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Abstract. In the auroral ionosphere, plasma turbulence acts as an important dissipation mechanism for magnetospheric energy

and the primary cause of radio wave scintillation. Characterizing auroral plasma turbulence across its full spatial extent has

historically been limited by the narrow bandwidths of individual instruments. Our investigation approaches the problem of

obtaining accurate, scale-dependent information using the physics of the Farley-Buneman (FB) instability, a modified two-

stream plasma instability. In this study, we construct a composite spatial powerspectrum of plasma turbulence in the auroral5

electrojets spanning roughly four orders of magnitude in scale (from ∼ 100 km down to ∼ 20 m). This is achieved by com-

bining 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.

Through multi-instrument conjunctions with the European Swarm and Japanese Arase missions, we observe that the clustering

of electrojet turbulence matches the structuring of field-aligned currents, and correlates with magnetospheric electron fluxes.10

Statistical analysis of the composite spectra, as well as a very large database of radar clustering spectra only, reveals a con-

sistently steep decay of spectral power in the auroral electrojets, with the most probable spectral index being near −8/3. The

observations suggest a continuous, scale-invariant cascade that frequently preserves the spatial signature of its magnetospheric

drivers, where we outline a way for Alfvén waves to structure the turbulent E-region. Furthermore, we demonstrate that the

plasma structures guilty of causing GPS scintillations (∼ 270 meters in size) were moving at the ion acoustic speed, implying15
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that those structures were, in fact, FB waves, and we thereby establish an observational basis for low-frequency electrojet tur-

bulence. The method that we present, the composite radar-GNSS spectra, will on both counts offer useful empirical constraints

for future efforts seeking to simulate the “sub-grid” turbulence that complicates the magnetosphere-ionosphere coupling around

aurorae.

1 Introduction20

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 Hall25

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, Cs, 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×B) drift (Farley, 1963; Buneman, 1963).

Inside turbulent regions of the ionosphere, regions that can be several hundred kilometers in size, small-scale fluctuations in30

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 aurora’

(Hultqvist and Egeland, 1964; ?), the clear signature of aurorae, shown solely through the plasma turbulence that they create.35

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

(Krämer 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 inspected40

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.45

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-
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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 on50

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 spectrum around diffuse auroras and find that the composite

spectrum of plasma turbulence matches signatures in the field-aligned currents (FAC) inside the aurorae, consistent with recent

discoveries, and we find that spectral steepness correlates with observations of particle precipitation from the magnetosphere.55

Surprisingly, we observe that the composite spectrum of plasma turbulence near aurorae seem universally steep, and dissipative,

with spectral indices that only approach inertial values on scale-sizes that are limited.

In what follows, in Section 2 we shall describe the two methods, and provide some details on spectral density interpre-

tation 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 four years of radar data. In Section 4, we discuss the implications of our60

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 Ionospheric

Continuous-wave E-region Bistatic Experimental Auroral Radar (ICEBEAR) (Ivarsen et al., 2023a) and GPS signal analysis65

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.

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.70

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).75

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 two-point correlation function, ξ(r),

n2[1+ ξ(r)] = ⟨ρ(x)ρ(x+ r)⟩, (1)
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where n is the average number density of echoes in a given volume, and ρ(x) is the number density of echoes at location x,

and r is a distance away from x, and in Figure 2c) we show ξ(r) calculated for the cluster shown in Figure 2b). The method80

yields spatial power spectra P (k) through a Hankel transform, (Ivarsen et al., 2016; Baddour, 2011)

P (k) =

∞∫

0

ξ(r)J0(kr) rdr, (2)

where J0(kr) are zeroth order Bessel functions of the first kind. Such power spectra yield spectral information roughly between

the scale-sizes 750 m and ∼ 105 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)85

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 to90

automatically identify dense clusters of radar echoes, before it quantifies the spatial trajectories of such clusters. This yields

the actual E×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,95

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].

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 transatory100

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.105

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.,
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Figure 1. Panels a–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 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).

