

[2008] concluded that roughly 50% of the electrons injected near the LANL-97A satellite 67 

during a substorm on 1 March 2006 precipitated in the region near the satellite, and 68 

comparable EEP fluxes were reported by Clilverd et al. [2012a] for another THEMIS 69 

detected-substorm occurring on 28 May 2010. Both of these studies combined the satellite 70 

measurements with observations from a riometer and subionospheric VLF instruments. In 71 

addition, Watson et al. [2011] examined GPS total electron content (TEC) measurements 72 

during substorms and reported vertical TEC changes of several TEC units associated with 73 

the substorm. By studying the apparent expansion of the precipitation region due to the 74 
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substorm, they concluded that the bulk of the vertical TEC change occurred at altitudes of 75 

approximately ~100 km, i.e., the vertical TEC was responding to the EEP and not the very 76 

considerable population of <1 keV electrons that also precipitate during substorms [Mende 77 

et al., 2003]. This conclusion was found to be consistent with the observed responses of the 78 

ionospheric D-region to EEP observed by riometer and subionospheric VLF instruments 79 

during large substorm EEP events [Rodger et al., 2012]. 80 

  Precipitating charged particles produce odd nitrogen and odd hydrogen in the Earth's 81 

atmosphere which can catalytically destroy ozone [Brasseur and Solomon, 2005]. As a 82 

result, EEP events have been linked to significant decreases in polar ozone observed in the 83 

upper stratosphere [e.g., Randall et al., 2007; Seppälä et al., 2007]. By influencing 84 

stratospheric ozone variability in the polar region, energetic particle precipitation can affect 85 

the stratospheric radiative balance, and may link to significant polar surface climate 86 

variability [Rozanov et al., 2005; Seppälä et al., 2009]. Recent experimental studies have 87 

demonstrated the direct production of odd nitrogen [Newnham et al., 2011] and odd 88 

hydrogen [Verronen et al., 2011; Andersson et al., 2012] in the mesosphere by EEP.  89 

  Substorms are comparatively common; the annual mean substorm rate has been reported at 90 

1400 per year [Smith et al., 1996]. The events typically last 30 min – 2 hours. In addition, 91 

the peak EEP fluxes for some events can be several orders of magnitude larger than EEP 92 

from radiation belt processes [e.g., Rodger et al., 2012], with precipitation also occurring at 93 

very high latitudes. Therefore, substorms may be an important contributor to EEP-produced 94 

polar atmospheric chemical changes, adding to both the "indirect effect" [Randall et al., 95 

2007] and direct change in the mesosphere [e.g., Turunen et al., 2009; Verronen et al., 96 

2011; Andersson et al., 2012]. As such it is important to accurately determine the latitude 97 

range over which substorm EEP will occur.  98 

  Substorm EEP events were comprehensively mapped by Berkey et al. [1974] using about 99 

40 Northern Hemisphere riometers in the International Quiet Sun Year (1964–1965) and 100 
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International Active Sun Year (1969) to examine 60 substorms. Substorm events were 101 

selected where the nightside riometer record had been undisturbed for 1 hour before the 102 

onset of the substorm, the onset was abrupt with a rate of increase of absorption of at least 103 

1 dB per 5 minutes, the duration of the absorption event was greater than 30 min and the 104 

absorption exceeded 1 dB for more than 5 minutes. The latitudinal extent of the EEP was 105 

then determined from the riometer observations using an absorption threshold of >0.3 dB. 106 

Initially the riometer absorption maxima were found to be located close to 65º geomagnetic 107 

invariant latitude (L~6). Within 15 min the zone then expanded to cover a corrected 108 

geomagnetic (CGM) latitude range of 60–74º, with a small dependence upon Kp. This EEP 109 

latitude range was found to be consistent with the observations from particle detectors on 110 

DMSP flights [Sandholt et al., 2002]. 111 

  The primary sources of EEP which affect altitudes <100 km are expected to be from the 112 

radiation belts and substorms. EEP from the radiation belts should be restricted to locations 113 

between L=1.5-8, while substorm produced EEP is expected to range from L=4-9.5 for low 114 

Kp conditions. Therefore, outside of solar proton events one would not expect any 115 

significant D-region impact due to precipitation at geomagnetic latitudes beyond about 116 

L=10. In this study we report on large high latitude D-region ionization enhancements 117 

detected by an incoherent scatter radar at a CGM latitude of 75.43° (L=16) which 118 

unexpectedly appear to be caused by substorms. We go on to reexamine the latitudinal 119 

limits of substorm produced EEP using data from multiple low-Earth orbiting spacecraft, 120 

and demonstrate that the precipitation stretches many hundreds of kilometers polewards of 121 

the previously suggested limits. We undertake a detailed analysis of substorm 122 

characteristics, and attempt to understand how and why the classical picture of substorm 123 

latitudinal extent does not include high latitudes such as those of the Svalbard incoherent 124 

scatter radar site. 125 
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2.  D-Region enhancements during the IPY 126 

2.1 EISCAT Svalbard Observations 127 

  During the International Polar Year (IPY) the EISCAT Svalbard Radar (ESR; 78.15°N, 128 

16.02°E, CGM latitude 75.43°, IGRF L=15.7 at 100 km altitude) observed the ionosphere, 129 

including the D region, near-continuously from 1 March 2007 to 28 February 2008. This 130 

period was in the deep solar minimum, i.e., during low solar activity, and no solar proton 131 

events occurred. One of the goals of this IPY campaign was to monitor the descent of 132 

thermospheric NOx produced by auroral precipitation into the mesosphere [Clilverd et al., 133 

2006; Randall et al., 2007]. A summary of the physics of incoherent scatter radar systems, 134 

like EISCAT, can be found in Kofman [1992]. 135 

  As noted above, the Berkey et al. [1974] study considered the typical poleward and 136 

equatorward boundaries for significant substorm produced precipitation as defined by a 137 

