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Abstract We present Swarm satellite and EISCAT radar observations of electrodynamical parameters
in the midnight sector at high latitudes. The most striking feature is a plasma flow channel located
equatorward of the polar cap boundary within the dawn convection cell. The flow channel is 1.5∘ wide
in latitude and contains southward electric field of 150 mV/m, corresponding to eastward plasma velocities
of 3,300 m/s in the F-region ionosphere. The theoretically computed ion temperature enhancement
produced by the observed ion velocity is in accordance with the measured one by the EISCAT radar. The total
width of the auroral oval is about 10∘ in latitude. While the poleward part is electric field dominant with
low conductivity and the flow channel, the equatorward part is conductivity dominant with at least
five auroral arcs. The main part of the westward electrojet flows in the conductivity dominant part,
but it extends to the electric field dominant part. According to Kamide and Kokubun (1996), the whole
midnight sector westward electrojet is expected to be conductivity dominant, so the studied event
challenges the traditional view. The flow channel is observed after substorm onset. We suggest that the
observed flow channel, which is associated with a 13-kV horizontal potential difference, accommodates
increased nightside plasma flows during the substorm expansion phase as a result of reconnection
in the near-Earth magnetotail.

1. Introduction

The Swarm mission makes it possible for the first time to study ionospheric parameters by utilizing two satel-
lites (A and C) flying in parallel over the auroral oval. The third satellite of Swarm (satellite B) has a slightly
higher altitude, so its orbit is slowly drifting away from the original three closely spaced satellite constellation.
The separation of satellites A and C is 1.5∘ in longitude. The low altitude of these satellites (∼460 km) is an
advantage when trying to compare the satellite observations with locations of auroral arcs from ground-based
measurements, because mapping along the magnetic field lines from the satellite altitude to the E region can
be done without great uncertainties. The satellites carry versatile instrumentation that allow in situ estimation
of the basic ionospheric parameters.

The aim of this paper is to study the Swarm auroral oval crossing during 9 November 2015 near magnetic
midnight over Scandinavia and the EISCAT radar facility in Tromsø. The Swarm electric field instrument (EFI)
measured intense east-west flows close to Tromsø (66.6∘ cgmLat). The EISCAT radars were running a specific
mode designed for the Swarm overpass with the UHF radar pointing in the field-aligned direction and the VHF
radar pointing vertically up in a tristatic mode, where the Kiruna and Sodankylä receivers each measure one
component of the plasma flow vector at the tristatic altitude in the F region, and the Tromsø receiver gives
the third component. Hence, the VHF measurements yields the electric field estimate in addition to normal
plasma parameters. The versatile ground-based instrumentation including magnetometers of the MIRACLE
network and all-sky cameras (ASCs) made it possible to study the ionospheric electrodynamics over a wide
range of latitudes.

Previous studies have shown that strong zonal flows are found at various places in the high-latitude iono-
sphere. Flow channels have been found on the dayside in the cusp region (Oksavik et al., 2004), in the polar cap
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(Nishimura et al., 2014) and at high latitudes on the nightside in association with magnetospheric bursty bulk
flows (Pitkänen et al., 2013). Auroral arcs within the auroral oval are often accompanied by enhanced electric
north-south fields on one side of the arc corresponding to east-west plasma flow channels (Aikio et al., 1993),
which may be narrow. The role of enhanced electric field is to act as a part of the arc current system (Aikio
et al., 2002).