2009). The ISMR in Rabbit Lake is a Septentrio PolaRxS, (Bougard et al., 2011) capable of recording the raw phase and110

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; Spogli115

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 fF 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
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“knee” in the ionosphere-free linear combination (IFLC) spectrum, (Song et al., 2025), shown with a blue line in Figure 2d).120

We then estimate the average drift velocity vd of the irregular structures in the region where they originate (Forte and Radicella,

2002; Spogli et al., 2021) , using vd = fFλF , where λF is the corrected Fresnel scale (Ghidoni et al., 2025),

λF =

√
2λGPSh

sin3/2 θ
, (3)

where λGPS ≈ 20 cm is the wavelength of the GPS signal, θ is the GPS satellite elevation angle, and h is the altitude of

the irregularity layer, here assumed to be around h= 105 km (see Appendix C for a sensitivity analysis of this assumption).125

The expression for λF takes into account the oblique incidence observational geometry, for which the distance between the

antenna and the irregularity layer becomes hsinθ. We estimate the irregularity velocity under the approximation of a single,

thin layer. 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 λF

itself, effectively treating the base irregularities as isotropic. The velocity measured with this method yields an estimate of the130

relative velocity between the satellite pierce-point and the ionospheric irregularities, often referred to as “scan velocity”. (Yeh

and Liu, 1982)

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 the135

spectrum of “echo clustering” of co-located irregular structures seen by radar.

The two spectra, one from radar and one from GNSS, are then simply spliced (see Figure A1 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.140

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×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 9 below).145

Those speeds were, in turn, far smaller than the bulk of the target speeds in the region. The most plausible interpretation of

this unexpected 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

is no law to state that Farley-Buneman waves cannot exist at 270 m, although the growth rate from ion inertial has to exceed

that from the gradient-drift instability. This would only be expected for very strong electric fields (or for geometries in which150

the ambient density gradients are perpendicular to the ambient electric field, which is not very likely).
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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 c) 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 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. 7
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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-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 km155

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 ionospheric plasma.

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.,

2014), meaning that the spectra are categorized with equations of the type160

P (k)∝ k−α, (4)

where P (k) is the power spectral density, k denotes wavenumber (k = 2π/L, L being spatial scale), and α 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). α 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 be165

broken into segments, with typical ‘break-points’ occurring on spatial scales between 1 km – 5 km (Villain et al., 1986; Ivarsen

et al., 2024e, 2023b) and between 30 m – 300 m (Basu et al., 1990; Mounir et al., 1991; Spicher et al., 2014; Hamza et al.,

2023), in clear agreement with Figure 2e).

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 through170

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).

Another view posits that measured spectral density is produced by the dimensionality constraints that are placed on the

system, in which the emergence of ordered dissipative structures are as much a consequence and a source of chaos, (Marov175

and Kolesnichenko, 2013) and where spectral shape is dictated by self-organized criticality, (Marek and Schreiber, 2022) from

which all the structure of the universe can presumptively be deduced.

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 event180

(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 (ρ= 0.94) between the rate of detected
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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 c) 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 ρ= 0.94). Panel f) shows the composite radar-GNSS spectrum, with

spectral index calculations indicated. Inset Panel f) shows the overall spectral index fitted to the composite spectrum (black dashed line),

compared to a theoretical kinetic Alfvén value of -8/3 (red dashed line).
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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 essentially185

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 A1a–c for190

the three composite radar-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–

09:05 UT, with the tracked ICEBEAR echo cluster motions shown with arrows demonstrating the fast and dynamic appearance

of radar aurorae; the tracked echo motions – the result of 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 observations195

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×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 400-600 m/s200

(Foster and Erickson, 2000; Oppenheim and Dimant, 2013; Chau and St.-Maurice, 2016).

