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Figure 5. Electron spectrograms from three DMSP/SSJ overpasses between 12:55-13:00 UT (panel a), 13:24-13:29 UT (panel b), 14:35—

14:40 UT (panel c¢). The electron energy flux is plotted as a function of logarithmic electron energy and time.

FACs give an indication of ongoing energy coupling processes between the magnetosphere and the ionosphere. Both the
ELSPEC method, based on EISCAT data, and the Lompe method provide estimates of FACs. However, they do so on different
length scales. ELSPEC, as shown in Figure 6, where panel d shows the FAC magnitudes, provides a localized measurement
by inverting the EISCAT electron density. The measured value of N, is depicted in Figure 6a, while the modeled version
is shown in panel b. Generally, the ELSPEC model underestimates the FAC magnitude, because it only takes electrons with
energies above 1 keV into account. The FAC magnitudes in the ELSPEC method range up to 6 uA m. The Lompe method
provides a larger-scale overview compared to ELSPEC. In our case, we have chosen the time stamps of the model based on
the DMSP overpasses over Svalbard, resulting in three snapshots of which the relevant elements are shown in Figure 7. The

Lompe analysis are based on 5 min windows centered at 12:57, 13:27, and 14:38 UT. The top row of Figure 7 corresponds to
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Figure 6. The ELSPEC method which shows: the observed electron density between 80—150 km altitude by the ESR (panel a), the electron
density modeled in the inversion (panel b), the differential energy flux (panel c), the upward FACs (panel d), the total energy flux (panel e),

and the x? parameter (panel f). The red bars in panels d and e are 1-o error estimates.

12:57 UT, the middle row to 13:27 UT, and the bottom row to 14:38 UT. The full snapshots of the inversion can be found in
Appendix A. The solutions in the Lompe method are dominated by ground-based magnetometers and Iridium, since there is
185 very little SuperDARN data available in the analysis region, and none around Svalbard. In addition, only the last snapshot, at
14:38 UT, contains a few Swarm data points located at the northern edge of the grid, while for the other snapshots no Swarm
data is available. The FACs in the Lompe inversion (Figure 7 panels a, e, and i; the blue and red color scale shows the FAC

magnitudes, where red corresponds to upward and blue to downward FACs), show magnitudes up to &3 pA m between 72—
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75° mlat. At 12:57 UT, Figure 7a, the ESR beam (at 75° mlat) is located in an upward FAC (red) region, while at 13:27 and
14:38 UT (panels e and i), the ESR beam is located in regions of downward FACs. At these times upward FACs are observed
further south in the UAA detection region. This corresponds well with the observed higher FAC values in the ELSPEC method
around 13:00 UT. In general, the ELSPEC FAC magnitudes, despite their underestimation, exceed those of Lompe during times
of auroral precipitation. Both FAC magnitudes compare well to previously reported values. In case of FLRs, values of 3—6 uA
m? (Gillies et al., 2018), 2-3 uA m™ (Lotko et al., 1998), up to 5 uA m?> (Walker et al., 1992), and 2-4 pA m? (Fenrich
et al., 2019) have been reported. For small-scale waves, FAC magnitudes of 1-4 pA m (Milan et al., 2001) and 0.8 pA m™
(Baddeley et al., 2017) have been found. The UAA event thus shows FAC strengths equaling those of FLRs.

Another feature of the FACs in the Lompe method is the alternating direction of the FACs above and just south of Svalbard.
This feature is visible in all three Lompe snapshots, but most pronounced at 13:27 UT, as shown in Figure 7e. The modeled FAC
directions in Figure 7e can be seen directly in an Iridium overpass right over Svalbard providing magnetic field measurements as
shown in orange in Appendix A Figure A1. Similar alternating FAC directionality has previously been observed in combination
with a ULF wave event by Fenrich et al. (2019) using data from the SuperDARN radars and the Swarm spacecraft.

