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  6 

Abstract. Geosynchronous  LANL-97A satellite particle data, riometer data, and radio wave data 7 

recorded at high geomagnetic latitudes in the region south of Australia and New Zealand, are 8 

used to perform the first complete modeling study of the effect of substorm electron precipitation 9 

fluxes on low frequency radio wave propagation conditions associated with dispersionless 10 

substorm injection events. We find that the precipitated electron energy spectra is consistent with 11 

an e-folding energy of 50 keV for energies <400 keV, but also contains higher fluxes of electrons 12 

from 400-2000 keV. To reproduce the peak subionospheric radiowave absorption signatures seen 13 

at Casey (Australian Antarctic Division), and the peak riometer absorption observed at 14 

Macquarie Island, requires the precipitation of 50%-90% of the peak fluxes observed by LANL-15 

97A. Additionally, there is a concurrent and previously unreported substorm signature at L<2.8, 16 

observed as a substorm associated phase advance on radiowaves propagating between Australia 17 

and New Zealand. Three mechanisms are discussed to explain the phase advances. We find that 18 

the most likely mechanism is the triggering of wave-induced electron precipitation caused by 19 

waves enhanced in the plasmasphere during the substorm, and that either plasmaspheric hiss 20 

waves or EMIC waves are a potential source capable of precipitating the type of high energy 21 

electron spectrum required. However, the presence of these waves at such low L-shells has not 22 

been confirmed in this study. 23 

 24 
25 



 25 

1.  Introduction  26 

 In this study we analyze ground-based ionospheric data from mid and high 27 

latitudes in the region around Australia and New Zealand during dispersionless 28 

substorm injection events. We use data from 2005-2007 to show that ionization 29 

signatures of substorm injection events can be observed at both L~4-12 and L~2.4-30 

2.8, despite the well known low-latitude limit of particle precipitation being L~4.0 31 

[Berkey et al., 1974]. We use radio waves, riometers and geostationary spacecraft 32 

data to show that the timing of the precipitation events at L~2.4-2.8 is the same as at 33 

L~5, but delayed with respect to the injection signature at geostationary orbit 34 

(L=6.6). 35 

 Substorm injection events were comprehensively mapped by Berkey et al. [1974] 36 

using about 40 northern hemisphere riometers in the IQSY (1964-1965) and IASY 37 

(1969). Typically, energetic electron precipitation from a substorm occurs near 38 

midnight, rapidly expanding eastwards with velocities that correspond to electron 39 

drift velocities associated with energies of 50-300 keV. Initially the riometer 40 

absorption maximum is located close to 65º geomagnetic latitude (L~6) but expands 41 

within 15 minutes to cover a latitude range of 60-73º geomagnetic (L=4-12). This 42 

latitude range is consistent with the observations from particle detectors on DMSP 43 

flights [Sandholt et al., 2002]. After 15 minutes the longitudinal extent of the 44 

substorm precipitation region is ~100º. The longitudinal expansion can continue for 45 

more than an hour until substorm signatures are observed at most local times, 46 

although no further increase in latitudinal extent occurs. The typical electron energies 47 

involved in substorm injections seen by satellites such as LANL are typically 50-48 

1000 keV, with the highest fluxes occurring at the lowest energies [Baker et al., 49 



1985]. While the satellite observations provide some information on the energy 50 

spectra of the injected electrons, and the fluxes in drift orbit, it is very difficult to 51 

determine what proportion of the electrons are being precipitated into the atmosphere 52 

through onboard satellite measurements. The primary difficulty is in making 53 

observations of electron populations in the spatially narrow loss cone, particularly 54 

around the geomagnetic equator where geostationary satellites reside.  55 

 The injection of energetic electrons during a substorm has been modeled by 56 

considering an electromagnetic pulse propagating earthwards, interacting with a pre-57 

existing electron population [Sarris et al., 2002]. The rate of inward drift of the 58 

electron population driven by radial diffusion has been shown to gradually decrease 59 

with decreasing L-shell. Close to the injection latitude, i.e., at a single local time, the 60 

radial motion is typically 25 km s-1, slowing to ~15 km s-1 at about L=5. Calculations 61 

at L-shells below L=4 have not be made because of the observed limits of substorm 62 

injection precipitation, but simple extrapolation of the published data suggests speeds 63 

of ~10 km s-1 at L=2.8, assuming it is possible for the injection to penetrate inside 64 

L=4. The results of Sarris et al. [2002] suggest that between the time delay of an 65 

injection signature at geostationary obit and L=5.4 is 5 minutes, while for the same 66 

injection to reach L=2.8 would be a further ~20 minutes. 67 

 Energetic electron precipitation during substorms has been studied using riometers 68 

[e.g. Jelly and Brice, 1967], forward scatter radar [e.g. Bailey, 1968], and VLF radio 69 

waves [e.g. Thorne and Larsen, 1976]. The VLF radio wave technique has an 70 

advantage in that it is most sensitive to ionization caused by relativistic electron 71 

precipitation energies, typically >100 keV, as these energies ionize the neutral 72 

atmosphere in the Earth-ionosphere waveguide i.e., at altitudes below ~70 km. 73 

Thorne and Larsen [1976 and references therein] reported that electron fluxes of 74 