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 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 with205

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 greater than the GPS phase drifts

Following Ivarsen et al. (2023a) and Ivarsen et al. (2024a), we next Fourier analyze the Swarm 50 Hz magnetic field fluctu-

ations transformed into a mean-field-aligned coordinate system, yielding information on the field-aligned current structuring,

or, alternatively, current filamentation (Park et al., 2017; Ivarsen et al., 2020). The quantity is analogous to the structuring of210

magnetic field-tubes in the plane perpendicular to the geomagnetic field. As the satellites orbit through the topside (F-region)

ionosphere with a velocity of vs = 7.62 km/s, we apply Taylor’s “frozen-in” assumption (Fredricks and Coroniti, 1976) to

convert the temporal FAC powerspectra to spatial k-spectra. These are superposed on the composite radar-GNSS spectra in

Figure 5c), showing good agreement on a wide range of spatial scales between 105 m and 750 m (below 750 m, the Swarm

spectra drop off, indicating an effective Nyquist frequency of 12.5 Hz for the Swarm magnetic field instrument). See Section B215

in the Appendix for details of this triple conjunction.

We normalize the power amplitude between the various instruments 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,
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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 c) 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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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 spectrum for the five-minute interval starting

at 11:06 UT on 6 May 2023 (Black line). The normalized spectrum of eastward magnetic fluctuations measured by Swarm C is shown with

a green line. A five-component piecewise log-log linear fit is shown above the spectra (solid red line) while a single-slope fit is shown below

the spectrum (dashed red line). Spectral indices and breakpoints are indicated in red and black lettering respectively. Panel d) superposes

the meridional electric field component (black) with the eastward magnetic residual (red, right axis), panel e) shows the observed difference

in magnetic residual field by Swarm A and C (shifted using a cross-correlation analysis), and panels f) and g) show the Pearson correlation

and an impedance spectrogram respectively, both within running 16-s windows, and the latter in accordance with the decoherence masking

method due to Pakhotin et al. (2018). See Figure B1 in the Appendix for additional details.
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Figure 6. A triple conjunction between ICEBEAR, CHAIN and Swarm A, during a period more limited than that of Figure B1 Panel a) shows

locations in geospace whereas panels b) and c) show the composite radar-GNSS spectrum. See Figure B1 in the Appendix A.

2009), with details described in, e.g., Ivarsen et al. (2019) and Ivarsen et al. (2021). For the overlapping scale-sizes between

750 m and 3000 m, the spectral shapes are observed to match surprisingly well. The exponent of the fitted power laws, referred220

to as spectral index, tracks energy dissipation (Ivarsen et al., 2019), and we observe in Figure 5c) that the shape-wise agreement

between the F-region FAC spectrum and the E-region radar-GNSS is excellent, echoing recent conjunctions of a similar nature

(Ivarsen et al., 2023a, b, 2024a), and consistent with the filamentary nature of the field-aligned currents observed around diffuse

aurorae (Gillies et al., 2015).

Meanwhile, using a Swarm-based electromagnetic wave impedance analysis due to Pakhotin et al. (2018), Figure 5d–g)225

demonstrates a clear Alfvénic signature at Swarm altitude. We deduce this from the, at times, strong (> 0.9) correlation in the

transverse E-M components (Figure 5f) and the, at times, flat impedance spectra (Figure 5g). We therefore ascertain that Alfvén

waves were actively threading the flux tubes connected to the E-region radar echoes. Seen together with (i) the overall spectral

indices in Figure 5c) being close to the kinetic-Alfvén value of -8/3 (Boldyrev and Perez, 2012; David and Galtier, 2019), and

(ii) the spectral shape of the composite radar-GNSS spectrum matches filaments in the aurorae very well (Figure 5c), we point230

to the likely Alfvénic origin for the echo point-cloud shapes.

