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Abstract.  Using ground-based subionospheric radio wave propagation data from two VLF 19 

receiver sites, riometer absorption data, and THEMIS satellite observations we examine in detail 20 

energetic electron precipitation (EEP) characteristics associated with two substorm precipitation 21 

events that occurred on 28 May 2010. In an advance on the analysis undertaken by Clilverd et al. 22 

[2008] we use phase observations of VLF radio wave signals to describe substorm-driven EEP 23 

characteristics more accurately than before. Using a >30 keV electron precipitation flux of 24 



5.6×107 el.cm-2 sr-1 s-1 and a spectral gradient consistent with that observed by THEMSIS, it was 25 

possible to accurately reproduce the peak observed riometer absorption at Macquarie Island 26 

(L=5.4), and the associated NWC radio wave phase change observed at Casey, Antarctica during 27 

the second, larger, substorm. The flux levels were near to 80% of the peak fluxes observed in a 28 

similar substorm as studied by Clilverd et al. [2008]. During the initial stages of the second 29 

substorm a latitude region of 5<L<9 was affected by electron precipitation. Both substorms 30 

showed expansion of the precipitation region to 4<L<12 >30 minutes after the injection. While 31 

both substorms occurred at similar local times, with electron precipitation injections into 32 

approximately the same geographical region, the second expanded in eastward longitude more 33 

slowly, suggesting the involvement of lower energy electron precipitation. Each substorm region 34 

expanded westwards at a rate slower than that exhibited eastwards. This study shows that it is 35 

possible to successfully combine these multi-instrument observations to investigate the 36 

characteristics of substorms. 37 

 38 

39 



1.  Introduction  40 

 Understanding the morphology of energetic electron precipitation (EEP) into the atmosphere is 41 

an important requirement, both in determining the role of electron losses from the 42 

magnetosphere [Spanswick et al., 2007; Clilverd et al., 2008; Reeves et al., 2009], and the 43 

subsequent impact of EEP on the atmosphere [e.g., Seppala et al., 2007; 2009]. Much is already 44 

known about the timescales of EEP, with precipitation events occurring over seconds [Lorentzen 45 

et al., 2001; Rodger et al., 2007b], minutes [Millan et al., 2002; Rodger et al., 2008], hours 46 

[Kavanagh et al., 2007; Spanswick et al., 2007; Clilverd et al., 2008], and days [Rodger et al., 47 

2007c; Clilverd et al., 2010]. What is less well known about these events is the precipitation flux 48 

and energy spectrum involved. Detailed knowledge of these parameters would allow more 49 

accurate analysis of the role of EEP on magnetospheric loss processes, and also the way EEP 50 

couples into the atmosphere.  51 

 Accurate measurements of EEP are difficult to make from spacecraft at high altitudes because 52 

the bounce loss cone is small at these locations and thus hard to resolve, while at low altitudes 53 

the detectors either measure only a fraction of the bounce loss cone, or include some of the drift 54 

loss cone, and occasionally some of the trapped component of the radiation belts [Rodger et al., 55 

2010a]. Some current spacecraft measure only a fraction of the bounce loss cone, with poor 56 

energy resolution, but reasonable spatial coverage (e.g., SAMPEX and POES). Some have poor 57 

energy resolution, and do not resolve the bounce loss cone, but do have constant limited spatial 58 

coverage (e.g., GOES and LANL). Others do not resolve the bounce loss cone, but do have 59 

reasonable spatial coverage, and have good energy resolution (e.g., DEMETER and THEMIS).  60 

 Ground-based measurements of EEP characteristics rely on monitoring the changes in D-61 

region ionisation caused by the precipitation. Techniques effectively use the ionosphere as a 62 

large particle detector [Clilverd et al., 2009], but they suffer from significant limitations as a 63 

result of the combination of both EEP energy spectra and precipitation flux being important 64 



factors in determining the production of the D-region ionisation. Only by using multi-parameter, 65 

and multi-instrument observations of the ionisation changes produced by EEP is it possible to 66 

accurately characterise the EEP events. The combination of ground-based and satellite 67 

measurements provides the clearest morphology of EEP characteristics, and this work builds on 68 

previous studies of this kind [e.g., Clilverd et al., 2008; Clilverd et al., 2010].     69 

 Substorms generate EEP through the conversion of solar wind energy stored in the Earth’s 70 

magnetotail into particle heating and kinetic energy [Akasofu, 1964; Axford, 1999; Liu et al., 71 

2009a]. The reconfiguration of the magnetosphere generates earthward and tailward flows 72 

centred on a reconnection site at ~20-30 RE in the magnetotail [Nagai et al., 1998; Liu et al., 73 

2009a]. Liu et al. [2009b] successfully modelled an observed substorm injection of energetic 74 

particles propagating radially inward towards geosynchronous orbit. The model consisted of an 75 

earthward dipolarization-like pulse from the magnetotail located beyond 20 RE, and reproduced 76 

most features of the injected particles, including the timing of the injection as observed by 77 

different satellites. Liu et al. [2009b] observed magnetic field dipolarization signatures at ~-78 

11 RE to occur ~90 s after tail reconnection signatures at ~-20 RE. Spanswick et al. [2009] 79 

studied a substorm on 27 August 2001 in detail, concluding that the magnetic field pulse took 80 

~8 minutes to propagate from -18 RE to -6.6 RE. Spanswick et al. [2009] also reported that EEP 81 

were observed on the ground near L=6.6 and expanded both polewards and equatorwards – 82 

consistent with the earlier riometer-based survey of Berkey et al. [1974]. 83 

 Typically, EEP from a substorm injection occurs near MLT midnight, with the precipitation 84 

region (in the ionosphere) rapidly expanding eastwards with velocities that correspond to 85 

electron drift velocities associated with energies of 50-300 keV [Berkey et al. 1974]. The 86 

electron energies involved in substorm injections seen by satellites such as LANL are typically 87 

50-1000 keV, with the highest fluxes occurring at the lowest energies [Baker et al., 1985; 88 

Clilverd et al., 2008]. While the satellite observations provide some information on the energy 89 



spectra of the injected electrons, and the fluxes in drift orbit, it is very difficult to determine what 90 

proportion of the electrons are being precipitated into the atmosphere through onboard satellite 91 

measurements. The primary difficulty is in making observations of electron populations in the 92 

spatially narrow loss cone in the magnetosphere, particularly around the geomagnetic equator 93 

where geostationary satellites reside.  94 

 Energetic electron precipitation during substorms has been studied using riometers [e.g., Jelly 95 

and Brice, 1967], forward scatter radar [e.g., Bailey, 1968], and VLF radio waves [e.g., Thorne 96 

and Larsen, 1976]. Riometers observe an absorption maximum which is located close to 65º 97 

geomagnetic latitude (L~6) but which expands poleward and equatorwards within 15 minutes to 98 

cover a latitude range of 60-73º geomagnetic (L=4-12). This latitude range is consistent with the 99 

observations from particle detectors on DMSP flights [Sandholt et al., 2002]. The VLF radio 100 

wave technique is most sensitive to ionization caused by high energy and relativistic electron 101 

precipitation energies, typically >100 keV, as these energies ionize the neutral atmosphere in the 102 