≥103 el. cm-2 s-1 sr-1 were required at energies of >200 keV in order to account for 75 

radio signal disturbances during substorms, observed over the latitudes 4.5≤L≤6.0. 76 

Larsen and Thomas [1974] used the ERSO 1A satellite to estimate that the trapped 77 

electron spectrum during a substorm could be represented by an e-folding energy of 78 

about 50 keV (using 176-434 keV energies). The energy spectrum of the electron 79 

precipitation into the atmosphere was found to be of the same form as the trapped 80 

fluxes [Rosenberg et al., 1972] with the maximum precipitated fluxes comparable 81 

with the trapped fluxes [Larsen and Thomas, 1974].  82 

 In this study we use LANL particle data, riometer data, and radio wave data 83 

recorded at high geomagnetic latitudes to identify the occurrence of substorm 84 

injection events in a region south of Australia and New Zealand. Data sets from high 85 

latitude locations (Casey and Macquarie Island, Australian Antarctic Division) and 86 

the geostationary satellite LANL-97A are used to describe the high latitude electron 87 

precipitation driven by dispersionless substorm injections. Additionally, we present 88 

radio wave data recorded at Dunedin, New Zealand to show that there is a concurrent 89 

and unexpected substorm signature at L<2.8, but that no clear signature of the 90 

substorms can be detected in a riometer also located in Dunedin. We discuss the 91 

potential mechanisms that could cause the observed radio wave signature, including 92 

the penetration of electric fields to low L-shells, the precipitation of radiation belt 93 

electrons by electromagnetic ion-cyclotron waves, and the possibility of distant 94 

scattering of radio waves by the expected ionospheric ionization feature at L>4 in a 95 

similar way to medium-latitude Trimpi. 96 

97 



2.  Experimental setup 97 

 This paper combines data from subionospheric VLF radio wave receivers, a 98 

geostationary LANL satellite, and ground-based riometers to describe the spatial 99 

variability of energetic particle precipitation into the middle atmosphere during sub-100 

storm events. This section describes each instrument, and its relevance to this study. 101 

An overview of the experimental setup is given in Figure 1 which shows a map of 102 

the Australia/New Zealand/Antarctic region, and includes the locations of all of the 103 

instruments described in this section. The oval shown in Figure 1 depicts a typical 104 

substorm precipitation region shortly after the onset, determined from the analysis of 105 

riometer data [Berkey et al., 1974].  106 

 Here we use narrow band subionospheric VLF radio wave data, transmitted from 107 

two Australian sites (NTS, 18.6 kHz, and NWC 19.8 kHz) received at two sites: 108 

Casey, Antarctica (66.3ºS, 110.5ºE, L>999), and Dunedin, New Zealand (45.9ºS, 109 

170.5ºE, L=2.8). These receiving sites are part of the Antarctic-Arctic Radiation-belt 110 

Dynamic Deposition VLF Atmospheric Research Konsortia (AARDDVARK, for a 111 

comprehensive description of the array visit the webpage at 112 

www.physics.otago.ac.nz/space/AARDDVARK_homepage.htm). The effects of 113 

changing ionization conditions in the mesosphere, due to energetic particle 114 

precipitation, can be observed along the propagation path between a VLF transmitter 115 

and a receiver. Subionospheric propagation is sensitive to ionization located below 116 

about 90 km. The effect of increased ionization on the propagating signals can be 117 

seen as either an increase or decrease in signal amplitude or phase depending on the 118 

modal mixture of each signal observed [Barr et al., 2000, Clilverd et al., 2006b]. 119 

This study reports only amplitude results from Casey because there are no current 120 

measurements of phase available from that site. Phase and amplitude data are 121 



available at Dunedin, although we typically show phase only to reduce the number of 122 

panels per figure, and because the phase response is more consistent from substorm 123 

to substorm. The great circle paths from NWC and NTS received at Dunedin and 124 

Casey are shown in Figure 1. 125 

 The LANL spacecraft data used in this study are from the Synchronous Orbit 126 

Particle Analyser (SOPA) on LANL-97A (L~6.6, 138ºE). We concentrate on data 127 

from LANL-97A because the L-shell footprint of the satellite is located in the ocean 128 

south of Australia, and lies close to the great circle paths of signals from NTS and 129 

NWC received at Casey. In subsequent analysis we show the LANL-97A electron 130 

flux in the energy range 75-105 keV [Belian et al., 1992] because electrons with 131 

these energies will create ionization at altitudes of ~80 km, and thus significantly 132 

influence the electron density profile of the nighttime lower ionosphere. 133 

 The riometer data used in this study are provided from instruments located at 134 

Dunedin (45.9ºS, 170.5ºE, L=2.8) and Macquarie Island (54.5ºS, 158.9ºE, L=5.4). 135 