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 observed235

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–CHAIN conjunctions took place. What follows is an analysis of the

detected, in-situ electron flux observed by Arase during that conjunction, compared to the spectral density observations by our

ground-based instruments.240

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.
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Figure 7. 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 c) 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-

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-e) 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 8. 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 α1 from ICEBEAR

(before the possibly noisy fall-off near 1 km), with α1 from the CHAIN GNSS spectra. Some 100 ICEBEAR spectra observed during the

interval 13:02 UT–13:19 UT are binned in one-minute bins, and are shown with black circles (with errorbars denoting the variability inside

each bin) and α1 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 correlation

with the spectral timeseries; ’ρ’ indicates Pearson correlation at zero lag (see Figure 7 for details of the Arase conjunction).

15

https://doi.org/10.5194/egusphere-2026-2344
Preprint. Discussion started: 21 May 2026
c© Author(s) 2026. CC BY 4.0 License.



The satellite’s magnetospheric location and ionospheric footprint during the conjunction are shown in Figure 7a–c), and we use

the Tsy04 model for tracing the location of the satellite along Earth’s field-lines (Tsyganenko and Sitnov, 2005). The satellite245

was located some 19◦ raised above magnetospheric equator, while observing a considerable flux of electrons with low pitch

angles. Figure 7e) 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 7c). 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 characteristic250

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 7f) we compare the estimated density profile (green line) with the measured altitude distribution of the

observed radar echoes (red distribution).255

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 7d)

plots the composite ICEBEAR-CHAIN spectrum for the entire interval.

Figure 8 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 interval260

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

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,265

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 7g) 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-e instrument (red line in Figure 7g).

So far, we have shown the case for the spectral density comparisons (Figures 5c and 7g) where the observed spectra are

consistently steep, for all wavenumbers except for prominent transitions near 5 km and near the Fresnel-scale around 270 m.270

Based on Figure B1 as well, we ascertain, with some confidence, that these observed structures are contained within filamentary

field-aligned currents that are carried by the precipitating particles.(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. That is to say, the overall steepness of the spectra that we have just discussed have been routinely found when filamentary

FAC are present. To be specific, the inferences made from the 10 ICEBEAR CHAIN conjunctions are backed in Figure 9a) by275

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)]. In Figure 9a), this distribution is shown with a dark red line, and its shape and mode (peak)
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agree with the foregoing, namely, we observe a consistently steep spectral shape with the most probable spectral index being

close to -8/3.

Thus, Figure 9 clearly demonstrates a consistent tendency for a value around −8/3 as the most probable measurement280

value overall, and a relatively narrow spread around that value. The echo altitude distribution is also shown for the 10 events

in Figure 9d) 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 9b). As discussed above

the only reasonable explanation for 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. This important observation confirms that the285

GPS scintillations not only took place in the E-region, a notion supported by recent statistical studies (Blinstrubas et al., 2025),

but that they were also caused by long-wavelength (270 m) Farley-Buneman turbulence.

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. The290

second prominent result is the seemingly universally steep 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 extracted295

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×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.-Maurice300

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×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 would305

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, in fact, 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
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Figure 9. Panel a) compares the ICEBEAR-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 c) 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-CHAIN spectra (solid black line), with a linear log-log fit (black dashed line) and a -8/3-slope (red dashed line) indicated.
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at 270 m than at 2.7 m. That is to say, the growth rates are given by Ck2(V d2 −C2
s ) where C is a well-known constant, Vd310

is the relative drift between ions and electrons (basically E/B at those altitudes) and Cs 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 couple315

of hundred meters, particularly when the electric fields are strong. This being stated, ? 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.

Still, the fact, that the FB waves are observed to move at the ion-acoustic speed, requires a comment in view of seeing320

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 structures325

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.330

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 electric335

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 the340

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
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the electrostatic fields and dissipate the waves while heating the electrons (Maynard et al., 1973; Vickrey and Kelley, 1982;345

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

a result, 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.350

4.2 Universally steep power spectra in filamentary FAC regions

Every time we had FAC data from satellites, the steep spectral slopes with indices of about -8/3 were observed in diffuse auroral

regions and intense filamentary FAC structures. This is not surprising, since current filaments are associated with Alfvén waves,

and the mode of the spectral slopes (not its spread) confirm this fact. We need to stress that not all the events were associated

with slopes and with FAC filaments, which is consistent with a minority of cases for which the spectral slope was clearly not355

so steep (as seen with minor but real deviations from the overall statistics in Figures 9a and 8c above). The fact remains that

a vast majority of cases were associated with filamentary FAC and Alfvén waves. This underscores an important fact: while

not quite all spectra had a -8/3 spectral index, when they did, the spectral slope extended to all scales available to our scrutiny,

down to 20 m.