>0.3 dB riometer absorption threshold. That study made use of corrected geomagnetic 138 

latitude values, and reported that the poleward threshold was 71° latitude for Kp<5 (with 139 

little local time dependence), and 71-74° for Kp=6-7, depending on local time, but not solar 140 

activity levels. During the IPY geomagnetic activity was typically very low, and the Kp-141 

excursions which occurred were generally small. Thus the lower Kp boundary is more 142 

appropriate for our study, as will be confirmed later. Figure 2 and 3 of Berkey et al. [1974] 143 

give a contour map of the CGM latitude contours used in their analysis. We find that the 144 

outer CGM limit of 71° calculated for 1969 corresponds well with the IGRF L-shell contour 145 

of 9.5, and is consistent with Figure 2 of Berkey et al. [1974]. In our study we will work 146 

primarily in IGRF-L-shells as the POES dataset we use in a later section includes the IGRF 147 

L-shell with high-time resolution. In IGRF L-shells the Berkey et al. [1974] limits for the 148 

>0.3 dB riometer absorption span L=4 to 9.5 for geomagnetic disturbances from 2<Kp<6. 149 

  Figure 1 shows the location of the ESR (green star) as well as the L-shell limits for 150 

significant substorm EEP determined by Berkey et al., [1974] and the radiation belt EEP 151 
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limits suggested above. Clearly, the ESR facility is well beyond the outer edge of the L≈9.5 152 

substorm EEP limit (in terms of significant EEP during the Berkey et al. [1974] substorms), 153 

in practice about ~500 km further polewards. As noted above, the location of the ESR is 154 

such that one would not typically expect any significant D-region ionization changes due to 155 

particle precipitation except during solar proton events, as it is located well poleward of the 156 

expected locations for EEP from the radiation belts or the substorms reported by Berkey et 157 

al. [1974].  158 

  It was therefore unexpected when a set of sharp D-region electron density changes were 159 

observed in the ESR data, clearly not associated with known D-region triggers (e.g., X-rays 160 

from solar flares), and leading to a more detailed investigation reported here. The ESR 161 

electron number density dataset was analyzed using 1 minute and 3 km altitude resolutions 162 

looking for sudden changes in D-region density. The identification criterion for an event 163 

used was that the electron number density in the 80-100 km altitude range increased 164 

suddenly for 5 minutes by 5 times the preceding (5 minute median) level. This criterion will 165 

select only very clear cases, preferentially identifying the initial onset from quiet conditions, 166 

and missing many weak events or even strong ones taking place in the middle of disturbed 167 

conditions. However, it provides a dataset of well-defined events for us to examine further. 168 

In this way 112 events were identified. Figure 2 shows a superposed epoch analysis (SEA) 169 

of the 112 IPY ESR events; the left-hand panel shows the statistical mean while the right 170 

hand panel shows the statistical median. We only consider EISCAT electron number 171 

density observations for altitudes above 70 km as sea reflections and multipath propagation 172 

can lead to spurious results at lower altitudes. Figure 2 demonstrates that the IPY ESR 173 

events have consistent and clear responses which will in part reflect the event selection 174 

criteria. A typical "quiet" level of electron number density is visible before the event epoch, 175 

with a sudden increase of 1-2 orders of magnitude in electron density directly at epoch 176 

which occurs over a wide range of altitudes (and certainly ~75-100 km). The increased 177 
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electron density weakens over a period of approximately one hour before returning to 178 

typical quiet levels.  179 

 180 

2.2 The question of substorm-EEP 181 

  The left hand panel of Figure 3 shows the Magnetic Local Time (MLT) variations of the 182 

IPY ESR electron number density increase events (henceforth "IPY ESR events"). Clearly, 183 

the IPY ESR events are strongly clustered around magnetic midnight, which is the first 184 

suggestion that these unexpected events might be caused by substorm-EEP, which we 185 

consider in more detail below. The right hand panel of Figure 3 shows a superposed epoch 186 

analysis (SEA) of the z-component of the IMF for the epochs defined by the IPY ESR 187 

events (henceforth "IPY ESR epochs"). The IMF observations were provided by the 188 

Advanced Composition Explorer (ACE) satellite and time shifted to allow for the travel 189 

time from the satellite position to the Earth's magnetosphere. In this figure the superposed 190 

epoch median of the IMF Bz is given by a black line while the 95% confidence interval for 191 

the median is given by the red band. Dark blue bands mark the interquartile range and the 192 

95% confidence interval about it (light blue). Clearly, ~1-2 hours before the IPY ESR 193 

epochs there is a highly repeatable southward turning in the IMF, which is of a similar 194 

magnitude to that seen for substorms (not shown). The majority of the IPY ESR events 195 

occur during periods of high solar wind speeds which, as previously noted, is also expected 196 

for substorms. Further superposed epoch analysis of these events (not shown) show they are 197 

associated with small decreases in the median Dst index (to about -13.5 nT), a brief upward 198 

spike in AE (to 250 nT) and a small disturbance in Kp (up to ~3), which are also all very 199 

similar to those observed for known substorm events. A manual investigation was made of 200 

the AL and IL indices (the latter similar to AL but produced using the IMAGE 201 

magnetometer chain) around the times of the IPY ESR events. This confirmed that the 202 

majority of events occurred during the expansion phase or recovery phase of substorms 203 
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detected in one or both of these indices. The small Kp disturbance associated with these 204 

events also confirms that, on the basis of the Berkey et al. [1974] latitude limits noted 205 

above, one would not expect significant substorm produced EEP above this location.  206 

  One known signature of energetic particle acceleration occurring during substorms is the 207 

sudden appearance of "dispersionless injections" in particle observations made near 208 

geosynchronous orbit [e.g., Sarris and Li, 2005]. We therefore examine geosynchronous 209 

satellite particle data from the SOPA instrument on the LANL spacecraft which have 210 

previously been used to characterize substorms and link them to substorm EEP [e.g., 211 

Clilverd et al., 2008]. Note that the LANL spacecraft data are now closed to non-military 212 

scientific use, and we are therefore limited to examining the IPY ESR epochs in 2007 for 213 

which we already had the data available. Seventy seven of the IPY ESR events occurred in 214 