The riometers are widebeam, 30 MHz, vertical pointing parallel dipole systems, with 136 

time resolutions of 1-10 seconds, although we typically present 1 minute average 137 

data. Riometers [Little and Leinbach, 1959] will observe the integrated absorption of 138 

cosmic radio noise through the ionosphere, with increased absorption due to 139 

additional ionization due to both proton and electron precipitation. The dominant 140 

altitude of the absorption is typically in the range 70-100 km i.e., biased towards 141 

relatively soft particle energies (~30 keV electrons). 142 

 143 

3. Results 144 

 The first sub-storm event period is shown in Figure 2. The panel shows (from top 145 

to bottom, in descending geomagnetic latitude) the amplitude variation of the NTS 146 



transmitter received at Casey, the LANL-97A 75-105 keV electron flux, the 147 

Macquarie Island riometer absorption, the phase of NTS received at Dunedin, and 148 

the phase of NWC received at Dunedin. The time-axis shows the period 12-16 UT on 149 

01 March 2006. The local time in the plot is approximately UT+9, and thus the plot 150 

represents the time period centered around local midnight. The LANL-97A flux data 151 

shows that a sub-storm injection started at 13.6 UT (close to 23 MLT), and this time 152 

is highlighted by a dotted vertical line. We use 75-105 keV electron flux data from 153 

LANL-97A because precipitating electrons in that energy range will create ionization 154 

at altitudes below the nighttime D-region and thus should be detected using 155 

subionospherically propagating radio waves, e.g., the NTS signal received at Casey. 156 

The LANL-97A energy channels show that the substorm injection at 13.6 UT is 157 

dispersionless (not shown here), and thus the local time of the injection region is 158 

close to the local time of the southern hemisphere footprint of LANL-97A. In each 159 

panel the vertical dotted line represents the time at which the sub-storm signature is 160 

observed, while a dashed quasi-horizontal line represents the undisturbed behavior of 161 

each signal.  162 

 In Figure 2 it can been seen that the Casey radio wave amplitude decrease and the 163 

LANL-97A injection timing are very similar. The Casey radio wave amplitude 164 

changes show a similar temporal variation to the LANL-97A fluxes, last about the 165 

same length of time (~0.6 hr), and have a peak effect (in this case 12 dB) at about the 166 

same time. Further co-incidence is seen in the decrease in amplitude at about 15 UT 167 

which is consistent with the return of 100 keV electrons having drifted around the 168 

Earth at L=6.6 (drift period 1.33 hr) which can also be seen in the LANL-97A fluxes. 169 

The absorption signature in the Macquarie Island riometer starts ~0.1 hr (~6 minutes) 170 

later than the LANL-97A timing, at 13.7 UT, consistent with penetration to lower L-171 



shells. However, the 40-60° phase changes in the radio wave signals received at 172 

Dunedin occur at the same time as the 2.5 dB absorption peak in the Macquarie 173 

riometer. Phase changes of this magnitude are often associated with significant 174 

perturbations of the ionosphere such as solar flare events [Thomson et al., 2005] and 175 

are substantially larger than whistler-induced precipitation signatures seen at mid-176 

latitudes [Helliwell et al., 1973; Barr et al., 2000]. The peak effects in absorption and 177 

phase change are not observed at the same time as the LANL-97A flux peak, but the 178 

Macquarie riometer and Dunedin radio wave data do show effects lasting 179 

approximately the same length of time, i.e., 1.5 hours. 180 

 A second sub-storm event is shown in Figure 3. The event occurred at 15.7 UT on 181 

27 March 2006 (~02 LT), and is plotted in the same format as Figure 2. The top 182 

panel shows the change in radio wave amplitude for the NTS signal received at 183 

Casey. As in Figure 2, the start of the sub-storm in the LANL-97A electron fluxes is 184 

the same as that seen in the radio wave data from Casey, but the Macquarie riometer 185 

and Dunedin subionospheric data again start after a ~0.15 hr (~10 mins) delay. 186 

Although the LANL-97A injection signature shows a two-peaked structure during 187 

the sub-storm, none of the ground-based experiments show this, and instead, show a 188 

gradual rise to a maximum effect ~0.3-0.6 hr after the start of the event. Similarly, all 189 

the ground-based experiments showed that the sub-storm event lasted until 190 

~17.5 UT, while the LANL-97A sub-storm signature appears to end at ~16.8 UT. 191 

Typically this event caused an approximately 15 dB effect in the NTS-Casey signal, 192 

1 dB of absorption in the Macquarie Island riometer, and a 20-40° phase advance in 193 

the radio wave signals received at Dunedin. 194 

 In Table 1 we show a list of six sub-storm events that have produced notable phase 195 

increases in the Dunedin radio wave data, and two that showed very small effects at 196 



Dunedin. The columns represent the time of the injection as determined from the 197 

LANL data, the delay to onset time observed in the Maquarie Island riometer 198 

measurements, the size and the duration of the phase advance observed in the 199 

Dunedin subionospheric recordings, and the delay of the phase advance onset time at 200 

Dunedin compared with the Macqurie Island riometer onset time. In the current study 201 

period (January 2006-December 2007) we have identified six significant (>10°) 202 

phase advance events at Dunedin, all of which occurred in the months of February-203 

April, and no >10° phase advance events outside these months despite good sub-204 

storm signatures being observed on occasions by all of the other experiments. 205 

Typically the phase advances are ~50° which is much larger than nighttime phase 206 

changes associated with whistler-induced electron precipitation [Lev-Tov et al., 1996, 207 