Earth-ionosphere waveguide i.e., at altitudes below ~70 km [Barr et al., 2000]. The energy 103 

spectrum of substorm-driven electron precipitation into the atmosphere was determined using 104 

high altitude balloon measurements of X-ray fluxes, was been found to be of the same form as 105 

the trapped fluxes [Rosenberg et al., 1972].  106 

 In a previous study Clilverd et al. [2008] used amplitude-only VLF subionospheric radio wave 107 

data from a high latitude locations (L=999, Casey, Australian Antarctic Division) and electron 108 

fluxes from the geostationary satellite LANL-97A, all in the region south of Australia and New 109 

Zealand, to describe and model electron precipitation driven by substorm injection events. The 110 

energy spectrum observed by the LANL-97A instrument during substorms was used to 111 

accurately model the subionospheric radiowave substorm signature seen on the VLF transmitter 112 

(NWC, Australia) received at Casey, as well as the substorm-driven riometer absorption levels 113 

seen at Macquarie Island (L=5.4, Australian Antarctic Division). The maximum precipitation rate 114 



into the atmosphere was found to be 50%-90% of the peak fluxes measured by the LANL-97A 115 

spacecraft. 116 

 The enhanced ionisation caused by EEP can produce odd nitrogen (NOx) and odd hydrogen 117 

(HOx) species in the upper and middle atmosphere [Brasseur and Solomon, 2005]. HOx is short 118 

lived but responsible for the catalytic ozone loss at mesospheric altitudes [Verronen et al., 2011], 119 

while NOx is much longer lasting in the absence of sunlight, and can be transported to lower 120 

altitudes where it can catalytically destroy ozone in the stratosphere, particularly at the poles 121 

[Randall et al., 2005; Seppala et al., 2009]. The altitude and concentrations of NOx and HOx 122 

produced by EEP is a function of the precipitating electron energy spectrum and flux levels that 123 

occur during the precipitation events. Precipitation processes generate a wide range of energy 124 

spectra and flux levels, all contributing to the altitude profiles of NOx and HOx concentrations at 125 

any given time. Radiation belt processes during enhanced geomagnetic activity have been shown 126 

to generate EEP in large enough amounts to cause observable chemical changes in the upper 127 

atmosphere [Verronen et al., 2011]. Radiation belt processes can generate EEP for long periods 128 

(~10 days) which also contributes to their chemical effect in the atmosphere [Rodger et al., 129 

2010b; Clilverd et al., 2010]. In contrast, substorm-driven EEP is short lived, but can generate 130 

EEP with higher fluxes at <500 keV than some radiation belt processes [Clilverd et al., 2008]. As 131 

such, it is important that the characteristics of substorm-driven EEP are understood in detail.  132 

 In this study we examine the electron precipitation characteristics from two substorm injection 133 

events on 28 May 2010, observed in ground-based data and from the THEMIS E satellite. In an 134 

advance on the analysis of substorm EEP effects undertaken by Clilverd et al. [2008] which used 135 

similar techniques and datasets, here we use phase observations of VLF radio wave signals, in 136 

addition to two receiver sites instead of one, and investigate the time evolution of the substorm 137 

EEP instead of restricting ourselves to only the peak fluxes. Highly variable winter-nighttime 138 

amplitude values make it difficult to accurately determine the undisturbed behaviour, and 139 



therefore accurately determine any substorm effect using amplitude alone. However, during the 140 

nighttime, phase values are relatively steady in undisturbed conditions, and as such we 141 

concentrate on the analysis of phase measurements for this study. Also, we expect near-linear 142 

phase responses to EEP flux variations rather than the more complex patterns of amplitude 143 

behaviour as identified in Figure 5 of Clilverd et al. [2008]. As a result of using phase 144 

measurements instead of amplitude, we are able to describe substorm-driven EEP more 145 

accurately than before.  146 

147 



2.  Experimental setup  148 

 This study builds on previous work [Clilverd et al., 2008] using Very Low Frequency radio 149 

wave observations. Receiver sites are part of the Antarctic-Arctic Radiation-belt Dynamic 150 

Deposition VLF Atmospheric Research Konsortia [Clilverd et al., 2009]. Each receiver is 151 

capable of receiving multiple narrow-band transmissions from powerful man-made 152 

communication transmitters. The AARDDVARK network uses narrow band subionospheric 153 

VLF/LF data spanning 10-40 kHz to observe changes in the D-region ionisation levels. This 154 

study makes use of the transmissions from NWC (19.8 kHz, 21.8°S, 114.1°E, L=1.44), NPM 155 

(21.4 kHz, 21.4°N, 158.1°W, L=1.17) and NLK (24.8 kHz, 48.2°N, 121.9°W, L=2.92) received 156 

at Casey, Antarctica (66.3ºS, 110.5ºE, L>999) and Scott Base, Antarctica (77.8ºS, 166.8ºE, 157 

L>32). The transmitter to receiver subionospheric great circle paths (GCP) are shown in Figure 1 158 

as solid lines. Also plotted are the L-shell contours for L=4, 6 and 12. The effects of changing 159 

propagation conditions in the mesosphere, often due to energetic particle precipitation can be 160 

seen as either an increase or decrease in signal amplitude, and typically an increase in phase, 161 

depending on the modal mixture of each signal observed [Barr et al., 2000].  162 

 The location of the southern hemisphere footprint of the THEMIS E satellite from about 163 

11:30-13:30 UT on 28 May 2010 is also shown in Figure 1. The magnetic field model used the 164 

IGRF for the internal component, with the Tsyganenko 89C external field, and Kp set to 3. The 165 

location is plotted because we analyse the data from THEMIS E later in this paper, as part of a 166 

case study. THEMIS E is part of a multi-spacecraft mission to study substorms. THEMIS 167 

consists of five identical satellites equipped with particle and field instrumentation, including the 168 

