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Abstract. High-resolution magnetic field recordings by the
Swarm A and C spacecraft have been used to investigate
the properties of field-aligned currents (FACs) at auroral lat-
itudes down to their smallest scales ( < 1km). Particularly
suitable for that purpose are the magnetic field recordings,
taken at a rate of 50 Hz, during the 2 weeks around the quasi-
coplanar orbit configuration around 1 October 2021. We
have split the recorded signal caused by FACs of along-track
scales from 0.2 to 20 km into 8 quasi-logarithmically spaced
ranges. Our investigations revealed that the kilometer-scale
FACs (0.2-5km) show quite different characteristics from
those of the small-scale FACs (5-20km). The kilometer-
scale FACs exhibit short-lived (< 1s) randomly appearing
large current spikes. They are confined to certain latitude
ranges, which depend on local time. Small-scale FAC struc-
tures last for longer times (> 10s) and are distributed over
larger latitude ranges. Their largest amplitudes are achieved
at latitudes that overlap with the kilometer-scale FACs. The
small-scale FACs have earlier been identified as Alfvén
waves that are partly reflected at the ionosphere, and they can
oscillate within the ionospheric Alfvén resonator. When at
the same time additional Alfvén waves are launched from the
magnetosphere they will interfere with the reflected. We sug-
gest that the interaction between oppositely travelling Alfvén
waves, when continuing sufficiently long, is generating the
large-amplitude and short-lived kilometer-scale FACs.

1 Introduction

Field-aligned currents (FAC) in the ionosphere are a com-
monly observed phenomenon. In particular, at auroral lati-
tudes they act as coupling agents between plasma processes
in the magnetosphere and the ionosphere. FACs exhibit hor-
izontal scales in the ionosphere from less than 1km (e.g.,
Neubert and Christiansen, 2003; Rother et al., 2007) up to
some 1000km (e.g., lijima and Potemra, 1976; Anderson et
al., 2014). In general, the current densities become larger the
smaller the scale of the FAC. In most cases, pairs of upward
and downward currents appear close together. Thus, small-
scale FACs, with their high density, contribute only little to
the net current between magnetosphere and ionosphere, but
they can transfer a significant amount of energy into the iono-
spheres (e.g., Liihr et al., 2004).

Multi-spacecraft missions have been used to evaluate the
properties of FACs with different sizes. For example, Gjer-
loev et al. (2011) made use of the three ST5 satellites in
pearls-on-a-string formation. By comparing the magnetic
field readings of successive spacecraft, they found that FACs
with scales larger than 100 km on the nightside can be con-
sidered as stationary (for at least 1 min), while on the dayside
this was only valid at scales above 200 km. With the help of
the three Swarm satellites Liihr et al. (2015) confirmed these
findings and extended the analysis to smaller scales down to
some 10 km. Those FACs exhibited a lot of temporal variabil-
ity at periods of about 10 s and could not be treated as station-
ary structures. At those scales magnetic field lines cannot be
regarded any longer as equipotential lines.

In a recent study, Lithr and Zhou (2025) extended the
FAC scale analysis at auroral latitudes by making use of the
Swarm Counter-Rotating Orbit Phase in 2021. During that
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campaign the orbits of Swarm A and C were brought close
together, and Swarm B cycled the Earth in opposite direc-
tion. Around 1 October 2021 all three orbital planes were
quasi-coplanar. Thereafter, the orbits slowly separated again.
By means of a cross-correlation analysis it was checked how
well the signals at the two spacecraft agree. Over the course
of the study period the cross-track separation covered the
range between 0 and 30km at the equator-crossing point,
and the along-track separation varied from 2 to 41s. The
campaign results largely confirmed earlier findings. Current
structures with apparent periods of more than 15 s (corre-
sponding to along-track wavelengths of > 100km) exhibit
good correlations between the magnetic field signals at the
two accompanying spacecraft for all experienced along- and
cross-track separations. However, for apparent periods of less
than 10's (< 75 km wavelength) the properties changed. Here
significant correlations were only achieved when the cross-
track separation was below about 6 km and the along-track
separation below 18s. These results indicate that FACs at
these scales are no longer organized as current sheets but rep-
resent current filaments.

Concerning the naming convention for different FAC scale
sizes, most studies make use of 1 Hz satellite magnetic field
samples. For them about 10 km is the lower limit. Therefore,
the term small-scale FACs is found frequently in the litera-
ture for sizes 10-50 km (e.g. Pakhotin et al., 2018). We will
also use this name here for that scale range. For the even
smaller current structures (0.5-5km) we follow the sugges-
tion of Rother et al. (2007) and term them kilometer-scale
FACs.

Not much is known about the characteristics of km-scale
FACs. Neubert and Christiansen (2003) and Rother et al.
(2007) have shown that these narrow FACs can attain very
large amplitudes. They appear preferentially on the dayside
at high auroral latitudes in the cusp region, around noon and
in the prenoon sector. On the nightside, km-scale FACs are
generally observed with smaller amplitudes and their appear-
ance coincides with the westward electrojet. No informa-
tion is available about their temporal and spatial correlation
lengths.

This study provides such information by making use of
the high-resolution 50 Hz magnetic field samples from the
Swarm A and Swarm C satellites. These data provide suffi-
cient resolution for investigating the details of the smallest
FAC features. In preparation for the CHAMP satellite mis-
sion (Reigber et al., 2002) we made use of the Freja satel-
lite burst mode magnetic field readings, taken at 128 sam-
ples per second, to find out the appropriate sample rate for
resolving the large-amplitude FACs at smallest scales. As a
result of that the 50 Hz sampling was chosen, which cap-
tured more than 90 % of the spiky current features. Partic-
ularly suitable for our study are the weeks around 1 October
2021, when Swarm A and C orbits were quasi coplanar and
the along-track separation reduced to 2 s. This unique dataset

Ann. Geophys., 43, 667-686, 2025

will be used for determining the temporal and spatial corre-
lation lengths of these smallest scale FAC features.

In the sections to follow we will first introduce the instru-
ments and data considered here. In Sect. 3 some examples
are presented showing typical features of the narrow FACs.
For a better characterization of the FACs with various scales
Sect. 4 presents a separation of the magnetic field signal into
8 period bands. Section 5 provides a statistical analysis of the
FAC signals at different scales by means of their ellipticity
properties. A discussion of the results and their relations to
earlier publications is presented in Sect. 6. Finally, in Sect. 7
the important findings are summarized and conclusions are
drawn.

2 Data and processing approach

ESA’s Earth observation mission Swarm was launched on
22 November 2013. It consists of three identical satellites in
near-polar orbits at different altitudes. During the first mis-
sion phase, starting on 17 April 2014, Swarm A and C were
flying almost side-by-side, separated by 1.4° in longitude,
at an altitude of about 460km and an inclination of 87.3°.
Swarm B is orbiting the Earth about 60 km higher with an
inclination of 88°. This difference in inclination causes a
slowly increasing difference in longitude between the two or-
bital planes amounting to about 2° per month.

After almost 8 years in orbit a counter-rotating configura-
tion was achieved between the Swarm A/C pair and Swarm B
(for more details see Xiong and Liihr, 2023). Around 1 Oc-
tober 2021 the orbital planes of Swarm A/C and Swarm B
crossed the equator at similar longitudes. During the 2 years
before that date the longitudinal separation between Swarm
A and C had been slowly decreased, such that orbital copla-
narity of Swarm A/C was also achieved on 1 October 2021.
Furthermore, the along-track separation between Swarm A
and C was varied during the months around coplanarity (see
Zhou et al., 2024, Fig. 1). Here we focus on the weeks when
the along-track separation was reduced to 2 s.