Clilverd et al., 1999, Rodger et al., 2007] and comparable with large storm effects 208 

[Thomson et al., 2007] driven by plasmaspheric hiss-induced precipitation [Rodger et 209 

al., 2007a].  210 

 The average sub-storm occurrence time in Table 1 is just after magnetic midnight, 211 

and the delay between LANL-97A and the Macquarie riometer signature is typically 212 

0.10-0.15 hours (6-9 minutes). On average the Macquarie riometer absorption and 213 

the Dunedin phase advances last for the same time, i.e., ~1.5 hours. In five out of the 214 

eight events the Dunedin phase advance onset occurs at the same time as the 215 

Macquarie riometer absorption onset, however in one event (27 February 2007) there 216 

is no delay between the Macquarie riometer, LANL-97A, and Casey amplitude but a 217 

~40 minute delay to the Dunedin phase advance event.  218 

 219 

4. Discussion 220 

4.1 High latitude precipitation fluxes 221 



 Figure 4 shows the diurnal variation in amplitude of NTS received at Casey. 222 

Mesospheric ionization effects on VLF/LF wave propagation can be modeled using 223 

the Long Wave Propagation Code [LWPC, Ferguson and Snyder, 1990]. LWPC 224 

models VLF signal propagation from any point on Earth to any other point. Given 225 

electron density profile parameters for the upper boundary conditions, LWPC 226 

calculates the expected amplitude and phase of the VLF signal at the reception point. 227 

In Figure 4 the diamonds indicate undisturbed LWPC model amplitude values for the 228 

path using the Thomson [1993] daytime model ionosphere, and the Thomson et al. 229 

[2007] nighttime model ionosphere. The substorm effect at Casey can be seen at ~13-230 

14 UT as a sudden decrease in amplitude of ~12 dB, lasting ~1 hour. This figure 231 

shows that we are able to model the normal behavior of the diurnal variation of the 232 

NTS amplitude changes observed at Casey. This knowledge can be used as a starting 233 

point in investigating the substorm-induced changes. In Figures 2 and 3 there is no 234 

delay between the LANL-97A substorm flux enhancements and the amplitude 235 

changes of NTS received at Casey. The propagation path passes through the expected 236 

region of electron precipitation during the substorm, and close to the LANL-97A 237 

southern geomagnetic footprint location (Figure 1), so the ionization changes in that 238 

region should be responsible for the amplitude changes observed. Thus we should be 239 

able to model the impact on the transmitter signals using precipitation described by 240 

LANL-97A fluxes applied on only a central portion of the transmitter-receiver great 241 

circle path delimited by the dotted lines at L=4 and L=12.5 shown in Figure1. These 242 

higher and lower L-shell boundaries are estimated from previous studies of substorm 243 

injections patterns [e.g., Friedel et al., 1996] and supported in these cases by the 244 

observation of riometer signatures near the lower L-shell boundary by the Macquarie 245 

Island data .  246 



 The ionization rate due to precipitating energetic electrons is calculated by an 247 

application of the expressions in Rees [1989], expanded to higher energies based on 248 

Goldberg and Jackman [1984]. The energy spectrum shown in Figure 5 (panel a) is 249 

taken from the fit to the LANL-97A observations during the substorm event shown 250 

in Figure 2, using measured fluxes in the energy range 50-2500 keV. As the 251 

precipitating flux magnitude is unknown, and the topic of this subsection, we 252 

consider what electron precipitation flux best reproduces our subionospheric radio 253 

wave data for the event on 01 March 2006 using the fitted energy spectrum. For this 254 

reason, we made use of a simple ionospheric model to describe the balance of 255 

electron number density, Ne, in the lower ionosphere, based on that given by Rodger 256 

et al. [1998], and further described by Rodger et al. [2007a]. We summarize the 257 

model here as it is relevant to this paper. The background neutral atmosphere is 258 

calculated using the NRLMSISE-00 neutral atmospheric model [Picone et al., 2002]. 259 

In the simple Rodger model the evolution of the electron density with time is 260 

governed by the equation 261 

    2 
ee

e NNq
t

N
αβ

∂
∂

−−=    (2)  262 

where q is the ionization rate, α is the recombination coefficient (m3s-1), and β is the 263 

attachment rate (s-1). Rodger et al. [2007a] provides expressions for the altitude 264 

variation of α and β, appropriate for nighttime and daytime conditions.  265 

 The electron number density profiles determined using the simple ionospheric 266 

electron model for varying precipitation flux magnitudes are used as input to the 267 

LWPC subionospheric propagation model. They are applied on only a central portion 268 

of the transmitter-receiver great circle path delimited by the dotted lines at L=4 and 269 

L=12.5 shown in Figure1, thus modeling the effect of precipitation on the NTS 270 

amplitudes received at Casey. An undisturbed nighttime electron density profile 271 



which reproduces the received NTS amplitudes is used as specified by the Wait 272 

ionosphere β=0.55 km-1 and h'=85.5 km for nighttime conditions [Thomson et al., 273 