2007, and there is SOPA/LANL geostationary observations for 75 of these events. Two 215 

thirds of these showed an injection, consistent with the occurrence of a substorm. However, 216 

we cannot state that the remaining 25 IPY ESR 2007 events were not substorms; another 217 

known signature for substorms is a fast narrow flow burst from the magnetotail caused by 218 

magnetic reconnection. Recent comparisons between SOPA/LANL injections and flow 219 

bursts observed by Geotail and THEMIS found that only about one-third of flow bursts led 220 

to LANL-detected injections [Sergeev et al., 2012].   221 

  The evidence above suggests that the IPY ESR events are indeed due to substorm EEP, 222 

despite the high-latitude of the ESR facility. One possibility as to why Berkey et al. [1974] 223 

did not include substorm EEP events similar to the IPY ESR events is that the Svalbard EEP 224 

flux magnitudes might be too small to produce a >0.3 dB riometer absorption change. We 225 

have tested this by determining the riometer absorption which would be produced by the 226 

median ESR-observed electron number density variations shown in the right hand panel of 227 

Figure 2. Following the calculation approach outlined in Rodger et al. [2012] we find the 228 

increase in riometer total absorption for the median 70-100 km altitude ionization changes 229 
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observed in the IPY ESR events is ~0.59 dB, and thus one would expect these events would 230 

have been included in the Berkey et al. [1974] study and thus moved the poleward edge for 231 

significant precipitation during weak substorms closer to the pole. 232 

  However, one might also speculate that the difference between the mapped footprints of 233 

the field-lines associated with L=10 and L=16 is rather small and might not have been 234 

differentiated by the Berkey et al. [1974] study, even though we have indicated it is 235 

~500 km. We therefore turn to low-Earth orbiting satellite data to provide an alternative 236 

determination of the geomagnetic latitude limits for substorm-EEP.  237 

3.  Satellite instrumentation and data 238 

3.1 POES Satellite Data 239 

  Here we utilize the second generation Space Environment Module (SEM-2) [Evans and 240 

Greer, 2004] flown on the Polar Orbiting Environmental Satellites (POES) series of 241 

satellites, and on the Meteorological Operational (MetOp)-02 spacecraft. For our IPY ESR 242 

study period there are five satellites that carry the SEM-2 instrument package. These 243 

spacecraft are in Sun-synchronous polar orbits with typical parameters of ~800−850 km 244 

altitude, 102 min orbital period and 98.7° inclination [Robel, 2009]. The orbits typically are 245 

either morning or afternoon daytime equator crossings, with corresponding night-time 246 

crossings. Table 1 contains a summary of the SEM-2 carrying spacecraft operational at the 247 

time of writing. 248 

  We use SEM-2 Medium Energy Proton and Electron Detector (MEPED) observations from 249 

the NOAA-15 through 18 satellites plus the MetOp-2 satellite which also carries an SEM-2. 250 

All POES data are available from http://poes.ngdc.noaa.gov/data/ with the full-resolution data 251 

having 2-s time resolution. Analysis by Rodger et al. [2010a] indicated that the levels of 252 

contamination by comparatively low energy protons can be significant in the MEPED 253 

observations. As much as ~42% of the 0° telescope >30 keV electron observations were 254 
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typically found to be contaminated, although the situation was less marked for the 90° 255 

telescope (3.5%). However, NOAA has developed new techniques to remove the proton 256 

contamination from the POES SEM-2 electron observations, as described in Appendix A of 257 

Lam et al. [2010]. This algorithm is available for download through the Virtual Radiation Belt 258 

Observatory (ViRBO; http://virbo.org).  259 

  The SEM-2 detectors include integral electron telescopes with energies of >30 keV (e1), 260 

>100 keV (e2), and >300 keV (e3), pointed in two directions. The 0º-pointing detectors are 261 

mounted on the three-axis stabilized POES spacecraft so that the centre of each detector field 262 

of view is outward along the local zenith, parallel to the Earth-centre-to-satellite radial vector. 263 

Another set of telescopes, termed the 90º-detectors, is mounted approximately perpendicular 264 

to the 0° detector, directed towards the wake of the satellite. The telescopes pointing in the 0º 265 

and 90º directions are ±15º wide. In the current study we only consider the observations from 266 

the 0° telescopes, using the channels summarized in Table 2. Modeling work has established 267 

that the 0° telescopes monitor particles in the atmospheric bounce loss cone that will enter the 268 

Earth's atmosphere below the satellite when the spacecraft is poleward of L≈1.5-1.6 [Rodger 269 

et al., Appendix A, 2010b].  270 

  Before undertaking superposed epoch analysis we first combine the POES reported 271 

particle fluxes varying with L and time, using 0.25-L and 15-min time resolution. As such 272 

there can be a variable number of observations from a varying number of satellites included 273 

in each 0.25-L and 15-min time resolution bin. We grid the POES observations out to an 274 

IGRF L-shell of 30, as this should include all likely substorm precipitation. Observations 275 

from inside and around the South Atlantic Magnetic Anomaly are excluded before the 276 

measurements are combined. Solar proton events can render all POES electron observations 277 

meaningless, but as none occurred in the time period considered here this is not a concern. 278 

 279 

3.2 SuperMAG list of Substorm Events  280 
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  Identification of substorms can be somewhat challenging as different researchers focus 281 

upon different instruments and criteria for their definition of a substorm. In this study, we 282 

choose to use the substorm identification criteria of the SuperMAG collaboration of 283 

organizations and national agencies, whose list of substorm events is analyzed alongside our 284 

D-region and EEP observations. SuperMAG uses ground-based magnetometer chains of 285 

more than 100 observatories to derive an index that is similar to that used to define the AE 286 

index. The large number of observatories used by SuperMAG allows for greater coverage of 287 

the latitude range and much smaller time gaps. The automated algorithm to identify 288 

substorm expansion phase onsets from the SuperMAG observations has been described and 289 

validated [Newell & Gjerloev, 2011a, b], with the events available for download online 290 

through http://supermag.jhuapl.edu/substorm/. 291 

4.  SEA of IPY ESR events  292 

  As a first step, we undertake SEA of the POES precipitating electron and proton 293 

observations for the epochs defined by the 112 IPY ESR events, i.e., the times at which 294 