The mesoscale intense plasma flow channel in the nightside auroral ionosphere that we will present in this
study is not frequently reported in literature. Archer et al. (2015, 2017) discuss the observations of Swarm
satellites in the beginning of the mission during 11–31 December 2013, when the satellites were in a
pearls-on-a-string configuration. Archer et al. (2015) show Swarm observations of increased zonal flows up
to several kilometers per second near magnetic midnight between 70∘ and 80∘ aacgmLat under unusually
quiet geomagnetic conditions, with auroral electrojet (AE) indices below 100 nT for 34 of the 41 events. They
suggest that those occur close to or at the poleward edge of the auroral oval but conclude that a full study
of the morphological context of these events is required. Archer et al. (2017) analyze 153 intense zonal ion
velocity jets in the northern nightside auroral zone during quiet geomagnetic conditions (AE index <200 nT).
Velocities exceeded 1,000 m/s in over 50% of the orbits measured and ranged from 20 to 100 km in merid-
ional thickness. The flow velocities reached a maximum at the boundary between upward and downward
field-aligned current (FAC). Archer et al. (2017) conclude that ion velocity jets are a persistent and ubiquitous
property of the electrodynamics of quiet time Region 1/Region 2 current (Iijima & Potemra, 1978) closure near
midnight in the winter hemisphere.

In this paper, we will make a detailed multi-instrument study of one plasma flow channel event utilizing the
versatile ground-based instrumentation in the Scandinavian sector near magnetic midnight. Contrary to the
events studied by Archer et al. (2015, 2017), this event occurs during disturbed conditions shortly after a begin-
ning of a substorm, where the AE index reaches 500 nT. The guiding question of this study is to understand the
role of the strong mesoscale flow channel in the electrodynamic system and specify its location with respect
to the auroral oval (inside or outside) and other plasma boundaries.

2. Measurements and Data Analysis

Each Swarm satellite is equipped with a vector field magnetometer (VFM), an absolute scalar magnetome-
ter (ASM), which is used to calibrate the VFM, and an electric field instrument (EFI). The EFI contains a pair of
Langmuir probes (LPs), which yield spacecraft potential, electron density, and electron temperature. We will
utilize LP data from satellites A and C with 2-Hz sampling rate, stored as Level-1b data. Ion drift vi is derived
from two-dimensional images of low-energy ion distribution functions provided by two Thermal Ion Imager
(TII) sensors viewing in the horizontal and vertical planes (Knudsen et al., 2017). Electric fields perpendicular
to the magnetic field B are determined using the relation E = −vi × B, where vi is given by the analysis of TII
data, and B is given by the magnetometer measurements. During 9 November 2015, the TII instrument was
turned on at Swarm A during the auroral oval crossing. In this paper, we use the cross-track measurement of
ion velocity with 2-Hz resolution, since the along-track component is much more sensitive to errors in space-
craft potential and ion composition. This is especially true within intense flow channels in which significant
quantities of NO+ are produced (Archer et al., 2015). The EFI TII sensors also provide an estimate of ion tem-
perature, which while not yet calibrated in an absolute sense is qualitatively consistent with the results shown
in this paper.

We show the Swarm single-satellite FACs estimated form the 1-Hz magnetic field measurement (VFM), which
are stored as Level-2 data in the database (Ritter et al., 2013). In the analysis, the FACs are assumed to flow in
sheets perpendicular to the satellite track, which is very close to geographic north, since the inclination of the
orbit is 87.4∘ for satellites A and C. The magnetic field gradients are computed at the 1-s resolution, and the
positions assigned for the currents are the centers between the two measurement points.

In addition, we calculate FACs and horizontal currents from the satellite pair A and C by utilizing the SECS
(Spherical Elementary Current System) method introduced by Amm et al. (2015) and discussed in Juusola,
Kauristie, et al. (2016). The Swarm/SECS analysis method yields two-dimensional (latitude-longitude) maps
of the ionospheric currents in a limited region around the Swarm satellite’s paths. We can estimate the
horizontal and magnetic FAC density without the need to assume vanishing gradients in the cross-track
direction, as has been done in previous single-satellite estimates. The Swarm/SECS method takes as input
the magnetic measurements of the Swarm satellites. The Earth’s main field, lithospheric field, and magneto-
spheric contributions are subtracted from the measured field using the POMME-9 model (Maus et al., 2010).
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Estimates of the ionospheric horizontal current and FAC along a strip around the E region projection of the
satellite tracks are obtained as output. The method also allows to separate the divergence-free and curl-free
part of the total current system.

