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Plasma waves in the magnetosphere scatter electrons, causing them to precipitate into Earth’s
atmosphere, imparting their temporal characteristics to diffuse auroras. In a case study of conjugate
radar and satellite observations, we demonstrate a close and unprecedented association between
enhanced electrostatic cyclotron harmonic wave activity in the magnetosphere and the appearance of
meter-scale plasma turbulence a few seconds later in the lower ionosphere on nearby magnetic field
lines. Such direct structuring of the ionosphere carries implications for our understanding of space
weather.
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Introduction—During major disturbances in geospace
much energy is imparted from the solar wind to Earth’s
atmosphere. Large-scale electrical currents and the creation
of strong electric fields at ionospheric altitudes ensues
[1,2]. The effect is widespread plasma turbulence [3,4].
The Farley-Buneman (FB) instability features promi-

nently in the ionosphere’s lower layers, the E region [5,6].
The intense meter-scale FB structures are excited when the
relative drift (polarization electric field) between the
strongly magnetized electrons and largely unmagnetized
ions exceeds the local ion-acoustic speed [7]. The require-
ment for a large relative drift means that the structures are
found in Hall currents regions, the auroral electrojets.
Radio signals that scatter off these waves have been coined
the “radar aurora” [8].
The ionosphere largely draws energy from diffuse

auroras at night [9,10], produced when hot electrons near
the ring current interact with naturally occurring waves
through cyclotron resonance, causing pitch angle scattering
and subsequent precipitation into the atmosphere [11–13].
Mechanisms notably include whistler-mode chorus and
electrostatic cyclotron harmonic (ECH) waves [11,14–17].
Recent advances have demonstrated that temporal oscil-

lations in chorus wave activity are closely linked to the
dynamic behavior of pulsating auroras [18–20]. This
important discovery documents that the signature of “mag-
netospheric” processes can be reproduced in “ionospheric”
processes.
The physical route for such processes to impact the

ionosphere is twofold. First, the precipitating particles
quasi-instantaneously introduce a perpendicular electric
field. Second, local ionization of the plasma will modulate
conductivities through chemistry with its fast increase in
ion production rates courtesy of impacting particles recom-
bining with the surrounding plasma, albeit somewhat more
slowly [21].
Conjugate radar observations have established a firm

link between auroral pulsations and electrodynamic oscil-
lations in the ionosphere. Notably, periodic modulations in
the plasma density, conductivity, and electric field strength
are associated with pulsating auroras [22,23]. In situ
observations have revealed the presence of downward
field-aligned (likely thermal) currents on the edges of such
patches [24], and the filamentation (field-tube structuring)
of those currents have been found to match the spatial
signature of E-region plasma turbulence [25,26].
Motivated by the above, we hypothesize that turbulent

structuring of the electric and density fields in the auroral E
region can be, at their core, directly caused by the wave-
particle interactions in the diffuse aurora, with the aurora as
a mediator of the driving signal. In testing this hypothesis
for a case study, FB turbulence takes center stage.
Individual FB waves in the radar aurora are so intense
and short-lived that they quickly dissipate and are replaced
by new waves [27–29]. When and where FB waves grow

will thus depend on the spatiotemporal location of their
sources.
Data—To investigate whether magnetospheric wave

activity can act as a direct driver of small-scale plasma
turbulence in the ionosphere, we searched for space-ground
conjunctions that took place when the Japanese inner-
magnetosphere spacecraft Arase was close to magnetic
equator, with a Northern Hemisphere footprint that was
within the field of view of the new Canadian ionospheric
continuous-wave E-region bistatic experimental auroral
radar (ICEBEAR) and in the presence of active auroras.
Combing through coincident data collected between
January 2020 and June 2023, we found one such event.
Figure 1(a) shows an annotated optical image of diffuse,

pulsating auroras, taken with the Transition Region
Explorer (TREx) RGB system at Rabbit Lake [30]. The
system was switched on at dusk, around midway into the
event. Superposed on Fig. 1(a) is the point-cloud distribu-
tion of a few thousand radar echoes that were detected in a
3-s interval following 06∶56∶45 universal time (UT) onMay
12, 2021. The radar echoes were measured by ICEBEAR, a
coherent scatter radar that combines multiple interferom-
etry links with a coded pseudo-random continuous-wave
signal to achieve high resolution 3D radar data [31,32].
In Fig. 1(a), and in Videos S1 and S2 in the Supplemental

