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In data mining, density-based clustering, which entails classifying datapoints according to their distributions
in some space, is an essential method to extract information from large datasets. With the advent of software-
based radio, ionospheric radars are capable of producing unprecedentedly large datasets of plasma turbulence
backscatter observations, and new automatic techniques are needed to sift through them. We present an algorithm
to automatically identify and track clusters of radar echoes through time, using dbscan, a celebrated density-
based clustering method for noisy point clouds. We demonstrate our algorithm’s efficiency by tracking turbulent
structures in the E-region ionosphere, the so-called radar aurora. Through conjugate auroral imagery, as well as
in situ satellite observations, we demonstrate that the observed turbulent structures generally track the motion of
auroras. What is more, the radar aurora bulk motions exhibit key qualities of auroral electric field enhancements
that have previously been observed with various instruments. We present preliminary statistical results using our
method, and briefly discuss the method’s limitations and potential future adaptations.
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I. INTRODUCTION

In the practice of data mining, “data clustering” attempts
to segment a dataset into groups or classes that share com-
mon traits and characteristics. These characteristics are not
immediately discernible in individual datapoints, and their
association (but not the cause of their association) can be
revealed by clustering [1]. Density-based clustering, in turn,
achieves this goal by classifying datapoints based on their
density inside a space defined by two or more variables, a
point cloud. In the present study, we apply density-based
clustering to interferometry radar data in the field of iono-
spheric research, an endeavor that will enable key insights into
ionospheric physics.

With recent advances in radar and lidar (optical radar)
technologies, spatial point clouds are becoming increasingly
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common. For example, self-driving cars rely on real-time
obstacle detection using lidar scans, in which fast and accurate
point-cloud clustering is vital [2,3]. Lidar mounted on aircraft
is frequently used in geographic surveying [4] and for discov-
ering future archaeological sites [5]. In the survey of Earth’s
space environment, the ICEBEAR 3D radar represents a recent
advancement in radar technology that is capable of producing
3D point clouds of plasma turbulence echoes in the lower
ionosphere [6]. In a recent paper [7], it was demonstrated that
such echoes tend to be organized in tight clusters, and the
degree of clustering is directly reflecting the filamentation of
geomagnetic currents in the ionosphere [8,9].

Unlike conventional radar and lidar imaging, in which
the subject is a tangible man-made or natural object, iono-
spheric radar images are produced by turbulent, or stochastic,
processes [10]. Measurements of stochastic processes are un-
predictable and must in general be understood in terms of
statistical representation, which is usually obtained through
Fourier analysis [11]. The turbulent shapes that are imaged
by the ICEBEAR radar are thus viable at any time to bifurcate,
merge, dissipate, and grow, making efficient tracking of their
bulk motion a challenging endeavor.

Plasma turbulence in the E region

The ionosphere, a partially ionized layer of gas existing in
Earth’s atmosphere at altitudes above ~90 km, can at times
be highly turbulent, with large portions of the ionosphere’s
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plasma exhibiting chaotic fluid properties [12]. Collectively
and ultimately, the turbulence serves to dissipate the energy
imparted to Earth from the solar wind during geomagnetic
storms. Field-aligned currents and precipitating particles pass
electric fields that stir the plasma, which, together with the
interplanetary magnetic field, create a gigantic convection
pattern that covers Earth’s high-latitude regions [13,14], as
well as direct large amounts of electromagnetic energy into
the atmosphere [15]. The ionosphere’s conductivity, its ability
to support electrical currents, is central to how these processes
unfold, and small-scale turbulence in the ionosphere can cause
stochastic changes to this conductivity [16,17].

At high latitudes, on Earth’s night side, the particles that
precipitate into the atmosphere eventually collide with neutral
gas particles, whereby they excite light emissions, creating
the aurora [18]. The aurora, appearing to observers on the
ground as elongated curtains of shifting, or dancing, light, is
accompanied by a conspicuous radio signature in the bottom-
side (E-region) ionosphere, the radar aurora [19]. Radars,
when pointed in the direction perpendicular to Earth’s mag-
netic field lines, can detect an echo of their outgoing signal,
echoes that are produced when that signal is scattered off of
sharp density gradients in the plasma. With a 50 MHz radar
signal, such sharp gradients are 3-meter waves produced by
the Farley-Buneman (FB) instability, a modified two-stream
instability mechanism [20,21].