2007]. The difference in the LWPC-modeled NTS and NWC amplitude changes for 274 

varying precipitation magnitudes, represented as fractions of the peak LANL-97A 275 

observed flux are shown in Figure 5 (panel b). The horizontal dotted line indicates 276 

the peak experimentally observed amplitude differences of -12±1 dB at ~14 UT on 277 

01 March 2006 (an amplitude decrease of -14±1 dB was observed on NWC). The 278 

peak experimental NTS amplitude difference is best modeled by a precipitating flux 279 

which is ~0.1% or 30-70% of the LANL-97A peak flux reported during the 280 

substorm, while for NWC it is 50-100% or ~800% (the latter being unreasonably 281 

high). The results shown indicate that although multiple precipitation flux levels can 282 

lead to the same amplitude difference on each transmitter, we expect the 50-70% 283 

precipitating flux value to be the most representative of the actual situation because it 284 

is the only solution that matches the observations for both transmitters. In addition, 285 

previous work has suggested that values just below or near 100% are most 286 

appropriate. However in the paragraphs below we also confirm this finding using 287 

riometer data. Figure 5c shows the electron density profile changes induced by the 288 

substorm precipitation that ranges from 50% to 100% of the LANL-97A flux levels 289 

at the peak of the substorm on 01 March 2006.  290 

 By calculating height-integrated differential absorption using a method described 291 

in Verronen et al. [2006], and using the electron density profile shown in Figure 5c 292 

we can estimate the expected riometer absorption for the Macquarie Island riometer. 293 

We find that precipitating 100% of the peak LANL-97A >30 keV flux during the 294 

substorm gives 4.5 dB of absorption, and that we require 50% to reproduce the 295 

observed 3 dB peak substorm effect shown in Figure 2. A separate calculation based 296 



on an implementation of the Appleton-Hartree equation where ‘merged’ electron 297 

density and collision frequency profiles are integrated over height range [Beharrell 298 

and Honary, 2008] suggests that 90% of the peak LANL-97A fluxes are required. 299 

These values are consistent with the flux values determined by fitting the radio wave 300 

propagation observations (Figure 5b). Presumably VLF, EMIC or other waves are 301 

responsible for continuously moving the majority of the injected particles into the 302 

loss cone, which would explain why the LANL and precipitating fluxes are 303 

comparable. But we note that the pitch-angle scattering would have to be operating 304 

in a very efficient manner. The other alternative is that the substorm mechanism has 305 

a strong preference toward the injection of electrons with pitch angles that lie inside 306 

or, very close to, the loss cone. 307 

 In Figure 6 the fitted energy spectra of both the 100% LANL-97A peak trapped 308 

flux, and the 50% precipitated flux, are compared with the 50 keV e-folding energy 309 

spectrum reported by Larsen and Thomas [1974]. There is good agreement between 310 

the fit to the LANL-97A trapped flux and the 50 keV e-folding spectrum up to 311 

~400 keV. However, for energies >400 keV the LANL-97A spectrum has 312 

significantly higher fluxes. To reproduce the substorm signature in the radio wave 313 

data the 50% precipitated flux produces 1.5×105 el. cm-2 s-1 sr-1 for >200 keV 314 

energies. This is substantially greater that the fluxes of ≥103 el. cm-2 s-1 sr-1 for 315 

>200 keV electrons reported by [Thorne and Larsen, 1976]. The precipitated electron 316 

spectrum also has higher fluxes than the 50 keV e-folding spectra for energies 317 

>400 keV, but without these high energy fluxes we are unable to accurately model 318 

the radio propagation effects of the substorm for precipitating fluxes which were 319 

50% of the peak value reported by LANL-97A – the difference between using the 320 

high energy flux component of the spectra or not being 7 dB for NWC and 2 dB for 321 



NTS. These highly relativistic electrons will penetrate deeply into the atmosphere 322 

and impact the chemistry of the stratosphere and lower mesosphere [see Turunen et 323 

al., 2008 for a review of the potential chemical effects of relativistic electron 324 

precipitation into the middle atmosphere]. 325 

 The time delay between the beginning of the substorm injection in the LANL-97A 326 

particle data at L=6.6 and the lower latitude Macquarie Island riometer data (L=5.4) 327 

is typically 6-9 minutes. Figure 1 shows that the LANL geomagnetic fieldline 328 

footprint location and the riometer location are separated by ~20° of longitude and 329 

~8° of latitude. However, the longitudinal expansion of the substorm precipitation is 330 

fast and typically covers ~100° in the first 15 minutes [Berkey et al., 1974]. Thus, 331 

potentially ~3 minutes of delay could occur between the two sites as a result of 332 

longitudinal expansion of the precipitation region. However, the results from Sarris 333 

et al. [2002] suggest that most of the 6-9 minute delay is consistent with injection 334 

propagation times from L=6.6 to L=5.4 (1.2 Re at 25 km s-1 takes 5 minutes).  335 