A different variant of the SECS method is applied to ground magnetometer data (Amm & Viljanen, 1999). The
MIRACLE magnetometer network provides measurements of ground magnetic disturbances by ionospheric
currents, and the SECS method provides 2-D maps of horizontal ionospheric equivalent currents, which at high
magnetic latitudes represent the divergence-free part of the real current system. In addition, the equivalent
currents are divided into two parts, one produced by currents flowing at ionospheric altitudes (external part),
and one produced by currents induced in the ground (internal part), following the method introduced by
Pulkkinen et al. (2003). We will use only the external part of the currents in this study.

The incoherent scatter EISCAT VHF and UHF radars located at Tromsø (geographic [gg] coordinates 69.59∘

N, 19.22∘ E and corrected geomagnetic [cgm] coordinates 66.58∘ N, 102.94∘ E) were pointing upward and in
the field-aligned direction (elevation 77.55∘ and azimuth 187.05∘ ), respectively. The experiment that was run
on 9 November 2015 by both of the radars is called beata, which is based on alternating codes. The EISCAT
VHF radar can operate in a tristatic mode, and in this experiment, the tristatic altitude was 275 ± 25 km. The
basic integration time of data is 5 s, but analysis of plasma parameters other than electron density requires
usually substantially longer integration times. In this study, we will use mainly the 1-min integrated data to
get estimates of electron density, electron temperature, ion temperature, and plasma flow velocity.

For optical aurora, we use the ASC by Sodankylä Geophysical Observatory at Abisko (ABK), which makes mea-
surements at several wavelengths. In this event, we utilize the most intense wavelength of 557.7 nm, which
was measured at a rate of 10 frames/min. For Tromsø, the sky was for a large part covered by clouds, but
the white-light ASC by ISEE, Nagoya University, was used to compare with the ABK ASC and to confirm the
observations whenever possible (data not shown).

3. Results
3.1. Background Conditions
The studied event occurs 21:35–21:45 UT on 9 November 2015 during a solar wind high-speed stream event.
The time interval corresponds to 23:34–23:44 MLT (magnetic local time) in aacgm (altitude-adjusted cor-
rected geomagnetic) coordinate system. Figure 1 shows the relevant solar wind parameters in the four top
panels and geomagnetic AE and SYM-H indices in the two bottom panels. During the previous 2 hr, the solar
wind speed increases from 500 to 600 km/s. The interplanetary magnetic field (IMF) is dominated by a posi-
tive By component, which is about 10 nT, and the Bz component fluctuates between north and south. In the
beginning of the studied event at 21:35 UT the IMF turns southward at the Earth’s bow shock and remains
southward until 22:00 UT, while By continues to be larger than |Bz|. The Kp index is 5−.

Substorm activity described by the AE index is very high between 19 and 20 UT reaching 1,000 nT, after which
the global activity decays. At 21:35 UT, the AE index starts an abrupt increase from 250 nT, reaching 500 nT
at 21:39 UT. Activity stays roughly at this level until 22:00 UT, after which the AE starts to increase and again
reaches 1,100 nT at 22:12 UT. SYM-H index throughout this interval is about −35 nT. The studied Swarm over-
pass occurs during a so-called HILDCAA (High-Intensity Long-Duration Continuous AE Activity) period, which
represents continuous auroral activity driven by high-speed streams (Tsurutani et al., 2006). The definition for
HILDCAA is that peak AE intensity is >1,000 nT, that the event lasts for longer than 2 days, and that the AE
indices do not decrease below 200 nT for over 2 hr. During 9 November 2015, the criterion was fulfilled for at
least 3.5 days, from 8 November 10 UT to 11 November 21 UT.

3.2. Substorm During Swarm Passage
Figure 2 shows the orbits of the Swarm A and C satellites over Scandinavia. Satellites A and C go parallel so
that satellite C is to the east of satellite A and the separation is 1.5∘ in longitude. The time difference between
the spacecraft to cross the same geomagnetic latitude is 4 s, and satellite C is the leading satellite. Satellite
C is above the EISCAT Tromsø site at 21:38:54 UT, and satellite A is located 60 km to the west of Tromsø at
21:39:00 UT. During roughly 2 min, the satellites pass the distance covering the field of view of an ASC mapped
to 100-km altitude.

