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Abstract. In the auroral ionosphere, plasma turbulence acts as an important dissipation mechanism for magnetospheric en-
ergy and as the primary cause of radio wave scintillation. Characterizing auroral-ptasma-this turbulence across its full spa-
tial extent has historically been limited by the narrow bandwidths of individual instruments. Our-investigation—approaches

modified-two-stream-plasma-instability—In this study, we construct a composite spatial powerspectrum of plasma turbulence in

the auroral electrojets spanning roughly four orders of magnitude in scale (from ~ 100 km down to ~ 20 m). This is achieved by

combining a recent Monte-Carlo-based method of spatial clustering of very-high-frequency (VHF) radar echoes, with phase
screen information derived from global navigation satellite system (GNSS) signals, using ground-based instrumentation in

Canada.

a-consistently-steep-Both measurements yield the two-dimensional spectral density of the turbulent irregularity field, and the

two spectra agree closely across their shared band between 750 m and 3000 m. Across ten radar and GNSS conjunction events
the composite spectra exhibit a steady, scale-free decay of spectral powerin-the-auroral-eleetrojets;—with-the-mest-probable
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» with overall spectral indices
of mean —2.50 and standard deviation 0.24 in that two-dimensional convention, consistently interrupted by spectral knees
near 5 km and near 270 m. We further compare three independent velocity measurements in the same volume: radar Doppler
velocities, tracked radar target motions, and GNSS phase screen drifts. The ~ 270 meters-insize)-were moving meter structures
responsible for GPS scintillation moved at the ion acoustic speed, implying-that-those structures-wereinfact FB-waves,and
we-thereby-establish-an-observational basis for fow-frequeney-electrojet-turbulenee—near 500 m/s, well below the concurrent
E x B drifts near 1000 m/s traced by the target motions, a velocity signature consistent with long-wavelength Farley-Buneman
(EB) waves, complementing the 3 m FB waves the radar observes directly. Conjunctions with the Japanese Arase mission
show that spectral steepening correlates with precipitating magnetospheric electron flux, while conjunctions with the European
Swarm mission confirm that the radar target motions track the F-region plasma drift. The method that we present, the compos-
ite radar-GNSS-speetra;-will-on-both-eountsradar and GNSS spectra, may offer useful empirical constraints for future efforts

seeking to simulate the “sub-grid” turbulence that complicates the magnetosphere-ionosphere coupling around aurorae.

1 Introduction

In Earth’s upper atmosphere, at the lower edge of the partially ionized layers of the ionosphere, intense plasma turbulence is
observed during geomagnetic storms, in the form of crashing waves that appear inside the electrical currents of the auroral
electrojets. Here, collisions between charged particles and neutral molecules become so frequent that the ratio of collision to
cyclotron frequency is sufficiently large to demagnetize ions below 120 km, and demagnetize electrons below 80 km. The
resulting difference in charge carrier mobility between 80 and 120 km allows strong electric fields in the aurora to drive Hall
currents at times. For plasma drifts below around 400 m/s, the electrical currents remain laminar, but, when the electron drift
speed exceeds the ion acoustic speed, C, the laminar current becomes unstable to electrostatic density fluctuations, triggering
the Farley-Buneman (FB) instability through the ion inertia excited by the motion of the irregularities, which is driven by the
electron plasma (E x B) drift (Farley, 1963; Buneman, 1963).

Inside turbulent regions of the ionosphere, regions that can be several hundred kilometers in size, small-scale fluctuations in
plasma density can disrupt traversing satellite navigation (GNSS) signals (Kintner P. M. et al., 2007; Jin et al., 2014), ultimately
caused by the presence around aurorae of intense, broad-spectrum, electrostatic turbulence (Sato, 1972; Sudan and Keskinen,
1977; Fejer and Kelley, 1980; Keskinen, 1981; Huba et al., 1985). While plasma turbulence modulates radio signal phase
and amplitude in ways that are detrimental to human technological progress (Moen et al., 2013), it also produces the ‘radio
Hultgvist and Egeland, 1964; Sahr and Fejer, 1996

aurora’ , the clear signature of aurorae,

shown solely through the plasma turbulence that they create.
The problem of understanding this turbulence is therefore directly related to its effect on radio signals: what starts out as

large-wavelength (ultra-low frequency, or ULF) waves generated by the solar wind at the bow shock or magnetopause of Earth
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(Kramer et al., 2024; Ivarsen et al., 2025c), will eventually produce the ~ 300 meter-size waves that disrupt GNSS signals
(Song et al., 2023). This inherent and essentially non-linear coupling between the largest and smallest scales in geospace
exacerbates the problem. The scale-dependent problem is tackled by turbulence physics, and its nature is typically inspected
through application of Fourier analysis.

By elucidating the amount of fluctuation power in each individual wavenumber (or wavevector), Fourier analysis, in its many
forms, can produce a spectrum, the power spectral density (PSD), and the shape of this spectrum is an expression of the scale-
dependent physics that governs the overall turbulent cascade from the largest unstable magnetohydrodynamic (MHD) modes,
to the small-scale kinetic plasma turbulence in Earth’s upper atmosphere, that we described at the onset of this Introduction.

In this paper, we present an observational model of the spectrum P(k) of plasma turbulence in the auroral ionosphere,
and this method spans almost four orders in magnitude in wavenumber k, with equivalent scale-sizes from 100 km down to
around 20 m. We do this by combining two recent, novel methods of PSD estimation: a spatial spectrum based on Monte-
Carlo-simulations (Ivarsen et al., 2023a), and a temporal Fourier analysis of GNSS phase fluctuations (Song et al., 2025). The
former correlates the spatial positions of very-high frequency (VHF) coherent radar echoes from the turbulent electrojets on
scale-sizes between ~ 100 km and ~ 500 m, while the latter translates a temporal Fourier spectrum of GPS signals received
from the ground, to a spatial spectrum via phase screen theory, for scale-sizes between ~5 km to ~ 20 m.

We analyze the characteristics of the composite radar-GNSS-radar and GNSS spectrum around diffuse aurorasand-find

consistent-with-recent-disecoveries;—, and we find that speetral-steepness—the spectral index correlates with observations of

particle precipitation from the magnetosphere. Surprisingly,we-observe-that the-compesite-spectrum-of plasma-tarbulence nea

hmited—The composite spectra near aurorae are close to scale-free across the observed range, with two reproducible break
oints interrupting an otherwise continuous decay of spectral power.

In what follows, in Section 2 we shall describe the two methods, and provide some details on spectral density interpretation
in ionospheric physics. We then present in Section 3 results from 10 case studies, including conjunction studies with orbiting
satellites, as well as statistical results from feur—two years of radar data. In Section 4, we discuss the implications of our
results, where we argue that the detailed description of these spectra provide unique opportunities for fluid MHD models to

parameterize and verify the turbulent cascade that culminates in plasma turbulence smaller than those models can resolve.

2 Methodology

This section is a summary of recent papers of a highly technical nature, pertaining to coherent radar data from lonospheric
Continuous-wave E-region Bistatic Experimental Auroral Radar (ICEBEAR) (Ivarsen et al., 2023a) and GPS signal analysis
from the Canadian High-Arctic Ionospheric Network (CHAIN) (Jayachandran et al., 2009; Song et al., 2025). At the end of this

section, we comment on current interpretations of spectral density measurements in the auroral ionosphere.
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2.1 Pairwise VHF radar echo clustering

We analyze coherent scatter radar data from ICEBEAR, an experimental radar capable of imaging the distribution of small-scale
plasma turbulence in 3-dimensions (3D), (Huyghebaert et al., 2019; Lozinsky et al., 2022) yielding the ICEBEAR 3D dataset.
The radar’s 6 m wavelength yields a 3 m Bragg wavelength, meaning we observe meter-scale turbulent waves. The turbulence
echoes are seen towards the northern horizon in Saskatchewan, Canada.

