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Eastward transients in the dayside ionosphere. I. Electrodynamics on closed field lines
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At night in Earth’s polar regions, energetic aurorae frequently penetrate into the atmosphere, with the peculiar
effect of driving turbulent electrojet currents in the bottomside ionosphere. During the day, however, Earth’s
plasma environment becomes highly conductive, owing to the constant flux of extreme ultraviolet radiation
emitted from the Sun. The high-conductivity plasma in the dayside ionosphere can effectively short out plasma
turbulence around aurorae, and so electrojet turbulence is thought rare in the dayside high-latitude ionosphere.
In this paper we show observations to the contrary. During the onset of the 23 April 2023 geomagnetic storm,
we observed prolific small-scale plasma turbulence in the dayside E region on closed magnetic field lines just
equatorward of the cusp. Using data from two orbiting satellites, we infer the locations of the cusp and the
distributed presence of diffuse aurorae, through observations of electron fluxes and wave-particle interactions
near the magnetospheric equator, on nearby magnetic field lines. The resulting diffuse aurorae pass electric
fields and produce unstable gradients in the plasma density. The number and intensity of the falling charges
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momentarily overwhelm the capacity of the lower ionosphere to extinguish the strong electric fields that follow
from this action, spurring the growth of transient, turbulent electrojets, or Hall currents. In the 23 April 2023 case
study, we establish a correlation between observations of chorus-wave activity near the magnetospheric equator
and observations of turbulent electrojets in the ionosphere on closed magnetic field lines, from which we infer
a causal chain where magnetospheric plasma waves ultimately drive small-scale turbulence in the ionosphere.
We show how the predictions are brought to fruition in similar supporting events. Finally, we briefly discuss the
implications that this discovery bears for the electrodynamics of the dayside ionosphere. In the following paper
[M. F. Ivarsen, Phys. Rev. E 112, 045203 (2025)] we follow the lengthy argument to a logical conclusion, leading
to an alternative description of electrodynamics in the cusp region.

DOI: 10.1103/r6bv-pzlq

I. INTRODUCTION

The Sun’s extended magnetic field, propagated by a con-
stant wind of plasma originating from the Sun, naturally
connects with Earth’s own extended magnetic presence, the
magnetosphere. The point of connection, or field integration,
is referred to as reconnection. In general, this phenomenon
powers a wide range of astrophysical processes by converting
magnetic energy into kinetic energy.

In Earth’s ionosphere, these processes are notably felt
through the draining of electrons from the Van Allen belts
into Earth’s atmosphere [1], that is, electrons are given kinetic
energy in a direction suitable to cause those particles to pre-
cipitate into the atmosphere, creating aurorae [2]. Importantly,
reconnection also creates and maintains a giant twin-cell con-
vection pattern that transports ionospheric plasma from the
Sun-facing side of the ionosphere and into Earth’s dark hemi-
sphere, through the polar caps [3,4].

The above paragraph implies that the light and dark hemi-
spheres of Earth’s ionosphere are quite different. Energetic
processes in the nightside ionosphere rely on hot (high-energy,
or hard) electron populations in Earth’s radiation belts as
energy sources [5], with access to the hot electrons recently
provided by nightside reconnection having in effect produced
magnetic flux along closed magnetic field lines. The dayside
ionosphere, on the other hand, is ionizaed largely due to sun-
light and features a direct connection with the solar wind.

Near this connection point, called the cusp, dayside mag-
netic reconnection takes field lines that were previously closed
and opens them up to the solar wind, allowing the precipita-
tion of cold (low-energy, or soft) electrons into Earth’s bright
hemisphere, near the poles [6–9]. Regions of such soft elec-
tron precipitation frequently create poleward-moving auroral
forms, aurorae that drift poleward from the cusp and into the
polar cap along with the peeling off of magnetic flux from
closed to open field lines [10–12].

The above notwithstanding, particle populations on closed
field lines in the dayside magnetosphere are routinely power-
ing energetic aurorae equatorward and eastward or westward
of the cusp [13–15], in a manner equivalent to the nightside’s
mentioned energy source. The mechanism with which those
electrons precipitate likewise involve pitch-angle scattering by
wave-particle interactions [16]; for favored scattering angles,
individual particles precipitate into the atmosphere [17,18].