Each of the three satellites is equipped with a set of six
instruments (Friis-Christensen et al., 2008). In this study,
we use the data from the Swarm Vector Field Magnetome-
ter (VFM). This fluxgate magnetometer is sampling the field
vector at a rate of 50 Hz. For maintaining high data precision
over the years, the VFM data are calibrated routinely against
the readings of the Absolute Scalar Magnetometer (ASM).

Basis for this study are the Swarm Level-1b 50 Hz mag-
netic field data with the product identifier “MAGx_HR”,
where the lower-case “x” in the product names is a place-
holder for the spacecraft names, A, B, or C. The magnetic
vector data are given in the North-East-Center (NEC) frame.
Of interest here are the magnetic signatures caused by FACs
at auroral latitudes. For isolating these signatures from other
magnetic field contributions, the geomagnetic field model
CHAOS-7.18 (Finlay et al., 2020) is subtracted from the
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full-field readings. This model represents the contributions
of Earth core and crustal fields and the effects of large-scale
magnetospheric current systems. Since we are interested in
the smallest scales of FAC structures, the data are in addition
high-pass filtered with a cutoff frequency of about 0.2 Hz.
This removes small biases of the CHAOS model and sup-
presses the longer-period contributions from E-region cur-
rent systems like the auroral electrojets or the polar cap re-
turn currents.

The bandlimited residuals of the horizontal components,
By and By, are used for studying the magnetic signatures
caused by the FACs. From these two components we calcu-
late the deflections of, Byuans, transverse to the flight direction
and Bjjong, aligned with the flight direction. They are derived
by the transformation

Birans = By cos(y) — By sin(y)
Balong = By cos(y) + Bysin(y) 6))

where sin(y) = cos(incl)/cos(lat) with incl as orbital incli-
nation and lat as latitude of the measurement point. For appli-
cation in Eq. (1) y = y has to be used on the ascending part
of the orbit and y =m — y on the descending part. These
horizontal components, Byans and Byong, are sufficient for
studying the FAC properties since the field lines are almost
vertical at auroral latitudes.

3 Representative examples

In an earlier study, Liihr and Zhou (2025) already made use
of the close spacing between the Swarm A and C satellites
during the counter-rotating orbit phase. By means of a cross-
correlation analysis the correlation length both in space and
time could be determined for small- and meso-scale FAC
structures. These authors found, as expected, a progressively
decreasing persistence in space and time towards smaller cur-
rent structures. Since we are focusing here on the very small
FACs, we tried the same cross-correlation approach with data
when the spacecraft were closest together. This occurred dur-
ing the 16d, 18 September—4 October 2021.

Figure 1 presents two example orbits from northern hemi-
sphere auroral region crossings on 21 September 2021.
Shown are in the top panel of the frames a direct comparison
between the magnetic recordings by Swarm A and C. Here
the Byans component is used. This component, perpendicular
to the orbit track, shows clearest the variations caused by the
FACs. Up to 60° in latitude it is oriented in the east-west
direction. Towards higher latitudes Byqpns gradually rotates
and is aligned with north-south at 87.3° GLat, before turn-
ing back to east-west on the downleg track. Furthermore, the
time derivative, A Byans, 1S displayed here since it is directly
proportional to the FAC density estimates, as outlined by
Liihr and Zhou (2025). A AByans = 10nTs™! corresponds
to 1.1 uAm™2 when assuming a perpendicular crossing of a
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plane FAC sheet. These assumptions are commonly not ful-
filled for small-scale FACs and lead to some underestimation
of current density. The second panel shows the RMS values
of A Birans derived over a 16 s period. Here the red line repre-
sents the amplitude of the broad-band signal (0.04-5 s peri-
ods), while the black line reflects the amplitude variations of
the much weaker long-period variations (2.5-5 s periods). In
order to make the amplitudes of the two period ranges more
comparable, the RMS values of the 2.5-5 s period curve are
multiplied by a factor of 5. The third panel shows the derived
lag time, T-lag, for an optimal cross-correlation coefficient.
Interestingly, the obtained T-lag values stay, over large parts
of the orbital arc, close to the actual along-track spacecraft
separations, At =2.1s (listed in the header of the frames).
In the bottom panel the peak cross-correlation coefficient, Cc
is plotted. Here again, the red dots show the results from the
full signal spectrum and the black dots those from the long-
period signal. For the broad-band generally quite low corre-
lation coefficients are obtained, well below our threshold of
0.75. Only at subauroral latitudes we find some exceptions.
Quite differently, for the long-period signal much larger cor-
relation coefficients (black dots) are derived. Over most parts
of the orbit they are above the threshold, Cc > 0.75. Obvious
departures from that appear at regions of large FAC bursts.
There the Cc for the long-period signal drops considerably
but does not vanish. Across the bottom of the frames, we have
listed information along the orbit of Swarm A. Besides the
time there are magnetic latitude (MLat), magnetic local time
(MLT), and the cross-track distance, dgoss in km, between
Swarm A and C. All the described features of the broad-band
and long-period signals can also be found in the lower frame
of Fig. 1.

From these observations we may conclude, that the longer-
period signals reach largest amplitudes where broad-band
signal appears. The cross-correlation coefficient between
recording of Swarm A and C is reduced where the large-
amplitude bursts occur, but it is still sufficient to deduce
the optimal time shift from these long-period signals, fitting
the actual along-track separation of At =2.1s. On the other
hand, the higher-frequency fluctuations are reaching only low
Cc values, even at optimal time shift.

During both orbits, bursts of intense fine-scale features
are observed with amplitudes surpassing partly 1000nTs™!
(corresponding to 100uAm™2). They occurred predomi-
nantly in the morning and prenoon sector but also on the
nightside, here less intense. Interestingly, the long-period
amplitude follows closely the intensity of the broad-band sig-
nal (see second panels) but on a 5 to 10 times lower level. It
may be surprising that the coefficient, Cc, is so low for the
broad-band signal, although the cross-track spacecraft sep-
aration is only 1km on the dayside and 2km on the night-
side, and the along-track time difference is only 2.1s. Even
more puzzling is the fact that the correlation coefficient for
the long-period signals goes down in the regions where the
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Figure 1. Examples of magnetic variations in the transverse, A Birans, component within the period range of 0.04-5s. The top panels of
the two frames show the recordings of Swarm A and C along their orbits, crossing the polar region of the northern hemisphere. The second
panels reflect the RMS value of the signal amplitude. Here the red curve shows the amplitude of the broad-band signal and the black curve
that of the filtered 2.5 to 5s period range. The latter values are multiplied by 5. The third panel contains the lag time, T-lag, between the

signals for which the peak cross-correlation is achieved. The peak

correlation coefficient, Cc, derived between Swarm A and C signals is

shown in the bottom panels. Here again red dots result from the broad-band signal and black from long-period range. Along the horizontal
axis temporal and spatial information is provided. The dcross lists the spacecraft separation in cross-track direction.

FAC bursts appear. Answering these questions will be part of
the study.