EISCAT reported D-region enhancements. We limit ourselves to POES observations made in 295 

the MLT region from 19-6 MLT, as this covers the majority of the ESR-observed events 296 

(Figure 3, left hand panel). The left hand panel of Figure 4 shows the SEA analysis of the 297 

>30 keV precipitating electrons observed by POES for these epochs and MLT range. There is 298 

a sharp increase by 1.5-2 orders of magnitude in the observed precipitating fluxes from L=5-299 

14 at the times of the EISCAT derived epochs, consistent with the D-region observations 300 

being due to EEP. The dotted white horizontal line marks the L-shell of the ESR; clearly EEP 301 

is enhanced at these L-shells, as well as at yet higher magnetic latitudes. In order to quantify 302 

the significance of these observations, the right hand panel of Figure 4 shows the ratio of the 303 

SEA analysis in the left hand panel to that for a set of random time periods. The random 304 

epoch list is from the time period of the IPY ESR observations (1 March 2007 to 28 February 305 
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2008), where the MLT variation was taken from the IPY ESR epoch distribution shown in 306 

Figure 2, with the day number randomized. The right hand panel of Figure 4 demonstrates 307 

that while the >30 keV EEP is enhanced by 1.5-2.5 orders of magnitude around the epochs 308 

times, this occurs within a longer period of smaller enhanced EEP fluxes (0.5-1 orders of 309 

magnitude). This lower-level EEP enhancement spans ±1.5 days around the epoch and 310 

roughly corresponds to the time period in which the SEA of the solar wind speed is enhanced 311 

(>450 km/s; not shown).  312 

  As noted in Table 2, the SEM-2 instrument has multiple precipitating electron and proton 313 

energy ranges. For 0E1 to 0E3 and 0P1 to 0P3 the SEA plots are visually similar (not shown), 314 

but with smaller EEP enhancements relative to the random analysis at epoch time. For 315 

example, while the peak in the 0E1 ratio plot (right hand side of Figure 4) is ~350, this value 316 

is ~13 for 0E2 and a very marginal response in 0E3 suggesting higher energy electron 317 

precipitation is close to the noise floor of the instrument. For the precipitating particle 318 

channels (0E and 0P), we see no response at the ESR L-shell for the E3 and P5 channels, but 319 

do for lower energy ranges. We therefore conclude that the energy range for particles 320 

precipitating into the atmosphere above the ESR is ~30-300 keV for electrons and estimate 321 

the rough precipitation range for protons as being 30-800 keV on the basis of the response in 322 

the different 0P channels. Protons with energies <1 MeV will deposit the majority of their 323 

energy in the atmosphere above 95 km, while the 30-300 keV electrons will cause ionization 324 

rate enhancements down to about 70 km altitude [Turunen et al., Fig. 3, 2009]. It is therefore 325 

most likely that the precipitation above Svalbard, which was seen in the IPY ESR data, is 326 

solely due to the precipitation of ~30-300 keV electrons. 327 

  Having examined the POES-precipitation observations at the times of the ESR observed D-328 

region enhancements, we now use POES to confirm that these events are indeed substorm-329 

driven. 330 
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5.  SEA of SuperMAG Substorms  331 

  This is undertaken using the SuperMAG list of substorm events in the time period 1 March 332 

2007 to 28 February 2008, which we will term the IPY substorm epochs. This list includes 333 

1413 events in comparison with the 112 events in the IPY ESR epoch list. Substorm produced 334 

EEP evolves with time, geomagnetic latitude and MLT (see for example Figure 9 of Berkey et 335 

al. [1974]), and thus we analyse the SuperMAG substorm epochs for 4 different MLT 336 

regions. In our SEA we limit ourselves to POES observations made in the ±3 MLT regions 337 

centered on 0, 6, 12, and 18 MLT, as shown in Figure 5. We note that the SEA of the POES-338 

observed >30 keV electron precipitation using the IPY substorm epochs centered on 0 and 6 339 

MLT (upper panels of Figure 5) are visually extremely similar to that made using the IPY 340 

ESR epochs (Figure 4), although with a more clearly resolved pattern due to the larger 341 

number of epochs included in the SEA. Figure 5 shows that there are significant >30 keV 342 

enhancements immediately following the substorm onset, peaking ~30 min later in the 3-343 

9 MLT sector. While substorm EEP clearly grows in IGRF L-value in the 0 MLT sector, this 344 

is most pronounced in the 6 MLT sector, where enhanced precipitation clearly extends 345 

beyond the L-shell of the ESR instrument. In the noon sector (12 MLT) the >30 keV 346 

enhancements are delayed relative to substorm onset, but also span a wide L-shell range and 347 

are long lived. In contrast, there is little enhancement in the precipitation in the 18 MLT 348 

sector. The general MLT features seen in Figure 5 are consistent with that reported by Berkey 349 

et al. [1974] (and in particular Figure 9 of that paper), except that the EEP stretches to higher 350 

geomagnetic latitude than reported in that study. Note that the long-lived enhanced >30 keV 351 

EEP well before the SuperMAG epoch is primarily due to substorms occurring in clusters 352 

during periods of high speed solar wind and thus appearing around the epoch time; a SEA 353 

considering only isolated substorms (±6 hours) does not include this feature. 354 

  The peak EEP timing in the SuperMAG SEA occurs ~1 hour later in contrast with the IPY 355 