In general, diffuse aurorae cause turbulence in the local
plasma [19], for example, through plasma instabilities such as
the gradient drift instability [20]. However, the strong electric

fields that maintain instability growth depend on local electro-
dynamics. The dayside ionosphere is constantly being ionized
by extreme ultraviolet radiation from the Sun, meaning that
the electrical conductance of the plasma is generally elevated.
The high ion mobility above 150 km altitude facilitates strong
Pedersen currents that effectively short out electric field spikes
by filling in positive charges, thereby negating the negative
charges that precipitate. This action also works to destroy
extant plasma irregularities faster [21,22].

On the other hand, in the nightside ionosphere, where con-
ductance is low, the electric fields set up by the falling charges
drive electrojet (Hall) currents [23], featuring intense turbu-
lence (nonlaminar electrical currents) [24,25], observationally
referred to as radar aurora [26].

The triggering of the instability processes that lead to such
turbulent currents naturally depends on the plasma’s conduc-
tivity. In sunlit conditions, the ionosphere is highly conducive
to electrical currents (which move in the opposite direction
of the falling auroral electrons), with the effect of shorting out
electric fields. This is simply because nature will not allow the
current continuity equation to be broken, largely proscribing
the occurrence of intense turbulence in the sunlit high-latitude
ionosphere [22] and providing motivation for our central re-
search question: How can radar aurorae thrive on closed field
lines in the strongly sunlit auroral ionosphere?

We demonstrate that diffuse aurorae on the dayside were
driving turbulent electrojets during a major geomagnetic
storm, triggered by the Farley-Buneman instability in the
bottomside (the E-region) ionosphere, reacting to the relative
ion-electron motion [27,28]. The structures are likely being
seeded by gradient-drift waves breaking up. During an ex-
tensive case study, we demonstrate that the underlying cause
behind these turbulent electrojets was wave-particle interac-
tions and subsequent particle precipitation, produced near the
equator in Earth’s distant magnetosphere. We show that the
predictions based on this case study are brought to fruition
during the May 2024 superstorm, likewise in sunlit conditions
over noon time Canada.

Importantly, the underlying mechanism, wave-particle
interactions near the magnetospheric equator, have re-
cently been demonstrated to have directly driven the near-
instantaneous growth of Farley-Buneman turbulence on the
nightside [29]; the present study is in that respect a natu-
ral extension of those findings to the dayside ionosphere on
closed magnetic field lines. Here the phenomenon is both
transient and its energy dissipation is highly localized, to the
degree that it has largely eluded detection until now. In the
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FIG. 1. Clustering of a 3-s ICEBEAR echo point cloud observed on 23 April 2023. (a) Raw echo locations. (b) A k-distance plot (k = 20),
with a logarithmic y axis. A piecewise linear fit is shown with a red solid line, while the determined threshold value ε is indicated with a red
dashed line. (c) Two clusters determiend with the dbscan algorithm using the threshold value ε = 14.67 km and a nearest-neighbor value of
k = 20. Bounding boxes are shown in a red solid line, clustered echoes in blue, and unclustered (noisy) echoes in green.

following paper [30] we follow the lengthy argument to a log-
ical conclusion, namely, that closed field-line electrodynamics
can power processes that have hitherto been the domain of
dayside reconnection events.

II. METHODS

The present study relies on a series of datasets, and of these
the core is made up of the ICEBEAR three-dimensional (3D)
echo dataset.

The ICEBEAR radar is a continuous-wave coherent scatter
radar [31], capable of imaging individual scattering regions
(the spatial distribution of plasma turbulence), yielding 3D
point-cloud radar data of ionospheric turbulence [32,33]. The
origin of ICEBEAR’s radar targets is tacitly assumed to orig-
inate in meter-scale Farley-Buneman waves in the unstable
E region [27,28] as that instability is expected to crowd out
any alternative mechanisms. The instability growth rates are
largely perpendicular to Earth’s magnetic field, and growth is
subject to a sufficiently strong relative electron-ion drift [34].
By clustering and tracking the scattering regions, we are able
to capture the motion of electric field source regions.

The main method with which we gain insights is the
clustering and tracking of ICEBEAR radar echoes, a method ex-
pounded in Ref. [35], and which on average tracks ionospheric
electric fields with striking fidelity [35,36]. We illustrate the
method with a real-world example in Fig. 1.

Concisely, the method consists of four steps. For a point-
cloud consisting of the raw, recorded echo locations (in
a two-dimensional space perpendicular to Earth’s magnetic
field lines), the method is as follows.

(1) Calculate the nearest-neighbor distance between each
point and its k nearest neighbors for all echo locations
recorded inside a 3-s window.