The development of electrojet currents during the period of interest can be followed by the MIRACLE mag-
netometers. Figure 3 shows the upward continued ionospheric equivalent current with internal (inductive)
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Figure 1. Solar wind parameters delayed to bow shock, panels from top to bottom: IMF BZGSM , IMF BYGSM , solar wind
speed, solar wind density, AE index, and SYM-H index. Vertical lines show the studied interval 21:35–21:45 UT.

part removed. The top panel shows the westward current at 20∘ ggLon as a function of time and the bot-

tom panel shows equivalent current vectors at 21:39 UT on a map. At about 21:35 UT, the westward electrojet

(WEJ) spanning a region between 65∘ and 68∘ ggLat starts to intensify and expand polewards. The maximum

latitude is reached at 21:44 UT, when the poleward boundary of the WEJ has shifted from 68∘ to 70.5∘ ggLat.

The duration of this intensification is about 10 min, poleward expansion 2.5∘ latitude and maximum addi-

tional deflection of the geomagnetic X component is about 200 nT. All these properties hint that the event is a

small substorm and could be characterized even as a pseudobreakup (e.g., Aikio et al., 1999). After this event,

Figure 2. Orbits of Swarm A and C satellites at satellite altitude (about 460 km) in the studied event in geographic
coordinates. Times correspond to satellite A, but small ticks indicate the same times for satellite C. Blue asterisk marks
EISCAT VHF location at Tromsø and green asterisk EISCAT UHF field-aligned beam location at 466-km altitude. Black dot
is location of Abisko (ABK), and the dashed circle is the field of view of ABK all-sky camera.
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Figure 3. Upward continued ionospheric equivalent current from MIRACLE magnetometers. Top: westward current at
geographic longitude of 20∘ as a function of time. Bottom: snapshot of 2-D equivalent current at 21:39 UT (vertical line
in the top panel). MIRACLE magnetometer stations are shown by asterisks and Tromsø location by a black dot.

new intensifications in the WEJ take place and maximum values of the electrojet are observed after 22:00 UT,
in accordance with the AE index.

The weather conditions both in Tromsø and Abisko were partially cloudy. However, in Abisko the clouds were
thinner and bright aurora could be seen behind the clouds. In Tromsø, some aurora could be seen through the
holes between the clouds and when seen, the observations were in agreement with Abisko measurements.
At 21:35:50 UT an auroral arc in the very southwest part of the ABK ASCs starts to brighten and expand pole-
ward. This agrees with the substorm onset time deduced from the AE index. The poleward expansion stops
at about 21:37:50 UT near the zenith of ABK, and even though a part of the field of view is covered by clouds,
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Figure 4. Swarm A (top three panels) and C (bottom three panels) measurements of electron density (Ne), electron
temperature (Te), and field-aligned current (FAC); positive values indicating upward currents. Measurements are mapped
along magnetic field lines from the satellite altitude to the ground and given in geographic latitudes.

one can clearly see a bright folded auroral arc in the middle of the frame, best seen in the western part
(to be discussed later). The bright arc first develops small-scale folds and after 21:41 UT large-scale folds that
look like omega bands and drift eastward (not shown because the main focus of this paper is during the
Swarm overpass).