Material [35], the radar echoes cluster between evolving
pulsating auroral patches along their poleward flank.
Electric field enhancements maximize outside the patches
[23], as opposed to the patches’ interiors, where elevated
conductivities may short out the field entirely [24,41]. Each
received echo indicates the presence of turbulent electrojet
currents in the space around the pulsating patches.
The direct cause of these turbulent currents were

observed by Arase in the distant equatorial magnetosphere.
Arase’s orbit during the event is shown in Figs. 1(c) and
1(d). The orbit has an apogee of 32 000 km and a perigee of
400 km, an inclination angle of 31°, and a period of
570 min [42]. Figure 1(e) substantiates the relative accu-
racy of the TS04 model [43] in mapping Arase’s magnetic
footprint from its orbit down to the Northern Hemisphere E
region, a mapping that is, in general, made uncertain by the
ubiquitous presence of Alfvén waves and field-aligned
currents [44]. Arase’s footprint is estimated to lie on the
equatorward flank of the pulsating auroras, whose pole-
ward flank is occupied by radar echoes.
The magnetospheric measurements used in the present

Letter are summarized in Fig. 2. We analyze mostly electric
field power spectra on frequencies between 0.1 and 20 kHz,
a range in which whistler-mode chorus waves and electro-
static cyclotron harmonic waves often appear. The mea-
surements originate in the plasma wave experiment (PWE)
instrument onboard Arase. The data product consists of
electric field power spectrograms [45,46], shown in
Fig. 2(a). In addition to wave power, we also collected
data from Arase’s onboard medium-energy particle
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detector, which detects 7–87 keV precipitating electrons
[47], shown in Fig. 2(b). Finally, Fig. 2(c) shows the auroral
electrojet index (SME index, black line, left axis) and the
SymH-index (red line, right axis).
Geospace description: We are now in a position to

formulate and interpret the conditions of geospace during

our event. The conjunction, which was preceded by a
geomagnetically quiet period, took place during drastic
and coincident increases in the SME and SymH indices
[Fig. 2(c)]. The strong impulse in these indices was the
effect of a sudden ninefold jump in the solar wind dynamic
pressure (not shown), which led to magnetospheric com-
pression [48].
Around 06∶40 UT, Arase, situated at the equator

[−1° magnetic latitude (MLAT)], suddenly found itself
outside the plasmasphere, witnessed by the rapid decrease
in the upper hybrid resonance frequency [fUHR in Fig. 2(a)
[49] ]. Arase was thus experiencing optimal conditions for
the observation of ECH waves [50,51], waves that were
simultaneously given access to hot ring current electrons
[52]. The loss of these electrons into Earth’s atmosphere
resulted in the diffuse auroras observed with the TREx
RGB system in Figs. 1(a) and 1(b) and in Video S2 [35].
Penetrating electric fields: Next, we shall compare the

wave power measured by Arase with the FB turbulence
echo “detection rates” measured by the ICEBEAR radar,

FIG. 2. (a) High-frequency electric field spectrogram from
Arase’s PWE instrument. The black rectangle refers to the
analysis in Fig. 3. (b) Precipitating electron energy flux from
Arase’s medium-energy particle detector (data from the low-
energy detector was unavailable). The data show pitch angles
lower than 10°, but we additionally confirmed that it was
consistent with the parallel-flux data (pitch angles < 2°).
(c) The SuperMAG Electrojet (SME) index (left axis) and the
Symmetric H (SymH) index (right axis). The three x axes show
time in UT (on 12 May 2021) and Arase’s orbital location in the
magnetosphere.