ICEBEAR can record thousands of echo locations per second, yielding exceedingly large point-cloud datasets, (Ivarsen et al.,
2023c, 2024c) and we are in this paper segmenting the radar data in 6 second bins. The radar echoes observed inside each bin
are clustered using dbscan following Ivarsen et al. (2024c).

Ivarsen et al. (2023a) developed a method to correlate the pairwise spatial positions of each imaginable pair of echoes found

inside such radar echo point-clouds, using the rwo-point correlation function, £(r),

n?[1+&(r)] = {p(x)p(z +1)), (D)

where n is the average number density of echoes in a given volume, and p(z) is the number density of echoes at location z,
and r is a distance away from z, and in Figure 2c) we show £(r) calculated for the cluster shown in Figure 2b). The method

yields spatial power spectra P (k) through a Hankel transform, (Ivarsen et al., 2016; Baddour, 2011)
P = [ () Jo(hr) @
0

where Jy (k) are zeroth order Bessel functions of the first kind. Such power spectra yield spectral information roughly between
the scale-sizes 750 m and ~ 10° m, much larger than the ICEBEAR radar wavelength (3 m). Later, the spectra were demonstrated
to match the small-scale structuring of field-aligned electrical currents associated with pulsating aurorae (Ivarsen et al., 2024a)

as well as F-region plasma structuring. (Ivarsen et al., 2023b)
2.2 E-region target radar motions

To complement pairwise echo clustering, we exploit the recent discovery that a 3D coherent radar such as ICEBEAR can
be operated as a target radar, by identifying and tracking coherent clusters of radar echoes through time and space (Ivarsen
et al., 2024c¢). The method , which was tested against actual displays, relies on an unsupervised machine learning algorithm to
automatically identify dense clusters of radar echoes, before it quantifies the spatial trajectories of such clusters. This yields
the actual E x B motion of the source regions, which have to be the same as the F-region plasma velocities normally observed
just in the F region (Ivarsen et al., 2024c¢, d, 2025c). This method overcomes the well-known fact that coherent E-region radars
normally observe structures moving close to, or below, the ion acoustic speed of the turbulent auroral E-region owing to the
nonlinear properties of large amplitude Farley-Buneman waves observed by coherent E-region radars (e.g., Fejer and Kelley,
1980; Sahr and Fejer, 1996). It has been clearly shown that the difference between the two velocities can be considerable under

strong electric field conditions [e.g., Figure 2 in Foster and Erickson (2000), and references therein].
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Figure 1. Pane Panels a) to d): Identifying & tracking a cluster of VHF

radar echoes, emanating from Farley-Buneman turbulence between two auroral forms. Echo point-clouds are color-coded by Doppler speed,
and superposed on optical aurora images using the TREx RGB (Gillies et al., 2020) camera located at Rabbit Lake, with green arrows showing

the Horn-Schunk method of optical flow vectors Barren-et-al--1994)(Barron et al., 1994), applied to the green channel of the auroral images
[see Ivarsen et al. (2024d) for details of such conjunction studies]. Panel e) contrasts the Doppler speeds with the tracked, target motion,

while Panel f) shows the altitude distribution of this cluster, with the echo altitude cloud in a scatterplot (top, red axis).

In Figure 1 we present a typical example, tracked ICEBEAR echo cluster, superposed on auroral imaging by TREx (RGB,
2023). The cluster’s centre-of-mass, or median echo location, moved around 24 kilometers in the magnetic north-east direction,
tracked for a 25-second duration. That yields a target motion of some 1300 m/s, and these target motions, really the translatory
displacement of echo centres-of-mass, have been demonstrated to track the wider ionospheric “frozen-in” drift (Ivarsen et al.,
2024c, d, 2025c¢). In Figure 1, the 1300 m/s tracked motion, much faster than the ~ 350 m/s speed obtained from the radar
echo Doppler shifts, corresponds to a 74 mV/m electric field. We note that a unique feature in the analysis of echo cluster 898
(Figure 1) is the fact that we have tracked this cluster as it descended slightly, moving downward with a speed of 330 m/s; the

first instance of quantifying the vertical descent of a coherent plasma structure in the auroral E-region.
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2.3 GPS phase fluctuations and the phase-screen drifts

To complement tracking and radar spectral analysis of echo locations, we perform a time-series analysis of GPS amplitude and
phase fluctuations measured with the Ionospheric Scintillation Monitor Receiver (ISMR) located at the Rabbit Lake research
station (58.23°N, 256.32°E), which is part of the Canadian High Arctic Ionospheric Network (CHAIN Jayachandran et al.,
2009). The ISMR in Rabbit Lake is a Septentrio PolaRxS, (Bougard et al., 2011) capable of recording the raw phase and
post-correlation in-phase (I) and quadrature (Q) samples of GNSS signals at a 100 Hz sampling rate. For the purposes of our
work, we concentrate solely on GPS.

The signals emitted by GPS satellites and subsequently recorded by the ISMR are disrupted by plasma irregularities linked
with instabilities and resultant turbulent phenomena in the ionospheric plasma, (Yeh and Liu, 1982; Kintner P. M. et al,,
2007). This introduces stochastic fluctuations in the recorded signal amplitude (McCaffrey and Jayachandran, 2019; Spogli
et al., 2021; Ghobadi et al., 2020; Song et al., 2023; Meziane et al., 2023) . We derive a spatial k-spectrum from the temporal
fluctuations in the recorded signal in the Rabbit Lake ISMR (directly beneath the radar field-of-view) using phase screen theory
(Yeh and Liu, 1982) . In this framework, the Fresnel frequency fr is derived from the second zero-crossing of the normalized
cross-spectrum of the L1-L2 or L1-L5 carrier frequencies, (Song et al., 2025) or, equivalently, the prominent breakpoint or
“knee” in the ionosphere-free linear combination (IFLC) spectrum, {Seng-et-al;-2025)(Song et al., 2025; Meziane et al., 2025)
, shown with a blue line in Figure 2d). We then estimate the average drift velocity v, of the irregular structures in the region
where they originate (Forte and Radicella, 2002; Spogli et al., 2021) , using vy = frAr, where A is the corrected Fresnel
scale (Ghidoni et al., 2025),

V2Aapsh
sin®/2 6

where Agps =~ 20 cm is the wavelength of the GPS signal, 6 is the GPS satellite elevation angle, and h is the altitude of the

AF = ; 3)

irregularity layer, here assumed to be around h = 105 km (see Appendix €B for a sensitivity analysis of this assumption). The
expression for A takes into account the oblique incidence observational geometry, for which the distance between the antenna
and the irregularity layer becomes hsinf. We estimate the irregularity velocity under the approximation of a single, thin

hase screen: all phase perturbation is assigned to one layer at altitude /. While we account for the azimuthal dependence

introduced by the elliptical projection of the scan path under anisotropic conditions (Teunissen and Montenbruck, 2017), we
do not apply an axial ratio correction to the Fresnel scale A\ itself, effectively treating the base irregularities as isotropic.

The velocity measured with this method yields an estimate of the relative velocity between the satellite pierce-point and

the ionospheric irregularities, often referred to as “scan velocity” - it Yeh and Liu, 1982). The thin-layer
approximation, the assumed layer altitude, the isotropy approximation, and the motion of the pierce point itself all enter the

inferred velocity, and each is bounded quantitatively in Appendix B.
We construct a spectrum based on the IFLC spectrum (for scale-sizes smaller than the Fresnel scale), and a spectrum of Total

Electron Content (TEC) fluctuations for scale-sizes larger than that threshold. The result is a k-spectrum that yields spectral
information on scales roughly between 5 km and ~ 20 m (the red spectrum in Figure 2d), which is readily compared to the

spectrum of “echo clustering” of co-located irregular structures seen by radar.
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The two spectra, one from radar and one from GNSS, are then simply spliced (see Figure Al in the Appendix A): the two
spectra feature an overlapping transition zone spanning spatial scales roughly between 750 m and 3000 m. To avoid artifacts
from spectral leakage, we truncate the radar spectrum for scales smaller than 750 m, and the GNSS spectrum for scales larger

than 3000 m. Within this overlapping regime, the spectral shapes from the two independent methods match strikingly well.