In order to get a better understanding of the small FAC
characteristics, Fig. 2 shows for two bursts of activity a zoom
into the magnetic signatures recorded by the two horizon-
tal components, A Byrans and A Bajong. Presented are intervals
of 15s, corresponding to about 100 km along-track. In the
top frame observations from the late morning sector are plot-
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ted. Here, the recordings by the two spacecraft have little in
common although the time-shift, At =2.1s, between them
has been accounted for. The lower frame is from the night-
side. Also here, the signals at the two spacecraft differ sig-
nificantly during active periods. Furthermore, when visually
comparing the A Birans and A Byjong signals in Fig. 2, hardly
any correlation is found between the two components last-
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ing for some time. This indicates that the shape of the FAC
structures is constantly changing.

The magnetic signature within the bursts covers a wide
frequency spectrum. There is no clear preference for any fre-
quency. Even very narrow features in A Byys, €.g. around
23:09:48 and 16:47:55 UT, can reach large amplitudes. More
details of the signal spectrum will be provided in Sect. 5.2.
The FAC burst events in the upper and lower frames of Fig. 2
are from the day and night sides, respectively. Therefore, they
are connected to very different source regions in the mag-
netosphere, but still, their characteristics are very similar. A
pending question here is, what causes the fragmentation into
the small filaments. By looking into a larger number of events
we may find systematic characteristics.

4 Separation of the signal into period bands

From the examples presented above it is obvious that the
FAC-related magnetic signal within the bursts covers a wide
frequency range, and the variations of A Byans and A Byjong
are quite independent from each other. Figure 1 further-
more suggests that the correlation properties between Swarm
A and C vary with the apparent period (along-track scale
length) of the signal. In order to identify the typical FAC
properties we investigated the signal of the whole study pe-
riod, 18 September to 4 October 2021, the days when the
along-track separation was reduced to 2s. Furthermore, we
subdivide the signals of A Byrans and A Byjong into eight quasi-
logarithmically spaced period bands. The chosen —3dB
pass-band filter limits are 0.04-0.1s, 0.1-0.16 s, 0.16-0.26 s,
0.26-0.44s, 0.44-0.72s, 0.72-1.2s, 1.2-2.5s, and 2.5-5s.
The last two period bands overlap with the spectral range
of the FAC study by Liihr and Zhou (2025). In this way we
want to extend that earlier study and find the relation between
the km-scale and small-scale FAC characteristics. We inter-
pret the apparent signal periods recorded by the satellites as
along-track scale lengths of the current structures. Following
the arguments of the earlier study we also here define halve
the wavelength as the scale size of a FAC.

We have performed a cross-correlation analysis between
the A Bians components of the two satellites separately for
the above listed period bands. For checking the stationarity
of the signal, we applied the following analysis

Cow 2L = Xm) - (¥ — V)] @
V(X = Xm)2 - 3 (Y — Y)?

where, X represents the signal amplitude of A Byaps from
Swarm A, Y represents the signal of A By,ys from Swarm C,
and Xy, and Yy, represent the mean values of A Byans Over the
correlation intervals of the two satellites, respectively. The
maxima of Cc and the corresponding time lags (T-lag) be-
tween the two satellite data series were determined. Applied
data intervals and step sizes for the various period bands are
listed in Table 1.
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Table 1. Listing of the data interval lengths and step sizes for the
cross-correlation analysis of the various period bands.

Period band  Data interval ~ Step size
0.44-0.72 s 2s 0.24s
0.72-1.2s 4s 0.5s
1.2-2.5s 8s s
2.5-5s 16s 2s

A number of criteria are defined for separating quasi-
stationary FAC features from uncorrelated signal parts. The
peak cross-correlation coefficient should be Cc > 0.75 at a
time shift close to the spacecraft separation time, A¢. It thus
has to be T-lag = At £ 1.5s. In order to make sure that only
significant auroral FACs are considered, the signal variation,
A Byrans, should surmount an amplitude threshold, RMS >
2nTs~!. An equivalent set of criteria has been used by Liihr
and Zhou (2025); therefore, direct comparisons between the
two studies are possible.

A cross-correlation analysis has been applied to the sig-
nals in the four period bands listed in Table 1. Data inter-
vals that pass all the above-described stability criteria are
term “selected” and the others are “deselected”. Of inter-
est here is the ratio of selected events normalized by all
events (selected plus deselected) that exceed an amplitude
of RMS = 2nTs~!. Figure 3 presents for the northern (top)
and southern (bottom) hemispheres the distribution of the
derived ratios for the four considered period bands over the
study period. Shown is the latitude distribution of the ratio,
separately for each orbit, and for the up- and downleg arcs.
White patches appear in Fig. 3 where no entries are available.
Across the bottom of the frames we have listed the dates,
magnetic local time (MLT) at 70° MLat, and the along-track
time difference, between Swarm A and C. The up- and down-
leg orbital arcs are separated by about 12 h in local time. The
displayed ratios cover the signal bands of apparent periods
from 0.44 to 5 s (corresponding to 1.7-19 km scales).

All four frames in Fig. 3 show an obvious change in cor-
relation characteristic between the longest band (top pan-
els) and the shorter periods below. A large majority (80 %—
100 %) of the magnetic signatures in the 2.5-5 s period band
(1020 km scale) is well correlated between the two Swarm
satellites. The smaller scale current structures (here 1.7—
4.5km scales) show much lower percentages of correlated
features. Some exceptions are observed at the lower latitude
end around 65° MLat, particularly on the dayside. This is es-
pecially true for the northern hemisphere and to a lesser ex-
tend to the nightside. For all the other regions and the shorter
periods, the ratio of well-correlated events is low, typically
below 20 %.

Here we like to mention that the cross-track separation be-
tween Swarm A and C is varying between 0.5 and 2.5 km
during the 2 weeks of interest, while the along-track differ-
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Figure 2. Examples of A Birans and A Byjong variations during bursts of km-scale FACs from the prenoon sector in the upper frame and from
the nightside in the lower frame. Largest amplitudes are confined to very small scales. There is hardly any correlation observed between

Swam A and C recordings.

ence of 2 s is constant. When looking at the temporal evolu-
tion of correlation ratios in Fig. 3, we find hardly systematic
changes following the cross-track separation. This observa-
tion strongly suggests that the decorrelation is dominated by
the 2 s difference between quasi coplanar samples, not by the
cross-track separation.

Quite outstanding are the high percentages of quasi-
stationary FAC structures in the northern hemisphere for the
longest period range, 2.5-5s. This fact is valid for almost
all latitudes except for a band between 75 and 80° MLat on
the dayside and at somewhat lower latitudes on the nightside.
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The point of reduced correlation will be revisited in Sects. 5.2
and 6. On the other hand, hardly any well-correlated observa-
tions are found between Swarm A and C for periods shorter
than about 1 s. This suggests, the FAC structures with along-
track wavelengths of less than 7.5 km have a very short life-
time, less than the 2 s, the lag-time between the sampling of
the two satellites. It implies that the two Swarm satellites,
even during this special constellation phase, cannot be used
for estimating the FAC density of these narrow scales by
means of the dual-satellite method (Ritter et al., 2013; Liihr
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et al., 2020). However, for the signals with periods longer
than 2.5 s (> 10 km scale) it can be used.