FIG. 1. A conjunction on May 12, 2021 between the ICEBEAR
radar, a TREx auroral camera, and the ionospheric footprint of
Arase. (a),(b) A 3-s auroral image (the green channel of the RGB
triplet) projected onto the ionosphere following Ref. [33], with
the locations of radar echoes (color coded according to Doppler
shift), all shown in geomagnetic coordinates (altitude-adjusted
corrected geomagnetic coordinates [34]). The ionospheric foot-
print of the magnetospheric spacecraft Arase is shown as a blue
circle. (b) Enlargement of a radar aurora shape that appears
lodged between two pulsating patches (see also Video S2 [35]).
(c),(d) Arase’s journey in the magnetosphere in geocentric solar
magnetospheric (GSM) coordinates, with magnetic equator
appearing as a dashed black line. (e) Compares the modeled
(red, green, and blue) with the measured (black) magnetic field
strength along Arase’s trajectory. See Fig. 5 in the Appendix A
for a graphical representation. IGRF, International Geomagnetic
Reference Field.
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the rate at which ICEBEAR’s range and Doppler gates are
receiving signals. That metric is exceedingly simple: it
entails counting the raw number of radar echoes detected
for each time step (1 s). With the premise of extant FB
waves being ephemeral, changes in this metric will reflect

changes in the turbulent driver within ICEBEAR’s field
of view.
Figure 3(a) shows wave power at 1-s cadence [53],

encompassing the interval 06∶46:00–06:58:30 UT and
highlighting three frequencies with dashed black lines
(0.5fe, fe, and 2fe, with fe being the local electron
cyclotron frequency, calculated using the dc magnetic field
data from the magnetic field experiment [54]). Figure 3(b)
uses a solid red line to show the integrated power (referred
to as rms, or root-mean-square) in the f > 2fe range, and
we now superpose the ICEBEAR echo detection rate with a
solid black line (right axis). Figure 3(c) shows the result of
a cross-correlation analysis performed between the echo
detection rates and the wave power rms in four frequency
ranges. For the f > 2fe range, we observe strong corre-
lation [Pearson coefficient ρ ¼ 0.82, shown in Fig. 3(d)],
with a peak lag of 7 s, indicating that optimal correlation is
obtained by shifting the Arase observations 7 s back in
time. This lag should be compared to the time of flight for
the electrons of around 1 s [55,56], and we note that the
correlation is similar for a 1-s lag. Figure 3(e) shows
explicitly how this result depends on frequency. It shows a
cross-correlation analysis on a moving window both in time
and frequency. There is a noticeable uptick in correlation at
f ¼ 2fe, and at f ¼ 4fe the correlation coefficient reaches

FIG. 3. (a) Electric field spectrogram observed between
06∶46∶00 and 06∶58∶30 UT on May 12, 2021, with three
frequencies indicated (0.5fe, fe, and 2fe). (b) rms for the 2fe <
f < 19.45 kHz frequency range, with the ICEBEAR echo
detection rate superposed (right axes). (c) Cross-correlation
analysis between the echo rates and the rms for all four frequency
ranges. (d) Scatter plot of the data in (b), with the ECH wave
power having been shifted 7 s back in time; Pearson correlation
coefficient for a log-linear fit, with an error margin given by 95%
(3σ) confidence intervals is indicated. (e) The highest cross-
correlation obtained from a moving window in frequency (7
logarithmic increments out of 132) and time (2 min), with a
maximum allowed lag of 9 s. (f) Scatter plot akin to (d), but for
frequencies around 4fe (11.5 < f < 15 kHz), during a 2-min
window centered on 06∶52∶32 UT (at zero lag).

