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1. Introduction

One of the most significant discoveries in space physics in the 1970s was that the Earth is a radio planet; that 
is, the Earth’s auroral zones emit intense radiation in the kilometric wavelength range called Auroral Kilometric 
Radiation (AKR) (Gurnett, 1974). These emissions are the terrestrial equivalent of intense decametric radiation 
from Jupiter, known since the 1950s (Burke & Franklin, 1955). The discovery of these emissions in the Earth’s 
environment, where the physical conditions had been better determined with in situ measurements, enabled the 
generation mechanism, previously highly uncertain, to be fairly rapidly identified as the cyclotron maser instabil-
ity (CMI) (Melrose, 1976; Wu & Lee, 1979). Since the 1970s, AKR wave modes, time variations, source regions, 
beam patterns, and fine structure features have become well described through hundreds of observations, and the 
theory has been refined, most notably since the FAST satellite mission established that AKR results from the 
CMI driven by a “horseshoe” electron distribution rather than a simple beam or loss cone distribution (Delory 
et al., 1998; Ergun et al., 1998, 2000; Pritchett et al., 1999).

Most of this previous work pertains to the dominant component of AKR, which is the escaping X-mode com-
ponent. This mode with wave vectors initially perpendicular to the magnetic field is excited by the CMI in the 
deep density cavity associated with the auroral acceleration region, where the horseshoe distribution occurs, the 
plasma frequency is far smaller than the electron gyrofrequency (fpe << fce), and the energetic plasma component 
characterized by the horseshoe distribution has density comparable to or larger than that of the background plas-
ma (Ergun et al., 2000, and references therein). The excited X-mode waves are subsequently refracted by density 
structure outward in a beam aligned with the plane that is tangent to the magnetic field longitude at the source 
(Mutel et al., 2008). The emissions are sufficiently intense to be observed by satellites at great distances as long 
as they are within this beam pattern, and since at a given time there may be many AKR sources arrayed around 
the nightside auroral oval, AKR is commonly, sometimes almost continuously, observed with wave instruments 
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on the Cluster, Geotail, Polar, AMPTE/IRM, ISEE, and similar satellites. The outward beaming, together with 
the inability of X-mode at kilometric wavelengths to penetrate the ionosphere, explains why AKR was not discov-
ered until the 1970s when suitably instrumented satellites were first launched into appropriately distant orbits, in 
contrast to the equivalent Jovian emissions which can be detected at ground level because their higher frequency 
penetrates the ionosphere (Burke & Franklin, 1955).

However, since shortly after its discovery, occasional observations have suggested that a component of AKR 
somehow penetrates to Low Earth Orbit (LEO) altitudes (LaBelle et al., 1999; Oya et al., 1985; Parrot & Bertheli-
er, 2012; Shutte et al., 1997) or even ground level (LaBelle & Anderson, 2011; LaBelle et al., 1999, 2015). Oya 
et al. (1985), using the Ohzora (EXOS-C) satellite topside sounder in passive mode, observed many examples of 
waves with AKR-like structure at LEO altitudes, labeled these “leaked AKR” in contrast to the more intensely 
studied escaping X-mode AKR, and suggested a mechanism for them. LaBelle and Anderson (2011) observed 
simultaneously escaping AKR with the Geotail satellite at distances exceeding 100,000 km and leaked AKR 
measured at ground level, finding correlated features, suggesting that these phenomena are connected. Parrot 
and Berthelier (2012) observed AKR in low Earth orbit, in particular during a magnetic storm that shifted the 
auroral oval to latitudes covered by the DEMETER satellite. LaBelle et al. (2015) described further observations 
of leaked AKR at multiple observatories in Antarctica, showing that on occasion emissions were observed on up 
to four stations separated by >500 km, emissions were right-hand polarized with respect to the magnetic field 
as expected for whistler mode, and correlation between time variations of leaked AKR and those of escaping 
AKR observed with the Geotail satellite were weakly but not perfectly correlated, as expected since the distant 
satellite detected large numbers of AKR sources, not only those potentially illuminating particular Antarctic ob-
servatories, and on other occasions the sources illuminating the ground stations may have been out of view of the 
spacecraft due to the AKR tangent-plane beaming pattern. Establishing a connection between these phenomena 
through correlation alone is a challenging problem.

Starting shortly after the discovery of AKR, theory papers addressed possible mechanisms for leaked AKR. 
Jones (1976) put forth the second Ellis window as a mechanism to linearly convert Z-mode to whistler mode 
which can propagate to low altitude. Krasovskiy et al. (1983) proposed ballistic wave transformation whereby 
high-altitude AKR imprints the electron distribution which subsequently generates whistler mode signals at a 
lower altitude, and based on angular dependence and scaling arguments suggested that this mechanism could be 
more efficient than the usual linear transformation considered by Jones (1976). Chian et al. (1994) suggested that 
auroral Langmuir waves interact nonlinearly with Alfven waves may produce electromagnetic radiation in the 
AKR frequency range. Oya et al. (1985) further promoted the idea of mode conversion from Z-mode to whistler 
mode as the generation mechanism, parallel to a mechanism of O-mode AKR via mode conversion from Z-mode 
proposed by Oya and Morioka (1983). In this mechanism, conversion to whistler mode occurs either via linear 
transformation through the second Ellis window (Budden, 1988; Jones, 1976; Yoon et al., 1998), or via scattering 
on density gradients or irregularities or via nonlinear mechanisms.