5 Statistical analysis
5.1 Polarization characteristic of FAC-related B-fields

When estimating FAC density from satellite magnetic field
measurements a number of assumptions have to be made.
This is in particular true when single-spacecraft measure-
ments are interpreted. Most reliable results can be achieved
when plane FAC sheets are crossed. In those cases, the two
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horizontal field components vary in phase. Conversely, when
the satellite passes outside of the sheet or when the FAC
has a filamentary shape, there exists a significant phase shift
between the magnetic signatures of the two components. In
those cases, FAC density estimates from single spacecraft are
difficult.

In order to determine the magnetic signal properties, we
analyzed their ellipticity parameters from the data of the two
horizontal components, Byans and Byjong. For estimating the
polarization parameters, we made use of the approach out-
lined by Fowler et al. (1967). In this way the following quan-
tities are derived: the Ratio of polarized signal within the
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Table 2. Listing of the data interval lengths and step sizes for the
ellipticity analysis of the various period bands.

Period band Scale size  Data interval ~ Step size
0.04-0.1s 0.15-0.4 km 0.2s 0.06s
0.1-0.16s 0.4-0.6km 0.32s 0.08s
0.16-0.26 s 0.6-1km 0.52s 0.13s
0.26-0.44 s 1-1.7km 0.88s 0.22s
0.44-0.72's 1.7-2.7km 1.44s 0.36s
0.72-1.2s 2.7-4.5km 24s 0.6
1.2-2.5s 4.5-9.4km 5s 1.25s
2.5-5s 9.4-19km 10s 25s

total signal, the degree of Ellipticity (a zero means linearly
polarized, a 41 stands for right-handed circular and —1 for
left-handed circular polarization), 6 is the angle between the
ellipse major axis and the Bians component, fpeax reflects
the frequency of the spectral peak within a given filter band,
Amp,., shows the signal amplitude at fpeak derived from
the combined signal of the two components.

For the calculation of the ellipticity parameters we con-
sider intervals of data that are twice as long as the longest
period in a band and the step for successive processing is one
quarter of the interval length. All these parameters are listed
in Table 2 for the eight period bands. In this way we ob-
tain a sufficiently detailed resolution of the signal variation
at the various periods. The basis for the ellipticity analysis
is the Fourier transform of the magnetic field recordings. We
have considered for the further analysis, from each period
band, only the four lowest frequency Fourier coefficients in
the band (ignoring the constant part) because the higher fre-
quencies fall beyond the filter cut-offs of the band-passes and
represent mainly leakage effects. Just for the two longest pe-
riod bands (1.2-2.5 s and 2.5-5 s) the five lowest frequencies
are taken into account because of their larger bandwidth. The
listed scale sizes signify halve the wavelength, as explained
in the beginning of Sect. 4.

Figure 4 presents a compilation of the various ellipticity
parameters and shows examples of comparisons with the ac-
tual data. Representative for the other filter bands, here the
0.16-0.26 s period range is selected. The analysis is applied
to the active 2 s interval recorded by Swarm A on 21 Septem-
ber 2021, 23:09:47 to 23:09:49 UT. The signal context sur-
rounding this bursty period can be seen in Fig. 6a. From the
dynamic spectrogram in the top of Fig. 4a the limiting ef-
fect of the applied bandpass is clearly visible. Time-line plots
of the two magnetic components exhibit largest amplitudes
around 23:09:48.3 UT, as is also obvious from the spectro-
gram. In the frame below, the Ratio, in the bottom panel,
stays close to 1, (except for a short period of small signal) in-
dicating that the magnetic recordings can well be interpreted
in terms of ellipticity for most of the time. The value of Ellip-
ticity stays within 4-0.2 for the one second around the signal
peak, indicating a flat ellipse. Only during the first third of
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the interval is a more developed ellipse expected. These two
regimes of Ellipticity exhibit also quite different angles be-
tween the ellipse major axes and the Byqns direction. Over
the first third of the interval, we find large 6 angles, up to
90°, while during the remaining two-thirds, small positive 6
values dominate, implying a FAC sheet almost perpendicular
to the orbit track. The spectral peak during this latter inter-
val stays close to the frequency of 6 Hz, as expected for this
filter band. The derived amplitude, Amp,,, (modulus of the
combined Byans and Byiong) tracks well the signal intensity
and reaches 20 nT around 23:09:48.3 UT.

The groups of panels in the lower part, Fig. 4b and c,
show details of the results, taken along the line of process-
ing steps, obtained from times of the two contrasting ellip-
ticity regimes. In Fig. 4b, a time interval close to the signal
maximum, the lower panels repeat the magnetic recordings
of the two components. The dashed line represents the trun-
cated spectrum and confirms that the four lowest frequencies,
track the observed signals well. In the panels of the upper
group, we find a nearly linearly polarized ellipse. Conversely,
in the panels of Fig. 4c, derived from the early-time condi-
tions, a clear phase difference exists between the magnetic
field components. As a consequence, the hodograph shows a
well-developed ellipse. All these derived ellipticity parame-
ters will be used for estimating FAC densities at the various
horizontal scales.

5.2 Deriving FAC density from ellipticity parameters

From the examples of magnetic field recordings, shown in
Figs. 1 and 2, it is obvious that bursts of small-scale FACs
with large amplitudes can be found both on the day and night
sides. A question of interest is, are there preferred FAC scales
sizes for the very large amplitudes? We thus tried to estimate
the FAC densities separately for each period band. Due to
the obvious filamentary shape of these small FACs there is
no simple approach for obtaining reliable density values. Our
chosen approach is thus to identify signatures of field varia-
tion that favor reliable FAC estimates.
The starting equation for commonly used FAC estimates
from single-satellite magnetic field recordings is
1 AB
Je=——"—
Mo Usc
where A B is the time derivative, dB/d¢, of the length of the
vector formed by the components, Birans and Bajong, Vsc is
the spacecraft velocity of 7.5kms™!, and p¢ is the perme-
ability in vacuum. Here, the crossing of a plane FAC sheet at
right angle is assumed. In general cases there exists an angle,
0, between the sheet and the cross-track direction. Then the
equation reads

.1 AB @
== Mo vsccos(9)

For the application of this equation to our small-scale FACs
we make use of the ellipticity parameters. For example, the

3)
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Figure 4. Example of ellipticity parameters derived over a 2 s interval for the 0.16—0.26 s period band. (a) The top panel displays the dynamic
spectrum of the magnetic signal, below the time-lines of the two field components are shown. The five lower panels outline the temporal

variations of the parameters determined by ellipticity analysis. (b, ¢) Details of the magnetic signals for two processing intervals.

maximum magnetic field change within a given period band
can be calculated from the derived peak amplitude and fre-
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Not all recorded wavy signals are suitable for FAC estimates.
Therefore, we introduced 4 conditions for considering only
the clean ones.

1. For obtaining clear ellipticity we require, Ratio > 0.7.

2. Most reliable results are derived when the satellite
crosses quasi-planar sheets of FACs indicated by near-
linear polarization or a small Ellipticity value. We thus
require, |Ellipticity| < 0.3.