The top three panels of Figure 4 show Swarm-A measurements and the three bottom panels show Swarm-C
measurements. Electron density (Ne) and electron temperature (Te) are obtained from the LP, and the FACs are
single-satellite sheet currents with roughly 7.5 km horizontal resolution. LP data show a region of elevated
fluctuating electron temperature (red curves) in the upper F region between 65∘ and 74∘ ggLat. In general, the
broad region of higher Te corresponds to a region of upward and downward fluctuating FACs (black curves). A
detailed survey of Figure 4 (see also Figure 5) shows that maxima in Te tend to occur at the same places, where
the FAC is flowing upward, indicating that energetic electrons carrying the upward current precipitate into
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Figure 5. Swarm A (top two panels) and C (bottom two panels) measurements of electron temperature (Te) and
field-aligned current (FAC), positive values indicating upward currents. Clear upward current sheets are denoted by
letters, and they correspond to auroral arcs. Measurements are mapped along magnetic field lines from the satellite
altitude to the ground and given in geographic latitudes.

the ionosphere. The coincidence of enhanced Te within a large range of altitudes and precipitating electrons
is well known from previous EISCAT measurements (e.g., Opgenoorth et al., 1990).

Another clear feature revealed by Figure 4 is that electron densities (blue curves) are generally enhanced in
connection with enhanced Te. The effect of direct ionization by precipitating auroral electrons at this rather
high altitude (460 km) can be expected to be small unless there are large fluxes of low-energy electrons
with energies of the order of 100 eV and smaller (Fang et al., 2010). However, a simple explanation is pro-
vided by the fact that enhancement in Te over a broad altitude range extending to the E region increases the
plasma scale height below Swarm. This means that ionospheric plasma expands in altitude and Ne increases at
Swarm altitudes.

At about 72∘ of latitude, electron densities show a very sharp drop. This is a bit surprising, if we think that
F-region plasma is ionized on the dayside by solar EUV (extreme ultraviolet) radiation and then convects

AIKIO ET AL. 5146



Journal of Geophysical Research: Space Physics 10.1029/2018JA025409

Figure 6. Abisko (ABK) all-sky camera image at 557.7 nm at 21:38:30 UT.
North is up and west on the left. Swarm A and C orbits are added in
the figure, and the squares mark the locations of the satellites at the time
of the image (for more details, see the text). The conditions are partly cloudy.

to the nightside over the polar cap. F-region recombination times are very
long, several hours, and therefore, this kind of a sudden drop in electron
density must be related either to a loss of ionization by enhanced recombi-
nation or to a boundary in plasma convection pattern. One should notice
that at the same latitude the amplitudes of FACs drop, too. Between 72∘

and 73.5∘ ggLat electron densities remain low, but close to 74∘ ggLat,
there is a narrow enhancement. On the equatorward side of this Ne

enhancement, there is an enhancement in Te. These are not associated
with clear intense FACs. A possible explanation is that the FAC has suddenly
ceased, but the effect of heating and ionization is still remaining in the
F-region plasma.

The lower latitude boundary of the elevated Te region at 65∘ ggLat cor-
responds to the equatorward boundary of the WEJ (Figure 3) and hence
could be considered as the equatorward boundary of the auroral oval.
The F-region Ne starts to decay slowly when going towards lower latitudes
from 65∘ ggLat. The F-region plasma from the auroral oval can drift with
the southward wind towards lower latitudes in the midnight sector, slowly
recombining.

At a geographic latitude of about 61∘, Te shows again an increase. The
subauroral electron temperature increase in the midnight sector has been
observed previously by several satellites at least down to 500-km altitude
(see Afonin et al., 1997, and references therein). On average it is observed
at 60∘ invariant latitude, and it is believed to indicate the plasmapause
position.

3.3. Optical Aurora, FACs, and Local Auroral Electrodynamics
3.3.1. Swarm and ASC Observations
Figure 5 shows a zoomed plot of Swarm A and C FACs and Te. To facilitate comparison between Swarm and the
field-aligned EISCAT UHF measurement at Tromsø, the Swarm data are mapped along the magnetic field line
to the ground. Clear upward FAC sheets are marked in the figure by letters. The two satellites, separated by
1.5∘ in longitude and 4 s in time show very similar features. The strongest upward current reaches 12𝜇Am−2 at
the equatorward boundary of the region and is denoted by E. The typical full width of the upward FAC in the
sheets is about 20 km. The identification of upward FACs is done independently for the two satellites, but as
can be seen from the figure, the upward FAC sheets appear almost at the same latitudes, so they are oriented
quite close to the east-west direction. Altogether, at least seven upward FAC sheets can be identified (E, Z, Y ,
A, T , X , and P) within 7∘ ggLat.