The growth of FB waves in the E region depends on the
electric field being sufficiently strong [22]. Part of the trans-
mitted radio signals is then subject to Bragg-like scattering,
allowing for an echo detection by the radar receiver, if the
relative fluctuation level in the plasma density irregularity that
caused the scattering is sufficiently high [23]. In addition, as
alluded to, FB waves mostly grow in directions perpendicular
to Earth’s magnetic field [22,24]. The ICEBEAR radar, located
in Saskatchewan, Canada, beams its signal toward the hori-
zon. Here, given regions of favorable conditions, a continuous
distribution of FB turbulence will produce a 3D point cloud
every second. These echo point clouds are frequently observed
to cluster around auroral arcs [25,26], a crucial observation
that is valid for the radar aurora in general [27-29]. Since
the aurora is an emergent phenomenon that arises through the
interaction between the ionosphere, Earth’s magnetosphere,
and the solar wind [30], we can, a priori infer some key
characteristics of the behavior of echo clusters: their motion
must be governed by magnetospheric processes, often arising
from the complex interplay between Alfvénic and quasistatic
considerations [31].

In the present study, we describe a set of methods adapted
from the flourishing field of data mining that we applied
to automatically detect and track dense clusters of coherent
backscatter echoes in the ICEBEAR 3D dataset. The ICEBEAR
radar routinely detects multitudes of echoes in excess of 10*
per minute, each of which is associated with a 3D spatial
location. As aluded to, the E-region turbulence regions fre-
quently form, bifurcate, break up, and reappear, all the while
exhibiting some form of motion in the plane perpendicular
to Earth’s field lines. This motion is complicated and com-
posite, and must be described as apparent by an observer on
Earth. However, as we demonstrate in a related publication,
[32], a clear tendency to follow the motion of electric field

enhancements is discernible in the trajectories of ICEBEAR
echo clusters. The present paper is a method paper whose
intent is to explain, elucidate, and discuss the process of ex-
tracting spatial tracks made by distinct echo clusters, as well
as to demonstrate a clear and unambiguous tendency in those
tracks to follow the motion of auroral arcs.

II. METHODOLOGY AND DATA

As already mentioned, our dataset consists of E-region
radio echoes from 3-meter-size irregularities produced by
the FB instability, as detected by the ICEBEAR (Ionospheric
Continuous-wave E-region Bistatic Experimental Auroral
Radar), a 49.5 MHz coherent scatter radar in Saskatchewan,
Canada [33]. The ICEBEAR 3D dataset is the result of a
reconfiguration performed so that echo locations can be de-
termined with a higher spatial and temporal resolution [6].
In this reconfiguration, the data processing chain produces a
full field-of-view radio image for every range-Doppler time
bin, thereby handling some 200 000 such images per second.
In each image, a single target radar echo is identified by a
single peak in the brightness distribution, at which point its
location in latitude, longitude, and altitude is determined from
its bearing and heading. This is in addition to the target echo’s
spectral properties, particularly its Doppler shift.

The present work has been motivated by recent results
showing that ICEBEAR 3D echoes appear to cluster tightly in
the plane perpendicular to Earth’s magnetic field lines [7].
Building on this, we have applied the dbscan algorithm to
automatically detect clusters in two-dimensional point clouds
[34,35]. In implementing the methods, we have tracked clus-
ters through time with a rudimentary test of similarity from
one time step to the next. We sort the data into time in-
tervals of 3 seconds, with a 1-second cadence. Based on
this approach, we were able to systematically identify and
track turbulent regions as they appeared in the radar field of
view.

The unsupervised learning algorithm dbscan assigns
points to groups, or clusters, essentially by requiring that the
kth nearest neighbor of a point be less than a distance € away
from that point [34,36]. Points for which this distance is above
€ are considered noise or outliers, and do not belong to any
cluster. The threshold distance € is determined by a so-called
k-distance plot, which simply sorts the kth nearest neighbor
distance metric for each point. The kink or elbow of this
curve, where the kth nearest neighbor distance metric flattens
to a plateau, identifies the characteristic noise threshold e
for a particular point cloud. Examples of this procedure are
shown in Fig. 1, where the left column shows ICEBEAR 3D
point clouds, the middle column shows the kth distance plot
associated with each cloud, and the right column shows the
resulting clusters that were identified.