(2) Find the leftmost kink in the k-distance curve, the
point when the sorted nearest-neighbor distances reach a
plateau. Points situated on this plateau are thought to be
clustered. Points with a nearest-neighbor distance higher than
this plateau are thought to be unclustered, or noisy. Find ε,
the threshold distance value, with a piecewise linear fit of the
k-distance curve.

(3) Apply the dbscan algorithm. This entails assigning
points to clusters iteratively by requiring that the kth nearest
neighbor of a point lies a distance less than ε away from that
point.

(4) Clusters that are sufficiently similar from one time step
to the next are considered to be the same. Since the number
and orientation of the echoes within clusters are expected to
change considerably in time, this test is performed simply
through a comparison of the bounding boxes belonging to the
clusters, rectangles that enclose the echoes inside a cluster, as
well as the clusters’ median (center-of-mass) echo locations.
Compute five distance metrics: the longitudinal and latitudinal
extent and location of the bounding box, and the median echo
locations. Subtract the distance metrics between two poten-
tially similar clusters. Then, if that subtraction yields distances
that are all smaller than a threshold D, the two clusters are
considered to be the same cluster.

The four steps are repeated for every clock second,
meaning that each time bin exhibits 67% overlap with the
neighboring bins. In the present paper we use k = 20 and
D = 8 km [Fig. 1(b)], values that are appropriate for accurate
spatial tracking of ICEBEAR echo clusters [35].

Next, in order to quantify the Hall drifts (the E × B drift
implied by the apparent motion of the radar aurora), we must
fit a linear polynomial to the successive echo center-of-mass
values as a function of time within each track, that is, the
displacement of the median echo location throughout an echo
cluster’s lifetime. These fits (performed in the longitudinal
and latitudinal directions independently) exhibit slopes that
quantify the cluster’s apparent motion and are indicated with
blue dashed lines in Fig. 2, which shows the time history of
cluster 805 detected on 23 April 2023.

In the present paper we require that the variation in slope
(quantified with 95% confidence intervals) be smaller than 2/3
of the slope magnitude. The efficacy of this method to identify
and track ICEBEAR echo clusters, and its clear tendency to
measure the ionospheric electric field have been demonstrated
in Refs. [35,36], on whose record we rely. Returning to Fig. 2,
we note that cluster 805 appeared to move northeastward with
a considerable velocity of approximately 3200 m/s.

In addition to ICEBEAR, in the present study we rely on data
from two U.S. climate satellites, the Japanese magnetospheric
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FIG. 2. Time history of a particular superfast ICEBEAR echo cluster that was identified and tracked around 18:55 UT, identified as cluster
805. Each of the four panels shows a 3-s snapshot in the life of that cluster. Individual echoes are shown with red points. The spatial track is
shown with a blue solid line, while a linear polynomial fit to the motion is shown with a blue dashed line. The echo cluster’s inferred speed
(approximately 3200 m/s) is indicated. We note that the echo cluster was observed wholly within ICEBEAR’s field of view and that appreciable
backscatter power is expected throughout the region enclosed by the axes. For cluster 805’s echo altitude distribution, see Fig. 9.

spacecraft Arase, the international SuperDARN radar network,
and the Canadian CHAIN network of GPS receivers, to be
introduced in the next section.

III. RESULTS

The present study is centered around an event that took
place near the ionospheric cusp during a major geomagnetic
storm on 23 April 2023. Figure 3 briefly summarizes the con-
ditions of geospace before and during the storm. As the storm
commenced (17:35 UT), the solar wind dynamic pressure
started oscillating, perhaps indicative of bow shock ripples
and subsequent high-speed jets [38], an important source of
free energy for the dayside ionosphere on closed field lines
[39]. The interplanetary magnetic field BZ component started
a descent towards –25 nT, while the BY component oscillated
around 0 nT with a rather large amplitude. For other, detailed,
plots of the interplanetary magnetic field during this particular
geomagnetic storm, see, e.g., Fig. 1 in Ref. [40], Fig. 1 in
Ref. [41], or Fig. 1 in Ref. [42].

As the storm was commencing, the province of
Saskatchewan in Canada, the region of interest in the present
study, moved with Earth’s rotation into the noon sector, bring-
ing with it the field of view of the ICEBEAR radar, a local
SuperDARN radar, and a CHAIN GPS receiver.