Figure 6 shows an image of the ABK ASC (68.36∘ ggLat, 18.82∘ ggLon) for the oxygen green emission line at
557.7 nm at 21:38:30 UT. Swarm orbits are mapped along the magnetic field lines from the satellite altitude to
110 km, assuming that the optical emissions originate from that altitude. At 21:38:30 UT, Swarm A is between
the current sheets A2 and A (see Figure 7), just approaching the more intense current sheet A, for which the
current density maximum is slightly below 10 𝜇Am−2. We associate the upward current sheet A with the ABK
auroral arc seen in Figure 6. At 21:38:30 UT, Swarm C is just exiting from current sheet A, which is quite wide
for satellite C and contains substructure (Figure 5), like the auroral arc. We anticipate that the weaker upward
current A2 observed by Swarm A is a combination of a temporal and spatial effect, since the ABK ASC shows
that the situation is highly dynamic. The ABK arc contains folds, and there are signs of fainter auroral structures
south of the ABK arc, but the limited sampling rate of images and partial cloud coverage make a detailed
comparison impossible. However, our aim is not to go into details of auroral dynamics but to show that the
derived strong upward FACs are really associated with intense auroral arcs.

Tromsø is located at 69.6∘ ggLat, and overhead Tromsø both of the satellites measure a rather weak (about
2 𝜇Am−2) current, marked by T . The current is associated with a faint auroral arc (TRO arc) that is visible in ABK
all-sky images (Figure 6). In addition, the associated enhanced E-region ionization is measured by the EISCAT
radars, which will be discussed later in the next section.
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Figure 7. Swarm A measurements of field-aligned current (FAC), positive values indicating upward currents (top),
and northward electric field measured by Swarm EFI (bottom). Measurements are mapped along magnetic field lines
from the satellite altitude to the ground and given in geographic latitudes. The corresponding time is given below.
Arrows visualize upward and downward FACs. Letters are the same as in Figure 5. Tromsø latitude
is 69.6∘.

Poleward of the Tromsø arc, the FAC is weak and mainly downwards within a region about 1.5∘ ggLat (Figure 5).
Between 71∘ and 72∘ ggLat there are two upward FACs, presumably associated with auroral arcs and denoted
by X and P.

The thermal ion imagers of the EFI were operating on Swarm A during the conjugate pass with EISCAT. Figure 7
shows the northward electric field (deduced from the cross-track ion drift) in the bottom panel together with
the single-satellite FAC from the vector magnetometer in the top panel. At latitudes lower than 68∘ ggLat,
electric field is weak (≤ 20 mV/m) and pointing southward, as expected for dawn convection cell conditions.
The most striking feature in electric field is a strong enhancement up to a value of 120 mV/m in a 150-km-wide
region situated just poleward of the Tromsø auroral arc (T). The electric field enhancement contains the whole
region of fluctuating weak downward FAC between 69.8∘ and 70.7∘ ggLat. We call this region with a large
southward electric field corresponding to eastward plasma flow velocity a flow channel. There is a secondary
broad enhancement of the southward electric field just north of the ABK arc (A) between 68.9∘ and 69.4∘ ggLat
(∼50-km-wide region), but there the enhancement is only up to 50 mV/m. However, at the equatorward edge
of this region, exactly at the boundary between up- and downward FACs of arc A, a spike-like feature exists,
where the southward electric field reaches 75 mV/m. A spike of a similar type takes place at the boundary
between down- and upward FACs close to arc P, but there electric field points in the northward direction.