ESR epochs, which is most likely a result of how the two epochs are determined. Part of this 356 
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may result from the time taken for the substorm region to grow in latitudinal extent from its 357 

starting point around L≈6. The precipitating >30 keV fluxes observed in the SuperMAG 358 

substorm case are approximately 0.5-1 orders of magnitude (i.e., a factor of 3-10) weaker than 359 

for the ESR event case. Nonetheless, it is again clear that the ESR-observed D-region 360 

enhancements are due to substorm-triggered precipitation of energetic electrons, and that 361 

substorm precipitation is enhanced beyond L=10.  362 

6.  Latitudinal Limits for Substorm EEP  363 

  The SEA analysis of POES data presented above essentially confirms that the D-region 364 

enhancements observed by EISCAT were produced by substorm-triggered energetic electron 365 

precipitation, and thus that significant quantities of substorm EEP affect the ionosphere at 366 

geomagnetic latitudes beyond L=10. However, while a visual inspection of Figure 5 suggests 367 

that substorms typically boost EEP out to perhaps L≈16, this limit is rather arbitrary. We 368 

therefore consider the earlier threshold approach taken by Berkey et al. [1974]. Thus we take 369 

the limits for substorm EEP to be defined by the IGRF L-shells for which the EEP-produced 370 

D-region change for an average substorm leads to an additional riometer absorption of 0.3 dB.  371 

  As noted previously, we found that the median IPY ESR superposed epoch analysis of the 372 

electron number density changes would have been associated with a change in the cosmic 373 

noise absorption (ΔCNA) of ~0.59 dB, with the typical ΔCNA for a sunlit ionosphere being 374 

1.4 dB and that for a dark ionosphere being 0.54 dB. We can also follow the approach 375 

outlined in Rodger et al. [2012] to calculate the ΔCNA from a given EEP flux. We make use 376 

of the peak POES-reported >30 keV precipitating electron flux at the L-shell of the ESR 377 

facility (Figure 4), and assume that the 30 keV-2.5 MeV EEP energy spectrum is described by 378 

a power law with slope -3.66 (after Clilverd et al. [2012a]), which agrees fairly well with the 379 

spectra from the POES superposed epoch analysis. We make our calculations for local 380 

midnight at the spatial location of the ESR facility, and assume a dark ionosphere. For the 381 
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peak POES-reported >30 keV shown in Figure 4 for the ESR L-shell (3×103 el. cm-2s-1sr-1) the 382 

riometer ΔCNA is calculated to be only 0.01 dB, which is clearly negligible. This is, however, 383 

expected. Our SEA of the POES data combines the observations from multiple operational 384 

SEM-2 carrying satellites, most of which will not be located near the location of the substorm 385 

EEP; indeed, given the short lifetime of substorms it is quite likely that the POES instruments 386 

will only sample some part of the event and will not be present at the time and place where 387 

the EEP peaks. Thus we need to employ a "calibration factor" to correct for this. While this 388 

factor will be inappropriate to describe the conversion on an event basis, it should be valid 389 

when considering the statistical whole. We find that we need to boost the POES -reported 390 

>30 keV precipitating electron fluxes by a factor of 200 to produce a riometer ΔCNA of 391 

0.54 dB. We therefore assume that 200 is a reasonable value to transform the POES SEA EEP 392 

observations to determine the ionospheric response. Note the calibration factor is not 393 

necessarily a meaningful geophysical parameter, but is necessary to undertake a statistical 394 

comparison between the POES observations, the ESR electron density profiles, and the 395 

Berkey riometers observations. For the ESR electron density profiles and the earlier Berkey 396 

riometers observations, the instruments were sampling continuously while not in motion. For 397 

POES, the measurements are obviously on a moving platform which will rapidly move 398 

through the L-shell and MLT region inside which the substorm EEP takes place. The 399 

conversion factor and statistical SEA process allows us to incorporate the brief sampling by 400 

the POES satellites of any given substorm event, and produce a meaningful estimate of its 401 

ionospheric significance and spatial size. 402 

Figure 5 demonstrated that the majority of the substorm EEP occurs in the MLT range from 403 

21-15 MLT. Thus in order to determine the typical L-shell limits for substorm EEP we use the 404 

peak >30 keV electron precipitation fluxes from a SEA undertaken using the POES data for 405 

this MLT range, representing the median EEP during SuperMAG-reported substorms, and 406 

calculate the ΔCNA after the fluxes have been increased by a factor of 200. The blue line in 407 
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the lefthand panel of Figure 6 shows the results of this calculation. The ΔCNA peaks at L=6.9 408 

with a value of 4.9 dB. The horizontal magenta dashed line marks the 0.3 dB threshold value. 409 

We assume that the L-shells in which the ΔCNA is above this threshold are "significant", and 410 

the vertical blue dashed lines mark the lower and upper limits for the median SEA analysis 411 

shown in Figure 5. In this case the EEP range spans IGRF L-shells from L=4.5-15.7. Note that 412 

these "typical" substorms are on the borderline producing "significant" EEP at the L-shell of 413 

the ESR facility at L=15.7. To clarify, here we define a typical substorm through the median 414 

observed EEP for a SUPERMAG substorm event determined using SEA. The red and green 415 

lines in Figure 6 shows ΔCNA calculated for the POES upper quartile (UQ) and lower 416 

quartile (LQ) observations, otherwise following the same route as outlined for the median 417 

events. While the upper quartile events form a restricted dataset, 25% of the total SuperMAG 418 

list is still 325 substorms, a considerable number to examine. In contrast to the median case, 419 

the strongest 25% of substorms have significant EEP in the range spanning L=3.95-22.9 (red 420 

line), while the weakest 25% of substorms have significant EEP in the range spanning L=5.3-421 

10.8 (green line). This finding is consistent with Figures 4 and 5, which suggest that the IPY 422 

ESR events typically involve stronger EEP fluxes than the SuperMAG substorm list; higher 423 

flux substorms span a wider L-shell range and are thus more likely to produce detectable EEP 424 

above Svalbard. 425 

  As noted above, the "calibration factor" of 200 employed to produce the left hand panel of 426 

Figure 6 produces typical ΔCNA values of 4.9 dB. In contrast, however, the typical peak 427 

substorm absorption reported by Berkey et al. [Fig. 9, 1974] is closer to 3 dB, rather than 428 