Solid State Telescope (SST). The SST instrument on THEMIS measures energetic electron 169 

populations in the energy range 25-900 keV, providing observations centered on several 170 

channels, i.e., 30, 41, 53, 67, 95, 143, 207, 297, 422, and 655 keV [Angelopoulos, 2008]. We 171 



note here that THEMIS SST uses an attenuator when passing through the radiation belts in order 172 

to protect the instrument. The data presented in this study has the attenuator in operation and thus 173 

the inter-calibration of energetic electron energy fluxes from the individual energy channels is 174 

uncertain at this time [Angelopoulos, personal communication, 2011]. 175 

 The riometer data used in this study are provided from Macquarie Island (54.5ºS, 158.9ºE, 176 

L=5.4). The riometer is a widebeam, 30 MHz, vertical pointing parallel dipole system, with time 177 

resolution of 1 minute. Riometers [Little and Leinbach, 1959] observe the integrated absorption 178 

of cosmic radio noise through the ionosphere, with increased absorption due to additional 179 

ionization, for example due to both proton and electron precipitation. The dominant altitude of 180 

the absorption is typically in the range 70-100 km, i.e., biased towards relatively soft particle 181 

energies (~30 keV electrons). The co-location of the Macquarie Island riometer in L-shell and 182 

longitude with the THEMIS E southern hemisphere magnetic field-line footprint in Figure 1 183 

should be noted.  184 

 185 

3. Results 186 

 Previous published results from the AARDDVARK system at Casey presented only amplitude 187 

measurements from NWC [Clilverd et al., 2008]. Following an upgrade in February 2009, and 188 

the December 2008 installation of an additional system at Arrival Heights, Scott Base, 189 

Antarctica, we are able to analyse NWC phase measurements for the first time. Typically we 190 

expect near-linear phase responses to EEP flux variations rather than the more complex patterns 191 

of amplitude behaviour as identified in Figure 5 of Clilverd et al. [2008]. Figure 2 of the current 192 

paper shows three examples of the NWC nightime phase variation at Casey (upper panel) and 193 

Scott Base (lower panel). The solid lines represent the nightime data on 28 June 2009, 30 August 194 

2009, and 28 May 2010 as labelled. The dotted lines represent the typical undisturbed behaviour 195 

of the phase, taken from geomagnetically quiet days close to the event days. The undisturbed 196 



phase behaviour shows a decrease in phase during sunset conditions on the propagation path 197 

(starting at ~09 UT in the Figure), and an increase in phase during sunrise conditions (starting at 198 

~22 UT in the Figure). During the nighttime (~13-22 UT) the phase is relatively steady, and 199 

typically ~400° lower than during daytime. At 17 UT on 28 June 2009, 16 UT on 30 August 200 

2009, and 12 UT on 28 May 2010, phase increases of ~ 200° are observed at Casey, with 201 

corresponding changes of ~40° at Scott Base. The enhancement of phase during these EEP 202 

events typically lasts 1-3 hours, with the phase returning to near undisturbed values by the end of 203 

the events. There are also NWC amplitude measurements available during these events, but 204 

highly variable winter-nighttime amplitude values make it difficult to accurately determine the 205 

undisturbed behaviour, and as such we concentrate on phase measurements for this study.  206 

 For one of the events shown, ~12 UT on 28 May 2010, the southern hemisphere footprint of 207 

the magnetic field line on which the THEMIS E spacecraft was located was close to the great 208 

circle paths between the NWC transmitter and the two receivers. Because of the extra detail that 209 

THEMIS can provide in terms of magnetic field measurements, and in-situ observations of outer 210 

radiation belt electron populations [Angelopoulos, 2008], we concentrate on the 28 May 2010 211 

event in detail for the remainder of this paper. Figure 3 shows the underlying geophysical 212 

conditions that were occurring around 28 May 2010. Panels in this figure show the variation of 213 

solar wind speed, Dst, Kp, and GOES >10 MeV proton fluence for 27 – 29 May 2010. A small, 214 

but sudden increase in solar wind speed at ~02 UT on 28 May 2010 led to a small geomagnetic 215 

storm with the main phase occurring on 29 May 2010 as evidenced by Dst ≈ -100, and Kp=5. 216 

During 28 May 2010 Kp increased gradually from very quiet levels to a slightly disturbed state 217 

(Kp = 0 to 3), and Dst became positive, with the solar wind remaining slightly elevated 218 

(~400 km s-1). The lack of any change in the solar proton fluence panel indicates there was no 219 



solar proton event associated with this storm. These conditions are consistent with the initial 220 

phase of a geomagnetic storm. 221 

 In Figure 4 we show the THEMIS E data during the 28 May 2010 event. The plot covers 10-222 

14 UT. At this time THEMIS E was within 1° of the geomagnetic equator on the L~5.5 field-223 

line, and the southern hemisphere footprint of the magnetic field-line passing through the 224 

satellite was in close proximity to the location of the Macquarie Island riometer (shown in Figure 225 

1). This fortunate arrangement allows us to make detailed comparisons between the observations 226 

made by THEMIS E and the ground-based instrumentation. The upper panel shows the THEMIS 227 

SST electron flux variations for a number of energy ranges, and indicates two periods of 228 

enhanced fluxes, one starting at 11:36 UT, peaking at 11:50 UT, and the second at 12:20 UT, 229 

peaking at 12:30 UT. The middle panel shows the same two periods of enhanced fluxes but as a 230 

function of >30 keV integrated energy flux. The lower panel shows the 3-component magnetic 231 

field measurements in Geocentric Solar Ecliptic (GSE) coordinates for the same period. The 232 

reversal of the x and z magnetic field components between 11:36 UT and 12:20 UT are 233 

indicative of two sequential substorm activations which show the increase in Z and decrease in 234 

X-component of a dipolarization [Lopez and Liu, 1990] as the magnetic field changes from tail-235 

like to dipole-like. The largest fluxes observed by THEMIS E are seen after the second 236 

activation, from 12:20-13:30 UT, with elevated fluxes occurring in the energy range from 25-237 

200 keV.  238 

 The responses of the NWC signals received at Casey and Scott Base during 10-16 UT on 28 239 

May 2010 are shown in the upper and middle panels of Figure 5. Vertical dash-dot lines indicate 240 

the timing shown by THEMIS observations in Figure 4, namely first substorm activation time of 241 

11:36 UT, and the second substorm activation time of 12:20 UT. The NWC-Casey phase 242 

variation shows two enhancements, the initial smaller event coincides with the first THEMIS 243 

substorm activation at ~11:36 UT but starting ~15 minutes earlier, and which shows phase 244 



changes of ~100°. The largest NWC phase change seen at Casey begins at ~12:20 UT, shows a 245 

double peaked structure, initially at 12:30 UT with peak values of ~208°, eventually maximising 246 

at 12:51 UT with phase change values of 265°. At Scott Base there is no obvious phase change 247 

associated with the first THEMIS substorm activation, but a gradual phase change starts at about 248 