3. In order to avoid problems from crossing the current
sheet at too shallow angles, we require, |6| < 60°.

4. Very small signals, which may be caused by waves, are
ignored by requiring, A Bpeak > 3 nT s

Figure 5a presents, as an example, for a 2 min interval
of intense FAC activity (see Fig. 6a), the derived ellipticity
parameters of the period band, 0.26-0.44s. The five pan-
els contain the derived values for the ellipticity parame-
ters. Dashed horizontal lines in the panels mark the above-
specified thresholds. Starting from the bottom, the Ratio is
for most of the times above the limiting level of 0.7. The
Ellipticity, in the panel above, is small during most of the
interval and is thus suitable for FAC estimates. Also, the an-
gle 6 stays mostly inside the allowed range. In a majority
of cases the angle is in the positive range. This is consistent
with a FAC sheet nearly aligned with a circle of geomagnetic
latitude. As expected, the spectral peak varies about the cen-
tral frequency, 3.5 Hz, of the period band. Finally, the Ampli-
tude closely tracks the signal activity shown in Fig. 6a. The
A Bpeak (see scale on right side) is calculated from the peak
amplitude and peak frequency (see Eq. 5).

For comparison, Fig. 5b shows the same set of elliptic-
ity parameters but now for the longest period band, 2.5-5s.
The amplitude variations in the top panel track quite well the
activity variations shown in Fig. 5a for the shorter-period sig-
nals. Otherwise, there are obvious differences. For example,
the Ratio is on average lower, staying over longer periods
close to the threshold. This indicates the presence of inhar-
monic signals, not contributing to the ellipticity. The Ellip-
ticity, in the panel above, attains in several cases of sufficient
Ratios large values outside the allowed band. For the angle
6 we obtain again predominately positive values. The spec-
tral peak is found around 0.4 Hz (2.5 s period) at the upper
boundary of the period band. Worth noting is the difference
in A Bpeak, the scale range is smaller by a factor of 10 than
that of the 0.26-0.44 s period band. This confirms also here a
rapid decrease of FAC peak amplitudes towards larger struc-
tures.

With this information at hand, we can estimate the FAC
density wherever the ellipticity parameters stay within the al-
lowed ranges. Figure 6a presents the magnetic variations of
the 2 min interval taken as an example. It is the same as con-
sidered in Fig. 5. In Fig. 6b we show the derived FAC densi-
ties for all the 8 period bands. Both the results from Swarm
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A and C are plotted. Since Swarm C sampled the same re-
gion 2 s later, its data series can be considered as indepen-
dent from Swarm A. As can be seen in Fig. 6b, the current
estimates from the two spacecraft complete each other quite
well for the period bands shorter than 1s. Thus, for them a
fairly complete coverage is achieved. Times of enhanced and
reduced FAC activity can well be tracked through all periods.

Just for the two longest periods fairly large gaps appear be-
tween valid FAC estimates. We have looked into the reasons
for the gaps by checking the ellipticity parameters. Starting
with the 2.5-5 s period band, in total 48 values are expected
from Swarm A. From them 37 did not pass all the checks.
Reasons were in 24 cases too large Ellipticity, in 20 cases
too large angle 6 and 17 times too small Ratio. As is obvious
from the sum of these listed cases, two of the violations often
occurred at the same time. Here a large Ellipticity was fre-
quently accompanied by a large 8. Similar reasons have been
deduced for the gaps in FAC density curves of the 1.2-2.5s
period band. These results indicate that field-aligned currents
in the period range longer than 1s (> 5km scales) are pref-
erentially organized in filaments rather than current sheets.

It is interesting to note that the FAC peak amplitudes vary
with the period (scale size). When looking at the panels of
Fig. 6b, we find small current density values for the shortest
period. The value increases rapidly towards the period band
of 0.16-0.26s. Largest FAC peak densities are observed in
the 0.16-0.44 s period range (0.5—1.5 km scale size) reaching
values up to 60 uAm~2. For longer periods the amplitudes
drop again. In the 2.5-5 s period band peak values are already
down by about a factor of 5.

For verifying our FAC density estimates we performed for
the period bands 1.2-2.5s and 2.5-5s a comparison with
the densities derived by the basic single-satellite approach,
as given in Eq. (3). Although these bands are least likely to
be linearly polarized, so Eq. (3) may not be very accurate for
FAC estimates, we made use of the A Bians for AB in Eq. (3).
The two panels of Fig. 6¢c show RMS values of the FAC den-
sities as continuous curves from Swarm A and C, derived
by the classic approach. For comparison, the partly avail-
able FAC densities from our ellipticity approach are added as
heavy line segments. In principle, similar values are achieved
by the two methods. It is expected that the ones from ellip-
ticity are larger because they report the peak amplitude while
we have shown the RMS values from the basic approach. It
is convincing to see that the two very different techniques
of FAC estimates provide quite similar results. Both meth-
ods confirm the reduction of FAC amplitudes towards longer
periods (larger scales).

For supporting our suggestion of filamentary small-scale
FAC structures we made some simple model calculations. As
outlined by a cartoon on the left side of Fig. 7, we assume
a fluxtube with circular cross-section of radius, » = 10 km.
For four satellite tracks past the tube center at distances
e=20,7,5, 1km we calculate the Bians and Bajong vari-
ations when assuming a current strength / = 1kA and ho-
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Figure 5. Temporal variation of the ellipticity parameters for a 2 min time interval. Dashed lines mark the thresholds that are considered for
the estimation of reliable FAC densities. (a) Ellipticity parameters for the 0.26-0.44 s period band, (b) the same for the 2.5-5 s period band.

mogeneous current density distribution within the fluxtube.
The four hodographs in Fig. 7 illustrate the ellipticity char-
acteristic of the derived field variations. It is obvious that we
obtain in most cases well developed ellipses and an almost
linear relation between Birans and Bajong only when passing
close to the center. The artificially looking constant levels
of Balong are from the passage through the current tube. If
we had assumed a more realistic current density distribu-
tion that decreases from the center towards the border, the
hodographs would have been even more elliptic. In any case,
from these four example passes, only the last one, passage
close to the center, would have passed our criteria for FAC
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estimates. This is consistent with our sparse yield of FAC es-
timates from the longest period band.

So far, we looked only at short data intervals. For obtain-
ing a better impression of the km-scale FACs we have plotted
the derived FAC peak densities over the whole study period,
18 September through 4 October 2021. Results from Swarm
A and C are again combined. Figure 8 shows the latitude
distribution of derived peak current densities from each or-
bit for the five period bands, covering the period range, 0.1—
1.2s (0.4—4.5 km scales). The shortest period band has been
dropped because of the fairly small amplitudes, and the two
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Figure 6. Temporal variation of FAC density estimates over a 2 min interval. (a) Timelines of Birans and Byjong variations over the considered
interval, as recorded by Swarm A and C. (b) FAC density estimates derived from the ellipticity parameters, separately for all 8 period bands.
(¢) Comparison of FAC densities estimated by the simple single-satellite technique (thin lines) with results from the ellipticity approach

(heavy line segments), for the two longest period bands.

longest periods are not shown because of their sparse yield
of reliable FAC estimates.

Figure 8 presents in the top row results from the north-
ern hemisphere. The bottom row shows FAC densities from
the southern hemisphere. The left column depicts km-scale
FAC activity in the late evening sector around 21:00 MLT,
which is close to the typical local time for substorm onsets
(22:00 MLT) (see Wang et al., 2005) and to flow burst activity
in the magnetotail (see Angelopoulos et al., 1994). The right
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column shows FAC activity in the prenoon hours. Because
of the large range of derived FAC densities, a logarithmic
scale has been chosen for the color bar. From both time sec-
tors and over the whole study period we find clear evidence
that largest FAC densities, up to 100uAm~2 are observed
around the period range 0.16-0.26s (0.6—1 km scale size).
For longer periods the peak amplitudes drop significantly or
fall even below our amplitude threshold.
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density distribution.