~5 dB. Note that this set of substorms included some events which occurred during more 429 

geomagnetic disturbed conditions which might affect the estimate peak value. However, we 430 

note that Figure 8 of Berkey et al. [1974] includes a case-study example for quieter 431 

geomagnetic conditions (Kp≤4), which peaks at 3 dB. This might suggest that the SuperMAG 432 

substorms are a strong subset of the total population (where strong refers to the magnitude of 433 
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the EEP), or it may reflect errors behind the assumptions in our ESR to POES calibration 434 

approach. As an alternative technique, we assume that the typical peak substorm absorption 435 

should be 3 dB, which implies a calibration factor of 71 instead of 200. The result of this 436 

calculation is shown on the right hand side of Figure 6. The smaller ΔCNA mean that a 437 

smaller L-shell region experiences significant EEP levels. For the median case with 438 

calibration factor determined by the 3 dB peak, the EEP range spans IGRF L-shells from 439 

L=4.8-13.25, while it is 4.2-18.5 for the strongest 25% of substorms and 5.7-9.4 dB for the 440 

weakest 25%.  441 

  We assume that these two approaches provide indications of the position and uncertainty in 442 

the IGRF L-shell limits for substorm EEP, and thus determine the typical limits as spanning 443 

from L=4.6±0.2 to 14.5±1.2, while the strongest 25% of substorms span L=4.1±0.1 to 444 

20.7±2.2 and the weakest 25% of substorms span 5.5±0.2 to 10.1±0.7. In practice our IGRF 445 

L-shell limits for typical substorm EEP are rather similar to those determined earlier by 446 

Berkey et al. [1974] from ground-based observations (L=4–9.5), noting that the variation 447 

across the dataset is large when comparing the median limits with those for the lower quartile 448 

and upper quartile. Given there is a significant difference in the calibration factor between the 449 

approaches, we acknowledge that our approach may only provide an order of magnitude 450 

estimate of the EEP flux magnitudes. Part of this stems from the small amount of time that the 451 

POES spacecraft sample the high latitude regions we focus on in this paper. For the 452 

determination of the calibration factor we make by comparison with ESR observations there 453 

are only 3.5-4 minutes of combined POES measurements included. In addition, our 454 

determination of calibration factors does not include an estimate of the uncertainty in the 455 

POES-reported fluxes. We assume that there is no consistent offset in the fluxes, such that 456 

random errors will be minimized through the SEA process. We note, however, that the L-shell 457 

limits are rather similar between the two approaches, especially when considering the zone of 458 

atmosphere affected (where changes of a few L at very high latitudes involve very small 459 
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changes in latitude). Figure 7 shows a comparison between the IGRF L-shell limits for the 460 

Berkey et al. [1974] study, as well as the median substorm case and the poleward limit for the 461 

UQ substorms we determine.  462 

7.  Distribution of Substorm EEP magnitude 463 

  Given that there is clearly a wide variation in the observed EEP fluxes during substorms, we 464 

examine the statistical range of this parameter. Figure 8 shows a cumulative probability 465 

distribution of the >30 keV EEP fluxes from the POES spacecraft in the MLT range from 21-466 

15 MLT. The >30 keV flux value is taken as the maximum flux in the L-shell range 6-7 and 467 

time range 0 to +2 hours from the epoch, i.e., the L-range and time period in which the EEP 468 

peaks. In this figure we show the distributions separately for each year 2005-2010, using the 469 

SuperMAG substorm lists for each of these years. We have excluded any time periods in 470 

which solar proton events occurred. For 2005 we only include substorms from 7 June 2005 471 

onwards, to ensure there are sufficient spacecraft observations. The number of substorm 472 

events in each yearly list is given in the figure legend. Horizontal lines mark the lower and 473 

upper quartiles, and the median values. The years 2005-2008 and 2010 have very similar 474 

cumulative probability distributions despite very different substorm totals, and also have 475 

highly similar EEP median and quartile fluxes. In contrast, in 2009 there was both the 476 

smallest number of total substorms and these substorms were significantly weaker than in 477 

other years, with the median >30 keV precipitating flux being a factor of 3-4 times lower. The 478 

year 2009 also saw significantly lower solar wind speeds than the other years considered here. 479 

In that year solar wind speeds rarely exceeded 600 kms-1, while in the other years we tend to 480 

see a bimodal distribution with a significant population above 550 kms-1.  481 

  There have been a number of recent studies into substorms leading to large EEP fluxes 482 

[Clilverd et al., 2008; 2012a; 2012b]. A reanalysis of the two large substorm events presented 483 

in Clilverd et al. [2008; 2012a] lead to peak EEP fluxes of ~1-3×107 el. cm-2s-1sr-1 [Rodger et 484 



Wednesday, 21 August, 2013 

20 

al., 2012], while Clilverd et al. [2012b] reported on a substorm with fluxes of ~1-2×107 el. 485 

cm-2s-1sr-1 observed by POES, which appears to have triggered the 9-month disruption in 486 

operations of the Galaxy-15 geostationary communications spacecraft. Figure 8 indicates that 487 

substorms producing fluxes of this magnitude passing through geostationary orbit (L≈6.6) are 488 

very rare. In the time period from 2007-2010 shown in Figure 8 the average probability of 489 

substorms with >30 keV EEP fluxes >107 el. cm-2s-1sr-1 was 0.4%, i.e., approximately 1-6 490 

times per year. Nonetheless, given that such events appear to be able to disable geostationary 491 

satellites when they are near midnight MLT, this comparatively small event rate still appears 492 

significant.  493 

  The year 2009 was remarkable in terms of energetic radiation belt fluxes. POES 494 

observations of trapped relativistic electrons (albeit at LEO) in the outer belt show near noise 495 

floor levels for most of the year, unprecedented in the ~14 years of SEM-2 observations. In 496 

the same time period the outer belt >100 keV POES trapped electron fluxes decreased by 1-497 

1.5 orders of magnitude below their typical long term averages, only returning to normal in 498 

early 2010. These POES observations are consistent with the relativistic electron fluxes 499 

reported by SAMPEX [Russell et al., 2010] at LEO and the geosynchronous GOES 500 

observations in the same time period. Figure 8 suggests that the number of substorms was not 501 

linked to the variation in energetic radiation belt fluxes as this is essentially the same in 2009 502 

and 2010. However, we note that the substorms in 2009 are largely isolated events, separated 503 

in time by many hours, while in 2010 substorms tend to occur in short-lived clusters 504 

associated with periods of enhanced solar wind speeds. This deserves further examination.    505 