The events analyzed in this study were selected in two stages. We first identified 49 one-hour intervals of strong ICEBEAR
echo activity, without reference to any GNSS data. Within those intervals, we then searched for GPS pierce points that
overlapped the radar echo regions in time and space while exhibiting amplitude scintillation, which yielded the 10 conjunction
events analyzed below. Amplitude fluctuations are a prerequisite of the phase screen method: without them, neither the Fresnel
frequency nor the IFLC spectrum is defined, and no composite spectrum can be constructed. The sample of composite spectra
is therefore conditioned on scintillation-producing events by construction, and we weigh the consequences of this conditioning

In addition to spectral inferences, the GPS-derived scan velocity could readily be compared to both the radar Doppler and
target velocities. As discussed above, the target velocities reveal the true E x B-drift, while the Doppler shifts normally should
not exceed an ion-acoustic speed of about 400 to 450 m/s if they come from near 100 km altitude. As it turned out, for a strong
electric field event that we studied in detail, the observed GPS scan velocities were highly consistent with the upper limit of
the Doppler shift E region radar observations found at the ion-acoustic speed near 100 km altitude (see Figures 4 and 8 below).
Those speeds were, in turn, far smaller than the bulk of the target speeds in the region. The mestplausible-interpretation-of-this
unexpeeted-interpretation most consistent with this result is that the 270 m structures associated with the Fresnel zone near 105
km were themselves nonlinear Farley-Buneman waves—This-is-the-only-explanation-we-could-think-of for-their-motion-at-the

ion-acoustic-speed—Indeed;there-; we develop this argument, and weigh it against alternatives, in Section 4.1. There is no law
to state that Farley-Buneman waves cannot exist at 270 m, although the growth rate from ion inertiathas to exceed that from the

gradient-drift instability. This would only be expected for very strong electric fields (or for geometries in which the ambient

density gradients are perpendicular to the ambient electric field, which is not very likely).
2.4 Spectral density interpretation

The result from combining the two methods of spectral density measurements described in the foregoing section is presented in
Figure 2e), in the form of the composite radar-GNSSradar and GNSS spectrum, the primary observable analyzed in the present
study. The clustering spectrum is seamlessly consistent with the TEC spectrum. Prominent breakpoints are seen at spatial
scales 4.6 km and 262 m, and the inferred spectral index (see Eq. 4) is similar for the largest (> 50 km) and smallest (< 100 m)

scale-sizes. What follows is-a-reflection-on-the-role-of-such-spectral-density-measurements-in-ionospherie-plasmaspecifies the

hysical quantity the composite spectrum represents, the spectral convention it obeys, and the procedure used to extract indices

and break points.
In studies of space plasma turbulence, one expects spectral densities to adhere to a simple power law if not for the full

wavenumber range, at least for substantial wavenumber intervals (Phelps and Sagalyn, 1976; Tsunoda, 1988; Spicher et al.,
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Figure 2. Panel a) shows a schematic overview of the observational space, with the various instruments, and the measurement geometry,
annotated. Panel b) shows a sample 6-second radar point-cloud cluster, while Panel ¢) shows the two-point correlation function based on
that point-cloud (Eq. 1). Panel d) shows example phase (green), IFLC (black), and TEC (red) spectra, with a piecewise linear fit shown with
a blue line, and with the Fresnel scale (wavenumber) shown with a red, dashed line, based on measurements performed in the two-minute
interval starting at 05:21 UT on 14 July 2023. Panel e) shows the resulting composite radar—GNSS-radar and GNSS spectrum for that
interval, where the two-point correlation function of all nearby echo clusters have been Hankel-transformed to yield an average clustering
spectrum. A five-component piecewise linear fit (solid red line) and a single linear fit (dashed red line) are shown above and below the

spectrum respectively, with spectral indices posted in red. 8
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2014), meaning that the spectra are categorized with equations of the type
P(k) o k=2, )

where P(k) is the power spectral density, k& denotes wavenumber (k = 27w/ L, L being spatial scale), and « is a positive constant
describing the decay in spectral power with decreasing spatial scale (increasing k) (Sudan et al., 1973; Mounir et al., 1991;
Ivarsen et al., 2021). « is referred to as the spectral index and is a central quantity of measurement in the present study. As
just stated above, in the auroral region of Earth’s ionosphere, the steady decay in power indicated by Eq. (4) needs to often be
broken into segments, with typical ‘break-points’ occurring on spatial scales between 1 km —and 5 km (Villain et al., 1986;
Ivarsen et al., 2024e, 2023b) and between 30 m —and 300 m (Basu et al., 1990; Mounir et al., 1991; Spicher et al., 2014;
Hamza et al., 2023), in clear agreement with Figure 2e).

The two data sources obey a common spectral convention, which we now make explicit. The Hankel transform in Eq. (2

inverts the two-point correlation function of a two-dimensional field, and therefore returns the two-dimensional spectral density.
a quantity defined per unit area dk in the wavenumber plane. A one-dimensional cut through the same field carries a spectral
index that is shallower by exactly one power of k; a measured two-dimensional index of —8/3 corresponds, for example, to a
one-dimensional index of —5/3 (see Ivarsen et al., 2026).

The GNSS-derived spectra carry the same convention. In the weak-scatter phase screen approximation, the signal phase
is the line-of-sight integral of the density fluctuation, and by the projectionslice theorem the areal spectrum of the phase
field is proportional to the transverse cut of the density spectrum, a cut that preserves the transverse spectral index. The
measured temporal spectrum is then a one-dimensional scan of that phase field along the pierce-point track, involving a single
marginalization (integration) over transverse wavenumber, whereas a hypothetical one-dimensional in-situ measurement of
the same field involves two. The GNSS phase and TEC spectra therefore exhibit one power of & above one-dimensional
spectra of the same medium, which places them on the same footing as the radar clustering spectra. The Fresnel filter imprints
the knee and oscillations near the Fresnel scale, and leaves the asymptotic slope unchanged, and so this footing holds on
both sides of the Fresnel scale; the predicted oscillatory ripple below the Fresnel scale is present in the measured spectra. A
full treatment of these reductions is given in the supplementary methods of Ivarsen et al. (2026). The shared convention is
confirmed empirically by the seamless agreement between the radar and GNSS spectra across the 750 m to 3000 m band.
All spectral indices quoted in this paper are two-dimensional indices: published one-dimensional indices, whether from in-situ
slices or along-track spacecraft spectra, differ by one power of k and are not directly comparable, whereas break-point positions
are unaffected by the convention.

Spectral indices and break points are extracted with an automatic slope and break-point detection algorithm based on
piecewise linear Hermite polynomials [the shape language modeling framework of D’Errico (2009)], with applications to
ionospheric spectra described in Ivarsen et al. (2019) and Ivarsen et al. (2021). Each spectrum is fitted in log-log space with a
small number of free knots: the knot positions return the break points, and the segment gradients return the spectral indices.
Composite spectra are fitted with a five-segment model, and, in parallel, with a single linear fit whose gradient serves as the
overall index quoted throughout. Power amplitudes are normalized between instruments to facilitate direct shape comparison.
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Break-points are often thought of as transition markers between inertial and fully collisional regimes in the F region (Keski-
nen and Huba, 1990; Kivanc and Heelis, 1998), or they can be viewed as “injection wavelengths" if the break points go through
a peak. The injection wavelengths or the knees and the various spectral indices, or slopes, and relative magnitudes, are all, in
the end, indicative of various scale-dependent instability processes that contribute to the structuring of the plasma (Sudan et al.,

1973; Mounir et al., 1991).