Two theoretical approaches have considered excitation of Z-mode via CMI, in different regimes with different 
implications for observations. Wu et al. (1989), based on theory developed by Wu et al. (1983), consider parallel 
propagating modes excited by a few-keV ring distribution. They find instability peaking at f ∼ 0.8f

ce, and the 
growth rate decreases as fpe/fce decreases from 0.8 to 0.2. Wu et al. (1989) state, “when these waves are propated 
downward along the magnetic field line, the resulting noise observed with a ground based facility will have a 
broad band in frequency.” Ziebell et al. (1991) model the propagation and amplification of these modes, showing 
that the resulting radiation is broad band. (This broad band nature is inconsistent with the ground-level AKR ob-
servations shown in Figure 2 below, which are replete with narrow band fine structure, similar to that of escaping 
AKR.) Horne (1995) considers mode conversion and propagation to ground level. He finds that the waves can 
reach the second Ellis window and convert to whistler mode if the initial wave-vector is close to parallel to the 
magnetic field, within 0°–5° in one case studied and 5°–7° in another. The whistler modes subsequently propa-
gate to ground level and illuminate a relatively narrow latitude range, around 2°. However his density model does 
not include horizontal gradients, which he acknowledges might allow waves with more perpendicular wave vec-
tors to reach the Ellis window condition. Horne also finds that under conditions of extraordinarily low densities, 
for which fpe < fce throughout the ionosphere, the Z-modes can directly penetrate.

An alternative approach to CMI excitation of Z-mode was inspired by Cluster satellite observations of Z-mode 
in the auroral acceleration region in the direct vicinity of the X-mode AKR sources (Mutel et al., 2011). Figure 1 
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Figure 1. (Inset) Spectrogram of Auroral Kilometric Radiation (AKR) measured with the Cluster satellite as it traversed near a source region. (Upper panel) cartoon 
spatial dependence of the generation of X- and Z-mode AKR by the cyclotron maser instability (CMI) in a source region characterized by a downward pointing gradient 
of background density and a superposed deep field aligned density cavity. (Bottom panels) Calculated CMI growth rates assuming horseshoe electron distribution for 
three different fpe/fce ratios, implying excitation of both X-mode (blue shade) and Z-mode (red shade). Adapted from Mutel et al. (2011). Reprinted by permission of 
Austrian Academy of Sciences Press.
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(inset), reprinted from Mutel et al. (2011), shows the direct observation of these Z-modes confirmed through the 
detection of a narrow null in the spectrum corresponding to the forbidden region in the wave spectrum between 
the Z- and X-modes. Mutel et al. (2011) also calculated CMI growth rates resulting from ∼10 keV ring distri-
bution, but considering wave vectors close to perpendicular to the magnetic field. They obtain instability for 
frequencies just below fce under conditions fpe << fce, though for slightly higher fpe/fce ratios than required for ex-
citation of X-mode. These waves are therefore excited in the direct vicinity of the X-mode source rather than hun-
dreds of kilometers lower (at f ∼ 0.8fce) as in the Wu et al. (1989) mechanism. Furthermore, Mutel et al. (2011) 
found that at a single location, CMI can excite both Z-mode and escaping X-mode depending on frequency. The 
bottom panels of Figure 1, reprinted from Mutel et al.  (2011), show growth rate calculations for three values 
of fpe/fce; in each case the waves are narrow band just below fce, with the lower part of this narrow band excited 

Figure 2. (Top panel) Spectrogram showing leaked Auroral Kilometric Radiation (AKR) measured at South Pole Station 
during four 7-min intervals on 21 July 2020; horizontal bands represent RF interference and should be ignored.
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in the Z-mode and the upper part in the X-mode, with X-mode (Z-mode) dominating more for smaller (larger) 
fpe/fce. These calculations imply that not only will the resulting Z-mode radiation be narrow band similar to the 
X-mode, but that a particular sequence or evolution of electron distributions, giving rise to a particular complex 
fine structure pattern at an appropriate location within the source region, will generate fine structure features in 
X-mode and Z-mode that mirror each other. Both escaping and leaked AKR are characterized by fine structure, 
narrow bandwidth features that shift upward or downward in frequency with time in complex patterns (Gurnett & 
Anderson, 1981). These features can be as narrow as a few Hz (Baumback & Calvert, 1987) but more typically 
have 1–10 kHz bandwidths. Various patterns occur, only a few of which have attracted theoretical explanations 
(e.g., “striated AKR” Menietti et al., 2000; Mutel et al., 2006; Pottelette & Pickett, 2007). Finding even a few 
examples of these complex features exactly mirrored simultaneously in escaping X-mode and leaked AKR would 
be “smoking gun” evidence for a mechanism such as that described above linking these two phenomena.

Unfortunately, no study has yet undertaken the difficult task of modeling propagation and mode conversion of the 
oblique Z-mode waves excited at the AKR sources. Horne (1995), who focuses on parallel propagating modes 
predicted by Wu et al. (1989), finds that for a smooth density profile without horizontal density gradients, oblique 
Z-modes cannot reach the second Ellis window condition; however, the Z- and X-mode sources considered by 
Mutel et al. (2011) occur in a deep density trough associated with the auroral acceleration region, implying strong 
horizontal gradients. Alternatively, even if the oblique waves do not reach the Ellis window condition for linear 
conversion, non-linear conversion to whistler mode is a strong possibility in the inhomogeneous environment 
of the auroral acceleration region. Horne (1995) raises another possibility, that Z-mode may directly generate 
ground-level waves in extraordinarily low-density conditions in the ionosphere. The restriction of ground-level 
AKR to approximately 1 month either side of winter solstice (LaBelle et al., 2015) suggests a correlation with 
low densities. The International Reference Ionosphere (Bilitza et al., 2017) model for winter 2019 conditions 
do not indicate such low densities (maximum fpe < fce) over South Pole; however, the ionosonde located at Jang 
Bogo Station (∼1,000 km away) suggests this condition may occur on occasion in winter (top panel of Figure 7 of 
Ham et al., 2020). Propagation studies including full-wave treatment are required to understand the mechanisms 
by which oblique Z-mode wave generated in the auroral acceleration region can reach low altitudes or ground 
level. These studies are beyond the scope of this paper, but there clearly is no shortage of plausible mechanisms 
by which this can happen.