Furthermore, the Lompe inversion gives an estimation of the convection velocities. The detection in the MSP shows us that
the UAA event is moving with a poleward velocity of around 740 m s™'. This is comparable to the convection velocity in Lompe
at 13:27 UT (Figure 7e; the quiver field). At 12:57 UT (Figure 7a), Svalbard is on the edge of the two convection cells, making
it hard to extract precise velocities, while the convection velocity at 14:38 UT (Figure 7i), after the detected UAA event has
ended, is slightly lower.

The ELSPEC method, as shown in Figure 6, also gives an estimation of the total energy flux in the panel e. During the
brightest auroral arcs, which take place between 13:00—13:15 UT, the total energy flux goes up to 12 mW m. Outside of this
time range, the maximum total energy flux is up to 5 mW m2. A similar energy estimate is provided using the DMSP/SSUSI
instrument as shown in Figure 8 for the first two overpasses. Around 12:57 UT, as shown in Figure 8a, the electron energy
flux around Svalbard just exceeds 10 mW m2, while it is around 3 mW m2 at 13:27 UT. Both the ELSPEC method and the
DMSP/SSUSI instrument are thus giving comparable energy dissipation fluxes, showing the strongest energy fluxes around
13:00 UT and weaker fluxes around 13:30 UT. This indicates that the local features captured with the ESR are representative
of the larger wavefronts of the UAA event as observed by the DMSP spacecraft. These energy flux magnitudes are comparable
to the DMSP/SSUSI fluxes previously reported by Van Hazendonk et al. (2024), which equaled 8—10 mW m? within the ULF
wavefronts.

To investigate how the total energy flux is dissipated, we determined the Joule heating using the Lompe method as shown
in Figure 7 panels c, g, and h. Peak Joule heating rates range between 8—11 mW m™. The strongest Joule heating is found in
regions between up- and downward FACs, as these areas are characterized by the horizontal Pedersen currents that close the
current loops in the ionosphere. In between those regions, Joule heating is limited with base levels between 0.5-2 mW m2.
The regions with alternating FAC directions, while partly located within the UAA detection region, are mostly found south of
the ESR beam. This could explain the lack of 7; enhancements and thus the lack of Joule heating inside the narrow ESR beam.
Outside of the ESR beam, the UAA event shows signs of Joule heating as indicated by Lompe. The Joule heating dissipation
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Figure 7. The Lompe inversion at 12:57 UT (top row; panels a—d), 13:27 UT (middle row; panels e-h), and 14:38 UT (bottom row; panels
i-1). The first column (panels a, e, and i) shows the convection velocities (quiver field) and the FAC magnitudes (red/blue colormap). The
second column (panels b, f, and j) provides the Pedersen conductance, and the third column (panels c, g, and k) the Joule heating. The last
column (panels d, h, and 1) shows the location of the grid with respect to the magnetic local time and magnetic coordinates. The full data

panels of each run are given in Appendix A.

rates are comparable to those reported previously for ULF wave events with low/intermediate m-numbers and exceed those of
high m-number waves as shown in the comparison of Table 1. Comparing to the statistical study by Aikio et al. (2012), our
base Joule heating rates fall mostly into the quiet geomagnetic conditions category (Kp: 0-2%), thus corresponding well with
the observed Kp value of 2, while the peaks indicate high geomagnetic activity (Kp > 57). This observation is in line with
previous findings which showed that the presence of ULF waves increases the dissipation rates above the otherwise expected
levels and that ULF waves contribute significantly to the energy budget (Rae et al., 2007; Hartinger et al., 2015; Van Hazendonk
et al., 2024).

12
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10

Electron energy flux [mWm2]

Figure 8. The dissipated electron energy flux measured by the DMSP/SSUSI instrument for overpass 1 (panel a) and overpass 2 (panel b).

m-number Joule heating [mW m?

Van Hazendonk et al. (2024)  Low/intermediate ~ 0.5-3 (base level) and 20 (peaks)

Hartinger et al. (2015) Low 0.1-1 (>10 for extreme cases)

Rae et al. (2007) Low 1.3 (mean) and 7.3 (peaks)

Baddeley et al. (2005)* High and high 0.075 and 0.68

Aikio et al. (2012) No ULF waves 0.5-1 (quiet), 2-3 (moderate), 5-10 (high)b

* Baddeley et al. (2005) present two separate ULF wave events.