11:50 UT, a small peak at 12:10 UT followed by a larger peak at about 12:30 UT. A comparison 249 

of the phase variations between Casey and Scott Base suggests that they follow a similar pattern, 250 

but with NWC-Scott Base leading the NWC-Casey substorm signature by about 20 minutes. 251 

However, the most likely explanation of these two datasets is that the NWC-Scott Base substorm 252 

signature is due to the first substorm, not the second, and thus the peak phase effects appear 253 

delayed by ~34 minutes. This delay is difficult to explain as at the substorm injection L-shells 254 

(L~6) the NWC-Scott Base propagation path lies between NWC-Casey and the locations of 255 

Macquarie Island and the THEMIS magnetic field line footprint (see Figure 1). At 14:04 UT 256 

there was a NWC off-air period lasting for ~0.5 hour. The timing of this in both the Casey and 257 

Scott Base NWC records indicates that the instrument clocks were accurate to <1 s during this 258 

period. 259 

 The variation in absorption from the Macquarie Island riometer, situated at a similar L-shell to 260 

the THEMIS observations, is plotted in the lower panel of Figure 5. As above, the timing of the 261 

THEMIS E substorm activation events shown in the upper panel of Figure 4 are indicated by 262 

vertical dot-dashed lines. The absorption shows a small increase following the start of the first 263 

THEMIS substorm activation, and a larger increase at the time of the second activation, peaking 264 

at 12:30 UT with ~3.2 dB of absorption. Following the second peak, the absorption gradually 265 

recovers to near zero levels at about the same time as the end of the second THEMIS substorm 266 

event. It is clear from this figure that the variation in riometer absorption is consistent with the 267 

variation in THEMIS E flux observations made at similar L-shells and similar longitudes. 268 



Further, the timing of the peak absorption is co-incident with the first of the two large peaks in 269 

NWC phase change observed at Casey, i.e., at 12:30 UT.  270 

 Thus what we observe in this event are two substorm activations well described by THEMIS E 271 

measurements when the satellite is located on field-lines close to Macquarie Island. The first 272 

substorm shows smaller flux enhancements than the second. The Macquarie Island riometer 273 

responds with a similar temporal variation compared with THEMIS, again with lower absorption 274 

enhancement during the first substorm compared with the second. The Casey NWC phase 275 

change shows some response at the time of the first and second substorms, with the second 276 

substorm peak phase effect larger than the first substorm. However a further large change in 277 

NWC-Casey phase occurs after both the THEMIS particle detectors, and the Macquarie Island 278 

riometer have begun to recover back to non-disturbed levels during the second stubstorm, with 279 

NWC-Casey peaking about 25 minutes later. NWC-Scott Base phase changes show no 280 

immediate response to the first substorm activation, but thereafter show a double peaked 281 

behaviour that is similar to NWC-Casey but in advance of it by about 20 minutes. Clearly the 282 

NWC-Scott Base phase behaviour is most likely to be associated with the first substorm, but the 283 

temporal evolution of the substorm precipitation region is unclear at this stage. The aim for this 284 

study is therefore to determine the relationship between the EEP fluxes observed by the ground-285 

based instruments and those observed by the THEMIS E satellite, to answer why there are 286 

differences in response between the instruments during these substorms, and therefore why there 287 

are differences in the timing of the observed features.  288 

 289 

4. Discussion 290 

4.1 Modelling the EEP flux 291 

 In this subsection we model the effect that the substorm-driven EEP has on the riometer 292 

absorption signatures, and compare the resulting estimate of precipitation fluxes with the 293 



observed radio wave propagation conditions between the Australian transmitter, NWC, and 294 

Casey. Previously Clilverd et al. [2008] used the LANL SOPA electron fluxes to investigate 295 

non-dispersive injections of substorm-driven precipitation into the atmosphere. In that study EEP 296 

fluxes were used to model a substorm on 01 March 2006 which showed 3 dB of riometer 297 

absorption at Macquarie Island, and ~-12 dB amplitude effect on an Australian transmitter, NTS, 298 

received at Casey. No phase observations were available at the time. Although not shown in 299 

Clilverd et al. [2008], amplitude measurements of NWC were made at Casey for that event and 300 

showed a similar decrease to NTS at Casey, i.e., ~-14 dB amplitude effect of the substorm-driven 301 

EEP. The substorm event reported here shows similar peak riometer absorption levels at similar 302 

MLT (midnight) compared with the substorm on 01 March 2006, and with similar peak NWC 303 

amplitude changes of ~-9 dB. We note here that the identification of the quiet day curve for the 304 

NWC amplitude data at Casey, particularly that part during the nighttime in the winter months, is 305 

difficult and uncertain due to the high variability exhibited from day-to-day. However, the NWC 306 

quiet day phase variations are more consistent, and thus the identification of EEP effects on the 307 

NWC phase at Casey is a more reliable technique, hence the use of NWC phase in the analysis 308 

undertaken in this paper. 309 

 Given similar riometer substorm absorption levels, it seems reasonable to expect the LANL 310 

SOPA-based EEP spectrum used in Clilverd et al. [2008] to represent the EEP at the time of the 311 

peak riometer absorption conditions in this study. LANL SOPA data are currently unavailable to 312 

check this assumption. However, we are able to make use of the THEMIS SST electron channel 313 

measurements in order to estimate the EEP spectrum during this event. Figure 6 shows the 314 

electron flux from THEMIS E at the start of the second substorm (diamonds, labelled as 315 

12:24 UT). Examination of the THEMIS SST data shows that the electron fluxes and spectral 316 

gradient remain essentially constant from 12:24-12:30 UT. Thus, although we often refer to the 317 

THEMIS data in terms of the 12:24 UT spectrum, it is also applicable to the spectrum when the 318 



riometer shows maximum absorption (12:30 UT). Figure 6 also shows the THEMIS electron flux 319 

at the peak of the NWC-Casey phase change (triangles, labelled as 12:51 UT). The solid line 320 

represents the electron spectrum determined from LANL during the peak of a similar substorm 321 

on 01 March 2006 [Clilverd et al., 2008]. The dotted line represents a fit to the 12:51 UT 322 

electron spectra. The LANL spectra and the 12:24 UT THEMIS E spectra are very similar, while 323 

the 12:51 UT THEMIS E data shows lower flux levels and a slightly harder spectrum. Figure 6 324 

confirms the similarity in the substorm characteristics observed by LANL and by THEMIS, and 325 

also confirms that there is little change in the electron spectrum as the substorm evolves. We 326 

note that the substorm electron precipitation spectrum reported by Rosenberg et al. [1972] was 327 

harder than that observed in this paper, although similar peak riometer absorption levels were 328 

recorded. 329 

 Having determined the electron energy spectrum for the peak fluxes during each substorm 330 

event, we can now calculate the impact of electron precipitation on riometer absorption and radio 331 

wave propagation with different levels of flux. By calculating height-integrated differential 332 

absorption using a method described in Thrane [1973], we can estimate the EEP fluxes required 333 

to produce the observed substorm-driven riometer absorption for the Macquarie Island riometer 334 

at 12:30 UT on 28 May 2010. Figure 7 shows the change of riometer absorption and NWC phase 335 

received at Casey as a function of EEP integral flux >30 keV with units of cm-2 sr-1 s-1, using the 336 