In summary, the narrow-band nature of “leaked AKR” shown in Figure 1 and the resemblance of its fine structure 
to that of escaping AKR make narrow-band Z-mode excitation in the acceleration region a more likely mecha-
nism than excitation of parallel modes at lower altitudes which predicts broad band radiation. The connection 
between escaping X-mode and leaked AKR is challenging to prove experimentally. Even with a suitably instru-
mented satellite in the region where the mode conversion takes place, it would be challenging to observe the 
subtle differences in wave-vector distributions associated with a partial degree of mode conversion. Wave vectors 
and their distributions are notoriously difficult to measure in-situ. As mentioned above, seeking correlations has 
challenges because imperfect correlations are expected and observed. Simultaneous measurement of identical 
complex fine structure in escaping X-mode AKR and leaked AKR would, however, provide “smoking gun” evi-
dence of a connection between these phenomena.

An experiment seeking this evidence requires high time- and frequency-resolution measurements of both the 
escaping X-mode AKR at great distances from Earth and the leaked AKR either in LEO or at the surface of the 
Earth. The latter are currently available from South Pole Station, continuously during austral winter and in the 
midnight magnetic local time sector. The former are available from the Cluster satellite wideband instrument on a 
much lower duty cycle. Unfortunately, the Geotail satellite plasma wave instrument, though available on a much 
higher duty cycle, has 8-s time resolution which does not sufficiently resolve AKR fine structure. Section 2 below 
reports results from initial experiments comparing South Pole and Cluster satellite wave data during 2018–2020. 
Section 3 discusses conclusions that can be drawn from these initial measurements.

2. Data Presentation

The receiving system used for most observations of leaked AKR at South Pole Station, Antarctica, consists 
of two approximately 40 m2 wire loop antennas perpendicular to each other on a 30-foot mast, connected via 
approximately 1-km coaxial cable to a USRP model 200 two-channel digital receiver in the V-8 science vault 
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adjacent to the station. Low-noise preamplifiers at the base of the antenna convert induced current to voltage 
with impedance matched to the transmission line, and an interface box at the receiver end includes low-pass 
anti-alias filtering and high-pass filtering to prevent saturation by very low frequency (VLF) signals. The fre-
quency response of the receiving system is approximately flat over the range 100–2,000 kHz. The receiver and 
associated computer are housed in an enclosure designed so that their combined energy dissipation keeps them at 
an optimal operating temperature. The computer is connected to the internet, allowing control of the experiment 
from Dartmouth College. Data are stored primarily on a second computer in the B-2 science lab in the station. 
For the experiments reported herein, the receiver was operated in one of two modes: “continuous mode,” in which 
complex I and Q signals are sampled continuously at 2 MHz with 1 MHz center frequency, typically for five hours 
each day (00–05 UT, where 0350 UT is local magnetic midnight at South Pole); and “synoptic mode,” in which 
25k samples of each channel (at 2 MHz sample rate and 1 MHz center frequency) are retained each one second. 
Continuous mode, required to measure AKR fine structure, results in >260 GB/day, so that a scientist in the loop 
must inspect the data approximately weekly, discarding uninteresting time intervals. This procedure results in 
5–6 TB of data during an austral winter. A second receiving system consisting of 10 m2 loop antennas, artificially 
injected reference and calibration signals, analog filtering/automatic gain control, and 10–20 MHz analog-to-dig-
ital conversion, is less sensitive but contributes to calibration and accurate time synchronization of the AKR 
measurements. These systems were designed, built and tested at Dartmouth College and installed at South Pole 
Station by Dartmouth College personnel. They were operated during austral winters of 2018, 2019, and 2020.

The four Cluster spacecraft are in elliptical polar orbits with perigee currently around 5 RE and apogee 16 RE. 
During AKR observations the inter-spacecraft separations range from 2000 km to more than 12,000 km, with a 
positional accuracy of around 1 km. The spacecraft are spin stabilized at 15 RPM, and each has a pair of 88 m 
tip-to-tip wire boom electric field antennae orientated in the spin plane. Only one antenna may be connected to 
the Wideband Data receiver at one time, so it is not possible to make measurements of wave polarization with this 
receiver. The Wideband Data (WBD) experiment (Gurnett et al., 1997), mounted on all four Cluster spacecraft, 
provides high-resolution waveform measurements of a single electric field component up to 577 kHz. Frequen-
cies above 77 kHz are handled in a translation mode whereby a selected frequency band is down-converted to 
baseband. Three translation bands of 125, 250, and 500 kHz are normally used in sequence to allow a wide range 
of frequencies to be sampled. The waveform is sampled using an 8 bit analog to digital converter with automatic 
gain control to provide a dynamic range up to 120 dB. In Burst Mode 2, which is used for the data presented 
herein, data may be acquired in a wide band (77 kHz) duty cycled mode or narrow band (4.2 kHz) continuously 
sampled mode. Telemetry is recorded onboard at 73 kbit s−1 for later downlink to a ground station. (The experi-
ment also has a 220 kbit s−1 real time telemetry mode, but this is not used for the current work.) The University 
of Iowa and University of Sheffield were involved in design, construction, testing, and post-launch operation and 
data acquisition for the Cluster WBD experiment.