Commonly, the km-scale FACs occupy only narrow lati-
tude ranges of the auroral region, which vary with local time.
In the prenoon sector, right column, this range is found at the
poleward border, around 80° MLat, in the cusp/cleft region.
Only occasionally signals are detected down to 60° MLat. In
the southern hemisphere, regularly appearing gaps of current
density are observed in the prenoon sector. They are caused
by the fact that the Swarm A/C orbits in certain longitude
sectors do not reach sufficiently high magnetic latitudes in
this hemisphere. The extension of FAC activity to lower lati-
tudes is achieved at similar UT times every day in both hemi-
spheres. In the left column of Fig. 8, the pre-midnight km-
scale FACs appear predominantly in the auroral oval around
70° MLat. This is the typical latitude for substorm activity
and flow burst activity in the magnetotail. Also here, on cer-
tain days the activity extends to high latitudes. The appear-
ance of FAC activity over a wide latitude range is an orbital
effect. On most orbits the Swarm satellites approach the au-
roral region on their upleg arc around late evening and pass
over through midnight to the morning sector. But due to the
displacement of the magnetic pole, in some longitude sectors
the passage goes from evening via noon sector to the morning
side. In those cases, the plots in the left column contain also
some noontime activity at high latitude. Similarly, the right
columns contain some orbit-related duskside signal at lower
latitude. Generally, in the southern hemisphere the FAC ac-
tivity is not so well confined in latitude as in the north. This is
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caused by the larger offset between magnetic and geographic
poles in the south. Thus, the MLT and MLat coverage by
Swarm is varying much more between orbits in the southern
than in the northern hemisphere.

When looking at km-FAC densities, the peak amplitudes,
averaged over 1° in latitudes, vary on the dayside typically
around 10 uA m~2 but occasionally reach up to 100 uAm~2.
In the pre-midnight sector these peak averages are about an
order of magnitude smaller. This confirms earlier results that
intense, km-scale FACs appear most often in the sunlit high
latitudes, particularly in the cusp/cleft region.

The previously shown results have identified the apparent
period range 0.16-0.44 s (0.6—1.7 km scale) as the one where
FAC densities peak. Now it would be interesting to see the
spectral distribution of FAC density during times of enhanced
activity. Figure 9a presents, as an example, a 5 min segment
from 30 September 2021 of a pass through the cusp/cleft re-
gion in the southern hemisphere, which comprises a rather
long passage through a region of intense small scale FAC ac-
tivity. Shown are the A Bans and A Byjong components from
Swarm A and C. Fluctuations reach up to 2000nTs~!. The
interval from 23:41:30 to 23:44:00 UT is used for a harmonic
analysis. Resulting spectra from the two components are pre-
sented in Fig. 9b. Here the spectral amplitudes have been av-
eraged over a half-octave frequency range, in order to en-
hance the significance of the amplitude curve. Furthermore,
the spectral results from Swarm A and C have been com-
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Figure 8. Latitudinal distribution of km-scale FAC density for the five period bands with largest amplitudes. The format is the same as that
of Fig. 3, but only structures of horizontal scale sizes between 0.4—4.5 km are shown. White areas mark ranges without entries.

bined. A quite obvious spectral feature of both curves is the
steep drop in signal strength towards lower frequencies. This
is caused by the high-pass filter with a cutoff period at 5 s (see
vertical dashed line). The spectra from the two magnetic field
component, A Byans and A Byjong, exhibit very similar shapes
but the spectral amplitude from A By is larger by a fac-
tor of about 1.5 than that of A Byjong. This indicates that the
FAC sheets are preferentially aligned along circles of mag-
netic latitude.

Over the main part of the covered frequency range, we
find a rather flat spectrum. Just at the high-frequency end,
beyond about 8 Hertz, it starts to roll off. This is consistent
with our observation of smaller FAC amplitudes within the
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shortest period band (0.04-0.1 s, 0.15-0.4 km scale). On the
other hand, we find in Fig. 6 also FAC amplitude decreases
towards the long-period end, a trend which is not reflected
by the spectra. Obviously, the spectral shape is governed by
the randomly appearing narrow large FAC spikes. They are
causing an almost white spectrum reaching far into the lower
frequency region. In that way they seem to override the con-
tributions of longer-period signals to the spectrum.
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The steep amplitude roll-off is caused by the applied high-pass filter with a cutoff at 0.2 Hz (vertical dashed line). Spectra from Swarm A

and C have been averaged.

6 Discussion

The focus of this study is on the km-scale FACs. However,
we have included here also a part of the small-scale FACs
with scale sizes of 5 to 20 km. These small-scale FACs were
at the center of interest in our recent paper, Lithr and Zhou
(2025). By using the high-resolution magnetic field data with
a sampling rate of 50 Hz, here we extend the previous study
to the smallest FAC scales resolved by the Swarm magne-
tometers. Furthermore, the previous investigations already
indicated that there might be a connection between the two
classes of FAC structure, but actually the two classes exhibit
rather different characteristics. The km-scale FACs are made
up of randomly occurring intense current density spikes. As
a consequence, an almost “white spectrum” is obtained from
the harmonic analysis of the magnetic field variations (see
Fig. 9), reaching far into the longer period range. These
spectral features are consistent with the results of Rother et
al. (2007) who investigated kilometer-scale FACs based on
5 years of CHAMP data. They also report a flat FAC ampli-
tude spectrum with a high-frequency role-off starting at 8 Hz.
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They argue that very intense narrow FACs appear randomly
and with a spectrum exhibiting a long tail towards lower fre-
quencies. The tail overlaps with the signals from the longer-
period FAC structures. The upper cut-off frequency is deter-
mined by the typical width of the largest spikes, about 1 km
(7.5 [kms™!] /8 [Hz]), as reported by Rother et al. (2007) and
found here. The good agreement with their more comprehen-
sive statistical study suggests that our single spectrum result
represents typical features of the km-scale FACs.

The km-scale FACs are limited to certain latitude regions
that vary with local time. Individual features are very vari-
able, lasting only order of 1s. When visiting the same loca-
tion 2 s later, structures with comparable amplitudes are seen
but with quite different waveforms. Largest FAC densities are
found for horizontal scale sizes of 0.5-2 km.

Conversely, the small-scale FACs reported in our pre-
vious study were found to be stationary over about 18s.
They exhibit a longitudinal correlation length of about 12 km
and occur over a wide range of auroral latitudes. When-
ever the small-scale FACs are accompanied by intense km-
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scale current structures their correlation properties between
the recordings at the two Swarm satellites are compromised.
This can directly be seen in the example displayed in Fig. 6a.
The magnetic field recording of Swarm A and C are in-
distinguishable during times without km-scale features (e.g.
23:09:00-23:09:40 UT). But tiny small-scale structures are
also present here. When FAC bursts appear, the small-scale
signal is distorted but has larger amplitude. A confirmation of
these characteristics can be obtained when comparing Figs. 3
and 8. The ratio of well-correlated small-scale FACs (2.5-5 s
period) in Fig. 3 ranges around 90 %, except in some latitude
bands. Intense km-scale FAC activity occurs on both the day-
side and nightside in these same latitudinal bands in Fig. 8.
We regard this effect as a consequence of spectral leakage
from the km-scale into the small-scale FAC signal range.