3 Results

We shall start by presenting two ground-ground conjunctions between the VHF radar ICEBEAR and a CHAIN GPS receiver
at Rabbit Lake. The first event (Figure 3) revolves around a relatively brief, two-minute conjunction, and the second event
(Figure 4) details an extended one-hour conjunction.

The first, Figure 3a), exhibits a number of radar echo clusters being tracked, seen moving past a GPS ionospheric pierce-point
(IPP), with a north-eastern bearing. Figure 3c, d) detail the strong temporal correlation (p = 0.94) between the rate of detected
echoes and the GPS amplitude fluctuations. Panel e) shows the composite spectrum, with detailed log-log linear fits of the two
spectra shown with black, red, and blue dashed lines. We observe the clear tendency for the two instruments to essentially
measure the very same structure from two different perspectives. Both the temporal (Figure 3c, d) and spatial (Figure 3e)
components agree remarkably well, confirming a clear common and immediate origin of the two multi-scale signals.

Next, we shall dissect an extended, one-hour conjunction, during which we observed three GPS amplitude scintillation
events [implying small-scale structuring (Song et al., 2023)]. Figure 4 shows the detailed observations made by ICEBEAR and
CHAIN, during which ICEBEAR detected and localized a staggering 2.3 million individual radar echoes (see Figure Ala—e-a)
to ¢) for the three composite radar-GNSS-radar and GNSS spectra calculated during this event).

Figure 4a) shows an overview of the observational volume, the ionospheric E-region, during the 20-minute interval 08:45-0945
to 09:05 UT, with the tracked ICEBEAR echo cluster motions shown with arrows demonstrating the fast and dynamic appear-
ance of radar aurorae; the tracked echo motions—the-result-of-, obtained by treating ICEBEAR as a tracking radar rather than a
Doppler radar—, move through a GPS pierce point denoted with a green circle. The next panels in Figure 4 details the velocity
observations made by the two instruments during the full one-hour interval. Panel b) shows clearly that while the GPS phase
drifts match the observed radar Doppler speeds in an excellent fashion (average ~ 500 m/s), the observed target motions greatly
exceed those speeds (average ~ 1000 m/s). This is caused by the fact that the radar echoes’ source regions being associated with
precipitation patterns (aurorae), move with the E x B drift of the F-region plasma (Ivarsen et al., 2024c, d, 2025b). However,

the Doppler speeds (and, very clearly also the GPS phase drifts) are limited to the ion acoustic speed, usually 406-666400 to
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Figure 3. Panel a) shows the spatially averaged vector field of ICEBEAR target motions detected during the 15-minute interval starting on
13:45 UT on 18 August 2022, gray dots indicate echo locations, color-coded arrows denote the target motions, while a green circle indicates
the position of a GPS pierce-point (IPP). Panel b) shows histograms for the Doppler speeds (blue) and echo cluster speeds (red), compared to
the GPS phase screen velocity (green line). The next three panels detail a brief, two-minute conjunction event between ICEBEAR and CHAIN,
with Panel ¢) showing the observed GPS amplitude fluctuations (red, right axis) with radar echo detection rates superposed (black), where
we have applied a nine-second lag to align the two timeseries. Panel d) shows this data in a scatterplot, with Pearson correlation coefficient
indicated, exhibiting a very strong correlation (Pearson coefficient p = 0.94). PaneH) Panel e) shows the composite radar-GNSS-radar and
GNSS spectrum, with spectral index calculations indicated. fasetPanel) An inset in Panel e) shows the overall spectral index fitted to the
composite spectrum (black dashed line), compared to a theoretical-kinetie-Adfvén-vatue reference slope of -8/3 (red dashed line).
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Figure 4. An extended conjunction between ICEBEAR and the CHAIN GPS receiver at Rabbit Lake in Saskatchewan, Canada, on 7
July 2023. Panel a) shows geospace over Rabbit Lake in geomagnetic coordinates, with the locations of 1.4 million radar echoes shown with
grey dots, using the altitude-adjusted corrected geomagnetic coordinate system. Color- and size-coded arrows show the spatial average of the
observed ICEBEAR cluster motions in the interval between 08:45 UT and 09:05 UT, while the location of the GPS pierce point is shown with
a green circle (100 km altitude). Panel b) shows, for the one-hour interval between 08:05 UT and 09:05 UT, a timeseries of binned ICEBEAR
echo cluster speeds (black, size-coded circles, with errorbars), ICEBEAR Doppler speeds (green dots with errorbars), and GPS phase drift
speeds (red hexagrams). A black dashed line shows the average cluster speed. Panel ¢) shows fluctuation in recorded GPS signal amplitude

(red axis), while Panel d) shows the rate of detected ICEBEAR echoes (green axis).
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We were able to substantiate the foregoing using conjugate observations by the European Space Agency’s Swarm satellites
(Friis-Christensen et al., 2006; Wood et al., 2022), a constellation that is in a polar orbit around Earth (inclination 87°, altitude
~450—500~450 to 500 km). Figure 5a) details a triple-conjunction between ICEBEAR, CHAIN, and two Swarm satellites.
The latter orbited through a region of active radar echo detection, and we observe that the radar echo cluster speeds agree very
well with the F-region ion drift speeds observed by Swarm A, in accordance with earlier conjunctions as well as statistical
comparisons (Ivarsen et al., 2024c, d). In addition, Figure 5b) shows that these speeds are clearly greater than the GPS phase
drifts observed at the pierce point, repeating the velocity separation seen in the ground-based comparisons above.

A-triple-conjunction-betweer FCEBEARCHAIN and-SwarmAs-during-a-period-more-Himited-than-that-of Fig

transverse-B-M-components(Figure-5H-and, d), with the

s
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Figure 5. Panel a) shows the spatial distribution of radar echoes (grey point-cloud), the ICEBEAR echo cluster velocities (red arrows), the
Swarm A cross-track ion velocities (blue arrows), and the ionospheric GNSS pierce point (green circle). Panel b) shows the observed GPS
phase drift speed (black and green line), and distributions of the Swarm A cross-track ion drift magnitudes (blue line) and observed ICEBEAR

echo cluster (target) motions (red shaded area) Panel c) shows the average-composite radar and GNSS spectrumfer-the-five-minute-interval

14



290

295

300

305

310

315

320

s—five-segment piecewise fit and the overall index indicated.
The event exhibits the same organization as the conjunctions presented above: a continuous, near scale-free decay across the
resolved range, interrupted by break points near 5 km and near the Fresnel scale.

Note that the observations reported in the present paper were performed during arctic summer, and were thus occurring in full
daylight, except for the Figure 1 example. As such, we have no optical observations of the aurora to rely on; we do however note
that ICEBEAR radar data is unequivocally and inexorably tied to the presence of aurorae (Ivarsen et al., 2024a, c, d, b, 2025a).
In addition to this inference, we shall also demonstrate, during a data-rich conjunction study, that the source of our observed
spectral density is, in fact, strongly linked with auroral particle precipitation, which by all intents and purposes is the aurora.

On 2 August 2023, an extended conjunction took place between ICEBEAR and the Japanese inner magnetosphere satellite
Arase. During this conjunction, two additional ICEBEAR —and CHAIN conjunctions took place. What follows is an analysis of
the detected, in-sifu electron flux observed by Arase during that conjunction, compared to the spectral density observations by
our ground-based instruments.