Arrows have been sketched in Figure 7 to illustrate the regions of upward and downward FACs associated with
the arcs identified with letters. We can see that they appear as pairs. For arcs A2, A and X , one can find current
pairs where the upward FAC is flowing from the arc and the downward FAC is flowing on the poleward side of
the arc. This is true also for arc T , even though there the regions are wider, especially the flow channel region
on the poleward side of arc T . These FACs can be connected pairwise by a southward current, which could
be composed of the Pedersen current under the action of southward electric field (Aikio et al., 2002; Juusola,
Archer, et al., 2016). Arc P is an exception, since there the downward current is flowing on the equatorward
side of the upward current. But between the arc P current sheets we see that locally the electric field turns
northward, again making possible the scenario of FACs connected with Pedersen currents. This hints that
the spike-like features in the electric field close to 69∘ and 71.6∘ ggLat are closely related to arc current sys-
tems. The so-called arc-associated electric fields have been discussed e.g. by Opgenoorth et al. (1990); Aikio
et al. (1993, 2002, 2004). The maximum horizontal potential differences in these spikes are only about 1 kV.
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Figure 8. Plasma parameters by the vertical EISCAT VHF radar at Tromsø: Ne, Te, and Ti (top three panels) and two
electric field components by the tristatic VHF measurement centered at 300-km altitude, northward and eastward (two
bottom panels). The time of Swarm-A overpass at 21:39 UT is marked by a vertical dashed red line in the panels. The
oblique dashed line shows how roughly the Tromsø arc (T) may drift from north to south.

Those may correspond to the narrow flow channels reported by Archer et al. (2017) for quiet conditions,
observed by the Swarm satellite.

We suggest that all the observed arcs occur within the auroral oval. The increase of F-region Te has been sug-
gested as a tracer for the polar cap boundary (Aikio et al., 2006; Hubert et al., 2010; Pitkänen et al., 2009).
The last enhanced Te –Ne feature between 73∘ and 74∘ ggLat (Figure 4) may hence mark the boundary of the
polar cap. Also, the southward electric field becomes very small at these latitudes (Figure 13), which provides
additional support for the interpretation. At higher latitudes, the orbit of Swarm starts to turn parallel to geo-
magnetic latitudes, which may contribute to the fact that it is not possible to identify at which latitude the
meridional electric field reverses.

3.3.2. EISCAT Observations of Aurora and the Flow Channel
Figure 8 shows the results from the vertical EISCAT VHF measurement. The top panel shows electron density
in the E and F regions up to 500-km altitude. An E-region enhancement in Ne between 21:37 and 21:38 UT
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Figure 9. Schematic figure showing the measurement geometry of
EISCAT UHF (field aligned) and VHF (vertical) radars. Pink colored bars
describe electron density enhancement mainly in the E region and weaker
enhancement in the lower F region and electron temperature enhancement
in the F region due to a narrow auroral arc. Orange bar indicates ion
temperature enhancement in a latitudinally limited region poleward of the
arc. Note that in this schematic figure the deviation of B from vertical is 20∘ ,
while in reality the deviation at Tromsø is only 12∘.

is centred near 110-km altitude. Mapped along the magnetic field line
to ground, this corresponds to a geographic latitude of 69.8∘. This is the
Tromsø arc (T), measured by Swarm A at a bit lower latitude at about
21:38:44 UT (Figure 7). Before the E-region enhancement, there is a weaker
oblique enhancement of Ne with the highest altitudes affected first and
lower altitudes later: This indicates that the magnetic field-aligned elec-
tron density structure (auroral arc) drifts from north to south through the
vertical beam, as clarified in the schematic Figure 9. The dashed oblique
line indicates approximately the drift of the auroral arc structure through
the vertical beam with a southward velocity of about 300 m/s.

The second panel shows electron temperature and the F-region values
show an enhancement before the E-region Ne does, which is exactly
what would be expected for an auroral structure drifting southward (see
Figure 9). The Swarm LP data at 460-km altitude shows an enhancement
of Te from 2,000 to 3,000 K for the Tromsø arc, and the EISCAT VHF radar
measures a similar enhancement.

The third panel shows ion temperature, which is increased in the F region
already during the E-region Ne enhancement, but at lower altitudes only
after the arc has disappeared from the beam, indicating that the region of
high Ti is located on the poleward side of the arc (orange and pink regions,
respectively, in Figure 9). The ion temperature enhancement is associated
with the intense electric fields and ion-neutral frictional heating poleward
of the auroral arc.