FIG. 4. (a) Precipitating particle energy flux measured by
Arase. (b) Median energy spectrum. (c) ICEBEAR echo altitudes
as a function of time (black dots) and the peak emission altitude
based on the electron energy flux (red error bars), using
generalized parametrization of numerical models [57], including
the mass spectrometer incoherent scatter model of Earth’s
atmosphere [58]. (d) Overall ICEBEAR echo altitude distribution
(“distrbtn”; black) and auroral emission altitude profile (red),
peak altitudes indicated.
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0.94. We note that this latter correlation was determined at a
zero lag (< 1 s), on the order of the time of flight of the
electrons themselves. The p values (probabilities that the
correlations were spurious) obtained for the two quoted
coefficients were zero at floating point precision.
Ionization in the lower ionosphere: Having demon-

strated a close correspondence between the evolution of
ECH wave power and that of turbulence echo detection
rate, we shall next demonstrate a link between the evolution
of the particle flux at Arase’s orbit and that of the echo
detection altitudes. Figure 4(a) plots the 8–87 keV-electron
energy flux. We then assume the flux is a proxy for the real
precipitating energy flux, treating it to be caused by 16
monoenergetic beams of electrons (one for each energy
channel). We apply parametrizations to estimate the ion-
ization altitude profile for each beam of electrons. The
cumulative profile then corresponds to the emission altitude
profile of the observed auroras.
The results of this altitude analysis are shown in

Figs. 4(c) and 4(d), where we likewise plot the total altitude
distribution of the radar echo point cloud. The two time
series in Fig. 4(c) exhibit a Pearson correlation coefficient
of 0.87, and the two profiles in Fig. 4(d) match surprisingly
well, with peaks in the distributions being separated by
only 1.5 km. The unambiguous similarity points to a causal
link between the particle-induced ionization and the dis-
tribution of radar echoes in the E region.
Discussion—At the event’s onset, Arase had just exited

the plasmasphere at the equator (orbiting from −1.5° to −3°
MLAT) where it observed intense (0.1 mV−2m−1) ECH
waves inside the region where such waves are confined
[50,51] and capable of accelerating keV electrons toward
Earth’s atmosphere [14,17,50,59].
Arase’s footprint in the ionosphere was likely 100–

200 km south of the echo region, with diffuse auroral shapes
appearing in between. The precipitating electrons inside the
patches briefly accumulated at an altitude of around 104 km.
There, they produced strong electric fields [60,61] and
plasma density gradients by merit of ionizing the gas.
The plasma can then become gradient-drift unstable [62],
and at the same time, the Farley-Buneman instability may
saturate [63]. Once saturated, the instability produces
secondary waves [64,65] and dissipates the wave power
through heating [66,67]. The high-amplitude FB waves
dissipate fast, giving the turbulence the impression of being
ephemeral, or instantaneous [29]. Ultimately, this allows the
ensemble radio echoes from those waves to accurately
reflect the changes in the instability driver on timescales
larger than a second, facilitating the strong correlations
between the various time series in Figs. 3(d)–3(f) and 4(c).
The resulting image is one of a self-similar and turbulent

state, simultaneously measured at points in space separated
by 5 Earth radii. It implies that the entire turbulent process
retains a distinct “stochastic shape” that is conserved down
to meter scale.

There is a causal and largely instantaneous path from
the modulation of ECH waves to small-scale turbulence.
It involves particle precipitation, which creates beams of
electrons that modulate conductivity (ionization) and elec-
tric fields [68]. Those modulations can produce gradient-
drift unstable structures [62], whose imminent decay into
smaller and smaller pieces, the turbulent cascade, system-
atically breaks apart structures smaller in size than around
1–10 km [69,70]. The shapes, or rather, their stochastic
features, are subsequently repeated in a self-similar pattern
down to meter scale in magnification, at which point the
initial perturbations can seed the Farley-Buneman insta-
bility and saturate its growth rates (see Fig. 5 in the
Appendix A for a graphical depiction. For a statistical
analysis of the data, see Appendix B).
Other driving mechanisms are readily available, such as