 336 

4.2 Mid-latitude phase advance signatures 337 

 In the results section we showed that there were subionospheric phase advances 338 

observed at the mid-latitude recording site in Dunedin which were associated with 339 

the substorms observed at higher L-shells. Although the mid-altitude phase advances 340 

were delayed with respect to the substorm onset timing shown by the high latitude 341 

observations from LANL-97A (L=6.6) and the Casey subionospheric data, they were 342 

not delayed with respect to the Macquarie Island riometer observations (L=5.4). This 343 

mid-latitude substorm phase advance signature has not been reported before and may 344 

be caused by one of several mechanisms.  345 



 The most obvious candidate mechanism is direct precipitation from the substorm 346 

injection event. We note that this mechanism seems unlikely as previous work showed that the 347 

low latitude boundary of electron precipitation from substorms determined by riometers is L=4, 348 

as we discussed in the introduction section [Berkey et al., 1974]. However, it is possible that 349 

lower latitude electron precipitation is caused by electromagnetic ion cyclotron waves (EMIC) 350 

associated with a region of high plasmaspheric electron density gradients. The effectiveness of 351 

the mechanism has recently been shown by Clilverd et al. [2007], with signatures occurring in 352 

the phase of subionospherically propagating radio waves just as reported in this study. This 353 

electron precipitation mechanism would require EMIC induced precipitation to be triggered by 354 

the substorm at a density gradient region either well inside the plasmasphere, or from a 355 

compressed plasmapause. The EMIC triggered electron precipitation at L~2.5 inferred by 356 

Clilverd et al. [2007] was caused by the intense coronal mass ejection event of 21 January 2005 357 

[Clilverd et al., 2006a] and thus was associated with a very large storm event, rather than the 358 

substorm events considered in the current paper. Observational evidence of the presence of 359 

EMIC waves at higher L-shells during these substorms comes from two of the Automated 360 

Geophysical Observatories (AGOs) pulsation magnetometers in Antarctica, covering L=6-8, 361 

which are at such high L-shells that they do not support or refute the possibility of EMIC waves 362 

at L~2.7. 363 

 If direct electron precipitation is causing the mid-latitude phase advances seen in 364 

Figures 2 and 3 then we would expect to observe some signature of it on the riometer 365 

data from Dunedin (see Figure 1 for the NWC and NTS paths to Dunedin). Figure 7 366 

shows a substorm associated phase advance that occurred on 10 March 2005. 367 

Although the figure format is similar to Figures 2 and 3, the lower panel shows 368 

riometer absorption data from Dunedin (L=2.8). No Dunedin riometer data is 369 

available for 2006, so we have to show data from 2005 which was before our 370 



instrument at Casey was operational, and consequently substorm events from 2005 371 

were not initially selected for this study. Figure 7 shows that a substorm injection 372 

event occurred in the LANL data at 14.8 UT, with a resultant 1.5 dB absorption 373 

signature on the Macquarie Island riometer seen ~5 minutes later. A small phase 374 

advance is seen at the same time on NTS received at Dunedin, all of which is 375 

consistent with the pattern of events shown in Figures 2 and 3. In contrast, the 376 

Dunedin riometer shows no significant absorption co-incident with the event timing. 377 

Thus we conclude that either there is no direct electron precipitation occurring at 378 

L=2.4-2.8 in this event, or that the energy of the precipitating electrons is so high that 379 

no significant absorption is produced in the riometer data. An energy spectra 380 

dominated by relativistic electrons (energies 1-2 MeV) is consistent with the 381 

expected spectrum driven by EMIC [Loto’aniu et al., 2006], which might produce 382 

changes in subionospheric propagation without creating a significant change in 383 

riometer absorptions. EMIC waves have been associated with substorm particle 384 

injections [Erlandson and Ukhorskiy, 2001].  385 

 Central to the question of the mechanism that drives the mid-latitude phase 386 

advances is the observation that there is little timing delay between the Macquarie 387 

Island riometer data, and the Dunedin subionospheric phase advances. This is clearly 388 

not consistent with the propagation of an injection event, which the results of Sarris 389 

et al. [2002] suggest would take an additional ~20 minutes. If direct precipitation is 390 

occurring then it is being triggered when the injection arrives at Macquarie Island 391 

latitudes. One possibility is an enhancement of EMIC wave activity in the 392 

plasmasphere, triggered as the injection reaches the plasmapause (or just outside this 393 

region). Another possibly, summarized by Rodger and Clilverd [2008] is the 394 

enhancement of, and then propagation of, waves from outside the plasmapause into 395 



the plasmasphere: Bortnik et al. [2008] showed that chorus outside the plasmapause 396 

could appear inside the plasmasphere as plasmaspheric hiss with delay times of only 397 

a few seconds. In addition, Rodger et al. [2007a] showed that plasmaspheric hiss 398 

could produce significant electron precipitation at L~3.0 during geomagnetic storms, 399 

although the hiss provided an electron precipitation energy spectrum with significant 400 

fluxes of electrons <1 MeV which would not necessarily agree with the Dunedin 401 

riometer data shown in Figure 7.  402 

 Another mechanism that could produce a substorm associated phase advance on 403 

obliquely propagating radio waves is off great-circle-path scattering from the 404 

ionization generated in the substorm precipitation zone between L=4 and L=12. The 405 

patch of substorm ionization located below the normal altitude of the D-region lower 406 

boundary could scatter the radio waves from the transmitters in Australia back 407 

towards the receiver in Dunedin and constructively/destructively interfere with the 408 

direct signal from transmitter to receiver [e.g. Dowden and Adams. 1993, Clilverd et 409 

al., 2002]. Off-path scattering from sprites has only been reported from ionization 410 

patches located within ~200 km of the propagation path. In addition, the high-angle 411 

off-path scattering requires regionally small, electrically "dense", ionization patches 412 

rather than the spatially large features expected from substorm precipitation zone 413 

extending from L=4 to higher L-shells. 414 

 Finally, we note one final characteristic of substorm associated phase advances, 415 

which is the preponderance of the observations occurring in the autumn equinox 416 