In the middle column of Fig. 1, we observe that the noise
threshold ¢ takes on various values, based on the natural ten-
dency for points to cluster in separate point clouds. Based on
extensive testing, we limited the value of € to be between 3 km
and 200 km, and we took the average value of ¢ determined
within a 6-second running window to determine the transition
to a plateau. In the right column of Fig. 1, we illustrate how,
based on our selection criteria, the dbscan algorithm has
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FIG. 1. Examples of the echo point-cloud clustering categorization using the dbscan algorithm. Leftmost column: The raw echo locations.
Middle column: k-distance plot for all the echoes (with £ = 100th nearest neighbor). A solid red line gives a piecewise linear fit, while a dashed
red line shows the determined threshold distance €. Right column: Displayed and labeled clusters that were identified. The labels attached to

clusters in panels (c), (f), and (i) do not carry over to other panels.

identified two clusters in each point cloud (black data), with a
smaller number of nonclustered points (green data).

The red “bounding boxes” that enclose each cluster of
echoes is then used to track echo clusters through time, by
requiring that the bounding box size and location of a partic-
ular cluster must be reasonably similar to a cluster identified
at the previous time step. The bounding box similarity test

consists of minimizing three distance metrics: (1) the longitu-
dinal extent of the bounding box, (2) the latitudinal extent of
the bounding box, and (3) the median echo location inside the
bounding box. Two consecutive populations that minimize the
difference in each of the three distance metrics are determined
to be the same population if the metrics are all smaller than
a predefined distance D. For the purpose of identifying and
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tracking large echo populations through time we have found,
through extensive testing, that the procedure favors an abnor-
mally high D (e.g., D = 80 km), as well as a relatively high &
(e.g., k = 100). This ensures that echo populations that grow
or shrink drastically will still be successfully tracked through
time, and echo clusters that consist of very few echoes will
be ignored. On the other hand, to accurately determine bulk
velocities (which is the main focus of the results of the present
paper) the procedure favors relatively low-valued parameters
(e.g., D = 8 km and k = 20). As we shall demonstrate in the
two next sections, this scheme will produce a high number of
tracks whose average motion will accurately quantify the bulk
motion of the radar aurora.

The final products in this process are the tracks traced out
by each cluster as it moves through space. In Fig. 2 we show
two such tracks as solid blue lines. We fit a linear polyno-
mial to the longitudinal and latitudinal positions (dashed blue
lines). The coefficient, or slope, in these fits comprises the
eastward and poleward bulk velocity, respectively, and the
95th-percentile (3 o) confidence intervals of those fits readily
provide error bars to the bulk velocity estimates. Individual
clusters (such as those identified in Fig. 1) all produce spatial
tracks, and the minutiae of those tracks represent each clus-
ter’s spatiotemporal evolution. In the next section we shall
present extensive results of such bulk motion determination.

III. RESULTS

Figure 3 shows four echo cluster time histories, where we
plot four equally spaced frames in the life of four selected
clusters that were identified on 1 March and 25 August, in
2021, all observed pre-midnight magnetic local time. We dis-
play the auroral images (in the green channel) as contour lines
of constant emission intensity, with green arrows showing the
result of applying the Horn-Schunk optical flow algorithm
to the images [37]. The four clusters exhibit bulk motions,
and the spatial tracks (solid blue lines) are well approximated
by the linear polynomial fits (dashed blue lines), with the no-
table exception of the bottom row [panels (m)—(p)], which we
will discuss in the next paragraph. All the clusters of echoes
are seen in close association with the spatial distribution of
auroral emissions, in accordance with existing observations
of auroral turbulence [25,26,28]. Likewise, for all the clus-
ters in Fig. 3, the direction of the straight, dashed blue lines
points in the overall direction of the aurora. The distribution
of specific Doppler shifts, indicated by the color of the echo
point clouds, follow the distribution of auroral emissions,
with distinct yellow regions (fast Doppler speeds) appearing
close to auroral emissions, where the electric field is expected
to be maximized [38]. The Doppler speeds of radar echoes
in the E region are expected to correlate with the F-region
drifts” convection electric field, but are limited in magnitude
by instability physics [39—41], a topic that we will discuss in
the next section.