"The rates from Aikio et al. (2012) are median values between 16:00-17:30 MLT. Peak values can be up to double the median values.
Table 1. Previously reported Joule heating dissipation rates. A similar version of this table has been published in Van Hazendonk et al.

(2024).

4 Discussion

The UAA event on 16 November 2021 13:00-14:30 UT (16:00-17:30 MLT) detected in the MSP is located between 72—
75° mlat and has a frequency of 1.1 mHz. Observations in the ESR show the presence of auroral arcs via periodic electron
precipitation in the E- and F-region combined with electron temperature increases. Associated with the arcs, type 2 ion upflow is

235 located with predominantly low and medium fluxes. In general, the event shows a complicated dynamics with partly ambiguous
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observations across different instruments. On one hand, ground-based magnetometers suggest a non-FLR nature and thus
indicate small-scale ULF waves. On the other hand, FAC magnitudes, total energy dissipation rates, and Joule heating rates are
comparable to previous large-scale, possible FLR-like, events.

The ionospheric ion upflow observed in this paper provides its first direct link to UAAs. Previously, ion outflow has been
observed in the inner magnetosphere at lower latitudes during storm time (Chaston et al., 2015). This outflow was connected
to kinetic Alfvén waves, and it was hypothesized that simultaneous ionospheric outflow occurred. Our event shows that iono-
spheric upflow can indeed occur in relation to UAAs, thus fitting within the framework by (Chaston et al., 2015). To understand
the physical mechanisms explaining the connection between ionospheric ion upflow and UAAs, the model proposed by Sam-
son et al. (2003) and expanded upon by Rankin et al. 2021, gives some insights. This model describes the connection between
FACs and the FLR wave field, in which the FLR generates a parallel electric current that is supported by a parallel electric
field. This parallel electric field accelerates electrons and ions into the ionosphere causing the UAAs. Based on this model, we
expect to observe T; enhancements in the ESR data, adjacent to the arcs, due to Joule heating caused by the Pedersen currents
that close the FAC circuit in the ionosphere. As is seen from figure 3, whilst no 7; enhancements were observed between the
arcs, electron density and temperature enhancements are observed, indicating particle acceleration into the ionosphere by a
parallel E-field within the arcs.

Allin all, the UAA event consists of enough energy input to cause ion upflow, but, based on the ESR data alone, not enough to
cause significant Joule heating. This supports that the UAA event consists of smaller-scale ULF waves with a non-FLR nature
as also indicated by the ground-based magnetometers. Instead of energy being predominantly deposited via Joule heating,
ESR data indicate that part of the dissipated energy went into the acceleration of particles causing N, and 7, enhancements.
Similarly to Van Hazendonk et al. (2024), the kinetic flux might be more important than previously expected. An alternative
explanation is that the ESR beam is located too far north to capture the bulk of the Joule heating.

The Lompe model indicates significant Joule heating within the UAA area, as shown in Figure 7c, g, and k, but locates
this Joule heating predominantly south of the ESR beam. These Joule heating rates are comparable to those previously found
for large-scale ULF wave events. In our case, however, the Joule heating might be overestimated due to strong dependency
on the conductance in the Lompe model. The very limited availability of convection data caused the outputs of the Joule
heating and convection velocities to be heavily affected by small changes in conductance. Since the ionospheric currents, J,
are mostly based on magnetic field data, an increase in conductance results in a decrease in electric field following Ohm’s
law: J = X E. The E x B drift then results in a reduced convection velocity. We calculated the conductance using Equation 1,
thus depending on the auroral precipitation, solar EUV, and the background conductance. The first term is based on input data
from DMSP/SSUSI, while the second one is calculated using well-known empirical formulae as given by Moen and Brekke
(1993). The background conductance, however, is a less-known term. Previously, ¥ g = 2 mho has been used (Robinson et al.,
2021; Laundal et al., 2025). Recently, Juusola et al. (2025) used long EISCAT time series, both from Tromsg and Svalbard, to
determine empirical conductances. The residual of the fit then provided background conductances of Y pg,p = 0.625 4 0.008
mho and ¥ pg, g = 0.894+0.011 mho for respectively the Pedersen and Hall background conductances. The ESR data indicate