Figure 2 shows 0–900 kHz spectrograms showing leaked AKR detected with the South Pole experiment de-
scribed above during selected seven-minute intervals on 21 July 2020. Horizontal bands in the spectrograms rep-
resent artificial interference and should be ignored. For these spectrograms and all South Pole data subsequently 
used in this study, the signals from the crossed antennas have been recombined, producing the effect of an antenna 
rotated 29° between them, which resulted in the cleanest possible spectra in the 500–600 kHz frequency band 
by causing the greatest degree of cancellation of the artificial interference. The AKR in this example extends 
from 200 to 750 kHz and exhibits complex fine structure, strongly resembling fine structure of escaping X-mode 
AKR observed with spacecraft (e.g., Gurnett & Anderson, 1981). Also visible is auroral hiss, including VLF hiss 
below 30 kHz strongly suppressed by the instrumental high-pass filter and various types of LF hiss extending 
to hundreds of kHz. LF hiss shares the same frequency range as leaked AKR but appears entirely different on 
frequency-time spectrograms, as pointed out by LaBelle et al. (2015).

As mentioned above, operations of the wideband instrument on the Cluster spacecraft were limited to 10–16 
two- to four-hour intervals during each of the three austral winters of this experiment (2018–2020). The South 
Pole receiver was operated in continuous mode during nearly all of these intervals. Table 1 summarizes intervals 
during which observations were made at each location, also showing the average locations of the Cluster satellites 
during each conjunction. The center columns of Table 1 indicate whether AKR was detected by the receivers at 
any time during the interval (though in some cases not simultaneously). In 2018, intervals were assigned ahead of 
time during austral winter times when South Pole was in the midnight magnetic time sector and Cluster was at the 
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Date and time range AKR at SP AKR at Cluster

Cluster spacecraft position

λm MLT R

2018-06-09 01:00 2018-06-09 05:00 0% 27% −55.3 10.4 11.3

2018-06-18 02:30 2018-06-18 05:00 0% 8% −57.8 10.5 10.9

2018-07-06 02:00 2018-07-06 04:30 1% 58% −55.2 11.2 8.2

2018-07-13 00:00 2018-07-13 04:00 0% 51% −55.2 7.8 11.2

2018-07-31 01:00 2018-07-31 05:00 3% 37% −54.7 7.5 10.1

2018-08-09 01:00 2018-08-09 05:00 0% 24% −53.0 8.2 9.2

2018-08-18 02:00 2018-08-18 06:00 0% 29% −49.6 7.8 8.9

2019-05-27 22:50 2019-05-28 01:50 0% 41% −51.0 11.1 11.7

2019-05-29 23:40 2019-05-30 02:40 0% 89% −52.7 12.9 8.5

2019-06-05 23:50 2019-06-06 02:50 21% 16% −53.3 10.3 11.6

2019-06-08 00:40 2019-06-08 03:40 1% 22% −55.4 11.9 8.6

2019-06-15 00:40 2019-06-15 03:40 0% 41% −54.4 9.5 11.5

2019-06-24 01:30 2019-06-24 04:30 5% 31% −54.1 8.7 11.3

2019-07-03 00:00 2019-07-03 03:00 0% 2% −56.0 10.5 9.9

2019-07-12 01:00 2019-07-12 04:00 32% 15% −56.5 9.6 9.8

2019-07-19 01:30 2019-07-19 04:30 20% 51% −42.5 5.4 12.8

2019-07-21 01:30 2019-07-21 04:30 36% 66% −49.3 6.2 10.3

2019-07-28 00:40 2019-07-28 03:40 0% 29% −49.1 5.6 11.9

2019-08-08 01:40 2019-08-08 04:40 0% 34% −52.6 6.4 8.8

2020-05-10 01:45 2020-05-10 03:15 0% 0% −46.4 15.6 7.5

2020-05-17 00:00 2020-05-17 01:30 0% 6% −48.8 11.8 10.0

2020-05-19 02:50 2020-05-19 04:20 0% 36% −50.1 15.0 7.4

2020-05-28 02:30 2020-05-28 04:00 0% 0% −37.2 16.1 6.6

2020-06-03 23:15 2020-06-04 00:45 31% 51% −47.3 13.5 7.8

2020-06-06 03:30 2020-06-06 05:00 0% 11% −39.5 15.5 6.5

2020-06-11 02:00 2020-06-11 04:00 0% 49% −33.9 7.2 13.3

2020-06-13 00:30 2020-06-13 02:00 0% 0% −52.1 12.5 7.9

2020-06-20 02:30 2020-06-20 04:30 0% 7% −33.6 6.7 13.0

2020-06-29 02:00 2020-06-29 04:00 7% 49% −38.8 6.5 12.0

2020-07-05 23:30 2020-07-06 01:30 0% 18% −33.3 5.6 13.6

2020-07-08 02:30 2020-07-08 04:30 8% 37% −38.5 6.0 11.7

2020-07-15 00:00 2020-07-15 02:00 6% 51% −33.3 5.0 13.2

2020-07-17 03:00 2020-07-17 05:00 0% 14% −38.3 5.5 11.3

Table 1 

Summary of South Pole and Cluster Coordinated Auroral Kilometric Radiation (AKR) Observations and AKR Occurrence 

Rates
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high latitudes needed to observe southern hemisphere AKR. In subsequent years, interval selection was guided 
by progressively better information about occurrence rates at South Pole and by application of the tangent plane 
beaming model (Mutel et al., 2008) to select times when AKR sources on field lines connected to South Pole 
could illuminate the Cluster satellites. As a result, the fraction of intervals in which AKR was observed at both 
locations significantly increased, to about 40% of the intervals in 2019–2020. Overall, during these observations, 
AKR was observed 5% of the time at South Pole and 31% of the time on Cluster.