Two fortunate and disparate space-ground conjunctions
subsequently took place during the storm’s main phase, allow-
ing us to infer the exact conditions in and around ICEBEAR’s
field of view. First came the U.S. National Oceanic and
Atmospheric Administration (NOAA) polar orbiting climate
satellite, NOAA-18. Figure 4 summarizes the conjunction
event. The satellite’s onboard particle detectors observed a
sharp increase in the soft (50 eV to 1 keV) electron energy
flux, coincident with a localized, strong ion energy flux, at
67.7◦ magnetic latitude (MLAT). This observation is a local
signature of the ionospheric cusp [8,45]. At the same time, the
abrupt change in the trapped electron flux at 18:37:30 UT is a
signature of the open-closed field-line boundary (OCB) [46].
Comparing Figs. 4(a) and 4(d), we conclude that the radar

echoes were observed just equatorward of the open-closed
field-line boundary and thus on closed magnetic field lines.

Meanwhile, the Japanese inner-magnetosphere spacecraft
Arase orbited Earth at a distance of around 5 Earth radii, just
south of the magnetic equator in the dayside inner magneto-
sphere [47]. During the event, Arase’s northern hemisphere
ionospheric footprint was mapping southeast of ICEBEAR’s
field of view, shown in Fig. 5(a). Also on display in that

FIG. 3. Solar wind parameters and geomagnetic activity index
values for the interval from 17:30 UT to 19:30 UT on 23 April
2023. A gray shaded area denotes the duration of the event under
study. (a) Interplanetary magnetic field (IMF) BZ (black) and BY

(red) components time shifted to the bow shock [37]. (b) Sym-H
geomagnetic storm index (black left axis) and solar wind dynamic
pressure (red right axis).
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FIG. 4. Observations made by the NOAA-18 spacecraft [43] of
precipitating (b) electrons and (c) ions, using the TED 0◦ telescope,
and (d) trapped electrons, using the medium-energy proton and elec-
tron detector 30◦ telescope [44]. In (b) and (c), black and red lines
indicate low- and high-energy particles, respectively, while (d) shows
three distinct high-energy populations. (a) Point cloud of ICEBEAR

echoes, as observed between 18:34:30 UT and 18:39:30 UT. The or-
bital footprint of NOAA-18 is superposed, where we trace the orbital
footprint along magnetic field lines from an altitude of 850 km. The
boundary that separates the regions with and without ICEBEAR echoes
is indicated in all panels with a black dashed line.

figure are data from SuperDARN, a global network of coherent
scatter radars that provide Doppler shifts of drifting F-region
plasma, reflecting the magnetospheric plasma convection. A
global data assimilation model provides estimates of this pat-
tern at 2-min cadence. Figure 5(a) plots the global convection
estimate as a collection of thin black arrows.

Coincident with the space-ground conjunction, ICEBEAR

saw echo cluster motions that consistently moved poleward
and eastward. In Fig. 5(a) we show with a thick black arrow
the mean cluster velocity observed between 18:30 UT and
19:15 UT. A thick yellow arrow denotes the mean electric
field E inferred from the echo cluster motion: E = B × v,

with B the magnetic field [modeled using the International
Geomagnetic Reference Field (IGRF) [50]] and v the apparent
cluster motion [36].

In Fig. 5(b) we show observations made by Arase in
the inner magnetosphere that elucidate and substantiate our
inferences. During and prior to the event, Arase observed
an elevated flux of high-energy (20–60 keV) electrons at
pitch angles lower than 10◦ from a position of around −20◦
MLAT in the southern hemisphere just outside the plasmas-
phere, and the satellite also registered intense whistler-mode
waves outside the plasmapause; we show this in Fig. 6. The
chorus-wave-particle interactions in Fig. 6(b) would lead to
pitch-angle scattering and subsequent electron precipitation.
As such, based on Fig. 6, we infer that a substantial part of
the electron flux in Fig. 5(b) precipitated into the northern
hemisphere near ICEBEAR’s field of view. The flux of electrons
subsides from 19:20 UT as the satellite’s orbital footprint
leaves the theater.

To relate the observations to auroral pulsations, an absence
of optical observations notwithstanding, we present in Fig. 6
a timescale analysis of the magnetic field fluctuations ob-
served with the plasma wave experiment (PWE) instrument
on board Arase [51,52]. Figure 6(a) shows wave fluctuations
in the lower chorus band and Fig. 6(b) shows the periodicities
present in these time series. We observe profuse oscillations
that peak (during the interval) at 12–13 s. This peak coincides
with the most probable duration of the superfast turbulent Hall
drifts seen by ICEBEAR.