The first and last row of Fig. 3 correspond to the two
tracks on display in Fig. 2, showing how echo clusters can
drift in a clear and coherent way [Figs. 3(a)-3(d)] or drift
hither and thither [Figs. 3(m)-3(p)], while still tracing out
a spatial track that clearly follows the motion of an auroral
form. In terms of ionospheric electrodynamics surrounding
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FIG. 2. Two example echo cluster tracks (solid blue lines) and
their corresponding linear polynomial fits (dashed blue lines). The
linear coefficient (vg, vy) is displayed for both clusters, with the
95th-percentile (3 o) confidence interval for each fit denoting the
error margin.

auroral arcs, we offer the following explanation. In the case
of the former, Figs. 3(a)-3(d), the echo cluster and the auroral
form both follow an ambient ionospheric drift, which at that
time and location (evening auroral oval) pointed in the south-
western direction. In the case of the latter, Figs. 3(m)-3(p),
we likewise observe an auroral arc that is embedded into an
ambient, convection electric field, but this time the auroral
arc is unusually intense, producing a local electric field that
is strong and variable, effectively overriding the ambient field
(see, e.g., Fig. 7in [42], Fig. 5 in [43], Fig. 7 in [44], and Fig. 3
in [45]). This explanation makes sense if the ICEBEAR echo
clusters, which are excited by a strong perpendicular electric
field [22], follow the motion of electric field source regions.
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FIG. 3. Detailed spatiotemporal evolution of four ICEBEAR echo clusters (red-yellow-white point clouds; color scale indicated), as well
as their spatial tracks (solid blue lines). The point clouds are superposed on optical auroral imaging, represented by green contour lines that
trace pixel intensity. Green arrows show the optical flow of pixel intensity. A dashed blue line shows linear polynomials fitted to (magnetic)
longitudinal and latitudinal components of the tracks, and displays the overall direction traveled. The bulk speed inferred from those fits is

displayed above each of the three rows.
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IV. DISCUSSION

The motion of the aurora follows plasma convection and
large-scale instability processes in the magnetosphere [31,46—
49]. The same fields that are involved in those large-scale
processes also power the (smaller-scale) wave-particle inter-
actions which ultimately cause particles to precipitate into
Earth’s atmosphere via pitch-angle scattering [50-52] or
through parallel electrostatic fields [30,53,54]. Since the local
fields are, in turn, responsible for producing auroral plasma
turbulence [22,26], it is not surprising that the latter should
ultimately follow the motion of magnetospheric source re-
gions, and hence also the general ionospheric convection. In
support of the notion that the ICEBEAR bulk motions follow
the ionospheric plasma convection, we present in Fig. 4 a
space-ground conjunction with one of the European Space
Agency’s Swarm satellites. The Swarm mission consists of
three low-Earth-orbit (450 km to 500 km altitude) satellites
with a high inclination (87°), each equipped with an electric
field instrument [55,56]. The latter computes ion drift veloci-
ties from an advanced imaging procedure.

Figures 4(a)-4(c) show three consecutive 3-minute inter-
vals during geomagnetic dawn (around 03h magnetic local
time) on 5 September 2022. The auroral images (green con-
tour lines) show a large, roughly north-south oriented diffuse
auroral form, itself consisting of numerous flashing or pulsat-
ing auroral patches that drift steadily in the eastward direction.
The pulsating aurora has been shown statistically to follow the
large-scale convection pattern, to the extent that it has been
proposed as its proxy measurement [57]. At first sunlight, on
10:31:15 UT, the TREX RGB camera system was shut off to
preserve the light-sensitive sensors. Naturally, ICEBEAR, being
aradar, continued unaffected to observe the bulk motion of ex-
tant echo clusters, of which the majority were pointing in the
flow direction of the diffuse auroral form. At around 10:36:30
UT Swarm B orbited through ICEBEAR’s field of view, with
the cross-track in situ ion velocity measurements from the F
region at an altitude of 500 km exhibiting a steady eastward
drift. A video of the event is provided in the supporting infor-
mation, which clearly shows the inferences written here.