Arase orbits Earth at a maximum distance (semi-major axis) of around 5 Earth radii, with a magnetospheric orbit that keeps
the satellite relatively close to equator with an ionospheric footprint that routinely sample auroral latitudes (Miyoshi et al.,
2018b, 2022): it has an apogee of 32,000 km and a perigee of 400 km, an inclination angle of 31°, and a period of 570 minutes.
The satellite’s magnetospheric location and ionospheric footprint during the conjunction are shown in Figure 6a—¢)-a) to ¢),
and we use the Tsy04 model for tracing the location of the satellite along Earth’s field-lines (Tsyganenko and Sitnov, 2005).
The satellite was located some 19° raised above magnetospheric equator, while observing a considerable flux of electrons with
low pitch angles. Figure 6e) shows the particle observations, showing the total measured electron flux with low pitch-angles
(close to 0°), for an extended period during which the satellite continuously orbited through regions mapping to regions of
rather extreme E-region echo activity (Figure 6¢). The satellite likewise observed some upper-band chorus waves (not shown),
and we infer that the observed flux of low-pitch-angle particles is a proxy of the real precipitating particle flux, producing the
characteristic diffuse aurora that we infer for this event.

The observed number flux relates to an energy flux (Redmon et al., 2017), which is readily converted to ionization rate
altitude profiles (Fang et al., 2010), and we use the E-=CHAIM model to convert this into a plasma density profile (Themens
et al., 2017). In Figure 6f) we compare the estimated density profile (green line) with the measured altitude distribution of the
observed radar echoes (red distribution).

During the 17-minute interval, ICEBEAR observed almost 4 million individual echo locations, which we cluster using the
Monte-Carlo model described in Section 2. Some 100 clustering spectra were calculated during this interval, and Figure 6d)
plots the composite ICEBEAR -and CHAIN spectrum for the entire interval.

Figure 7 plots, with black circles, 1-minute binned spectral index measurements, taking the initial ICEBEAR spectral index
(the slope before the near-resolution fall-off), and comparing this to the initial CHAIN spectral index. This spectral interval
goes over the injection wavelength or knee at ~ 5 km and provides a reasonably representative index of the larger wavenumber
interval. In addition, in green hexagrams, we show the initial (overlapping) slope of the ISMR TEC spectra. A linear regression

is applied to the spectral index results from the density curves. We note that the locations of both hexagrams are in excellent
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Figure 6. A space-ground-ground conjunction between ICEBEAR, CHAIN, and the Japanese inner magnetosphere spacecraft Arase that took
place on 2 August 2023. Panels a, b) show the satellite location in the magnetosphere, in units of Earth radii, the black dot at the center being
Earth itself. Panel ¢) shows the geospatial distribution of radar echoes in the E-region (black), with Arase’s northern hemisphere ionospheric
footprint plotted with green dashed lines [using the Tsy04 mapping method (Tsyganenko and Sitnov, 2005)], and the GPS pierce-point as a
red cross, all in the field-line adjusted AACGM coordinate system (Baker and Wing, 1989). Panel d) shows the composite ICEBEAR -and
CHAIN spectrum measured during the 17-minute interval starting at 13:02 UT on 2 August 2023. Panel e) shows the average precipitating
electron spectrum measured by Arase during the interval, combining the low (LEP-e), medium (MEP-e), and high (HEP) energy particle
detectors (Kazama et al., 2017; Kasahara et al., 2018; Mitani et al., 2018), and using pitch angles lower than 5° (LEP-e, MEP-¢) and 10°
(HEP). Panel f) shows, in red, the altitude distribution of ICEBEAR echoes and, in green, the plasma density altitude profile created by the
precipitating particles measured by Arase using the E-CHAIM model (Themens et al., 2017) to incorporate the effects of solar extreme-

ultraviolet photoionization.
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Figure 7. Panels a) and b) show two composite spectra, where the ICEBEAR clustering spectrum is shown in black and the TEC spectrum
is shown in red and dark grey. A log-log two-component piecewise fit is shown for both spectra, as well as a linear fit for the TEC spectrum
below the Fresnel-scale; spectral indices are indicated. Panel c) shows a timeseries of spectral index values, comparing «; from ICEBEAR
(before the possibly noisy fall-off near 1 km), with o1 from the CHAIN GNSS spectra. Some 100 ICEBEAR spectra observed during the
interval 13:02 -8F43t0 13:19 UT are binned in one-minute bins, and are shown with black circles (with errorbars denoting the variability
inside each bin) and a1 from the two CHAIN TEC spectra are shown with green hexagrams. On the right axis we show the observed low-

pitch angle (< 5°) flux of electrons measured in the 6 keV channel of the low-energy particle detector onboard Arase, selected for its high
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agreement with the spectral index results. This being stated, we also note, that the event appears to have been a “two-plateau
event" with a spectral index of -2.3 prior to 13:08 where the impinging fluxes were weaker and another value of -3.2 afterwards,
following a marked increase in precipitation flux. The important point here is that there is a clear increase in slope magnitude
(steepening spectra) in Figure 6g7¢) that goes together with the unequivocal increase in the observed precipitating energy flux
represented by the flux through the 6 keV channel of the MEP-¢ instrument (red line in Figure 6g7¢).

So far, we have shown the

consistentty-steep; for-that the observed composite spectra follow a single, continuous power-law decay at all wavenumbers
except for prominent transitions near 5 km and near the Fresnel-scale around 270 m —Based-onFigure-2?-as-well;we-aseertain;
with-some-confidenecethatthese-observed structures-are-contained within-flamentary-(Figures 3e, Sc, d), and that the spectral

index co-varies with the precipitating electron flux measured in the magnetosphere (Figure 7c). Prior conjunction studies

have associated this same echo clustering with filamentary field-aligned eurrents-that-are-carried-by-the-preeipitating partieles:

currents around diffuse aurorae (Ivarsen et al., 2023a, 2024a).

Added support for the foregoing narrative-was also obtained from a separate statistical analysis gathered from two years of
data.
FAC-are-present—TFo-bespeeifie;the-The inferences made from the 10 ICEBEAR and CHAIN conjunctions are backed in Fig-

ure 8a) by the index distribution of 7,700 ICEBEAR clustering spectra observed during the two years 2020, 2021 [the same

database that was used in Ivarsen et al. (2023b)]4ﬁ—pigﬁfe—8ﬂ)~{—hﬁ—d-ﬁfﬂbﬁﬂeﬁ—1& shown with a dark red line;and-itsshape-and

mwww%%fmmmw@g%%
mean —2.50, median —2.52, and standard deviation 0.24 (mean —2.56, standard deviation 0.15 when the single shallowest
event is excluded), while the radar-onl
climatology, which is conditioned only on echo activity: the scintillation selection described in Section 2.3 does not produce

anomalous spectral shapes, and the scale-free organization is not an artifact of that selection.
Thus, Figure 8 elearly-demonstrates a consistent tendency £

distribution peaks at —2.7. The conjunction sample thus lies within the radar-onl

overaland-in the spectral indices, with a relatively narrow spread areund-that-valaeabout the most probable values between
—2.5 and —2.7 [in the two-dimensional convention of Section 2.4]. The echo altitude distribution is-alse-shown-for the 10
events, shown in Figure 8d)c), peaks at 102 km. Using this altitude for the GPS pierce points gives us a phase screen drift of

around 500 m/s, coinciding with the peak of the median Doppler speed distribution for the 10 events (Figure 8b). As-diseussed
abeve-the-onlyreasonable-explanation—forThe explanation most consistent with this signature is that those structures are
Farley-Buneman waves that reach their largest amplitudes at the ion acoustic speed, just as is observed in HF and VHF radars;
we weigh this interpretation against alternatives in Section 4.1. This impertant observation-eonfirms-observation indicates that
the GPS scintillations net-enly-took place in the E-region, a notion supported by recent statistical studies (Blinstrubas et al.,
2025), but-and that they were also-caused by long-wavelength (270 m) Farley-Buneman-liketurbulence.
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Figure 8. Panel a) compares the ICEBEAR -and CHAIN spectra (green line) with a statistical aggregate of 7,700 ICEBEAR echo clustering
spectra (red line) observed during 2020, 2021 [the database that was analyzed in Ivarsen et al. (2023b)]. Panel b) shows the mean distributions
in VHF radar Doppler speeds (red histogram), the mean distribution in observed echo cluster (target) motion (blue histogram), and the average
GPS phase drift speed (green and black line). Panel ¢) shows the distribution of echo altitudes, with a black-and-green line indicating the
assumed GPS pierce-point locations (with shaded green region giving upper/lower quartile distributions). Panel d) shows all 10 composite
ICEBEAR -and CHAIN spectra (solid black line), with a linear log-log fit (black dashed line) and a -8/3-slope-reference slope of —8/3 (red

dashed line; —5/3 in the one-dimensional convention) indicated.
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4 Discussion