conductances around 0.5 mho before 12:50 UT, while increasing to 1-3 mho in between the auroral arcs during the UAA
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event. Convection flows are expected to be < 1 km s! as geomagnetic conditions are quiet. This lead us to use a background
conductance of 2 mho, as background conductances < 1 mho would imply convection flows > 1 km s!, and Joule heating
rates up to 25 mW m. The strong dependence of the Joule heating and convection velocity on the background conductance,
makes both results less reliable. The comprehensive picture of this event — including both the ESR, DMSP, and Lompe data —
thus shows little evidence of large Joule heating especially within the narrow ESR beam. However, it does show enough energy
input into the ionosphere to cause particle precipitation and ion upflow.

Furthermore, the input data to the Lompe model in our case mostly comes from ground- and space-based magnetometers.
This provides two challenges. Firstly, the Lompe technique implicitly connects all magnetic field perturbations observed by
magnetometers within the grid to ionospheric currents within the same grid (Laundal et al., 2022). This might not be true,
since magnetometers sense large areas, which can extend across grid boundaries. Secondly, small-scale ULF waves are prone
to ionospheric attenuation and thus not always visible in ground-based magnetometer data (e.g. Takahashi et al., 2013). As our
event shows a non-FLR signature in the ground-based magnetometer data (Figure 4), it is likely that the magnetometers, and
thus the Lompe method, do not fully capture the ULF wave dynamics. We do therefore believe that the direct observations
carry more weight than the outputs of the Lompe model, especially regarding the Joule heating rates and convection velocities.

The observed UAA event has a non-FLR nature, and exhibits small-scale signatures like ionospheric attenuation. This
would indicate a generation mechanism internal to the Earth’s magnetosphere. On the other hand, FAC magnitudes as provided
by ELSPEC and Lompe could indicate larger-scale ULF waves. High solar wind speeds of around 600 km s, as shown in
Appendix A Figure A4b, could cause external generation at the Kelvin-Helmholtz instability on the flanks of the magnetopause.
The solar wind dynamic pressure, shown in Appendix A Figure A4c, does not indicate that external pressure pulses play a role
in the generation.

The periodic enhancements in both the MSP and ESR as well as the slanted and poleward moving structures in the MSP,
indicate the presence of UAAs as explained in Van Hazendonk et al. (2025). However, poleward moving auroral forms (PMAFs)
can appear similarly in MSP data (Xing et al., 2012). PMAFs are a dayside phenomena, mostly occurring on open magnetic
field lines. However, negative B, in combination with positive B, which is the case for our event as shown in Appendix A
Figure A4a, can cause an asymmetry towards post-noon, making it possible for PMAFs to occur during our event timing (Xing
et al., 2012; Yang and Xiang, 2022). However, as discussed earlier, the DMSP/SSJ particle detector data (Figure 5) show that
the UAA event most likely takes place on closed-field lines as indicated by the overpasses at 13:27 and 14:38 UT. We do thus
believe that the UAA event takes place on closed field lines and is unlikely to be a PMAF event.