We already know that Alfvén waves were involved in the observed filamentary parallel current regions (Figure B1), and the360

associated power spectrum has a -8/3 spectral power index. This wave spectrum has been associated with kinetic magneto-

hydrodynamic (MHD) turbulence, in particular kinetic Alfvén waves (KAWs), (Boldyrev and Perez, 2012; Chen et al., 2013;

Galtier and Meyrand, 2015; David and Galtier, 2019). Those waves are generated in the warm magnetospheric plasma. They

propagate into the cold collisional ionosphere, where they transition into inertial or dispersive Alfvén waves, in the process,

preserving the spatial scaling of the driver. The waves are reflected back or are absorbed by the plasma. This modulates the365

local electric field. As we have reported here, in the E-region, these structured electric fields instantly trigger turbulent dissipa-

tion, notably through the Gradient-Drift Instability (GDI) and the FB. The question to ask is: how is it that in spite of the clear

presence of abundant FB waves (as observed by ICEBEAR) the spectrum keeps a distinct -8/3 Alfvén wave signature for all

scales available to our scrutiny, that is, down to at least 20 m, long past the 270 m mark where FB waves are evidently causing

the structure?370

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 limited375

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
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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).380

The other knee at 200-300 m seems to be associated with the Fresnel size of structures seen near 102 km. We found,

unexpectedly, that those waves are FB waves in spite of their large size,i.e., of their weak linear growth rates. However, since

the growth rate may be linked to nonlinear “inverse cascading", it is tempting to assume that this match between the knee and

the Fresnel FB 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 effect385

favouring Fresnel-scale energy injection events.

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 growth390

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),

A final aspect to keep in mind is that FB waves are very efficient at extracting energy from Hall currents and giving it back to395

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).

We arrive at the conclusion that powerful Alfvén waves transfer an unusual amount of their energy to FB waves by creating400

larger FB structures (which always have more energy than smaller structures) and by creating a number of such structures

that increases proportionally to the electric field imposed by Alfvén waves, and, more generally, ULF waves [see Shen et al.

(2024); Ivarsen et al. (2025a), as well as the present study’s own companion paper]. As a result of this increase in dissipation

rate through unstable transient ionospheric structures, the Alfvén wave spectrum is able to keep its -8/3 spectral index. In other

words, the ionospheric structures are in lock-step with the Alfvén wave spectrum.405

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 across four orders of

magnitude in scale-size. We suggest here that incoming Alfvén waves are modulating the local electric field, on all scale-sizes,

akin to the argument constructed by Ivarsen et al. (2024a). The “pre-structured” injections drive instabilities, and the fastest

evolving instabilities (FB waves) are used to maximize the energy extraction from Alfvén waves. The bursty nature of the FB410

structures actually helps maximize the rate of energy extraction and transfer it to the ambient gas.

The notion that Alfvén waves are directly structuring the E-region yields immediate explanatory power for the magnetosphere-

ionosphere coupling. The coupled system would evolve toward a state of maximum energy dissipation, governed by Alfvénic
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impedance matching and wave reflection: Particle precipitation that fails to reach the altitude with the lowest instability thresh-

old (St-Maurice et al., 2023) may cause impedance mismatch for the incoming Alfvén waves, causing Alfvénic power to be415

reflected rather than dissipated. Consequently, the coupled system selectively sustains, and favours, precipitating electrons

whose emission profile peak at altitudes around 105 km where the FB instability threshold is lowest, offering a thermodynamic

explanation for the preferred altitude of pulsating auroras (Hosokawa and Ogawa, 2015; Partamies et al., 2017; Dahlgren et al.,