Alfvén waves and other field-parallel acceleration mech-
anisms, as well as magnetospheric ion cyclotron waves, and
other wave-particle interactions. However, as shown by
Figs. 3(d)–3(f), the ensemble of radar echoes recreates
temporal changes in the magnetospheric wave-particle
interactions with remarkable fidelity; the observed evolu-
tion of small-scale plasma turbulence identifies its maker,
faithfully mimicking a driving signal. In other words, the
spatiotemporal evolution of the interconnected system is
contained in the small-scale dissipation of turbulent energy
in the dense ionosphere, information that is mediated by
mode coupling.
Refreshingly and for a brief moment, then, the local

space weather had a clear physical driver. The turbulent
transformation of this driving signal can inform develop-
ment of models that aim to predict the occurrence of plasma
turbulence around auroras.
Summary—In this Letter, we have reported a conjunction

between Arase’s Northern Hemisphere footprint and the
ICEBEAR radar’s field of view. Arase observed strong
electrostatic cyclotron harmonic wave activity at the
magnetic equator. On a nearby magnetic field line,
ICEBEAR recorded a matching radar signal from turbulent
electrojets in the space between pulsating auroras.
Our interpretation of the findings, and the only viable

explanation we can find for their cause, is that an ensemble
of wave-particle interactions imparted their temporal and
spatial characteristics to a spatiotemporal pattern of elec-
tron precipitation. The electrons inside these structures
produced pulsating auroras and introduced an associated
pattern of ionization and electric field enhancements in the
E region that were insensibly picked up by the growth of
FB waves. The growth, saturation, and subsequent detec-
tion of these waves faithfully reflected the evolution of the
underlying driver.
We conclude that the detection of small-scale plasma

turbulence in the auroral E region can be applied as a
diagnostic tool to quantify the whole energy input behind
space weather events, a remarkable victory for the concept
of mode coupling in plasma physics.
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End Matter

Appendix A: A graphic representation of the
findings—Figure 5(a) illustrates the electrodynamics of
the conjugate measurements analyzed in the present
Letter. Intense electric fields, which point in the
direction of moving ions, are organized in some pattern

outside of pulsating auroral patches [23]. The field
points away from downward (likely thermal) currents
and toward the upward currents (auroras). Surrounding
the pulsating patches are plasma density gradients [22].
Figures 5(b)–5(d) illustrate how this description can turn

into turbulent energy dissipation, as the density structures
in Fig. 5(a) become gradient-drift unstable [62,80]. The
resulting waves decay into smaller-and-smaller turbulent
branches, until they may act as seeds for the meter-scale
Farley-Buneman instability. Thus, a turbulent signal is
formed by “the ensemble” of 3-m Farley-Buneman waves,
one whose temporal characteristics approach that of the
wave power, the underlying driver.
The approximate measurement locations of those two

matching turbulent signals are indicated around the pulsat-
ing patches in the electrodynamic diagram in Fig. 5(a), and
Figs. 5(b) and 5(c) illustrate the turbulent signal formation
in the lower ionosphere.

Appendix B: Part of a trend?—We argue that the
clear-cut event analyzed in the present Letter is part of a
trend, where Ref. [81] presents relevant evidence for this
trend from the day-side polar ionosphere. Indeed, the
turbulent Hall channels that may frequent the vicinity of
diffuse auroras, in general, are highly localized in time
and space, like most research into the “spiky” nature of
electric field enhancements can attest to [60]. To support
such a general connection between magnetospheric
wave-particle energy and subsequent modulations to the
ICEBEAR echo detection rates, we have fallen back on
inferences made from statistics.
We aggregated the echo detection rates between mag-