Figure 4(d) compares ICEBEAR’s echo-weighted average
bulk motion with Swarm B’s average cross-track ion drift
for the interval 10:35 UT to 10:38 UT, showing excellent
agreement in both direction and magnitude. This observation
agrees well with the inferences made from Figs. 3(a)-3(1),
namely that the ICEBEAR echo clusters’ general motion and
spatial distribution track the aurora.

The Doppler velocity of the echoes observed during
the 5 September 2022 conjunction [distributions of which
are shown in Fig. 4(e)] are organized into two distinct
populations. One equatorward moves toward the receiver
(blueshifted) while one poleward moves away from the re-
ceiver (redshifted), possibly indicating a flow reversal. The
former is slow (~200 m/s) while the latter is likely at the ion
acoustic velocity (~500 m/s), both considerably slower than
the bulk speeds as well as the F-region ion drifts.

The Doppler speed of the FB waves usually cannot ex-
ceed a threshold speed that is achieved by a combination
of evolving aspect angles and perpendicular mode coupling
[24,58,59]. As a result, E-region backscatter echoes from
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FIG. 4. (a)-(c) An early-morning conjunction between ground-
based optical imaging of the aurora (green contour lines, with green
arrows denoting auroral optical flow), ICEBEAR echo cluster tracks
(red or blue lines, depending on the Doppler shift of the underlying
echoes), and Swarm B cross-track ion drift observations from the F
region (black arrows). Each of the three panels displays consecutive
3-minute intervals from 10:29 UT to 10:38 UT on 5 September 2022,
of concurrent observations plotted in an MLON-MLAT plane that
take field line curvature between the E and F regions into account.
Panel (d) shows the echo-weighted average ICEBEAR bulk motion
(red arrow) as well as the average cross-track Swarm B ion drifts
(blue) for the time interval 10:35 UT to 10:38 UT. Panel (e) shows the
distributions in Doppler velocity for all the echoes observed during
the 9-minute interval, color-coded.

FB waves exhibit their largest Doppler shifts in the E x B
direction [41], but limited to notional ion acoustic velocity.
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Simultaneous coherent (E-region) and incoherent (F-region)
radar measurements by, among others, Refs. [39] and [40]
demonstrate this important fact. The source regions respon-
sible for exciting FB waves (electric field enhancements) are
naturally not limited by these considerations, and, as we ex-
plained above, are intimately connected to auroral forms. The
explanation for the discrepancy between Doppler and bulk
motions then becomes clear: if the source region is moving
rapidly, FB waves (each of which moves slower than the ion
acoustic speed) will be excited along the path of the source
region. Each wave is very short-lived (1 second or less [32])
and so the tracked cluster of echoes will appear to move with
the source region.

Curiously, however, Fig. 4 also exhibits a few instances
where there is also a discrepancy between the Doppler direc-
tion and the direction of the bulk motion. Opposite directions
between radar echoes’ bulk motion and Doppler velocities
have been observed before [60], though without a clear ex-
planation. In our case, the line of sight (roughly along the
north-south meridian) is likely to be largely perpendicular to
the E x B drift, meaning that there may not be any instability
in the line-of-sight direction. FB waves with phase speeds
slower than the ion acoustic speed may be indicative of ir-
regularity growth along a direction different from the most
unstable direction [58], and the blueshifted echoes in Fig. 4(e)
are conspicuously slow, at around 200 m/s. At any rate, a thor-
ough explanation for the directional discrepancy between the
Doppler and bulk motions is outside the scope of the present
report, and we defer the matter to a future investigation.

Lastly, we note that Fig. 4 contains a total of four distinct
measures of velocity. The auroral flow vectors are related
to the motion of pulsating, diffuse auroras at dawn, which
is known to track the F-region convection [57], though we
do not subject the optical flow to any further analysis, as
its magnitude depends explicitly on an arbitrary measure of
pixel intensity. The Doppler velocities are limited by insta-
bility physics [39], dependent on electron temperatures and
altitude [17,61], and are in this instance largely perpendicular
to the E x B drifts. The F-region ion drifts and echoes of
the bulk motions, however, agree in overall direction and
magnitude, and are likely both discerning the ionospheric
electrodynamics.