There are two prominent and, to a certain extent, unexpected results in the present study. First, the observed radar Doppler
speeds agree remarkably well with the GPS phase drifts, while being clearly much smaller than the tracked echo motions. The
second prominent result is the seemingly-universally-steep-near scale-free power spectra that we observe with ICEBEAR and

CHAIN. We shall now discuss these points in order.
4.1 Long-wavelength Farley-Buneman waves and their fate

As has been repeatedly pointed out in references cited above, the Doppler speeds extracted from VHF radars in the auroral
electrojet typically do not exceed the E-region ion acoustic speed, with due exceptions associated with narrow spectra extracted
from the edge of the instability cone in the upper part of the unstable E-region (St-Maurice et al., 2023). This being stated, the
E-region cluster motions extracted from ICEBEAR as a target radar are clearly much faster than the ion-acoustic speed when
the electric field is very strong. The target motions correspond to the motion of magnetic field tubes drifting at the E x B-drift
while said field tubes are exciting large-amplitude ion-acoustic waves for a brief moment during which the electric field locally
must go down to the Farley-Buneman threshold value (Foster and Erickson, 2000; Oppenheim and Dimant, 2013; St.-Maurice
and Hamza, 2001). Thus, the sources of the ion-acoustic waves are moving at a drift that matches the F-region plasma drifts.
This feature has been exemplified in Figure 5a, b), and in recent literature on the subject (Ivarsen et al., 2024c, d).

We have to consider the fact that the Fresnel-scale (~ 270 m) structures also exhibit GPS phase drifts moving at the ion
acoustic speed rather than at the E x B-drift. Gradient-drift waves are not constrained by the ion-acoustic speed. Even if, like
the smaller m-size structures, they were to grow to an amplitude such as to reach threshold conditions, the balance would
involve chemistry and diffusion, not ion inertia and diffusion. However, since the 270 m waves move at the ion-acoustic speed
when their amplitude is the largest (which is what we observe), the simplest explanation for this result is that the observed
Fresnel-scale structures are -infaet-controlled by ion-inertia, i.e. they are Farley-Buneman (FB) waves. However, according
to the standard linear fluid theory for altitudes between 100 and 105 km, the growth rates expected are 10,000 times smaller at
270 m than at 2.7 m. That is to say, the growth rates are given by Ek2(V-d>—EZ2-Ck*(VZ — C?) where C is a well-known
constant, V; is the relative drift between ions and electrons (basically E/B at those altitudes) and C is the ion-acoustic speed
(Fejer and Kelley, 1980). The k2 dependence can be compensated to a certain extent if the electric field is itself ~ 10 times
stronger than the threshold value (200 mV/m as opposed to 20 mV/m). In that case, the growth rate picks up by a factor of
100 and the factor 10,000 is down to a factor 100 compared to the growth rate of meter-size FB waves probed by radars under
ordinary electric field conditions. Put in another way, in spite of weaker growth rates, it might be feasible to excite FB waves
at a couple of hundred meters, particularly when the electric fields are strong. This being stated, 2-Oppenheim et al. (2008)
have seen evidence in their numerical simulations for nonlinear 160 m structures growing at a much faster rate than expected
from linear theory. They attributed the growth to an energy extraction from the smaller scale FB waves, i.e., to what could be

described as a reversed, or inverse, cascading process.
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Still, the fact, that the FB waves are observed to move at the ion-acoustic speed, requires a comment in view of seeing
270 m-sized waves move at that speed. First of all, a high-resolution Continuous Wave (CW) experiment has shown that FB
waves are at first moving much faster than at the ion-acoustic speed, but that as their amplitude grows they reach a much larger
amplitude at the ion-acoustic speed after which they simply disappear quickly (Prikryl et al., 1988, 1990). This means that
the meter-size FB waves follow linear theory expectations at first but that as they grow in amplitude, they reach a maximum
amplitude at the ion-acoustic speed, after which they quickly disappear. Radars are biased to the largest amplitude structures
and therefore see them moving at the ion-acoustic speed (or slower depending on the line-of-sight). We note that one may wish
to use the word “threshold speed” instead of “ion-acoustic speed.” In particular, electron heating perturbation effects modify
the threshold speed below 100 km altitude and ion heating perturbations would also matter above 110 km [see St.-Maurice and
Chau (2016) for a comprehensive review of the situation]. Given that the observations presented here are mostly from the 100
to 105 km altitude region, the threshold speed and the ion-acoustic speed are very close to being one and the same.

Numerical simulations have indeed found that the largest amplitude waves move at the ion-acoustic speed in a direction
roughly matching the ExB direction (Dimant and Sudan, 1995). Theoretical work has involved anomalous diffusion (Robinson,
1986), mode-coupling explanations, for example in Hamza and St-Maurice (1993) & references therein, and double polariza-
tion effects, as per the work by Sato (1972) and St.-Maurice and Hamza (2001). These notions all use the fact, in one way or
the other, that the unstable situation introduces a polarization electric field that moves electrons against the original electric
field direction, thereby damping the electron fluid. This is a wave-particle interaction that affects the nature of the local energy
expenditure. For instance, Sato (1972) and St.-Maurice and Hamza (2001) used a relatively simple approach by considering
structures that, while initially elongated, were not ideal plane waves. The two-dimensionality leads to a decrease in the electric
field inside the waves as the wave grows. We note the circularity in this situation, as the electric field evidently works to move
charges, but at the same time also extinguishes itself, which weakens local charge motion. The rapid feedback stops when the
electric field is at threshold conditions. This is what saturates a Farley-Buneman wavefield, and the work done in causing this
saturation is substantial.

On that note, the FB waves also have a nonlocal character, as their eigenfrequency is a small but non-negligible function
of altitude, i.e. of position along the geomagnetic field (Drexler et al., 2002). This introduces vertical shears that short-out
the electrostatic fields and dissipate the waves while heating the electrons (Maynard et al., 1973; Vickrey and Kelley, 1982;
St-Maurice and Goodwin, 2021; Zhang and Varney, 2024; Ivarsen, 2026). In this light, even if the growth rate of 270 m waves
is from an inverse cascading process, a final nonlinear evolution has to limit the growth through the kind of mode-coupling or
double polarization effects described above, since the principle applies to initial elongated structures of any width or size. As
aresult, 270 m structures at 102 km end up at the ion-acoustic speed as long as they are the byproduct of the FB instability, be
it through linear or nonlinear growth processes.