Summary of results

Seen together, the many complicated conjunctions support
two main observations: (i) A multitude of echoes from the
radar aurora occurred at magnetic noon, on closed magnetic
field lines and in the immediate vicinity of the open-closed
field-line boundary (Fig. 4) and (ii) the rate of echo production
was driven by high-energy particle precipitation caused by
chorus waves near the radiation belts (Figs. 5 and 6).

IV. DISCUSSION

A. High-energy diffuse aurorae as drivers
of Farley-Buneman turbulence

We were then left with aurorae that were immersed in a vast
sunlit soundscape of ultralow-frequency waves [53], some of
which we infer to have produced pulsating auroral patches
[54]. We were unable to observe the aurorae directly, but
we infer that they shone, invisibly, in characteristic patterns,
thereby modulating the electric and density fields [55,56],
in turn creating gradient-drift unstable seeds of ionization
in the ionosphere [20]. These kilometer-scale irregularities
came with the structured polarization electric field necessary
to drive intense small-scale turbulence, fields that were ulti-
mately provided by the falling charges.

We base this narrative on Figs. 5 and 6, the first of which
shows the echo detection rate against integrated electron num-
ber flux after shifting the former around 6 min forward in time.
The two time series there exhibit matching fluctuations during
a 24-min interval, before the satellite orbited out of the active
region. As great uncertainty surrounds the exact field-aligned
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FIG. 5. (a) SuperDARN global convection as thin black arrows, superposed on the point cloud of ICEBEAR echoes observed between 18:30
UT and 19:15 UT (red dots). Thin blue and black dashed lines indicate the orbital footprint of Arase, with thick lines showing the mentioned
interval. We trace Arase’s highly elliptical orbit (apogee 32 000 km, inclination 31◦) to ionospheric altitudes using the IGRF (blue) and TS04
(black) models. A thick black arrow shows the weighted (by number of echoes) mean cluster velocity observed in the ICEBEAR point clouds,
drawn at scale (around 1500 m/s in magnitude). A yellow arrow shows the (45-min) average electric field inferred from that motion (82 mV/m).
(b) Electron particle flux for pitch angles lower than 10◦, for particle energies between 7 and 87 keV, measured by Arase between 18:20 UT and
19:30 UT [48]. (c) Comparison of the ICEBEAR echo detection rate (shifted 5.5 min forward in time and smoothed with a 16-s Savitsky-Golay
filter, black left axis) against the integrated precipitating number flux (red right axis). The x axis below (c) shows time in UT on 23 April
2023, as well as magnetic latitude and local time in solar magnetic coordinates. (d) Enlargement of an approximately 20-min interval from
(c). The Pearson correlation coefficient between the time series (ρ = 0.78) is indicated with an inset linear regression. We note that there is a
considerable difference between the mapping techniques in Arase’s orbital footprint, and the magnetosphere had undergone a rather extreme
contraction; the coincident space-ground conjunction is therefore partly determined through the strong correlation between the time series
[49]. For an ionization rate altitude profile based on the Arase observations, see Fig. 9.

mapping of Arase’s footprint, the clear association between
the precipitating energy flux and the detection of ICEBEAR

echoes tells us that the two instruments, though separated by
several Earth radii, responded to the same signal.

The temporal shift of around 6 min is likely accounting for
a large latitudinal separation between the observations (6 min
of 600-m/s drift corresponds to a distance of 216 km, or 2◦ in
latitude). An explanation follows.

1. Large latitudinal separation between Arase
and the Hall current channels

In Fig. 5(a) the latitudinal distance between Arase’s iono-
spheric footprint and the observed turbulent Hall channels
exceeds several hundred kilometers. A large distance notwith-
standing, the observed particle precipitation likely covered
a large region of space, as is typical for diffuse aurorae
[57], and the observations may have been made on opposite
sides of the same diffuse collection of patches. Furthermore,

Figs. 5(b)–5(d) detail the matching temporal characteristics of
the radar aurorae and the observed particle flux, exhibiting a
strong Pearson correlation coefficient (0.78).

This is only after shifting the precipitation data backward
by 5.5 min, but association is strengthened by the matching
of several peaks between the two signals. This correlation and
the clear association in Fig. 6 strongly indicate a causation that
can go either way, and, reductio ad absurdum, this causation
can only go one way: from the magnetosphere to the E region.
The third option, that both signals are dependent on a common
external cause, is unlikely all the while that the ICEBEAR

observations took place on closed magnetic field lines, after
the magnetospheric observations.