(Feb-April). Six of the eight events shown in Table 1 occur during this timeframe, 417 

while the substorm events investigated outside this period showed either no phase 418 

change or very little (<10°) change. The observed seasonal preference in substorm 419 

associated subionospheric phase advances could be due to changes in the efficiency 420 



of the mechanism which is altering the electrical properties of the lower D-region, 421 

which we monitor by the subionospheric propagation. Another possibility is that the 422 

mechanism is occurring with the same efficiency outside those months, but that there 423 

is a lack of sensitivity in the underlying radiowave propagation conditions to those 424 

ionospheric alterations. Answering these questions requires future studies which 425 

identify the mechanism by which the mid-latitude ionosphere is modified by high-426 

latitude substorms.  427 

 428 

5. Summary 429 

 Data from high latitude locations (Casey and Macquarie Island, Australian 430 

Antarctic Division) and the geostationary satellite LANL-97A, all in the region south 431 

of Australia and New Zealand, are used to describe and model high latitude electron 432 

precipitation driven by substorm injection events. We find that electron precipitation 433 

imposed over the latitude range associated with substorm precipitation, and with the 434 

energy spectrum observed by the LANL-97A instrument, can be used to model the 435 

subionospheric radiowave substorm signature seen at Casey. The maximum required 436 

precipitation rate into the atmosphere is found to be 50%-90% of the peak fluxes 437 

measured by the LANL-97A spacecraft. The electron energy spectrum is consistent 438 

with an e-folding energy of 50 keV for energies <400 keV, but also contains higher 439 

fluxes of electrons from 400-2000 keV.   440 

 Additionally, we present radio wave data recorded at mid-latitudes, i.e., Dunedin, 441 

New Zealand, to show that there is a concurrent substorm associated phase advance 442 

signature at L<2.8, but that no clear signature of any substorms can be detected in a 443 

riometer also located in Dunedin. Three mechanisms have been discussed to explain 444 

the phase advances, including the precipitation of radiation belt electrons, both by 445 



direct substorm electron precipitation or possibly indirectly by electromagnetic ion-446 

cyclotron wave interactions, and the distant scattering of radio waves by the 447 

ionization feature at L>4 in a similar way to low-latitude Trimpi or VLF Sprites. We 448 

find that the most likely mechanism considered in this paper is the triggering of 449 

energetic electron precipitation during the substorm, consistent with EMIC wave-450 

particle interactions, although the presence of these waves has not been directly 451 

observed. 452 
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CLILVERD ET AL.:  SUBSTORM PRECIPITATION SIGNATURES 597 

598 



Table 1. The properties of the NTS to Dunedin substorm associated phase advances 598 

observed in 2006 and 2007, including the delay time of the Macquarie island 599 

riometer signal compared with the LANL-spacecraft injection onset time, and the 600 

subsequent delay from the Macquarie riometer onset to the radiowave phase advance 601 

onset on NTS transmissions observed at Dunedin. 602 

 603 

Date LANL onset time 

(UT) 

Delay time to Macquarie 

riometer (hrs) 

NTS phase 

advance (deg) 

Phase advance 

duration (hrs) 

Subs. delay time to 

phase advance (hrs) 

27 Feb 07 15.60 0.00 70 1.4 0.70 

01 Mar 06 13.60 0.10 75 1.6 0.00 

06 Mar 06 13.85 0.10 40 2.0 0.00 

27 Mar 06 15.70 0.15 55 1.5 0.00 

05 Apr 07 12.55 0.10 50 1.3 0.00 

22 Apr 07 11.00 0.15 20 1.0 0.00 

15 Jun 06 14.18 0.02 5 1.1 0.07 

07 Sep 06 13.00 0.00 0 - - 

 604 

605 



 605 

Figure 1.  The location of subionospheric propagation paths from VLF transmitters 606 

in Australia to the AARDDVARK receiver sites at Dunedin, and Casey. The location 607 

of the LANL-97A geomagnetic footprint in the southern hemisphere during the 608 

March 2006 period studied in this paper is indicated by a triangle. The location of the 609 

Macquarie Island riometer is indicated by a square. The grey oval represents a 610 

typical region of substorm precipitation shortly after onset, where the L-shell 611 

contours indicate the likely limits of precipitation.  612 

Figure 2.  Observations of a substorm on 1 March 2006. Panel a) shows the NTS- 613 