netic local times of 20 and 06 h, a distribution that is

FIG. 5. (a) Annotated schematic depiction of the electrody-
namics surrounding the ICEBEAR and Arase measurements.
(b) A schematic representation of a density structure near one of
the pulsating patches in (a), along the density gradient (Δn), and
with an applied electric field (E). Together these may generate
sub-kilometer-scale turbulent structures through the gradient-drift
instability. The irregular structures can further decay into smaller-
and-smaller pieces, until they may seed the meter-scale Farley-
Buneman instability, itself likewise triggered by E. (b)–(d) 100×
magnifications of the foregoing panel.
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roughly consistent with surveys of ECH waves [50,51]. We
took the raw number of echoes per second after removing
bins with a mean signal-to-noise ratio lower than 1.5, which
removes the occasional radio interference, and discarding
bins in which only a single echo was detected. We
subsequently aggregated Arase ECH wave power rms
for frequencies f > 2fe, when the satellite was within 5°
of the equator at the same magnetic local time interval, and
with a Northern Hemisphere orbital footprint between 60°
and 72° MLAT.
In Figs. 6(a) and 6(b), we show the resulting median

values for the echo detection rates and wave power,

respectively, in 15 geomagnetic activity bins. In
Fig. 6(a), we observe a distinct kink in the curve at an
SME-index value of around 150 nT, below which the echo
detection rate is flat (indicating a contamination by meteor
trail echoes [82]). For bins above this kink, the bin-median
echo detection rate is perfectly correlated (ρ ¼ 1) with the
SME index. The linear slope (1.71� 0.11 in a log-log
scale) is roughly consistent with the slope exhibited by the
wave power data [Fig. 6(b)], 2.23� 0.31.
The two quantities exhibit a similar response to enhance-

ments in the SME index. This facilitates the 1∶1 relation-
ship shown in Fig. 6(c), where we display the same
geomagnetic activity bins in a scatter plot [excluding the
gray data points in Fig. 6(a) as well as the equivalent bins in
Fig. 6(b)], and a log-log linear fit with slope 1 is shown
with a red, dashed line. Finally, with a green-blue circle, we
show the median values derived from the May 12, 2021
event, with error bars denoting upper (lower) quartile
distributions.
Figures 6(a) and 6(b) show two widely different geo-

physical quantities—one in the ionosphere and one in the
magnetosphere—that nevertheless respond in a similar
fashion to a third independent variable, the SME index.
Indeed, that index is itself an unambiguous measurement
from the ground of the ionosphere’s high-latitude Hall
currents (the auroral electrojets) [83,84]. Enhancements in
Hall conductance are, in turn, driven by energetic particle
precipitation [85,86], by virtue of providing ionization and
causing electric field enhancements. As we detail in the
present Letter (and illustrate in Fig. 5), the same two
quantities are able to drive Farley-Buneman turbulence.
In empirical terms, the diffuse and pulsating auroras

constitute the majority of the total energy input into the
night-side ionosphere [87], and so enhancements in the
Hall currents there are largely driven by diffuse and
pulsating auroras [22,88].
The ICEBEAR echo rate reflects the amplitude and

spatial extent of any large-amplitude meter-scale Farley-
Buneman-generated turbulence in the electrojets within the
radar field of view [89–91].
The above chain of argument explains why ρ ¼ 1 in

Fig. 6(a): Global though it may be, and thus not expected to
correlate with the echo rates during individual events, the
SME index encapsulates the average response of the
ICEBEAR data in the face of an externally driven
magnetosphere.

FIG. 6. The ICEBEAR echo detection rate, (a) for some 1.2 ×
106 1-s intervals (containing a total of 272 × 106 echoes) and
(b) the Arase-observed wave rms (f > 2fe) for some 530 000 1-s
wave spectra. Black diamonds represent the median value of 15
logarithmically spaced SME index bins, and vertical error bars
denote upper (lower) quartile distributions. Linear fits are
indicated, by nonlinear least squares minimization of the root-
mean-square error, and error margins are posted showing
95% confidence intervals of the fits (3σ). (c) Shows the same
bins in a scatter plot, with a red dashed line denoting a 1∶1
relation. The data were collected between January 2020 and June
2023 during days when the radar was operational. Data from the
May 12, 2021 event are shown with a green circle.
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