2. Identified driver: Chorus-wave activity

Figure 6 identifies the common driver of the two signals.
There a periodicity of around 12 s is observed in both time
series, in line with expectations for pulsating aurorae [58,59],
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FIG. 6. (a) and (b) Lower-band chorus-wave magnetic field fluc-
tuations measured by the PWE instrument on board Arase, with
the frequencies 0.1 fe and 0.5 fe ( fe being the electron cyclotron
frequency) indicated. (c) Shown in gray is the echo-weighted track
durations (the number of seconds that an echo cluster was success-
fully tracked), observed during the same interval as in (b). Note
that only an additional three clusters were tracked that lasted longer
than 17 s during the interval; these are omitted from the plot and
we focus on the time interval expected for chorus-wave oscilla-
tions. Superposed, a red line shows the oscillation frequencies of
the lower-band chorus waves (the power spectrum of a time series
of the root-mean-square integration of the magnetic field spectra for
frequencies between 0.1 fe and 0.5 fe).

and the lower-band chorus waves we observe in Figs. 6(a) and
6(b) adhere to this expectation. Periodic electric field bursts
associated with pulsating auroral patches could then explain
why echo clusters were tracked for an average of 12 s each.

3. Additional evidence

The discovery of severely turbulent Hall currents in the
dayside E region equatorward of the cusp, on closed mag-
netic field lines, is new, or at least directly dependent on
data that are severely lacking in the literature. To provide
further evidence for this discovery, we have analyzed two ad-
ditional, fortuitous space-ground-ground conjunctions. Both
took place on 10 May 2024, during the most severe geo-
magnetic storm to occur in geospace in two decades. As
ICEBEAR’s field of view rotated into the noon sector on
that day, two of NOAA’s climate satellites orbited over-
head, directly through the cusp region. Figure 7 shows both
conjunctions. The first (six panels of the left column) took
place on 18:00 UT, while the second (six panels of the
right column) took place 40 min later. During both con-
junctions, we identify the OCB in the trapped electron flux
[Figs. 7(e) and 7(h)]. Conferring with the distribution of
ICEBEAR echoes [Figs. 7(a) and 7(b)], we conclude that the
bulk of the echoes were detected directly equatorward of the
cusp, on closed magnetic field lines. Furthermore, through
clustering and tracking of the echo data, we found sev-
eral transient, superfast clusters of echoes, moving primarily
eastward, with speeds that far exceeded the SuperDARN-
modeled global convection and with directions that skewed
considerably more eastward than the global convection would
indicate.

Although we were not able to find evidence of diffuse
high-energy aurorae during the two additional conjunctions
that took place on 10 May 2024, we can readily infer con-
ditions that are fundamentally similar to the main event
under study in the present paper. More specifically, on closed
magnetic field lines, equatorward of the cusp, we observe
fast eastward motions that are inconsistent with observations
of F-region plasma convection and which are highly con-
sistent with strong enhancements to the local electric field
in the E region. The implications are that, during severe
geomagnetic disturbances, transient eastward motions are ex-
pected equatorward of the cusp on closed magnetic field
lines.

B. Nonlinear route through ionization
and penetrating electric fields

Having, with Figs. 4–6, established a clear correlation
between chorus-wave-induced diffuse aurorae in the mag-
netosphere and the occurrence and motion of radar aurorae
in the E region, we now elucidate the physical causal path
between the two phenomena that we briefly mentioned above,
a causal chain that we illustrate in Fig. 8. In so doing, we will
additionally analyze coincident GPS scintillations observed in
association with the event under study.

In Fig. 8 the combined electric field and density gradient
ultimately drive the trigger for several-meter-sized Farley-
Buneman waves, through the generation of ionization seeds
and attendant electric field modulations.

1. Supporting evidence: GPS scintillations

In support of the argument, consider Fig. 9, which shows
observations of echo cluster 805, in direct proximity of GPS
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FIG. 7. Two space-ground conjunctions between ICEBEAR, SuperDARN, and the METOP-1 (left) and the NOAA-18 (right) satellites,
respectively. (a) and (b) Satellite orbit (blue line) superposed on the globally modeled plasma convection (thin black arrows), ICEBEAR echo
locations (color-coded dots, black-red-yellow-white color scheme), and the ICEBEAR cluster velocities recorded during the conjunction (green
arrows). (c)–(h) In situ satellite observations of extant particle fluxes, from the MEP and TED instruments. A gray shaded region indicates
the part of the orbit that corresponds to closed magnetic field lines; the abbreviation OCB indicates the location of the open-closed field-line
boundary in (a)–(h). (i)–(l) Histograms of the observed ICEBEAR cluster velocities in the (i) and (k) eastward and (j) and (l) poleward directions
(red), compared to the modeled SuperDARN velocities inside the region of interest. Note that the leftmost conjunction (METOP-1) did not take
place directly adjacent to the distribution of ICEBEAR echoes and a cusp signature is not evident; the conjunction can nevertheless identify the
location of the OCB in (e).