2017; Kawamura et al., 2020; Tesema et al., 2020; Nishimura et al., 2020). What is more, non-linear wave heating in the

upper part of the unstable layer suppresses dissociative recombination rates (∝ T
−1/2
e , Schlegel, 1988). It may even be that420

the subsequent net increase in conductance may provide a significant contribution to the problem of the “saturating polar cap

potential” (see, e.g., Siscoe et al., 2004). In this regard, Section B presents observations from Swarm that indicate the satellite

in fact observed Alfvén waves that were absorbed without reflection, which is, incidentally, the most efficient way to dissipate

electromagnetic energy in our atmosphere.

We further speculate that the consistently steep −8/3 can be described in terms of a self-organized criticality, in which the425

dissipation performed via Alfvén waves is locked or saturated against FB waves. This eventuality needs further scrutiny, and,

in a companion paper, we follow the notion to a logical conclusion, through the lens of the renormalization group, a device

intimately suitable for the topic of space weather model “sub-grid” parameterization.

5 Conclusion

Using a novel measurement technique, we have resolved the power spectral density of the E-region ionosphere across four430

orders of magnitude in spatial scale. We found that in filamentary upward field-aligned current regions, the auroral plasma

preserves the structure of its magnetospheric driver, exhibiting the characteristic k−8/3 scaling of kinetic Alfvén turbulence.

We also found that the 270 m structures associated with Fresnel scales in GPS scintillations were drifting at the ion-acoustic

speed. This was made very clear; for our samples, the GPS-inferred drift not only matched the expected value for the ion-

acoustic speed, but it was also much smaller than the plasma E×B drift inferred from the ICEBEAR target motions in the same435

region (see Figures 4b and 9b). This means that the 270 m structures (which matched the position of a knee structure in the

overall spectrum) were actually Farley-Buneman waves, just like the much smaller scale 3-m waves detected by the ICEBEAR

radar. Since the FB growth rate at 270 m should be very small, this observation came as a surprise. The observation seems,

however, to confirm results from numerical simulations that found that large scale FB waves were excited nonlinearly through

an inverse cascade (?). The presence of such large-scale FB waves means that there can be far more energy dissipated by FB440

waves than if only less than 10-m structures 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 currents445

that offer a closing of the magnetosphere-ionosphere current system, with attendant Joule heating and preciptiating particle
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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 the450

march towards new important insights by advancing our understanding of auroral plasma turbulence, with the new extraction

of the composite radar–GNSS power spectrum.
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Appendix: Geospace conjunction studies

This Appendix supports the findings presented in the main text, by providing technical, theoretical, and observational details

concerning the many multi-instrumental conjunctions that we analyze.455

The Appendix is organized as follows. Section A (Figure A1) describes the core dataset used in the Main Paper, namely

the ten ground-ground conjunctions between the experimental VHF radar ICEBEAR and the Rabbit Lake GPS receiver in

the CHAIN network of ionospheric scintillation monitoring receivers (ISMRs). Section B (Figure B1) describes an extended

space-ground-ground conjunction between ICEBEAR, CHAIN, and two European Swarm satellites.

Appendix A: Ten ICEBEAR-CHAIN conjunctions460

Figure A1 showcases six simultaneous ICEBEAR-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 m465

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 1–10 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).470
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Figure A1. 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 B: Extended ICEBEAR-CHAIN-Swarm conjunction

We shall describe two successive space-ground-ground conjunctions that offer a clear, physical interpretation of the composite

spectra. Figure B1 details two triple conjunctions between ICEBEAR, CHAIN, and the European Space Agency’s Swarm mission

(Friis-Christensen et al., 2006; Wood et al., 2022), consisting of three polar orbiting satellites (inclination 87◦, altitude ∼
450 km, and orbital period of 90 minutes).475

The conjunctions, with their geospatial coordinates detailed in Figure B1c), exhibited very strong magnetic fluctuations

perpendicular to Earth’s magnetic field, produced by field-aligned currents, and what follows is a treatment of the structure, or

filamentation, of those currents.