THEMIS-derived energy spectra from 12:24 UT. A vertical green line represents the EEP flux 337 

levels which produce the observed effects on the riometer and NWC-Casey phase. The EEP-338 

driven mesospheric ionization effects on VLF/LF wave propagation are modeled using the Long 339 

Wave Propagation Code [LWPC, Ferguson and Snyder, 1990]. LWPC models VLF signal 340 

propagation from any point on Earth to any other point. Given electron density profile 341 

parameters for the upper boundary conditions, LWPC calculates the expected amplitude and 342 

phase of the VLF signal at the reception point. As in Clilverd et al. [2008] we use a simple 343 



ionospheric model to describe the balance of electron number density, Ne, in the lower 344 

ionosphere, based on that given by Rodger et al. [1998], and further described by Rodger et al. 345 

[2007a]. The electron number density profiles determined using the simple ionospheric electron 346 

model for varying precipitation flux magnitudes (30 keV-2.5 MeV) are used as input to the 347 

LWPC subionospheric propagation model. Consistent with the work of Berkey et al. [1974] the 348 

EEP-affected profiles are applied on only a portion of the transmitter-receiver great circle path 349 

between L=5.2 and L=8.9, thus modeling the effect of precipitation on the NWC phase received 350 

at Casey. The effects of the EEP are compared with undisturbed LWPC model phase values for 351 

the path using the Thomson et al. [2007] nighttime model ionosphere. A more detailed 352 

description of this technique can be found in Clilverd et al. [2008].  353 

 Throughout this study we assume that the EEP fluxes and spectra are the same over the whole 354 

L-shell range affected by the EEP. The substorm L-shell range is based on the average EEP 355 

range presented in Berkey et al. [1974], with fine tuning provided by the inter-comparison 356 

between riometer absorption observations and the NWC-Casey phase change. Future challenges 357 

for this work will be to include L-shell variations in spectra (e.g., Liu et al. [2009b]), and L-shell 358 

variations in flux. 359 

 The results shown in Figure 7 indicate the integral >30 keV flux levels required to generate the 360 

observed maximum effects on riometer and radiowave data at 12:30 UT during the second 361 

substorm. Both riometer absorption and NWC phase show well ordered responses to increased 362 

EEP fluxes. This is in contrast to radio wave amplitude responses where an observed amplitude 363 

value could have more than one EEP flux solution (see Figure 5 in Clilverd et al. [2008], and 364 

Figure 7 in Rodger et al. [2007c]). Thus the phase analysis performed here allows a clearer 365 

identification of the incident EEP flux during the substorm, with less likelihood of a non-unique 366 

solution. Figure 7 also confirms that the EEP spectrum used is able to produce both the observed 367 

riometer absorption levels, and the observed NWC-Casey phase change using the same EEP flux 368 



value, assuming a realistic L-shell range over which the EEP was applied to the NWC-Casey 369 

propagation path (about 5<L<9). The modeling indicates that the same EEP also reproduces the 370 

peak NWC-Casey amplitude change. The EEP flux level identified by the vertical green line 371 

(>30 keV 5.6×107 el.cm-2 sr-1 s-1) is 80% of the LANL SOPA peak substorm integrated flux of 372 

01 March 2006 reported in Clilverd et al. [2008].  373 

 The first substorm produced 0.6 dB of riometer absorption and 100° of phase change on 374 

NWC-Casey. Using the results shown in Figure 7 we can determine that the EEP flux level of 375 

>30 keV 2×106 el.cm-2 sr-1 s-1 (an integrated energy flux of 1.4 ergs cm-2 sr-1 s-1) is required to 376 

reproduce the riometer absorption. However, assuming a precipitation region that covers 5<L<9, 377 

as shown in Figure 7, we would expect 150° of phase change on the NWC-Casey propagation 378 

path. The smaller phase change observed therefore suggests that the injection region of the first 379 

substorm precipitation region is either latitudinally smaller than the second substorm, or the 380 

NWC-Casey response seen at the time of the substorm is not associated with substorm EEP. 381 

 382 

4.2. Time evolution of the EEP 383 

 Here we investigate the time evolution of the second activation event where the riometer 384 

absorption peaks at a different time to the peak Casey phase change. Figure 8 shows the second 385 

substorm event in detail for NWC-Casey phase change (upper panel), and for the Macquarie 386 

Island riometer absorption (lower panel). The vertical dot-dashed line in each panel indicates the 387 

time of the onset of the substorm, while two vertical dotted lines indicate (a) the timing of the 388 

peak in riometer absorption at 12:30 UT and (b) the timing of the peak in Casey phase change at 389 

12:51 UT. In section 4.1 we successfully modelled the former; that is, the riometer absorption 390 

and phase response observed at Casey at the same time, i.e., time (a). However, the increase in 391 

NWC-Casey phase change at (b) relative to (a) suggests that the NWC-Casey propagation path is 392 

experiencing more ionization at this time, although conversely, the reduction in the riometer 393 



absorption suggests less ionisation. These changes are consistent either with a change in EEP 394 

spectral gradient to higher energies (away from the energies that riometers are sensitive to, i.e., 395 

~30 keV electrons) or an increase in the proportion of the NWC-Casey propagation path that is 396 

experiencing EEP. In Figure 6 we showed that the THEMIS electron spectrum changed only a 397 

small amount as the substorm evolved from (a) to (b), and similar calculations to those 398 

undertaken in section 4.1 suggest that the small change in spectrum observed could not explain 399 

the relative changes in phase or absorption. Thus we conclude that the spectrum remains 400 

relatively unchanged, and that the proportion of the NWC-Casey propagation path experiencing 401 

EEP has increased. 402 

 Berkey et al. [1974] observed an expansion poleward and equatorward of the precipitation 403 

initiation region shortly after the substorm began. Using an extended precipitation region, the 404 

THEMIS spectrum taken at 12:51 UT, we were able to reproduce both the NWC phase change 405 

and the riometer absortion values at (b). The expanded precipitation region required is 406 