Figure 3 shows the only example of AKR observed at both locations during the 2018 austral winter. The top 
panel is a 500–625 kHz spectrogram of South Pole data showing two brief bursts of AKR starting at 0138:10 and 
0138:30 UT on 31 July 2018. Horizontal bands of noise below 520 kHz and above 590 kHz are radio frequency 
interference and should be ignored. As mentioned above, the Cluster satellites sample different frequency ranges in 
sequence, dwelling for approximately one minute on each range. This method allows a wide range of frequencies 
to be sampled within the constraints of the satellite resources, but sometimes results in missing coincident events as 
happens in this case. The bottom panel of Figure 3 is a 500–625 kHz spectrogram of Cluster-C2 satellite data show-
ing intermittent AKR during the 50-s interval, 0137:29–0138:16 UT, when the Cluster wideband receiver dwelt 
on this frequency range. The apparent decrease of wave power above 600 kHz is due to the instrumental low-pass 
filter and should be ignored. AKR commences in both records in the same frequency range, 510–550 kHz, at the 
same time, 0138:10 UT. For the approximately 7 s of simultaneous measurement, the appearance of the AKR in the 
frequency-time diagrams is remarkably similar. At this time, Cluster was located at λm = −57.03, MLT = 9.5, at a 
geocentric distance of 8.25 RE (12,976, −11,008, and −49,742 km in GSE coordinates). This example of coincident 
AKR fine structure in escaping X-mode and leaked AKR across such a large separation distance is intriguing, but 
the short duration of the overlapping measurements limits how conclusive the observation is.

Figure 4 shows 502–582 kHz spectrograms covering 140 min on 6 June 2019, an interval during which bursts of 
AKR occurred simultaneously at South Pole and Cluster C4. The Cluster C4 data in this frequency range were re-
corded with 50% duty cycle during this time interval; line features in both data sets are due to interference and should 
be ignored. Bursts of AKR occur at both locations during 2350–0000 and 0042–0044 UT. At other times bursts are 
observed at one location but not the other, more often at Cluster than at South Pole, consistent with the overall occur-
rence rates summarized in Table 1. Figure 5 shows an expanded view of the coincident AKR observed near 0042 UT 
in Figure 4. Top and bottom panels show 510–610 kHz spectrograms from the South Pole and Cluster C4 receivers, 
respectively, during 0041:21–0043:01 UT. Narrow horizontal lines in the South Pole spectra as well as broader noise 
bands near 500 and 600 kHz are due to interference and should be ignored; the decrease in power spectral density 
above about 585 kHz in the Cluster C4 data is due to instrumental low-pass filter and should be ignored. At this 
time, Cluster was located at λm = −54.2, MLT = 10.8, at a geocentric distance of 11.3 RE (20,199, −30,565, and 
−62,119 km in GSE coordinates). At both locations the primary AKR observed during this time occurs during the 
same one-minute interval, 0041:58-0042:58, and the AKR is similarly broadband at both stations, mostly covering 
the entire range measured (500–610 kHz in the case of South Pole; 500–580 kHz in the case of Cluster C4); the fine 
structure appears as mainly vertically oriented features, at times perhaps rising tones, on both frequency-time spec-
trograms. In particular, vertical features near 0042:20 appear coincident; vertical features at 0042:00–0042:05 UT 

Table 1 

Continued

Date and time range AKR at SP AKR at Cluster

Cluster spacecraft position

λm MLT R

2020-07-24 00:30 2020-07-24 02:30 16% 79% −32.9 4.4 12.9

2020-07-26 03:00 2020-07-26 05:00 0% 44% −41.3 5.4 10.5

Average 5% 31%

Note. The tabulated Cluster spacecraft position is the average of all spacecraft included in the observation, averaged over 
the duration of the interval, defined by magnetic latitude (lm), magnetic local time (MLT), and geocentric radial distance 
(R). The percentage AKR observed at South Pole is the number of minutes during which AKR was observed divided by the 
total number of minutes observation. The percentage AKR observed by Cluster is the proportion of spectra where the wave 
intensity exceeds a threshold approximately 5 dB above the receiver noise level (only AKR is observed at this location and 
frequency range, it being well above the local electron cyclotron frequency and plasma frequency).
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less so. At both locations, sporadic bursts of AKR occur prior to 0042 UT. This example shows resemblance between 
simultaneous escaping X-mode AKR at Cluster and leaked AKR at South Pole, though the absence of discrete fine 
structure features makes it inconclusive whether the exact same sources are responsible.

Figure 6 shows another example of AKR observed at both locations during a 100-s interval, 0338:30–0340:10 
UT on 21 July 2019, in similar format as Figure 5. At least two significant AKR features are visible in the South 
Pole data: two short impulsive rising tones covering 510–550 kHz and 510–580 kHz at 0338:54/0338:56 UT, and 
a dramatic arch-like feature emerging from below 500 kHz at 0339:30 UT, reaching a maximum frequency of 
580 kHz at 0339:42 kHz, and descending below 500 kHz at 0340 UT. AKR occurs almost throughout this 100-s 
interval in the Cluster-C2 data, but interestingly it includes an arch-like feature similar to that seen in the South 
Pole data, emerging from below 500 kHz at 0339 UT, reaching a maximum frequency of 580 kHz at 0339:25 UT, 
and descending below 500 kHz at 0339:52 UT. These arch-like features are not simultaneous, so they presuma-
bly do not result from the exact same source location. However, the identical frequency ranges suggest sources 
at nearly the same altitude. The similarity in form and frequency range of these arch-like features indicates that 
whatever complex evolution of the electron distribution function is required to explain such an arch feature is 
occurring at each source, suggesting they are within the same evolving electron beam.