In spite of the listed differences between the characteris-
tics of the FAC classes, there seems to be a close relation-
ship between them. Already in Fig. 1 we showed the jux-
taposition of the superimposed scales. Whenever the ampli-
tude of the broadband signal increases, the long-period signal
(2.5-5s) follows that trend although reduced by a factor of
5 to 10. A part of the signal strength in the low-frequency
range may come from the broad-band contribution, but the
fairly stable estimates of a correct T-lag imply a sufficient
strength of the true small-scale FAC signature. Although the
cross-correlation coefficient, Cc, of the small-scale variations
drops simultaneously with the appearance of the intense km-
scale signal, it still finds its maximum at the right time shift.
Reduced Cc values at other locations, not accompanied by
km-scale features, are caused by the very low signal am-
plitude of the small-scale signal. The observations of km-
scale variations only appear in connection with a small-scale
FAC signal, and small-scale FACs reach largest amplitudes
only in regions where also km-scale signal appear. Already
Lithr and Zhou (2025) found that large-amplitude, small-
scale FACs exhibit reduced cross-correlation in the presence
of more greatly amplified km-scale signals. These latter find-
ings strongly suggest a connection between the simultaneous
appearance of amplified small- and km-scale FACs.

For an explanation of that connection, we should have a
closer look into the characteristic of the small-scale FACs.
For example, Park et al. (2017) made use of Swarm electric
field and magnetic field data to determine the reflection prop-
erties of the ionosphere for Alfvén waves in the period range
from 2 to 15s. This range overlaps very well with our class of
small-scale FACs as defined in Liihr and Zhou (2025). Due
to limitations of the E-field instrument on Swarm, Park et al.
(2017) could not examine all seasons and local times, but
for equinox conditions in 2014 they present a fairly com-
plete picture. The September, October 2021 dataset consid-
ered here is also near equinox. Park et al. (2017) derived the
wave reflection coefficient, «. The value o = 0 indicates a
complete absorption of the wave in the ionosphere, hence no
reflection. Conversely, o = 1 is expected for a perfectly con-
ducting ionosphere which would produce total wave reflec-
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tion. From the relation between E- and B-field perturbations
they confirmed that the variations within their selected pe-
riod range act like Alfvén waves. Park et al. (2017) reported
largest reflection coefficients around 75° MLat on the sunlit
dayside and around 65° MLat on the dark nightside with val-
ues of o = 0.3-0.5. This indicates significant wave reflection
in the region where we observe the small-scale FAC bursts.

It is well established that Alfvén waves can oscillate be-
tween the ionosphere and a magnetospheric reflection layer
to form an Alfvén resonator (e.g. Lysak, 1991). There are
also other Alfvén resonators described in the literature, e.g.
the ionospheric Alfvén resonator (IAR) (e.g. Lotko and
Zhang, 2018), which is confined to F-region altitudes. We
prefer the one formed by the conducting ionosphere at the
low-altitude boundary and the outward gradient in Alfvén
speed at higher altitude, of order 1 to several Rg. Large-
amplitude km-scale FACs have also been observed by the
Freja satellite at 1700 km altitude in the cusp region and
nightside auroral oval (e.g. Liihr et al., 1994). More recent
studies show that counter-propagating Alfvén wave pack-
ets nonlinearly generate wave components at shorter wave-
lengths and higher frequencies (e.g. Maron and Goldreich,
2001; Chandran, 2004). When the interaction proceeds for
a sufficiently long time, the resulting magnetic field fluctua-
tions become turbulent. We suggest that this process occurs
in the latitude regions where bursty signals are observed. It
requires, however, continuous input of wave energy to com-
pensate for losses due to ionospheric collisional dissipation.
In the stationary state the obtained amplitude is determined
by the balance between input power and dissipative losses.
Greater input power yields larger amplitudes.

For further testing the idea of turbulent interaction we de-
termined the power spectral density (PSD) of the magnetic
field fluctuations. As an example, we took again the km-scale
FAC burst on 30 September 2021 around 23:42 UT, shown in
Fig. 9. The PSDs of the fluctuations from the two horizontal
magnetic field components have been added. For enhancing
the significance of the spectrum, the two very similar results
from Swarm A and C have been merged and then averaged
over a half-octave frequency range. Figure 10 presents the re-
sulting PSD curve on log-log scales. In this case no high-pass
filter has been applied to the data. The well confined interval
of bursty signal is just detrended. Towards higher frequen-
cies the PSD follows a power law decay. Over a large fre-
quency range the spectral index equals —5/3. Such a slope
is expected for fluid turbulence. This so-called Kolmogorow
spectral slope is add for reference (dashed blue line). At fre-
quencies beyond about 3 Hz the decline becomes steeper. We
like to interpret our steeper decline as an indication of en-
hanced power dissipation during the process of turbulent in-
teraction. This dissipation obviously increases a lot for sig-
nals with apparent frequencies larger than 8 Hz (wavelength
< 1km).

Throughout the paper we have interpreted temporal vari-
ation, recorded by the satellites, as crossings through spatial
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Figure 10. Power spectral density (PSD) of the magnetic field vari-
ations observed during the FAC burst shown in Fig. 9a. No filter
has been applied in this case, and the PSDs from the two hori-
zontal components are added. Spectra from Swarm A and C have
been averaged. The dashed blue line represents the slope of the Kol-
mogorow index, —5/3, which is typical for fluid turbulence.

structures, but in reality, we cannot separate between tem-
poral and spatial variations. The observed Doppler shifted
magnetic field observations can be expressed as

B = Acos[(w + vk)t] (6)

where A is the amplitude, w is the cycle frequency, v is the
spacecraft velocity, 7 is time, k is the wavenumber component
in flight direction. Due to the large spacecraft velocity, the
second term always dominates. Even for the smallest struc-
tures (< 0.5 km), which are shown to be highly variable, we
think the second term is about 10 times larger than the w. All
this shows that the interpretation of apparent signal variation
as spatial scale is justified, but the resulting scale sizes are
slightly underestimated.

The power loss scales as 1 — a2, so the Park et al. (2017)
study with reflection coefficients of o = 0.3-0.5 for small-
scale Alfvén waves indicates that most of the Alfvén wave
power (75 %-90 %) is dissipated in the ionosphere. This find-
ing assumes, however, that the primary dissipation process is
Joule heating. For km-scale Alfvén waves, the dominant dis-
sipation process is Ohmic heating due to the finite parallel
conductivity of the ionosphere (e.g., Lessard and Knudsen,
2001). The turbulent interaction between oscillating Alfvén
wave packets is transferring energy from longer to shorter
scale-length. Thus, the km-scale FACs gain more in ampli-
tude than the small-scale FACs inside the activity bursts,
which is consistent with our observations. However, Lessard
and Knudsen (2001) also state that Alfvén waves below a
certain spatial size are strongly damped upon traversing the
ionosphere. Furthermore, the km-scale structures also seem
to exhibit higher harmonic frequencies (> 0.5Hz) in the
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Alfvén wave resonator. This can explain the observed decor-
relation between signals that are sampled only 2 s apart.