4.2<L<12.6, and the reduced fluxes of >30 keV were 7.8×106 el.cm-2 sr-1 s-1 (an integrated 407 

energy flux of 0.2 ergs cm-2 sr-1 s-1). This is consistent with the observations of Berkey et al. 408 

[1974] which gave 4<L<12. We note here that the riometer absorption data allows us to 409 

determine the change in flux in this case, as Macquarie Island remains under the region of 410 

precipitation at all times during the substorm. 411 

 412 

4.3. Substorm EEP eastwards of the injection region  413 

 So far we have considered the substorm-driven EEP affects on the Macquarie Island riometer 414 

and the NWC transmitter signal received at Casey and Scott Base. From Figure 1 it is apparent 415 

that the NWC signals cross under the L=6 contour west of Macquarie Island. However, the 416 

region of electron precipitation is expected to expand eastwards at the approximate drift velocity 417 

of electrons with energies of 50-300 keV [Berkey et al., 1974]. Figure 1 indicates that the NPM, 418 



Hawaii, signals have paths that cut the L=6 contour close to Macquarie Island (154° longitude, 419 

NPM to Casey) and east of Macquarie Island (186° longitude, NPM to Scott Base), so we might 420 

expect to see delayed substorm effects particularly on the eastern-most path. We plot the NPM 421 

phase change from Scott Base and Casey in Figure 9. The format is similar to previous plots, 422 

with the vertical dashed lines representing the two substorm activation times at 11:36 UT and 423 

12:20 UT. It is clear that the peak phase change for the two substorms occurs at different times at 424 

the two receiver sites, with NPM-Scott Base being delayed by 20 minutes for the first substorm, 425 

and 42 minutes for the second substorm. The NPM-Casey substorm signatures show a delay of 426 

~5 minutes for the first substorm and no delay for the second substorm. Hence, taking into 427 

account the eastward expansion of the EEP, and the timing of substorm signatures in all the 428 

datasets, we estimate that the initial EEP injection spans the region 130-150°E for the first 429 

substorm, and 110-150°E for the second substorm. 430 

 Using expressions from Walt [1994] we find that the azimuthal drift period around the Earth 431 

for electrons at L=6 with a pitch angle of 90 degrees, i.e., equatorially trapped, of 50 keV 432 

electrons is 154 minutes. For 300 keV electrons it is 30 minutes. The NPM-Scott Base path cuts 433 

the L=6 contour at 186°E. Thus 50 keV electrons would take 15-34 minutes to travel to this 434 

longitude from the extended injection region, which is consistent with the 20 and 42 minute 435 

delays observed for the first and second substorms respectively. Further, higher energy electrons 436 

such as 300 keV would drift from the injection region to 186°E in 2.5-7 minutes, so we would 437 

expect the phase response of NPM at Scott Base to start to respond soon after the substorm 438 

activation, and then increase gradually as high fluxes of lower energy electrons arrived. This is 439 

what is seen in the experimental observations. The lowest energy electrons that are likely to 440 

influence the VLF transmitter propagation at night is ~50 keV. Electrons with energies <50 keV 441 

will produce excess ionization at altitudes above the bottom of the D-region [Turunen et al., 442 

2009] and hence the VLF signals propagating at grazing incidence will be insensitive to the 443 



excess ionization. Consequently, the delay of the peak of the phase change will be due to the 444 

timing of the highest fluxes of >50 keV electrons, which will be when the ~50 keV electron 445 

precipitation has had time to drift around to 186°E longitude.  446 

 447 

4.4. The unexplained NWC-Scott Base phase changes  448 

 The upper panel of Figure 5 shows the NWC-Casey phase change during the substorm period. 449 

The NWC-Scott Base phase change is shown in the middle panel, and although there is a strong 450 

similarity in the phase change patterns, there appears to be a time shift between the two by 20 451 

minutes with NWC-Scott Base leading NWC-Casey. This suggests that the phase change on the 452 

NWC-Scott Base propagation path is driven in a similar way to NWC-Casey, but 20 minutes 453 

earlier. This result can only be explained if the NWC-Scott Base phase effects are due to the EEP 454 

from the first substorm (and hence correspond to a delay of ~34 minutes) whilst the NWC-Casey 455 

phase effect must be due to the second substorm. We note here that the instrument timing at 456 

Casey and Scott Base are accurate to <1 s, and that there is no offset between them.  457 

 We separate the peak phase changes associated with substorm 1 and substorm 2 and show 458 

them in two panels in Figure 10. The plot shows the phase changes observed during substorm 1 459 

(upper panel) and substorm 2 (lower panel) expressed as a percentage, where 100% is defined as 460 

the maximum phase change caused by the initial substorm injections on each individual 461 

propagation path, and not the phase change associated with the latitudinal expansion which 462 

follows. The longitude of each propagation path where it cuts the L=6 contour (indicated in 463 

Figure 1) is provided as a label, e.g., 112°E (NWC-Casey), 123°E (NWC-Scott Base), 154°E 464 

(NPM-Casey), 186°E (NPM-Scott Base), 200°E (NLK-Scott Base). Substorm 1 shows an 465 

increasing delay of the peak phase effect with eastwards longitude – particularly shown by 466 

NPM-Scott Base and NLK-Scott Base. Typically we observe drifts of 35-40° eastwards in ~20 467 

minutes. This corresponds to a drift period of 180 mins, which is equivalent to the drift period of 468 



~40 keV electrons at L=6. We note that all longitudes show an almost immediate phase increase 469 

response to the substorm injection, exhibiting delays of <3 mins for ~40° of longitude drift and 470 

therefore evidence of the injection of electron energies of ~1 MeV.   471 

 In substorm 2 we find that the paths with L=6 crossing points at longitudes of 112°E (NWC-472 

Casey) ansd154°E (NPM-Casey) react at about the same time, suggesting an injection region 473 

somewhere in between the two longitudes, while 186°E (NPM-Scott Base) shows a peak phase 474 

effect with a delay of 40 mins that suggests a drift period of ~400 mins, and therefore electron 475 

energies of ~20 keV. This suggests that electron precipitation is occurring involving lower 476 

energies in the second substorm compared with the first – hence the longer drift delays observed. 477 

 In the first substorm Figure 10 shows that the western-most path (123°E, NPM-Casey) reaches 478 

its peak phase change later than all of the other paths plotted. This is consistent with Berkey et 479 

al. [1974] who showed that despite the general picture of eastwards electron drift dominating, 480 

there can be some westwards expansion of the precipitation region that is usually slower than the 481 

eastwards drift rate, and which may be associated with the westward travelling surge in the 482 

visual aurora. 483 

 Given the understanding of the generally eastwards progression in the peak phase changes in 484 