Casey amplitude data (solid line) for 12-16 UT (20-00 LT, LT = UT +8) plotted 614 

against a quiet day curve (dashed line). The vertical dotted line represents the start of 615 

the substorm effect. Panel b) shows the LANL-97A 75-105 keV fluxes for the same 616 

period. Panel c) shows the Macquarie Island riometer absorption. The start of the 617 

absorption event is also noted by a vertical dotted line, although it should be noted 618 

that it is not placed at the same time as in panels (a) and (b). Panels d) and e) show 619 

the phase change of the NWC and NTS transmitter signals received at Dunedin 620 

during the same period. A dashed line represents the quiet time phase variations 621 

expected at this time of night. 622 

Figure 3.  Observations of a substorm on 27 March 2006. The plot is the same 623 

format as Figure 2. 624 

Figure 4.  The diurnal variation in amplitude of the NTS received at Casey on 01 625 

March 2006. The diamonds indicate undisturbed LWPC model amplitude values for 626 

the path using the Thomson (1993) daytime model ionosphere, and the Thomson et 627 

al. (2007) nighttime model ionosphere. The substorm effect can be seen at ~13-14 628 

UT as a sudden decrease in amplitude of >10 dB, lasting ~ 1 hour. 629 



Figure 5. Panel a) the LANL energy spectra during the peak of the 01 March 2006 630 

substorm injection. Panel b) the effect of LANL-97A electron precipitation on the 631 

NTS-Casey amplitudes as the fluxes are varied. The maximum amplitude change 632 

observed at Casey is represented by the horizontal dashed line, indicating a 633 

maximum precipitation flux of ~50-100% of the LANL-97A peak spin-averaged 634 

differential flux. Panel c) the corresponding changes in the electron density profile at 635 

substorm latitudes during the peak fluxes of the event of 01 March 2006 636 

Figure 6.  The LANL trapped flux energy spectra for the 01 March 2006 substorm 637 

injection (squares), compared with the E0=50 keV e-folding spectra estimated by 638 

Larsen and Thomas [1974] from a REP event observed by the ESRO 1A satellite 639 

(solid circles). The peak substorm precipitated electron flux determined from the 640 

radio wave data is also shown (crosses). 641 

Figure 7. A plot of the effects of a substorm on 10 March 2005. The format of the 642 

plot is similar to Figure 2, but with the lower panel representing the Dunedin 643 

riometer data. No NWC or NTS-Casey amplitude data is available for this event. 644 
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footprint in the southern hemisphere during the March 2006 period studied in this paper is indicated 651 

by a triangle. The location of the Macquarie Island riometer is indicated by a square. The grey oval 652 

represents a typical region of substorm precipitation shortly after onset, where the L-shell contours 653 

indicate the likely limits of precipitation. 654 
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Figure 2.  Observations of a substorm on 1 March 2006. Panel a) shows the NTS- Casey amplitude 657 

data (solid line) for 12-16 UT (20-00 LT, LT = UT +8) plotted against a quiet day curve (dashed line). 658 

The vertical dotted line represents the start of the substorm effect. Panel b) shows the LANL-97A 75-659 

105 keV fluxes for the same period. Panel c) shows the Macquarie Island riometer absorption. The 660 

start of the absorption event is also noted by a vertical dotted line, although it should be noted that it is 661 

not placed at the same time as in panels (a) and (b). Panels d) and e) show the phase change of the 662 

NWC and NTS transmitter signals received at Dunedin during the same period. A dashed line 663 

represents the quiet time phase variations expected at this time of night.664 
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Figure 3.  Observations of a substorm on  27 March 2006. The plot is the same format as Figure 2.  667 
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 668 

Figure 4.  The diurnal variation in amplitude of the NTS received at Casey on 01 March 2006. The 669 

diamonds indicate undisturbed LWPC model amplitude values for the path using the Thomson (1993) 670 

daytime model ionosphere, and the Thomson et al. (2007) nighttime model ionosphere. The substorm effect 671 

can be seen at ~13-14 UT as a sudden decrease in amplitude of >10 dB, lasting ~ 1 hour.  672 

673 
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 675 

Figure 5. Panel a) the LANL energy spectra during the peak of the 01 March 2006 substorm injection. 676 

Panel b) the effect of LANL-97A electron precipitation on the NTS and NWC-Casey amplitudes as 677 

the fluxes are varied. The maximum amplitude change observed at Casey is represented by the 678 

horizontal dashed line (bold=NTS, faint=NWC), indicating a maximum precipitation flux of ~50-679 

100% of the LANL-97A peak spin-averaged differential flux. Panel c) the corresponding changes in 680 

the electron density profile at substorm latitudes during the peak fluxes of the event of 01 March 2006. 681 

682 
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Figure 6.  The LANL trapped flux energy spectra for the 01 March 2006 substorm 684 

injection (squares), compared with the E0=50 keV e-folding spectra estimated by 685 

Larsen and Thomas [1974] from a REP event observed by the ESRO 1A satellite 686 

(solid circles). The peak substorm precipitated electron flux determined from the 687 

radio wave data is also shown (crosses). 688 
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Figure 7. A plot of the effects of a substorm on 10 March 2005. The format of the 690 

plot is similar to Figure 2, but with the lower panel representing the Dunedin 691 

riometer data. No NWC or NTS-Casey amplitude data is available for this event. 692 