A remaining question is, what determines the smallest
FAC sizes. The quasi-white spectrum starts to roll-off at an
apparent frequency around 8 Hz. The corresponding 1km
wavelength can be regarded as the smallest wavelength of
these bursty FACs. In a relevant model study, Lotko and
Zhang (2018) have investigated the ionospheric dissipation
properties of short-wavelength Alfvén waves trapped in an
ionospheric Alfvén resonator formed by the plasma density
gradients of topside and bottomside F-region. As expected,
for longer wavelengths (> 20 km) and lower frequencies they
find the largest Joule heating rates in the E-region. For shorter
wavelengths and, in particular, for higher harmonic resonator
modes, dissipation in the F-region becomes increasingly im-
portant and severely limits the amplitudes of sub-km-scale
modes. The resulting ionosphere-thermosphere heating at F-
region altitudes, predicted by their model, is well supported
by the observations of local air upwelling in connection with
km-scale FACs in the cusp region (e.g. Liihr et al., 2004). In
addition, these authors point out that single-satellite record-
ings of small-scale Alfvénic structures suffer from the spa-
tial/temporal ambiguity when flying through regions contain-
ing very small-scale and multi-harmonic, F-region resonator
modes. Thus, quantitatively determining detailed properties
at the smallest scales is difficult from Swarm observations.
Lotko and Zhang (2018) also note that absorption at wave-
lengths < 0.5 km, projected to the F-region, occurs at alti-
tudes above 2000 km where wave-particle interactions due to
electron inertial effects and attendant Alfvénic parallel elec-
tric fields produce the soft (broadband) electron precipitation
that commonly accompanies bursts of km-scale FACs (e.g.
Watermann et al., 2009).

These considerations offer useful insights into the Swarm
observations of km-scale FACs, but with some limitations.
None of the ionospheric Alfvén resonator models address
polarization characteristics, so we are left without an expla-
nation for the transition from the magnetic elliptic polariza-
tion of small-scale FACs to the near-linear polarization of
km-scale FACs. Alfvén waves do change helicity upon re-
flection at a conducting surface, so ionospheric reflection
may produce a nearly linearly polarized superposition of
right and left hand elliptically polarized waves above the E-
region. Existing models are also linear or two-dimensional
and cannot describe the generation of turbulence leading to
the shorter wavelength and higher frequency wave power of
km-scale FACs. While we have identified a possible causal
connection between small- and km-scale FACs, how power
in the energy-containing small-scale FACs cascades to the
observed km-scale FACs remains unresolved.
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7 Summary and conclusion

In this study we investigated the characteristics of the
smallest-scale field-aligned currents at auroral latitudes. For
this purpose, we used the high-resolution magnetic field data
sampled at S0Hz on the closely spaced Swarm A and C
spacecraft. Particularly suitable are the 16d of the quasi-
coplanar configuration near 1 October 2021, as part of the
counter rotating orbit phase. During those days the along-
track separation between the spacecraft was reduced to 2s
and the cross-track separation varied only between 0-3 km.
This special configuration enabled an analysis of the relation-
ship between km-scale and small-scale FAC structures and
their spectral properties at auroral latitudes. Major results of
the study are listed below.

1. For small-scale FACs (5-20km sizes) the correlation
lengths, both spatial and temporal, as reported by Liihr
and Zhou (2025), are confirmed. However, due to the
very limited range of the spacecraft separations during
the 16d of this study, an upper limit on the duration
could not be determined.

1.5 An analysis of the polarization of magnetic signals in
different period bands shows that the small-scale FACs
are filamentary whereas the km-scale FACs are more
sheet-like.

2. The km-scale FACs (0.5-5km size) exhibit markedly
different spatio-temporal characteristics. Narrow, large-
amplitude FAC spikes appear quasi randomly. They
apparently evolve on a time scale faster than the 2s
sampling interval between spacecraft. While their large
amplitude persists between successive spacecraft sam-
ples, the waveform changes significantly. This result
confirms the very transient character of these km-scale
FACs. Peak FAC densities, exceeding 100 uAm™2, are
observed for 0.16-0.44s signal periods, correspond-
ing to horizontal scales of 0.5-2km along the satellite
track. Peak amplitudes rapidly decrease towards shorter
and longer signal periods, corresponding to shorter and
longer length scales along the satellite track.

3. The appearance of km-scale FACs is typically confined
to a narrow latitude range of about 5°. The center lat-
itude of the band varies with local time. Within the
noon and prenoon sectors, FAC activity occurs predomi-
nately around 80° MLat, while in the nightside and dusk
sectors, it occurs more typically around 70° MLat. In-
tense FAC densities, between 10 and 100 uAm_z, are
observed on the dayside. Amplitudes on the nightside
are on average an order of magnitude smaller, although
individual peaks can be comparable to those on the day-
side.

4. The magnetic field variations from the km-scale FACs,
recorded by Swarm, exhibit an almost white frequency
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spectrum, with a spectral roll-off starting at 8 Hz. This
corresponds to an along-track scale-length of about
0.5 km. The low-frequency end of the flat spectrum ex-
tends to the band limit of 0.2 Hz, corresponding to the
maximum spacecraft separation in this study, so the
low-frequency cutoff is indeterminate. This observation
confirms earlier suggestions that spectral leakage from
the km-scale signal into the period range of small-scale
FACs contaminates the magnetic signature of small-
scale FACs. The degree of cross-correlation between
Swarm A and Swarm C recordings is consequently re-
duced for small-scale FACs when accompanied by km-
scale FACs.

5. In spite of the very different characteristics of small-
and km-scale FACs, they seem to be closely connected.
Small-scale FACs reach largest amplitudes when km-
scale currents appear, and km-scale FACs are always
accompanied by small-scale FACs. A plausible sce-
nario for the occurrence of km-scale FACs on the
dayside is as follows: (i) Magnetopause disturbances
due to interplanetary and magnetosheath variability and
dynamic reconnection launch downward propagating
Alfvén waves that achieve 5-50km transverse length
scales upon reaching F-region altitudes. (ii) When the
Alfvén wave generation is persistent, the waves pump
the dayside ionospheric Alfvén resonator formed by the
F-region depression in Alfvén speed. (iii)) Wave amplifi-
cation in the pumped resonator facilitates nonlinear in-
teractions between counter-propagating, trapped Alfvén
waves. A turbulent cascade to smaller transverse-scale
(km-scale) ensues. (iv) The cascade reaches the dissi-
pation range at length scales where ionospheric Ohmic
dissipation |kperp X Bperp|2 /o) absorbs the wave power.
The spectral roll-off at the dissipation range determines
the effective short wavelength cutoff of the observed
field. Since nighttime Alfvén wave activity is more
episodic than dayside activity, and is stimulated by mag-
netotail processes, its statistical properties are different,
but the Alfvén wave dynamics within the ionosphere are
similar.

These findings pose some interesting questions. What are
the effects of the presumed km-scale Alfvén waves on ther-
mospheric heating and neutral gas winds? What is the nature
of the electric fields accompanying km-scale FACs? If small-
scale and km-scale FACs are causally related, how is the el-
liptical polarization of small-scale FACs transformed into the
linear polarization of km-scale FACs? What are the effects on
charged particles, e.g., transverse acceleration of ions and/or
field-aligned electron acceleration?

Code and data availability. The Swarm data used in this work are
freely accessible on the internet at https://earth.esa.int/web/guest/
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