Alternative interpretations deserve consideration. Gradient-drift structuring at these scales is expected around aurorae, mixed
regimes in which GD structures host embedded B activity are well documented, and nonlinear coupling between the two can
transfer energy across the Fresnel scale without a pure FB origin (Sudan et al., 1973). What the velocity comparison constrains
is the motion of the scattering structures at their largest amplitude: gradient-drift structures advect with the E x B drift and are
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not bound by the ion-acoustic speed, whereas the observed phase screen drifts are consistent with the ion-acoustic speed and
well below the concurrent target motions (Figures 4b and 8b). The observations are therefore consistent with long-wavelength
EB:like structures dominating the scintillation-producing scales in these strong-field events, while a mixed GD and FB scenario
cannot be excluded, in particular one in which GD fingers provide the seed gradients for FB growth. We also recall that the
event sample is conditioned on amplitude scintillation (Section 2.3
under strong driving, and does not extend to the quiet electrojet. The velocity discrimination itself rests on the phase screen
assumptions bounded in Appendix B; within those bounds, the separation between the phase screen drift (~ 500 m/s) and the
target motion (~~ 1000 m/s) is an order of magnitude larger than the combined measurement uncertainty.

so the statement is about scintillation-producing events

4.2 Universally-steep-power-speetra-in-filamentary FACregions

4.2 Scale-free spectral organization in the auroral E-region

the composite spectra is not the value of the index but its constancy. Away from the two knee regions, the piecewise segment
indices are consistent, within the fitting spread, with the overall single-fit values summarized in Figure 8. and the same index
distribution recurs in the scintillation-independent radar-only climatology of 7,700 spectra. A minority of spectra deviate from
the overall statistics, as seen in Figures 8a and 7cabeve)—Thefactremains-that-a-vast-majority-of cases-were-assoetated-with

A AR

instability frameworks predict values within the measurement spread in either convention. We therefore attach no interpretation
to the value, and we have avoided cross-convention comparisons with published one-dimensional indices throughout. What the
composite measurement establishes is the continuity of a single spectral organization across four orders of magnitude in scale,
through both knees, from tens of kilometers down into the domain where FB waves demonstrably control the dynamics.
Together with the velocity agreement in Figure 8b), this continuity is consistent with the two instruments sampling one
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contiguous turbulent field whose small-scale end is governed by the FB instability, as the driver—The—waves—arereflected
455 backo e-absorbed by the plasma. This modulates the 1o electrie-field—As-we-have reperted-herein-velocity comparison

460 Consistent with the notion of a trigger of ionospheric plasma instabilities, we note that the steep-spectra are interrupted by
two knee regions, one near 5 km wavelength and the other near 200 m. Injection wavelengths of the order of 5 km are typical
of scales associated with the largest Gradient-Drift (GD) waves found in the equatorial electrojet region. At the equator, they
are triggered by electric fields of the order of 15 mV/m or greater in combination with vertical density gradient scales of the
order of 10 km (Tsunoda et al., 1982). Somewhat larger size GD waves are possible, but at some point their growth is limited

465 by chemical recombination when the latter becomes faster than the gradient contribution to the growth rate. We note that, in
the equatorial regions, GD waves can modulate small scale FB waves if the ambient electric field exceeds 15 mV/m. Also,
GD waves have been proposed as a seed for FB waves: as unstable fingers associated with GD structures move into increasing

low density regions, the gradients on their side could steepen to the point that the instability threshold of FB waves is achieved

(Sudan et al., 1973). Although there are clear physical reasons to expect a break-point at kilometer scales in our observations
470 (see, e.g.. Ivarsen et al, 2021, for a systematic tendency for kilometer-scale breakpoints in F-region auroral plasma turbulence observatio
2 we note that these scales are relatively close to the spatial resolution of ICEBEAR s imaging algorithm, and so we urge a degree
The other knee at 200-300-m-seems-to-be-200 to 300 m is directly associated with the Fresnel size of structures seen near
102 km —We(as the GNSS spectra are conditioned on the presence of GPS amplitude scintillations). That said, we found,
475 unexpectedly, that these-waves-are-the velocity signature of those structures is consistent with FB waves in spite of their large

size, i.e., of their weak linear growth rates. However,since-the-grewthrate-Since the growth may be linked to nonlinear “inverse
cascading", it is tempting to assume that this match between the knee and the Fresnel-scaleFB structure is not a coincidence

and that this describes the largest FB waves in the system. However, the GPS events analyzed in this paper were selected
for exhibiting strong amplitude scintillations, and so there is likely a selection effect favouring Fresnel-scale energy injection
480 events the knee position, unlike the spectral indices surrounding it, should therefore be generalized with caution.

A third component of the puzzle is the density of FB irregularity bursts monitored by ICEBEAR. As stated in a preceding
section, FB waves are ephemeral and can come and go in a fraction of 1 s. Both theoretical and numerical works indicate that
the maximum amplitude of these waves is not increasing dramatically with electric field strength. Instead, what increases is the
abundance of the FB waves. This is not intuitively difficult to understand since stronger electric fields mean faster linear growth

485 rates, meaning more growth events per unit time, meaning more growth episodes per unit space. The growth in the number of
large amplitude scatterers has in fact been demonstrated in spectacular fashion in the work of Ivarsen et al. (2025a) who found
the density of large amplitude ICEBEAR radar echoes to simply be proportional to the electric field when such field exceeded
40 mV/m (E/B > 800 m/s),
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A final aspect to keep in mind is that FB waves are very efficient at extracting energy from Hall currents and giving it back to
particles. This is not Joule heating per se, as it involves extracting kinetic and potential electric energy from the currents which
then turns into a quick dissipation involving the creation by nonlocal processes of wave parallel electric fields and currents

carried by electrons, which then give the energy gained from the resulting acceleration to the background gas through elastic

and, mostly, inelastic collisions (see Section 4.1).

While there is clearly a need for future quantification, it remains an observational fact that the large-scale organization that
emerges from packing thousands or millions of FB waves inside a limited volume is universally-steep-close to scale-free across

four orders of magnitude in scale-size.

nature of the FB structures actually-helps maximize the rate of energy extraction and-transfert-from the driving currents and

its transfer to the ambient gas.
Fhe-notionthat-Adfvén-waves-are-direetly strueturing-the-A quantitative account of how magnetospheric drivers imprint

the observed spectral organization remains open. Recent statistical work has correlated E-region yields immediate-explanatory
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and magnetospheric particle dynamics (Shen et al., 2024; Ivarsen et al., 2025a), and the Arase conjunction presented here ties
spectral steepening directly to the precipitating electron flux, a comparison of the same observable with itself and hence
independent of spectral convention, Establishing a causal chain from a specific magnetospheric wave population to the E-region
spectrum requires convention-consistent spectral comparisons across altitude, and we defer that question to future work.

5 Conclusion

Using a novel measurement technique, we have resolved the power spectral density of the E-region ionosphere across four

orders of magnitude in spatial scale.

composite radar and GNSS spectrum measures the two-dimensional spectral density of the turbulent irregularity field, and
across ten conjunction events it exhibits a near scale-free decay, with overall spectral indices of —2.50 =+ 0.24 in that convention

interrupted by reproducible break points near 5 km and near the Fresnel scale at 270 m. We also found that the 270 m structures
associated with Fresnel scales in GPS scintillations were drifting at the ion-acoustic speed—Fhiswas-made-very-elear; for-our

samples;: the GPS-inferred drift net-enty-matched the expected value for the ion-acoustic speed ;-butit-was-also-much-smatter
than-while remaining well below the plasma E x B drift inferred from the ICEBEAR target motions in the same region (see
Figures 4b and 8b). This means-that-velocity signature is consistent with the 270 m structures¢, which matched the position
of a knee structure in the overall spectrum)-were-actually-, being long-wavelength Farley-Buneman waves, just-like the much
smaller scale 3-m waves detected by the ICEBEAR radar. Since the linear FB growth rate at 270 m should be very small, this
observation came as a surprise. The observation seemsagrees, however, te-confirm-with results from numerical simulations
that found that large scale FB waves were excited nonlinearly through an inverse cascade (2)(Oppenheim et al., 2008). The
presence of such large-scale FB waves means that there can be far more energy dissipated by FB waves than if only fess-than
+0-mrstraetures-structures smaller than 10 m had been destabilized.