Figure 10 we can see that the first substorm initially does not show the latitudinal expansion in 485 

the precipitation region to 4<L<12 as discussed earlier in the paper, i.e., no obvious L-shell 486 

expansion identified on the 154°E and 186°E longitudes. The eastern-most path (NLK-Scott 487 

Base at ~200°E shows evidence of this happening, as well as the western-most path NWC-Scott 488 

Base (123°E), significantly later on. This indicates that, as far as the VLF observations are 489 

concerned, the L-shell expansion occurs ~40 minutes after the initial injection, both to the east 490 

and to the west of the injection region. Further modeling of the time variation of the EEP fluxes, 491 

and L-shell coverage will be undertaken in a future study.  492 



 For the second substorm the latitudinal expansion happens on NWC-Casey at ~112°E with the 493 

shortest delay time we observed of 30 minutes, and on NPM-Scott Base at ~186°E much later on 494 

at ~70 minutes. As in the first substorm, the path in between (154°E) shows a much weaker L-495 

shell expansion signature. This suggests that the second substorm is more dynamic in its 496 

expansion westwards than the first. Thus we conclude that although both substorms occurred at 497 

similar local times, with EEP injections into the same geographical region, there are significant 498 

differences in behavior between the two. To the east of the initial injection region the timing of 499 

the latitudinal expansion appears to be a function of the longitudinal expansion rate, and there is 500 

nearly a factor of two difference between the two substorms. To the west, the relationship 501 

between latitudinal and longitudinal expansion appears reversed compared with the east. 502 

 503 

5. Summary 504 

  In this study we examine energetic electron precipitation characteristics from two substorm 505 

precipitation events on 28 May 2010. The substorms occurred near MLT midnight in the New 506 

Zealand/Australia sector, with signatures observed from 11:36 UT until ~13:30 UT. We present 507 

AARDDVARK ground-based radio wave phase observations from NWC, Australia, NPM, 508 

Hawaii, and NLK, Seattle, received at Casey, Antarctica (66.3ºS, 110.5ºE, L>999) and Scott 509 

Base, Antarctica (77.8ºS, 166.8ºE, L>32). We also include the Macquarie Island riometer 510 

absorption data (54.5ºS, 158.9ºE, L=5.4), and THEMIS E Solid State Telescope (SST) 511 

observations. All three instruments observed substorm signatures during the substorm events, 512 

consistent with their co-location in the longitudes of Australia. The THEMIS E magnetic field 513 

components showed clear signatures of dipolarization at the times of both substorm activations. 514 

 It was possible to accurately reproduce the peak observed riometer absorption at Macquarie 515 

Island (3.2 dB, L=5.4), and the associated NWC radio wave phase change observed at Casey, 516 

Antarctica (208°). We used an electron precipitation spectrum taken from THEMIS E electron 517 



flux measurements, which was consistent with the LANL-97A energetic electron flux 518 

measurements from a similar substorm studied by Clilverd et al. [2008]. Our calculations were 519 

based on modeling the impact of energetic electron precipitation in a region covering 5<L<9. 520 

This is consistent with the concept that the electron precipitation injection region is restricted to 521 

near-geosynchronous orbit L-shells. The flux levels required of >30 keV 5.6×107 el.cm-2 sr-1 s-1 522 

(an integrated energy flux of 1.4 ergs cm-2 sr-1 s-1) were 80% of the peak fluxes observed in a 523 

similar substorm by LANL-97A in 2007 by Clilverd et al. [2008].  524 

 The largest phase change seen at Casey showed a double peaked structure, initially at 525 

12:30 UT with peak values of ~208°, eventually maximising at 12:51 UT with phase change 526 

values of 265°. Using an extended precipitation region after the initial injection consistent with 527 

Berkey et al. [1974], the THEMIS electron spectrum taken at 12:51 UT, we were able to 528 

reproduce both the NWC phase change and associated riometer absorption values of 1.2 dB. 529 

The extended precipitation region was 4.2<L<12.6, and the >30 keV flux was 7.8×106 el.cm-2 530 

sr-1 s-1 (an integrated energy flux of 0.2 ergs cm-2 sr-1 s-1). Thus we show that by using a single 531 

riometer site in combination with a single AARDDVARK radio wave receiver site we are in 532 

principle able to describe the evolution of the substorm precipitation flux and the latitudinal 533 

expansion of the substorm region. 534 

 In this study of a pair of substorm events we conclude that although both substorms occurred 535 

at similar local times, with EEP injections into appoximately the same geographical region, the 536 

first substorm involved less EEP flux, but the precipitation region drifted eastwards more 537 

quickly than the second, larger, event. This study has shown that it is possible to successfully 538 

combine AARDDVARK radio wave observations, THEMIS satellite measurements, and 539 

riometer absorption data in order to investigate the characteristics of substorm-induced 540 

energetic electron precipitation in detail.  541 
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Figures 735 

Figure 1.  A map of the subionospheric VLF propagation paths from the NWC 736 

(green circle), NPM, and NLK transmitters to the Casey and Scott Base receivers in 737 

Antarctica (red diamonds). Contours of constant L-shell are shown for L=4, 6, and 12 738 

(blue lines). The locations of the southern hemisphere footprint of THEMIS E during 739 

the substorm events studied in this paper (red line), and Macquarie Island (solid 740 

square) are also indicated. 741 

Figure 2.  Upper panel. The variation of nighttime phase from NWC to Casey on 742 

three typical event days in 2009-2010. The days have been offset to aid presentation. 743 

The normal quiet day behavior is shown by dotted lines. Electron precipitation events 744 

are observed as increases in phase, followed by a slow recovery to the quiet day 745 

levels. Phase decreases occur at sunset (~05-10 UT) and phase increases occur at 746 

sunrise (~21-24 UT). Lower panel. Same as above but for NWC received at Scott 747 

Base. 748 

Figure 3.  The background conditions for the 28 May 2010 precipitation event. 749 