A. Electric field enhancements around auroral arcs

Next, we shall discuss the prominent and important excep-
tions to the stated rule that the motion of echo clusters follows
the motion of auroras. The bottom row of Fig. 3 [as well as
Fig. 2(b)] presents a curious case where [an ICEBEAR echo
cluster’s] track ostensibly varies considerably in directions
that are perpendicular to the overall motion of the aurora. As
we suggested in the previous section, if the local field en-
hancements poleward of the discrete arc in Figs. 3(m)-3(p) are
strong enough, they will cancel out the ambient drift and cause
the local E x B direction to fluctuate. Despite this, the average
direction over 51 seconds [the dashed blue lines in Figs. 3(m)—
3(p)] is perfectly perpendicular to the discrete arc and pointing
in the direction of the auroral flow vectors. In other words, in
this case, the average bulk motion still uncovers a general drift
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FIG. 5. (a)—(c) ICEBEAR echo tracks (solid red lines) and their
linear polynomial fits (dashed red lines), superposed on auroral im-
ages, with green arrows denoting auroral optical flow. Each panel
encompasses around 20 seconds of data. Panel (d) shows the various
ICEBEAR bulk motion directions and magnitudes for the entire 90-
second interval.

direction consistent with the expectations for the large-scale
electric field as observed in the pre-midnight auroral region.
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Figure 5 shows an even more extreme example of the fore-
going, where the tracks point parallel to an intense, undulating
auroral arc, reaching the considerable bulk speed of 4100 m/s.
Picking up the thread, we note that the local electric field
around these unusually intense precipitation regions is strong
enough to completely override the ambient drift, causing the
bulk motions to be parallel to the arc and extremely fast. In this
case, the local electric field, in principle a linear superposition
of the perturbation field and the ambient, is almost wholly
produced and maintained by energetic particle precipitation.
Examples of such strong perpendicular fields pointing toward
auroral arcs have been observed in situ [45], with an incoher-
ent scatter radar in conjunction with a sounding rocket [62],
notably also specifically in the case of intense, undulating
auroral arcs [63]. Figure 5 is entirely consistent with these
earlier observations, strengthening the notion that the echo
bulk motions seem to track regions of enhanced electric fields.

B. Validation

Our proposed method of tracking turbulent structures is
still in its infancy and has yet to be perfected. The resulting
tracks and the bulk velocities they imply must, at present, be
carefully assessed before conclusions are drawn about their
physical significance. Nevertheless, we observe that the bulk
motions appear to follow the motion of the echo source re-
gions quite closely. Without implying at present that the two
are equivalent, we can systematically compare the echo bulk
motion to the E x B motion in the ionosphere. To that end,
and to present a preliminary statistical overview of the bulk
motions, we show with a solid red line in Fig. 6 a distribution
of all eastward bulk motions observed during January 2020
to May 2023, observed at night between the magnetic local
times of 16h and 08h, where the only selection criterion is
that the variability (see Fig. 2) not exceed a value one third
of the bulk speed. We compared this database to the Swarm
A cross-track ion drifts observed in the same magnetic local
time interval, and between the same magnetic latitudes (62°
and 70°), the distribution of which is shown in Fig. 6 with a
solid black line. In addition, we plot with a dashed blue line
the distribution of the bulk motion variability. Mean (u) and
standard deviation (o) for all three distributions are indicated.

The general similarity in the shape of the red and black
distributions in Fig. 6, and the general agreement in mean
and standard deviation for those distributions, indicates that
the various bulk motions we can observe in a very large
dataset (some 22 000 tracked echo clusters) are reasonably
constrained by the physics of ionospheric electrodynamics.
The errors, or variability, in the inferred bulk speeds (dashed
blue line in Fig. 6) are much smaller in magnitude than the
bulk speeds themselves, although they are considerably larger
than error margins expected of precision measurements of
the auroral motions [64]. In a related publication [32], the
notion that the echo bulk motions may in fact track electric
field source regions is more thoroughly motivated, and better
demonstrated, and we suffice in the present report to note
the statistical similarity between the bulk motions and the
F-region ion drifts.