8.  Discussion  506 

  We have argued in this paper that the D-region enhancements observed by EISCAT 507 

Svalbard during the 2007-2008 IPY campaign were produced by substorms. Supportive 508 

evidence for this conclusion is provided by the MLT distribution of these IPY ESR events, 509 
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the solar wind conditions, geomagnetic indices and geostationary particle injections 510 

associated with the events. In addition, of the 112 epochs in the IPY ESR event list, 75 occur 511 

within 0-2 hours of a SuperMAG reported substorm, i.e., are independently confirmed as 512 

substorms. For the rest of the 37 IPY ESR epochs which did not match the SuperMAG IPY 513 

substorm list, we have undertaken an additional SEA on the POES EEP observations. The 514 

POES EEP SEA for these 37 events are highly similar to the patterns and magnitudes seen in 515 

Figures 4 (for the entire 112 epoch list), and also Figure 5 (for the 1413 SuperMAG 516 

substorms). Thus we can conclude that these events are also likely to be substorm related, but 517 

further we suggest that SuperMAG may be missing as many as one-third of strong substorms 518 

(where strong is defined in terms of the strength of precipitation signature). 519 

  Substorm injection events were comprehensively mapped by Berkey et al. [1974] using 520 

about 40 northern hemisphere riometers in the IQSY (1964-1965) and IASY (1969). Initially 521 

the riometer absorption maximum was found to be located close to L~6 but expanded within 522 

15 minutes to cover a range of L=4-10. In our study we have shown that the lower limit of the 523 

Berkey et al. [1974] study (L=4) is consistent with the lower L-shell limit of the strongest 524 

substorms examined in this study (i.e., L=4.1), suggesting that Berkey used the full range of 525 

substorm events in his analysis. The peak riometer absorption as a result of substorm EEP 526 

occurs at L=6-7, which is also consistent with the results of Berkey. The median peak 527 

riometer absorption at L=6-7 was estimated in our study to be 3.2 dB, which is consistent with 528 

the mean peak absorption reported by Berkey, again suggesting that the Berkey study used 529 

the full range of substorm events. However, the upper L-shell limit for weak and moderate 530 

substorms reported by Berkey was L=9.5, which is consistent with the upper L-shell range 531 

found in this study for only the weakest 25% of substorm samples (i.e., L=10.1±0.7). For 532 

substorms occurring during geomagnetically disturbed conditions (Kp>6) Berkey concluded 533 

that the poleward limit was typically about CGM 74° (with a local time dependence), which 534 

equates to an IGRF L-shell of ~15, consistent with our value for typical substorms (i.e., 535 
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L=14.5±1.2). So what have we learned about substorms that we can use to explain the results 536 

of Berkey et al. [1974] in contrast to our own? In our study the upper boundary for median 537 

substorm events is L=14.5±1.2, and for the strongest 25% of events is L=20.7±2.2. The 538 

differences between the two studies are unlikely to be explained through our use of a 539 

calibration factor, which determines the uncertainties in our limit estimates. It is quite likely 540 

that a significant reason for the differences between the two studies arises from the 541 

distribution of riometers available to the authors of the Berkey et al. [1974] paper. As can be 542 

seen from Figure 1 and 2 of that paper, there were no riometer observations included between 543 

CGM latitudes of 75° to 80°, i.e. from approximately IGRF L=16 to L=35. Thus it seems 544 

possible that Berkey et al. [1974] may have struggled to adequately determine the poleward 545 

boundary for significant substorm EEP during the strongest events. Given the high variability 546 

in the EEP cutoffs from event to event it is also possible that the relatively small sample size 547 

of the Berkey et al. [1974] study (30 events) masked the typical behavior shown in our much 548 

larger analysis (1413 events). 549 

9.  Summary and Conclusions 550 

  In this study we have examined the latitudinal limits of substorm produced energetic 551 

electron precipitation (EEP) during quiet geomagnetic conditions. As the Berkey et al. 552 

[1974] study suggested substorm EEP affected a larger latitudinal range for geomagnetic 553 

disturbed conditions, our work may represent lower limits for the possible range likely for 554 

all conditions. Our attention was first triggered by the observations of significant D-region 555 

electron density enhancements observed during the IPY campaign by incoherent scatter 556 

radar at L≈16. The existing literature suggested that, outside of solar proton events, one 557 

would not typically expect significant EEP at such high latitudes, whether from substorms 558 

or the radiation belts. However, an examination of the MLT distribution of these events, as 559 
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well as the IMF Bz, solar wind speed, geomagnetic indices and associated particle injection 560 

events at geostationary orbit indicated they were most likely triggered by substorms. 561 

  Therefore, we reexamined the latitudinal limits of substorm generated EEP using data 562 

from multiple low-Earth orbiting spacecraft and the SuperMAG substorm list, 563 

demonstrating that substorm EEP precipitation can regularly stretch many hundreds of 564 

kilometers polewards beyound the previously suggested limits (L=4–9.5). Using an 565 

approach linked to an earlier riometer-based study, we find that a typical substorm will 566 

produce significant EEP over the IGRF L-shell range L=4.6±0.2-14.5±1.2. Here we define a 567 

typical substorm through the median observed EEP for a SUPERMAG substorm event 568 

determined using SEA. However, there is substantial variability from event to event; in 569 

contrast to the median case, the strongest 25% of substorms have significant EEP in the 570 

range spaning L=4.1±0.1-20.7±2.2, while the weakest 25% of substorms have significant 571 

EEP in the range spaning L=5.5±0.1-10.1±0.7.  572 

  Finally, we examined the occurrence probability of very large substorms, defined in terms 573 

of the strength of their precipitation signature. We undertook this by examining the POES 574 

>30 keV precipitation fluxes for the substorms identified in the SuperMAG lists. The 575 

average probability of substorms with >30 keV EEP fluxes greater than 107 el. cm-2s-1sr-1 576 

was found to be 0.4%, i.e., approximately 1-6 times per year. Given that such events appear 577 

to be able to disable geostationary satellites when those spacecraft are located near midnight 578 