Panels show the variation of solar wind speed, Dst, Kp, and GOES >10 MeV proton 750 

fluence for 27 – 29 May 2010. The 28 May precipitation event occurs after a jump in 751 

solar wind speed, during the positive phase of a Dst disturbance, during low-752 

moderate Kp levels, and with no enhancement of solar proton precipitation. 753 

Figure 4.  A summary plot of the THEMIS E SST data on 28 May 2010. Upper 754 

panel. The variation in electron energy flux from 10-14 UT observed over a range of 755 

energy channels indicated by the coloured labels on the right hand side. Middle 756 

panel. The variation of the >30 keV integrated energy flux. Lower panel. The 757 

variation of the magnetic field components in Geocentric Solar Ecliptic (GSE) 758 

coordinates during the same period. Note the reversal of the x (blue line) and z (red 759 



line) components as a result of two substorm activations at ~11:36 UT and 760 

~12:20 UT.  The position of the satellite at 1000 UT was [x,y,z]=[-6.7, -7.2, 0.0], and 761 

at 1400 UT was [x,y,z]=[-1.2, -5.4, 0.2]. 762 

  763 

Figure 5.  Upper panel. The variation of NWC phase received at Casey for 10-16 UT 764 

on 28 May 2010. Middle panel: The variation of NWC phase received at Scott Base 765 

during the same period. Lower panel. Macquarie Island riometer absorption during 766 

the same period. The times of the two substorm activations seen in THEMIS data are 767 

indicated by vertical dashed lines.  768 

Figure 6.  THEMIS E electron flux measurements at 12:24 UT (diamonds) and 769 

12:51 UT (triangles) on 28 May 2010. The electron energy spectrum observed by 770 

LANL and presented in Clilverd et al. [2008] is shown by the solid line. The least 771 

squares fit to the 12:51 UT observations is given by the dotted line. 772 

Figure 7.  Upper panel: The calculated NWC phase change as a function of electron 773 

precipitation flux >30 keV at Casey. Lower panel: The equivalent riometer 774 

absorption level at Macquarie Island. The green vertical line indicates the flux levels 775 

required to reproduce the NWC-Casey phase, and riometer absorption values at the 776 

peak of the second substorm (values indicated by horizontal grey lines). 777 

Figure 8.  Upper panel. NWC phase change at Casey during second substorm event. 778 

Lower panel. Macquarie Island riometer absorption. The vertical dot-dashed line 779 

indicates the start of the substorm event as determined by THEMIS E magnetometer 780 

dipolarisation timing. The vertical dotted lines labelled (a) and (b) indicate the timing 781 

of the peak riometer absorption, and the peak phase change respectively. 782 

Figure 9 The NPM-Scott Base and NPM-Casey phase change on 10-16 UT, 28 May 783 

2010. Vertical lines represent the activation times of the two substorms.  784 



Figure 10. A summary of the phase changes observed during substorm 1 (upper 785 

panel) and substorm 2 (lower panel). The phase change is expressed as a percentage, 786 

with 100% defined as the maximum phase change caused by the substorm injections. 787 

The longitude of each propagation path where it cuts the L=6 contour (as shown in 788 

Figure 1) is indicated, e.g., 112°E (NWC-Casey), 123°E (NWC-Scott Base), 154°E 789 

(NPM-Casey), 186°E (NPM-Scott Base), 195°E (NLK-Scott Base). The periods of 790 

expanding L-shell extent of the substorm-induced EEP are indicated. 791 

792 
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three typical event days in 2009-2010. The days have been offset to aid presentation. 803 

The normal quiet day behavior is shown by dotted lines. Electron precipitation events 804 

are observed as increases in phase, followed by a slow recovery to the quiet day 805 

levels. Phase decreases occur at sunset (~05-10 UT) and phase increases occur at 806 

sunrise (~21-24 UT). Lower panel. Same as above but for NWC received at Scott 807 

Base. 808 
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Figure 3.  The background conditions for the 28 May 2010 precipitation event. 811 

Panels show the variation of solar wind speed, Dst, Kp, and GOES >10 MeV proton 812 

fluence for 27 – 29 May 2010. The 28 May precipitation event occurs after a jump in 813 

solar wind speed, during the positive phase of a Dst disturbance, during low-814 

moderate Kp levels, and with no enhancement of solar proton precipitation. 815 
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Figure 4.  A summary plot of the THEMIS E SST data on 28 May 2010. Upper 820 

panel. The variation in electron energy flux from 10-14 UT observed over a range of 821 

energy channels indicated by the coloured labels on the right hand side. Middle 822 

panel. The variation of the >30 keV integrated energy flux. Lower panel. The 823 

variation of the magnetic field components in Geocentric Solar Ecliptic (GSE) 824 

coordinates during the same period. Note the reversal of the x (blue line) and z (red 825 

line) components as a result of two substorm activations at ~11:36 UT and 826 

~12:20 UT.  The position of the satellite at 1000 UT was [x,y,z]=[-6.7, -7.2, 0.0], and 827 

at 1400 UT was [x,y,z]=[-1.2, -5.4, 0.2]. 828 
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Figure 5.  Upper panel. The variation of NWC phase received at Casey for 10-16 UT 831 

on 28 May 2010. Middle panel: The variation of NWC phase received at Scott Base 832 

during the same period. At 14:04 UT there was a NWC off-air period lasting for ~0.5 833 

hour. Lower panel. Macquarie Island riometer absorption during the same period. 834 

The times of the two substorm activations seen in THEMIS data are indicated by 835 

vertical dashed lines.  836 
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 838 

Figure 6.  THEMIS E electron flux measurements at 12:24 UT (diamonds) and 839 

12:51 UT (triangles) on 28 May 2010. The electron energy spectrum observed by 840 

LANL and presented in Clilverd et al. [2008] is shown by the solid line. The least 841 

squares fit to the 12:51 UT observations is given by the dotted line.  842 
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Figure 7.  Upper panel: The calculated NWC phase change as a function of electron 845 

precipitation flux >30 keV at Casey. Lower panel: The equivalent riometer 846 

absorption level at Macquarie Island. The green vertical line indicates the flux levels 847 

required to reproduce the NWC-Casey phase, and riometer absorption values at the 848 

peak of the second substorm (values indicated by horizontal grey lines). 849 
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 852 

Figure 8.  Upper panel. NWC phase change at Casey during second substorm event. 853 

lower panel. Macquarie Island riometer absorption. The vertical dot-dashed line 854 

indicates the start of the substorm event as determined by THEMIS E magnetometer 855 

dipolarisation timing. The vertical dotted lines labelled (a) and (b) indicate the timing 856 

of the peak riometer absorption, and the peak phase change respectively. 857 
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Figure 9 The NPM-Scott Base and NPM-Casey phase change on 10-16 UT, 28 May 859 

2010. Vertical lines represent the activation times of the two substorms.  860 

861 



 862 

Figure 10. A summary of the phase changes observed during substorm 1 (upper 863 

panel) and substorm 2 (lower panel). The phase change is expressed as a percentage, 864 

with 100% defined as the maximum phase change caused by the substorm injections. 865 

The longitude of each propagation path where it cuts the L=6 contour (as shown in 866 

Figure 1) is indicated, e.g., 112°E (NWC-Casey), 123°E (NWC-Scott Base), 154°E 867 

(NPM-Casey), 186°E (NPM-Scott Base), 200°E (NLK-Scott Base). The periods of 868 

expanding L-shell extent of the substorm-induced EEP are indicated. 869 