scintillations seen in a CHAIN GPS receiver [62] situated di-
rectly beneath ICEBEAR’s field of view (see also Figs. S1–S3
in the Supplemental Material [63] for three additional, funda-
mentally similar, comparisons).

Figures 9(b) and 9(c) show the altitude distributions in
both echo locations and an Arase-derived ionization altitude
profile, compared to the various GPS pierce point altitudes. A
sample cross-correlation analysis between the ICEBEAR echo
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FIG. 8. (a) Schematic representation of the ionosphere equator-
ward of the cusp, near or along the OCB; for a nuanced discussion
of the specific charge deposition associated with the equatorward
edge of the cusp, see the following paper [30]. (b) Energetic
particle impact produces ionization, leading to plasma density gra-
dients �n perpendicular to the precipitation-induced electric field
E . (c) The combined electric field and density gradient drive the
gradient-drift instability, generating hundreds of meter-scale turbu-
lent structures. These structures decay and lead to the generation of
secondary waves. (d) When the electron-ion drift velocity exceeds
the ion-acoustic speed, the seeds will trigger the several-meter-sized
Farley-Buneman instability, which in addition feature a component
rotated away from the ambient electric field).

detection rates and the GPS signal amplitudes reveals that a
temporal shift of +5 s is in order, after which the time series
exhibit a strong correlation ρ = 0.72 [Fig. 9(e)], implying
that, regardless of any other inferences, the GPS-scintillation
pierce point should be located just downstream from the mov-
ing echo cluster.

Comparing Figs. 9(a) and 9(b), we observe that the F-
region pierce points are located far away from the echo cluster,
seemingly incompatible with a 5-s (approximately 16 km)
shift. Assuming a pierce point altitude of around 100 km,
however, places the pierce point roughly at the location of
the echo cluster and near the most likely altitude with high-
est ionization rate (90 km). The ICEBEAR echoes in Fig. 9
exhibited a median altitude of 97 km. The implication is that
the GPS scintillations took place in the E region. While the
data do not present definite proof of this inference, we note
recent comprehensive studies that strongly favor the E region
as the layer of auroral GPS scintillations rather than the F
region [64].

2. Causality

An argument for causality follows. As we have shown
in the preceding section, diffuse aurorae occupied the re-
gion equatorward of the theater. The aurorae pass electric
fields and cause impact ionization, leading to, among other
thing, unstable plasma density gradients [20]. Aided by the
induced perpendicular electric fields, the gradient-drift insta-
bility (GDI) will develop, likely primarily in the F region,
where it is commonly associated with high-latitude GPS scin-
tillations [65–67], and to a lesser degree, in the E region.
Gradient-drift waves end up seeding Farley-Buneman turbu-
lence in the E region (Fig. 8).

The formation of the seed mechanism, the GDI waves, is
primary expected in the F region. There the difficulties of
developing instabilities in the lower E region, owing to ion-
neutral collisions, can retard the growth. However, regardless

of the exact region in which the instability develops, the GDI
waves would cause both turbulent cascades and secondary
waves. The following field perturbations would be felt in the
lower E region, owing to a very long field-aligned wavelength
associated with the density perturbations, as well as field-
aligned transport (see Fig. B1 in Ref. [19]). We therefore
ascertain with some confidence that the gradient-drift waves
ultimately acted in this way as seeds for the Farley-Buneman
instability.

In the ICEBEAR 3D dataset, there is a clear tendency for
echoes to cluster tightly in structures around 2–5 km in size
[33,68,69]. This otherwise highly surprising result is in direct
support of the above chain of argument.

The full causal chain thus involves wave-particle inter-
actions causing electrons to precipitate, thereby embedding
a characteristic spatiotemporal pattern of ionization and
electric field modulations in the ionosphere. This pattern
spurs the growth of turbulence, which eventually seeds
Farley-Buneman waves. The physical route was recently
demonstrated in action, presented in a recent clear-cut case
study [29].