Figure  7 shows an example of AKR observed at both locations during the 2020 austral winter. In this case, 
2–1/2 min of data are displayed, 0316:30–0319:00 UT on 29 June 2020. South Pole data are in the bottom panel, 
and the top panel shows data from two different Cluster spacecraft: C4 during the first 50-s interval, C1 during 
the middle 50-s interval, and C4 during the third 50-s interval. As in Figures 3–6, interference lines in the South 
Pole data and the instrumental roll-off above 585 kHz in the Cluster satellite data should be ignored. The South 
Pole receiver was in synoptic mode during most of the interval, except for 0316:57–0317:57 UT when it was in 
continuous mode with better time resolution. At this time, the Cluster satellites C1 and C4 were close to each 
other, with C1 at 12.1 RE, −33.5 MLAT and 6.3 MLT. The South Pole receiver detects leaked AKR for about 45 s, 
0316:55–0317:40. It consists of an ascending frequency feature of initially about 10 kHz bandwidth, followed 
by a descending frequency feature of somewhat broader bandwidth. The Cluster wideband receivers detect AKR 
throughout the time interval. However, most striking in the Cluster C4 data is an ascending frequency feature 
of about 10  kHz bandwidth starting at 0316:55  UT, coinciding exactly in both time and frequency with the 
ascending frequency feature simultaneously observed at South Pole. A descending frequency feature following 

Figure 3. 500–625 kHz spectrograms of leaked Auroral Kilometric Radiation (AKR) observed at South Pole (top panel) and 
escaping AKR observed with the Cluster C2 satellite (bottom panel).
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this appears in the Cluster C1 data, similar to but not as closely resembling the simultaneous descending feature 
observed in the South Pole data.

Two analyses were conducted to more quantitatively assess the correlation between the ascending frequency 
features seen simultaneously in the Cluster C4 and South Pole data. This assessment is challenging because the 
Cluster satellites clearly detect more AKR sources than are observed at South Pole. First, South Pole power spec-
tral densities were re-binned to the same frequency and time resolution of the Cluster C4 data, and the Pearson 
correlation coefficient was computed to compare them. Averaging over 857 Hz in frequency and approximately 
2 s in time to avoid issues with spin modulation of the Cluster data, the result is a correlation of 0.44, which is 
robust to slight shifts in time or frequency. Randomly permuting the original data sets and re-computing the 
correlation coefficient yields values below 0.16 every time in a sample of 104, suggesting that values of 0.44 and 
above are unlikely to occur by chance at a confidence level of at least 10−4. Both the constraint on this conclusion 
and the relatively low correlation coefficient result because the satellite detects additional sources not observed at 
South Pole. As a complementary test attempting to account for this effect, a peak-tracking algorithm was applied 
to each data set, at each time step identifying the highest maximum of power spectral density within 10 kHz of the 
average of the previous five peaks, resulting in time series of peak frequencies tracing out the ascending feature 
observed in the two datasets between 6 and 15 s after 0317 UT. Fitting each series of peak frequencies to a line 
yielded slopes of 3.60 ± 0.11 kHz/s for the South Pole spectra and 3.44 ± 0.25 kHz/s for the Cluster satellite 
spectra. The former slope lying well within 1-sigma of the latter is another strong indicator that the signals are 
correlated better than by chance.

Figure 4. 502–582 kHz spectrograms of leaked Auroral Kilometric Radiation (AKR) observed at South Pole (top panel) and 
escaping AKR observed with the Cluster C4 satellite (bottom panel), showing intervals of coincident occurrences.
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Figure 5. 500–610 kHz spectrograms of leaked Auroral Kilometric Radiation (AKR) observed at South Pole (top panel) and 
escaping AKR observed with the Cluster C4 satellite (bottom panel).
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Figure 6. 500–600 kHz spectrograms of escaping Auroral Kilometric Radiation observed with the Cluster C2 satellite.
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Although they last only 20–45 s, these coincident features, especially the simultaneous ascending frequency fea-
tures, are the best candidate example yet observed for which the spacecraft and ground station, separated by 10 
RE, may be observing escaping X-mode and leaked AKR from the same source. The event is fleeting: when C4 
next dwells on the 500–600 kHz band, starting at 0318:13 UT, strong structured AKR is still ongoing at the C4 
location, but there is no leaked AKR visible above the noise level at South Pole.

As Table 1 shows, AKR at South Pole Station and at least one Cluster satellite occurred during conjunctions on 
five other dates in 2020 besides June 29, as well as other intervals on June 29 besides that shown in Figure 7. In 
many examples some degree of correlation exists between the signals at the two locations, similar to Figure 5, In 
many other examples structured leaked AKR observed at South Pole unfortunately coincides with intervals when 
the Cluster wideband receiver was tuned to different frequency ranges, and in other examples structured AKR at 
one or the other location corresponds to absence of AKR at the other location, or to structured AKR with no cor-
relation between the structures. All of these outcomes are not surprising, considering the vast distance between 
the observing locations, and that the Cluster satellites can detect AKR from a wide range of locations around the 
auroral oval, not just those connected to South Pole. Even between the relatively closely spaced Cluster satellites 
themselves, AKR fine structure often differs. Mutel et al. (2003) determined the source locations of individual 
AKR bursts using cross-correlation of AKR waveforms received on the four Cluster satellites. Spacecraft separa-
tions varied up to 12,000 km (about 10° in angle viewed from the source), yet even on this scale only around 4% 
of data windows with detectable AKR emission produced valid solutions. This is attributed to multiple sources 
contributing to the AKR detected in each window.

3. Discussion

As discussed in the introduction, simultaneous observation of identical fine structure in escaping and leaked AKR 
comprises strong evidence for a direct connection between those phenomena, such as simultaneous excitation of 
X- and Z-modes by the cyclotron maser mechanism followed by mode conversion and propagation of the latter 
to low altitudes. While electron beams generating X-mode AKR could also generate whistler mode at lower al-
titudes, this process would not produce a match between the wave frequency and structure: the AKR frequency 
equals the electron gyrofrequency at its source altitude, but this frequency corresponds to an arbitrary frequency 
below the gyrofrequency at lower altitudes, where whistler mode auroral hiss is typically generated with entirely 
different frequency structure (examples shown in LaBelle et al., 2015). Therefore, the short interval near 0317 UT 
on 29 June 2020, provides the best evidence yet of AKR fine structure possibly generated simultaneously at a 
single location into escaping X-mode and trapped Z-mode converting into whistler mode, resulting in a fine 
structure feature, in this case an ascending frequency with ∼10-kHz bandwidth, observed simultaneously in space 

Figure 7. 500–610 kHz spectrograms of escaping Auroral Kilometric Radiation observed with the Cluster C1 and C4.
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and at ground level. Short intervals on 31 July 2018 and 6 June 2019, provide weaker evidence of the same effect. 
These few cases cannot be considered conclusive, but they suggest a connection between escaping X-mode and 
leaked AKR, and they demonstrate the power of this experimental method to provide convincing proof through 
more examples.