Some caveats should, however, be noted. Critical tracking
situations may occur when the clustering algorithm decides to
drop or include echo regions, effectively causing bifurcation

ICEBEAR eastward bulk speed
p=777m/s, o =697 m/s

_____ Eastward bulk motion error/variability
'.I 1=128 m/s, o =146 m/s

< I Swarm A cross-track ion speed
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FIG. 6. A statistical aggregate of the ICEBEAR eastward echo bulk
speeds (red and blue) compared to the Swarm A cross-track ion drifts
(black). The data are collected between the magnetic local times 16h
and 08h and the magnetic latitudes 62° and 70°, and the Swarm data
are collected during conditions when the auroral electrojet index (the
SME index [65]) exceeds 150 nT, as ICEBEAR echoes are generally
not observed when the SME index is lower than 150 nT. Mean (u)
and standard deviation (o) values are indicated.

or merging events in the dataset. During such occurrences the
median echo location may suddenly shift, causing a jump in
the track. This jump will go on to form the track’s subsequent
trajectory after merging or bifurcation, and as such is not
necessarily unphysical, but it places upon the algorithm what
may appear as an arbitrary means of deciding when clusters
merge or bifurcate. A point of potential improvement for fu-
ture development lies in the possibility of clustering in higher
dimensions [66]. Here, time could be included as a dimension,
removing the need for step-by-step matching of clusters to
their preceding form. Doppler speed and signal-to-noise ratio,
or even altitude, may also be added to the dimensions to clus-
ter in. This can be done, for example, through dimensionality
reduction by principal-component analysis.

The present paper has applied density-based clustering, an
unsupervised machine learning method for data mining [36],
part of a growing field of analysis that has garnered interest
also from the space weather community [67]. Other cluster-
ing methods such as the kth nearest neighbor classification
have recently been applied to forecast global total electron
content [68], and related neural network-based methods have
been applied to forecast and predict geomagnetic storms for
decades [69], as well as in recent implementations of image
classification using data from the Swarm mission [70]. In the
future, supervised learning strategies may aide our method in
determining optical parameters for echo clustering.

V. CONCLUDING REMARKS

We have applied industry-proven point-cloud analysis
techniques to automatically mine large datasets of interferom-
etry radar data. The method entails point-cloud clustering in
two dimensions (in our case, the local, spatial plane perpen-
dicular to Earth’s magnetic field lines). We track clusters of
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FIG. 7. 35 clusters of ICEBEAR 3D echoes identified on 25 August 2021. Each panel covers an area of 266 km x 266 km and shows the
cluster as it appeared at its most echo-numerous time step. The clusters are superposed on the TREX RGB auroral images observed at that time.
A red-yellow-white color scale indicates the absolute Doppler speed of the echoes.

radar echoes through time by a simple similarity test from
one time step to the next. The resulting time histories of
echo clusters trace out distinct spatial tracks, from which we
derive a bulk motion. Through several case studies, we show
that this motion tends to follow the motion of auroral forms.
Notable exceptions to this rule occur when especially intense
auroral arcs cause a fast, peculiar motion parallel to those arcs,
at which point our method effectively produces results that
are expected from previous studies of auroral electric field
enhancements [45,62,63].

Our method, which is fully automatic, can be used to mine
point-cloud data for irregular and dynamic clustering and flag
this data for subsequent analyses. To illustrate the usefulness
of our algorithm’s automatic nature, we have produced in
Fig. 7 a serial collection of 35 ICEBEAR echo clusters that
were observed between 04:00 UT and 05:40 UT on 28 August
2021, each superposed on optical images of the aurora from
the TREX RGB camera system. The echo clusters are repre-
sented by snapshots taken at a prominent point during their
evolution. For each of the 35 shapes, then, there readily exists
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a detailed frame-by-frame evolution akin to those presented in
Fig. 3.

With ICEBEAR’s new observations of the radar aurora bulk
motions come new opportunities to study the magnetosphere-
ionosphere coupling that lies at the heart of such motions, and
to shed further light on the understudied E-region ionosphere.

ICEBEAR 3D echo data for 2020 and 2021 [71], TREX RGB
optical data [72], and data from the European Space Agency’s
Swarm mission [73] are available.
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