5 Conclusions

In this paper, we presented a comprehensive study of a poleward moving ULF wave driven auroral arc event, utilizing ground-,
and space-based instrumentation as well as models. The event takes place on 16 November 2021 between 13:00-14:30 UT
(16:00-17:30 MLT) and is located on closed field lines between 72—75° mlat (above Svalbard). Its frequency of 1.1 mHz

corresponds to a 15 min periodicity, and the poleward propagation velocity is 740 m s”!. The UAA event provides a strong
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coupling between the ionosphere and magnetosphere, which is visible through ion upflow, FACs, and energy dissipation. The
ion upflow flux falls within the low to medium category with fluxes of around 3.3 x 10'® m2 s”! without proof of outflow. The
FACs can locally have magnitudes of at least 6 uA m as estimated from the ESR electron density measurements. At larger
scales the Lompe output gives values around 3 pA m2, while also showing the alternating FAC directionality in 2D. The total
energy flux peaks at 8§ mW m? (large-scale) and 12 mW m™ (small-scale), thus showing significant dissipation. Part of this
energy is dissipated as kinetic energy via particle acceleration and precipitation as observed in the ESR. No co-located Joule
heating was found due to lack of 7; enhancements in the ESR beam, but there is an indication of Joule heating up to 11 mW
m? outside this narrow radar beam.

Different measurements provide ambiguous information on the exact nature of the UAA event. On one hand, ground-based
magnetometers indicate small-scale waves with a non-FLR nature and the lack of 7; enhancements suggests that most of the
UAA energy is deposited via kinetic processes rather than Joule and/or frictional heating as expected for FLRs. On the other
hand, FAC magnitudes and energy dissipation rates match those of large-scale, FLR-like events. This shows that the available
instrumentation in combination with existing frameworks and models cannot fully capture the complicated UAA dynamics.
Additional instrumentation, such as auroral imaging from space or spatially extended incoherent scatter measurements, could
provide more accurate conductivity estimations needed for improved understanding of the ULF wave energy budget and their
role in the ionosphere—magnetosphere coupling. Ion upflow should be considered in these future, multi-instrument studies.
To the best of our knowledge, this paper now provides the first direct observations of ionospheric ion upflow associated with
UAA:s.

Code and data availability. EISCAT data is available at https:/madrigal.eiscat.se in hdf5 files containing already analyzed data with an
integration time of 1 min. The MSP data for this event is available through the NIRD research data archive under DOI https://doi.org/
10.11582/2025.B9FR665W. DMSP data can be downloaded from https://cdaweb.gsfc.nasa.gov/pub/data/dmsp/. The magnetometer data
for the FFT analysis is obtained from the IMAGE magnetometer network via https://space.fmi.fi/image/ (10 s time resolution), while the
input magnetometer data for the Lompe model comes from SuperMAG https://supermag.jhuapl.edu/. The other data used for the Lompe
model is retrieved from https://ampere.jhuapl.edu/ (Iridium), https://vires.services/ (Swarm), and https://doi.org/10.5281/zenodo.7821883
(SuperDARN). Solar wind data, shifted to the bowshock nose, were obtained from the GSFC/SPDF OMNIWeb interface at https://omniweb.
gsfc.nasa.gov/form/sc_merge_min1.html.

The Lompe model and ELSPEC method are both available at GitHub via https://github.com/klaundal/lompe and https://github.com/
ilkkavir/ELSPEC, respectively.

Appendix A: Additional figures

In this section, the figures containing the full output of the Lompe method are included for the three different snapshots. In

addition, the solar wind data is shown.
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Figure Al. The full Lompe output for the 12:57 UT snapshot. Panel a shows the convection velocity (black arrows), and the electric potential
contours. Panel b depicts the horizontal magnetic field disturbances at 110 km altitude (black arrows), the Iridium horizontal magnetic field
measurements (orange arrows), and the FAC densities (color scale). Panel ¢ gives the horizontal ground magnetic field perturbations (black
arrows), the SuperMAG horizontal magnetic field perturbations in orange, and the radial magnetic field perturbations (color contours). Panel
d shows the location of the grid with respect to the magnetic local time and magnetic coordinates. Panels e and f give the Hall and Pedersen

conductance, respectively, and panel g the horizontal height-integrated ionospheric currents. Panel h gives the color and vector scales.
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Figure A2. Same as Figure A1, but for the 13:27 UT snapshot.
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Figure A4. The solar wind data before and during the UAA event. Panel a shows the interplanetary magnetic field, panel b the solar wind

velocity, and panel ¢ the solar wind dynamic pressure.
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