In closing, we note that the ionosphere’s bottomside, the E-region, has been ascribed many roles. In-situ satellite observations
not being possible we were left with short-lived rocket campaigns and a handful of incoherent scatter radars and only somewhat
more numerous coherent radars (Palmroth et al., 2021). Still the technology has become sophisticated enough to add, over time,
several new perspectives and insights. In the process the E-region has become more than just a region to pass Pedersen currents
that offer a closing of the magnetosphere-ionosphere current system, with attendant Joule heating and preeiptiating-precipitating
particle energy dissipation rates. While these features are very important, the addition of fast temporal and much finer spatial
resolution than before by ground-based instruments is producing a much more complex picture. We have highlighted a few
of the new capabilities in the present paper, to which could be added many important results from incoherent scatter radar
showing how dynamical the E-region can be (e.g., St-Maurice et al., 1990; Blinstrubas et al., 2025). The present study has
continued the march towards new important insights by advancing our understanding of auroral plasma turbulence, with the

new extraction of the composite radar—GNSS-radar and GNSS power spectrum.
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Appendix: Geespace-conjunetion-studies

Appendix A: Ten ICEBEAR-CHAIN-ICEBEAR and CHAIN conjunctions

Figure A1 showcases six simultaneous ICEBEAR -and CHAIN conjunctions, occurring in rapid succession during two extended
events that took place on 7 July 2023 and 18 August 2022. Each panel of Figure A1 shows the composite power spectrum for
each conjunction event. We normalize the power amplitude to facilitate a direct spectral shape comparison, and we apply an
automatic spectral slope- & break-point detection algorithm based on piecewise linear Hermite polynomials (D’Errico, 2009),
with close details described in, e.g. Ivarsen et al. (2019), and Ivarsen et al. (2021). For scale-sizes between 750 m and 3000 m
the spectral shapes from the two different methods are observed to match strikingly well. What is more, the steep slopes at the
larger scales (> 1 km) are highly consistent with the steep slopes seen at smaller scales (< 100 m), with observed spectral index
values between —2.6 and —3.1. A prominent break-point is observed near the Fresnel-scale, and similar prominent features
are visible at scale-sizes around +—161 to 10 km, both in accordance with expectations based on plasma instabilities from the
literature (Villain et al., 1986; Ivarsen et al., 2023b; Basu et al., 1990; Mounir et al., 1991; Spicher et al., 2014; Hamza et al.,
2023).

Appendix B: Extended ICEBEAR-CHAIN-Swarm-econjunetionSensitivity of the Fresnel scale and scan velocity to the
phase screen assumptions
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Figure Al. Six simultaneous ground-ground conjunctions between the ICEBEAR radar and observations from the CHAIN ISMR in Rabbit
Lake. Each panel compares the spectral density measurements, the internal structure of the radar point-clouds denoted by a black line and
the spectrum of GPS amplitude fluctuations in red and gray colors. The spectral indices are calculated automatically following Ivarsen et al.

(2019) and are indicated, as is the Fresnel-scale.
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Appendix C:

In Section 2.3, we derived the corrected Fresnel scale Ar (Eq. 3) and the phase-screen scan velocity vy = frpAp, where fr is
the Fresnel frequency derived from the data, and we did so under the assumption of a single, thin irregularity layer at altitude
h =105 km. Because the ICEBEAR echo altitude distribution (Figure 8c) spans roughly 95—4695 to 110 km with an overall
peak near 105 km (Ivarsen et al., 2023c), it is important to quantify how sensitive these derived quantities are to the thin

layerassumption—assumed altitude. We then bound the three remaining assumptions that enter the velocity comparison: the

motion of the pierce point itself, the finite thickness of the scattering layer, and the assumed isotropy of the irregularities.

Table B1 lists the ten conjunction events with the GPS space vehicle (PRN) and elevation angles that enter these bounds.

From Eq. (3), A\p V'h, with the satellite elevation angle 6 entering as a multiplicative factor in the denominator. The

fractional error in A due to an altitude offset Ah from the assumed value hg = 105 km is therefore

OAF Ah
1+ == _1 B1
p \/1+ o ; (B1)

which is independent of 6, and v4 subsequently inherits the same fractional sensitivity. Figure B1 confirms this: panel a) shows

Ar evaluated across the 99—12090 to 120 km altitude range for representative elevation angles, while panel b) shows that
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Figure B1. I@\Il‘?!@l: A as a function of altitude, for representative elevation angles. Panel b): the relative error curves (Eq. B1) for all 6.

the relative error curves for all 6 collapse onto a single curve. A physically significant +5 km deviation from the assumed
altitude introduces a relative error of less than 2.5%, corresponding to a scan-velocity uncertainty of approximately £10 m/s
for a typical observed drift of 500 m/s. This uncertainty is small compared to tupieal-typical values of the E-region ion-acoustic
speed (~400-500400 to 500 m/s). In wavenumber space, a 2.5% shift in A displaces the Fresnel break-point by ~0.01 decades
in k.
al-0: The scan velocity measures the relative motion between the ionospheric pierce point (IPP) and the drifting irregularities,
s0 the motion of the IPP itself enters the comparison with the radar velocities. For a stationary receiver, the IPP velocity at
the shell height scales as the satellite velocity transverse to the line of sight, multiplied by the ratio of the receiver-to-IPP and
receiver-to-satellite distances. The receiver-to-IPP distance is h/sinf, below 120 km for the elevation angles in our sample
300 my/s drifts. comparable to the altitude uncertainty derived above, and an order of magnitude below the separation between
the phase screen drifts and the target motions. The same bound covers the projection geometry: since the IPP motion contributes
The thin-layer approximation assigns all phase perturbation to a single altitude. A finite layer of thickness A/ centred on
hy instead distributes the Fresnel scale across the layer, with the spread given by Eq. (B1) evaluated at the layer edges: for a
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therefore broadens the Fresnel knee and its associated spectral oscillations without displacing the knee centre or altering the
asymptotic slopes, consistent with the weak-scatter treatment in Ivarsen et al. (2026). The weak-scatter approximation itself
requires moderate scintillation (5 below roughly 0.5); in saturated scatter, multiple scattering would flatten the amplitude
spectrum and the slope relations of Section 2.4 would fail.

Finally, Section 2.3 treats the base irregularities as isotropic in the plane transverse to the ray. Strong field-aligned anisotropy
would modify the amplitude of the phase spectrum through a geometry factor and, under oblique propagation, could bias the
inferred drift when the scan direction aligns with the structure elongation. Two observations bound this effect empirically:
the elevation angles in our sample are high (Table Bl), limiting obliquity, and the phase screen drifts agree with the radar
Doppler speeds (Figures 4b and 8b), a measurement that is unaffected by the phase screen geometry. For that agreement to be
an artifact of the geometry, the anisotropy would have to bias drifts near 1000 m/s down by a factor of two, far in excess of any.

elevation-dependent correction at these angles, and land them on the peak of the independently measured Doppler distribution.

Table B1. The ten ICEBEAR and CHAIN conjunction events. All GPS signals were recorded by the CHAIN ISMR at Rabbit Lake; PRN

AR A AR AAAAANAANANAAAANAANANA

denotes the GPS space vehicle, and 6 the median elevation angle during the event.

18 Aug2022 1318:00 6 675"
18Ag2022 132730 6 675"
18 Ag2022 134900 6 675
06May202311:09:30 9 60°
0732023081943 7. 19°
0702023085200 7. 19°
070612023 085400 7. 19°
14012023051252 4 1257
02 Aug2023 130755 6. 65°
Q2Au2023 131720 6 65°
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