Following Ivarsen et al. (2023a) and Ivarsen et al. (2024a), we Fourier analyze the Swarm 50 Hz magnetic field fluctuations

transformed into a mean-field-aligned coordinate system (Park et al., 2017; Ivarsen et al., 2020), and this Fourier analysis yields480

information on electrical current filamentation, the degree to which the observed currents are non-laminar, or anomalous. The

quantity is analogous to the structuring of magnetic field-tubes in the plane perpendicular to the geomagnetic field. Figure B1a,

f) detail the observed magnitude of the perpendicular magnetic fluctuations, with the distribution of simultaneously observed

ICEBEAR echoes superposed with a red line.

As the Swarm satellites orbit through the topside (F-region) ionosphere with a velocity of vs = 7.62 km/s, we apply Taylor’s485

“frozen-in”-hypothesis to convert the temporal powerspectra to k-spectra. These are superposed on the ICEBEAR echo clus-

tering spectra in Figure B1b, g), showing reasonable agreement on a wide range of spatial scales, that is, between 105 m and

750 m. We again note a good shape-wise agreement between the radar clustering spectra and the observed field-aligned current

structures (filaments), echoing recent studies (Ivarsen et al., 2023a, 2024a). The implications are that the spatial characteristics

of turbulence in the E-region are contained, communicated, or embedded, by filaments in the field-aligned currents.490

In Figure B1d, e), we compare the ICEBEAR and GPS spectra, for which the simultaneous conjunction took place between

the two satellites’ orbit, and which again exhibit excellent shape-wise agreement down to individual spectral features around

1 kilometer (inset panel e).
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Figure B1. Two space-ground-ground conjunctions, and one ground-ground-conjunction, between ICEBEAR, a CHAIN ISMR, and the Swarm

A and C satellites, on 6 May 2023. Panel b) shows the spatial distribution of echoes (black point-cloud), with the Swarm satellite orbits (blue

lines) and GPS pierce-point (red circle) superposed. Panels a) and f) show the magnitude of the perpendicular magnetic fluctuations observed

by the Swarm satellites (black line and blue colorscale), with the latitudinal distribution of ICEBEAR echoes superposed in red. Panels

b,d,e, and g) show various composite powerspectra, with ICEBEAR clustering spectra (black), compared to CHAIN k-spectra (red, gray) and

field-aligned current structuring spectra (blue) measured by Swarm. Panel e) shows an enlarged portion of the composite ICEBEAR-CHAIN

spectrum in panel d).
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Appendix C: Sensitivity of the Fresnel scale and scan velocity to the assumed irregularity altitude

In Section 2.3, we derived the corrected Fresnel scale λF (Eq. 3) and the phase-screen scan velocity vd = fFλF , where fF is495

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 9c) spans roughly 95–110 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 layer assumption.

From Eq. (3), λF ∝
√
h, with the satellite elevation angle θ entering as a multiplicative factor in the denominator. The

fractional error in λF due to an altitude offset ∆h from the assumed value h0 = 105 km is therefore500

δλF

λF
=

√
1+

∆h

h0
− 1, (C1)

which is independent of θ, and vd subsequently inherits the same fractional sensitivity. Figure C1 confirms this: panel a)

shows λF evaluated across the 90–120 km altitude range for representative elevation angles, while panel b) shows that the

relative error curves for all θ 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 a505

typical observed drift of 500 m/s. This uncertainty is small compared to tupical values of the E-region ion-acoustic speed

(∼400–500 m/s). In wavenumber space, a 2.5% shift in λF displaces the Fresnel break-point by ∼0.01 decades in k.

Figure C1. Panel a): λF as a function of altitude, for representative elevation angles. Panel b): the relative error curves (Eq. C1) for all θ.
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