MLT, this comparatively small event rate is still important. 579 
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Tables 745 

Satellite Local Time 

Ascending Node 

Altitude (km) Data availability 

NOAA 15 16:42:14 807 01 June 1998 

NOAA 16 20:28:56 849 10 January 2001 

NOAA 17 19:12:50 810 12 July 2002 

NOAA 18 14:51:13 854 07 June 2005 

MetOp 02 21:30:22 817 03 December 2006 

NOAA 19 13:33:02 870 23 February 2009 

 746 

Table 1.  An overview of the six satellites carrying the SEM-2 instrument package, 747 

including their daytime orbital sector, and date at which they became operational. Note 748 

MetOp-2 is a European spacecraft, but carries the same SEM-2 package as the NOAA 749 

spacecraft. The local time ascending node is the local time for which the spacecraft are 750 

crossing the equator travelling northwards.  751 

 752 

Data Channel Observes 

0E1 >30 keV e- 

0E2 >100 keV e- 

0E3 >300 keV e- 

0P1 52 keV diff. p+ 

0P2 138 keV diff. p+ 

0P3 346 keV diff. p+ 

0P4 926 keV diff. p+ 

0P5 2628 keV diff. p+ 

Table 2.  Detectors which are part of the POES SEM-2 MEPED instrument used in the 753 

current study. The telescopes are ±15º wide. 754 

755 
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Figures 756 

 757 

Figure 1.  Map showing the location of the EISCAT Svalbard Radar (ESR) and the limits 758 

for substorm (blue lines) and radiation belt EEP (red lines).  759 

 760 

Figure 2.  Superposed epoch analysis of the electron density increases observed by the 761 

EISCAT Svalbard Radar facility during the IPY continuous observation period. Left hand 762 

panel shows the mean while the right hand panel shows the median.  763 

 764 

Figure 3.  Characteristics of the IPY ESR electron number density increase events. The left 765 

hand panel shows the distribution with Magnetic Local Time (MLT), while the right hand 766 

panel shows a superposed epoch analysis of the z-component of the Interplanetary Magnetic 767 

Field (IMF Bz). Here the superposed epoch median of the IMF Bz is given by a black line. 768 

The 95% confidence interval for the median is given by the red band. The dark blue bands 769 

mark the interquartile range and the 95% confidence interval about it (light blue). 770 

 771 

Figure 4.  Superposed epoch analysis of median POES >30 keV precipitating electrons for 772 

the IPY ESR epochs. The left hand panel shows the variation in the precipitating fluxes, 773 

while the right hand panel shows the changes relative to a SEA of random epoch times. In 774 

both cases the L-shell of the ESR is marked by the horizontal dotted white line.  775 

 776 

Figure 5.  Superposed epoch analysis of median POES >30 keV precipitating electrons for 777 

the IPY SuperMAG substorm epochs, for 4 different MLT ranges (±3 hours). 778 

 779 

Figure 6.  Determining the IGRF L-shell limits of significant substorm EEP, based on the 780 

Berkey et al. [1974] threshold of 0.3 dB (magenta dashed line). The lefthand panel uses the 781 
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"calibration factor" determined by the ESR and POES observations, while the righthand 782 

panel uses a "calibration factor" determined from the typical substorm intensities reported 783 

by Berkey et al. [1974] (as explained in the text). The blue line is the riometer absorption 784 

change (ΔCNA) for the median >30 keV EEP calculations, while the red line is for the 785 

upper quartile (UQ) and the green line is the lower quartile (LQ) EEP calculations. The 786 

vertical blue dashed lines mark the limits for the typical (median) case.  787 

 788 

Figure 7.  Map showing the location of the EISCAT Svalbard Radar (ESR) and the limits 789 

for substorm produced EEP. The blue show the poleward (cross markers) and equatorward 790 

(dashed) limits for substorm-EEP determined by Berkey et al. [1974] from riometer data. 791 

The red show the typical (median) substorm satellite-determined limits found in this study, 792 

in the same format. The magenta gives the upper quartile (UQ) substorm EEP limits found 793 

in this study. 794 

 795 

Figure 8.  Cumulative probability distribution of the >30 keV EEP fluxes observed by the 796 

POES spacecraft in the MLT range 21-15 for L=6-7 and 0-2 hours after the epoch for each 797 

SuperMAG substorm. The number of substorm events in each year is given in the figure 798 

legend. Note that the 2005 analysis starts from 7 June 2005 as outlined in the text.   799 
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Figure 6.  Determining the IGRF L-shell limits of significant substorm EEP, based on the 31 

Berkey et al. [1974] threshold of 0.3 dB (magenta dashed line). The lefthand panel uses the 32 

"calibration factor" determined by the ESR and POES observations, while the righthand 33 

panel uses a "calibration factor" determined from the typical substorm intensities reported 34 
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by Berkey et al. [1974] (as explained in the text). The blue line is the riometer absorption 35 

change (ΔCNA) for the median >30 keV EEP calculations, while the red line is for the 36 

upper quartile (UQ) and the green line is the lower quartile (LQ) EEP calculations. The 37 

vertical blue dashed lines mark the limits for the typical (median) case.  38 
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Figure 7.  Map showing the location of the EISCAT Svalbard Radar (ESR) and the limits 42 

for substorm produced EEP. The blue show the poleward (cross markers) and equatorward 43 

(dashed) limits for substorm-EEP determined by Berkey et al. [1974] from riometer data. 44 

The red show the typical (median) substorm satellite-determined limits found in this study, 45 

in the same format. The magenta gives the upper quartile (UQ) substorm EEP limits found 46 
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 50 

Figure 8.  Cumulative probability distribution of the >30 keV EEP fluxes observed by the 51 

POES spacecraft in the MLT range 21-15 for L=6-7 and 0-2 hours after the epoch for each 52 

SuperMAG substorm. The number of substorm events in each year is given in the figure 53 

legend. Note that the 2005 analysis starts from 7 June 2005 as outlined in the text.   54 