Interestingly, all of the leaked AKR examples in this paper occurred in winter generally within 1 month of sol-
stice. Previously reported examples also occurred during winter (e.g., Table 1 of LaBelle et al., 2015). Several 
satellite studies have shown a marked seasonal dependence whereby the AKR source region extends to lower 
altitudes in the winter hemisphere than in the summer hemisphere (Green et al., 2004; Kumamoto et al., 2003). 
Lower altitude sources could present a more favorable condition for propagation of mode converted AKR to low 
altitudes. Similarly, the relatively high frequencies of the leaked AKR in these examples, 500–600 kHz, corre-
spond to relatively low altitude sources in the range 2,500–3,000 km.

A comparison of the amplitudes of the signals potentially sets constraints on the mode conversion process in-
volved in generation of leaked AKR. The average root power spectral density of the ascending frequency feature 
detected at South Pole just after 0317 UT on 29 June 2020, is about 40 nV/m√Hz, implying 4 × 10−18 W/m2Hz. 
Multiplying by the 10 kHz bandwidth implies an rms signal level of 4 μV/m and energy flux 4 × 10−14 W/m2. 
The area illuminated by the leaked AKR is highly uncertain, but LaBelle et al. (2015) show examples simulta-
neously observed at Antarctic stations separated by as much as 1,143 km. This spreading of the energy may be 
primarily explained by sub-ionospheric propagation, but taking 1000 km as the diameter of the illuminated region 
implies an upper bound for the total power for this leaked AKR feature at ground level of 35 mW. At Cluster C4, 
the power spectral density of the simultaneous ascending frequency feature at the same time is approximately 
10−12 V2/m2Hz, implying 3 × 10−15 W/m2Hz; multiplying by the bandwidth implies 3 × 10−11 W/m2. Cluster is 
at 12.5 RE, or about 11.7 RE from the source; assuming emission into a 20-degree wide beam about the tangent 
plane into the outward half-space equals approximately one steradian which at 11.7 RE implies 5.6 × 1015 m2, an 
upper bound on the area illuminated at the distance of Cluster C4. The resulting total power for this escaping 
AKR feature is 170 kW. Although both estimates are highly uncertain upper limits, they together suggest that the 
leaked AKR component at ground level is much lower power than the escaping X-mode component by a factor 
of order 2 × 10−7.

The growth rate calculations and in situ Cluster observations of X- and Z-mode generation by the CMI mech-
anism in the auroral acceleration region suggest that these modes are produced with comparable amplitudes. 
Therefore, if the mode conversion of the Z-mode is responsible for leaked AKR, the observed ratio of leaked to 
escaping AKR power implies that the mode conversion must be relatively inefficient. In particular, it is unlikely 
that the bulk of the Z-mode wave power, emitted with wave vector perpendicular to the magnetic field, refracts 
on the density gradients to the Ellis window condition, since this would imply efficient mode conversion, and 
with the converted waves parallel to the magnetic field implying they are also likely to be transmitted efficiently 
through the Earth-ionosphere boundary. This scenario is unlikely in any case, since the required refraction is 
extreme and the refraction of the Z-mode in the conditions in the auroral cavity would be outward rather than 
downward on the background gradients. The observed low power ratio suggests that a less efficient mode con-
version mechanism is likely; for example, scattering on a sharp density gradient or irregularity would convert a 
small portion of the Z-mode energy into whistler modes with a wide angular range, with only those within a few 
degrees of parallel having a chance to penetrate the Earth-ionosphere boundary.

As mentioned in the previous section, the “hit rate” of coincident AKR events increased significantly between 
2018 and 2019–2020 when tangent plane beaming was taken into account in planning the conjunction times. This 
fact by itself provides further evidence of the tangent plane beaming model (Mutel et al., 2008). Figure 8a shows 
the foot print of the estimated location of AKR sources determined by differential time delay measurements (Mu-
tel et al., 2003) at the four satellites during six selected 2020 conjunctions (also listed in Table 1), and for frequen-
cy 500 kHz. At any given time, Cluster can detect AKR occurring over a wide region. Interestingly, the date of the 
noteworthy correlation of fine structure between Cluster and South Pole, June 29, corresponds to a wide range of 
source locations which of all the selected dates overlaps most closely with the location of South Pole, indicated 
by a black square in Figure 8a. Further, Figure 8b shows the footprint geographic latitude as a function of time for 
the observations of June 29. (The measurements are bunched into columns because the source location estimates 
can only be done during the roughly one minute in four when the receivers operate in narrow band mode.) The 
footprints with most southerly latitude occur just around the time of the fine structure correlation. Keograms of 
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South Pole all-sky camera data show aurora on the equatorward horizon at the time of the June 29 correlated 
AKR event, which is consistent with the source locations inferred from Cluster interferometry. (Keogram data 
corresponding to events shown in Figures 3 and 5 also show aurora equatorward; keogram data corresponding 
to the event shown in Figure 6 shows no aurora in view but the daily pattern suggests equatorward aurora, as is 
typical at South Pole for magnetic local times in the midnight sector.) This evidence supports the notion that the 
satellite and ground station would more likely observe the same source near 0317 UT on June 29. Of course, it is 
not essential that the source locations overlap with the ground station, since whistler mode signals can propagate 
significant distances sub-ionospherically after they penetrate the Earth-ionosphere boundary, and also it is un-
known how much the energy spreads out in propagating from the source altitude to the ionosphere.