3. Comment on magnetohydrodynamics

The conventional view of ionospheric dynamics holds that
the motion of plasma, driven by magnetic reconnection, drives
field-aligned and -perpendicular electrical currents, in adher-
ence to the principles of MHD. While we do not dispute the
validity of the foregoing sentence, we must point out the ide-
alized nature of this description. Aurorae are frequently driven
by kinetic wave-particle interactions in Earth’s radiation belts,
providing nuance to the above statement that current systems
are set up and maintained by the motion of plasma. The Ped-
ersen currents, which according to the idealized MHD view
are caused by the vorticity around field-aligned currents, are
carried by ions and naturally point towards the deposition of
negative charges. In other words, it is the same fields that
appear due to the vorticity of the current systems that are
evoked in the present article to neutralize the excess charges
introduced by particle precipitation and which are observed
by their attendant turbulent Hall drifts.

The infrastructure needed for the magnetohydrodynamic
current generator has therefore already been precipitated by
kinetic wave particle interactions, processes that are not di-
rectly reflecting the ongoing rate of reconnection with the
solar wind.

V. SUMMARY AND FUTURE OUTLOOK

The present paper is concerned with documenting and
substantiating a clear causal path from the drivers of day-
side diffuse aurorae to the production of Farley-Buneman
turbulence in the unstable E region just equatorward of the
cusp. To this end, we have relied on extensive analysis of the
conjunction of five ground- and space-based sources of data,
all collected over Canadian geospace during the onset of the
23 April 2023 geomagnetic storm.

We observed profuse radar aurorae equatorward of the cusp
(Fig. 4) that carried clear signatures of chorus-wave-induced
high-energy particle precipitation (Figs. 5 and 6). The diffuse
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FIG. 9. Ground-ground conjunction between ICEBEAR and GPS scintillations observed in the receivers on the ground below the radar field
of view, from the Rabbit Lake research station. (a) and (b) A 3-s snapshots during the event, both (a) in the plane perpendicular to Earth’s
magnetic field and (b) projected onto the vertical (field-aligned altitude), affording a full 3D view of the situation. The distribution of ICEBEAR

echoes is represented by red dots, the median location is indicated with a thick red circle, and the echoes’ apparent motion is indicated
with a black arrow. Bull’s-eye symbols gives the position of the scintillation ionospheric pierce points for altitudes between 90 and 350 km.
The receiver location is marked with R, and a black line connects the receiver to the various (hypothetical) pierce points in the ionosphere. (c)
Ionization rate altitude implied by the particle flux in Fig. 5(b), using the methodology in Ref. [60] for a flux conversion from number to energy
and then the parametrizations by Ref. [61] to calculate ionization rate altitude profiles (green). The altitude distribution of the ICEBEAR echoes
observed during this 3-s interval is superposed in red. (d) GPS signal amplitude fluctuations (red right axis, smoothed with a 3-s Savitsky-Golay
filter) and the ICEBEAR rate of echo detection (black left axis), with a temporal shift of 5 s applied to the former. (e) Comparison of the echo
rates with the amplitude fluctuations in a scatterplot, with a linear regression indicated by a red dashed line. Echo cluster 805 is likewise the
subject of Figs. 4(c)–4(f). Similar examples recorded during the event under study are provided in the Supplemental Material [63].

aurorae produced ionization and passed electric fields, fueling
instabilities over a wide range of scales (Fig. 9), eventually
seeding the Farley-Buneman instability and the subsequent
detection of widespread E-region radar echoes on closed
magnetic field lines. Wave-particle interactions are in this
way directly driving small-scale turbulence, using a physical
causal chain that was recently demonstrated to occur in the
nightside ionosphere [29], and the predictions were brought
to fruition in space-ground conjunctions that took place during
the May 2024 geomagnetic superstorm.

The meticulous approach is necessitated by a lack in the
literature of established turbulent phenomena in the dayside

high-latitude E region on closed magnetic field lines. Observa-
tions of dayside auroral electrojets are sparse, but not without
precedence [70].

The implications are that transient, turbulent Hall currents
may be excited in the dayside high-latitude ionosphere dur-
ing severe geospace disturbances. In fact, the mechanism we
evoke has been suggested by Ref. [71] as an anomalous cause
of poleward-moving auroral forms. Observations of the lat-
ter are almost invariably tied to pulsed dayside reconnection
events, in stark contrast to high-energy particle precipitation
from the dayside magnetosphere. Any alternative mechanism
producing fast motions near the cusp must therefore be subject
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to close scrutiny, and in the following paper [30] we carefully
discuss the eventuality.
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