During 2018–2020, 37% (13 of 35) of the planned Cluster conjunction intervals overlapped with at least some 
leaked AKR detected above the noise level of the South Pole receiving system. The total duration of these con-
junction intervals was 89.5 hr. The total duration of leaked AKR within these intervals was 287 min, implying 

Figure 8. (a) Polar plot of footprints of Auroral Kilometric Radiation source locations observed by the Cluster satellites 
during selected conjunction intervals. (b) Footprint latitude versus time for conjunction on 29 June 2020. The best fine 
structure correlation was observed on this day at 03:17, which is just at the time of the most southerly latitudes.
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a leaked AKR occurrence rate of 5.3% during the conjunction intervals, which should be considered an upper 
bound on the occurrence rates because intervals of intermittent AKR were counted within the 287 min.

Within this time, approximately 1–2 min of exactly correlated fine structures occurred, as shown in Figures 3–7. 
A meaningful metric is the fraction of time that the Cluster sees AKR, for which correlated AKR is seen at 
South Pole Station. For approximately 1/3 to 1/2 of the conjunction intervals, Cluster was tuned to the incorrect 
frequency range to detect the South Pole AKR, and furthermore AKR occurred at Cluster during 31% of the 
conjunction intervals (Table 1); the fraction of Cluster AKR fine structure closely correlated with that at South 
Pole is therefore of the order of 0.1%–0.3%. Two possible sources of this low probability are: low probability 
of processes required to produce leaked AKR from any particular source of escaping X-mode AKR, namely the 
mode conversion at high altitudes and transmission through the Earth-ionosphere boundary at low altitudes; and 
a relatively small area on the ground typically illuminated by a given leaked AKR source. If the source of AKR 
observed at Cluster at an arbitrary moment is equally likely to originate anywhere on the nightside between 65 
and 75 magnetic latitude, an area of 20 × 106 km2, then explaining the occurrence rate as entirely due to geometry 
would require that the area illuminated on the ground have a radius of ∼150 km, which seems inconsistent with 
considerations of sub-ionospheric propagation and with LaBelle et al. (2015) observations of leaked AKR over 
hundreds of km baselines. Furthermore, this is probably an upper bound by a significant factor since in two of 
the three years, the Cluster conjunction intervals were selected to be times when the South Pole field line is more 
likely to be within the Cluster field of view according to the tangent plane beaming model, and the difference 
between numbers of events in 2019–2020 versus 2018 suggest that this selection was effective. Therefore, the 
probability of the chain of events required for leaked AKR to produce observable amplitudes at South Pole prob-
ably also plays a significant role in explaining the low occurrence rate.

Another consideration is the fraction of leaked AKR fine structure observed at South Pole which is simultaneous 
with escaping AKR fine structure observed with the Cluster satellites. For this consideration, the 287 min of 
ground-level leaked AKR observed during the conjunctions should be reduced by about a factor two because 
intervals of intermittent leaked AKR were counted, and by another approximately factor two because Cluster was 
measuring a different frequency range for that fraction of the time. The resulting fraction is about 2% (1–2 min 
out of 287/4 min). Geometry may play a larger role explaining this ratio; for the upper bound of illuminated area 
used in the power calculations above, tangent plane beaming covers about 1 steradian or perhaps 10% of the sky, 
and since this is an upper bound, it could explain the observed 2% fraction. However, as mentioned above, in two 
of the 3 years the conjunction orbits were selected to maximize probability that Cluster was within the region 
illuminated by sources on the South Pole magnetic field line, apparently with some degree of effectiveness, which 
implies that geometric factors alone may not explain the small percentage. Another factor may be the requirement 
that in order to be detected with the Cluster satellite, individual sources must stand out among the large number 
of sources within the satellite field of view. A full explanation of the small fraction of South Pole leaked AKR 
fine structure detected on the Cluster satellites requires better theoretical and experimental understanding of these 
phenomena.

4. Conclusions

In summary, simultaneous wideband wave observations of leaked AKR measured at South Pole Station and 
escaping AKR measured at the locations of the Cluster satellites show that qualitatively similar fine frequency 
structures often occur simultaneously at these two locations, and on rarer occasions identical features occur 
simultaneously. During the latter type of observation on 29 June 2020, Cluster satellite interferometry indicates 
that the footprint of the source field line for the escaping AKR lies within a few hundred kilometers of South 
Pole, and the estimated ratio of total power in the escaping AKR fine structure feature to that in the leaked AKR 
exceeds 106, suggesting that mode conversions relating these two phenomena need not be very efficient. Based 
on the limited statistics available in this study, coinciding identical fine structure features are relatively rare, oc-
curring in about 0.1%–0.3% of AKR observed at Cluster and about 2% of leaked AKR observed at South Pole. 
There are ample reasons to understand why such events should be rare, including geometrical/spatial sampling 
considerations as well as the probabilities of processes leading to occurrence of leaked AKR at detectable levels 
at ground level. Of several mechanisms for leaked AKR discussed in the literature, these observations favor CMI 
excitation of Z-mode near fce in the auroral acceleration region in close vicinity to the sources of escaping X-mode 
AKR, as opposed to alternative mechanisms which generate broad band radiation not directly connected to the 
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X-mode excitation. Work beyond the scope of this paper is required to prove that oblique Z-mode waves excited 
in the auroral acceleration region can reach ground level, but a host of plausible mechanisms exist, such as linear 
or nonlinear conversion to whistler modes. The few cases of exactly matching fine structures observed so far do 
not comprise conclusive proof of the direct connection between escaping and leaked AKR, but they suggest such 
a connection, place constraints on those processes, and show the promise that continued coincident observations 
of these phenomena may better establish the connections between them.
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