Two bottom panels in Figure 8 show the electric field analyzed from the tristatic EISCAT VHF measurement.
Altitudes between 200 and 400 km are used in analyzing the electric field, which correspond to ground lat-
itudes between 70.0∘ and 70.3∘ ggLat, when mapped along the magnetic field lines. A maximum value of
the southward electric field reaching 150 mV/m is measured at 21:39–21:40 UT, and at the time of Swarm A

Figure 10. Plasma parameters by the field-aligned EISCAT ultrahigh frequency radar at Tromsø: Ne, Te, and Ti
(top three panels). The time of Swarm-A overpass at 21:39 UT is marked by a vertical dashed red line in the panels.
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Figure 11. Pedersen (blue) and Hall (red) conductances by the vertical
EISCAT VHF radar at Tromsø with 15-s resolution. The dashed lines show the
period of the strongest plasma flows 21:39–21:40 UT in the beam and the
conductivity enhancements before that correspond to the Tromsø
auroral arc.

overflight (dashed vertical line) it is about 120 mV/m , in very good agree-
ment with the Swarm EFI measurement shown in Figure 7. Our interpreta-
tion is that a quasi-static structure including the arc and the flow channel
drifts from north to the EISCAT beam, but one cannot rule out the possi-
bility that small temporal variations occur as well. The zonal component of
the electric field is much smaller all the time, and during 21:39–21:40 UT
it is eastward with a value of 30 mV/m . After the Swarm overpass, the ana-
lyzed electric field shows much smaller values during 21:41–21:43 UT but
increases again reaching a maximum at 21:44 UT with southward electric
field comparable to that during Swarm overpass.

Figure 10 shows the corresponding EISCAT UHF radar observations. The
UHF radar was pointed in the field-aligned direction (el = 77.6∘) and the
Ne enhancement associated with the Tromsø arc arrives at the beam at
about 21:38 UT, is clearly within the beam until 21:39 UT, and then con-
tinues equatorward movement away from the beam between 21:39 and
21:40 UT and fades away. So the auroral arc at 110-km altitude comes to
the UHF beam about 1 min later than to the VHF beam, which is consis-
tent with the 300-m/s southward drift of the arc estimated from VHF data
alone. The arc at UHF radar is associated with F-region Te enhancement,
but the electron and ion temperature results are poor above 350-km alti-

tude because of low electron densities. The Debye length (depending on
√

Te∕Ne) becomes too large for the
UHF radar, while the VHF radar with a longer wavelength is able to make better measurements from high
altitudes under these conditions.

Figure 11 shows height-integrated conductivities calculated from the VHF radar electron density measure-
ment (for the standard method see, e.g., Cai et al., 2013). The arc enhances Pedersen conductances up to 17 S
and Hall conductances up to 25 S. The fact that the beam is not field aligned but vertical could slightly affect
the results, but we calculated the conductances also from the field-aligned UHF radar measurement, and the
peak values were the same with an accuracy of 1 S. The interesting time period is 21:39–21:40 UT, since dur-
ing that time interval the arc is within the UHF beam, and hence, we know that the VHF measurement is from
the poleward side of the arc, from the region where the high electric fields are measured (see Figure 8 bottom
panel). One can see that within this region, Pedersen conductances are about 3 S and Hall conductances 4 S,
which are rather low values but not extreme. However, since the magnetic field lines are tilted, it is possible
that the E region of the flow channel proper does not come to the EISCAT beam.
3.3.3. EISCAT Ion Temperature
Large ion velocities vi produce ion-neutral frictional heating, which increases the ion temperature Ti. The ion
temperature increase is different parallel and perpendicular to B and is given by the two equations below:

Ti∥ = Tn + 𝛽s∥
mn

2kB
(vi − vn)2 (1)

and

Ti⟂ = Tn + 𝛽s⟂
mn

2kB
(vi − vn)2 , (2)

where Tn is the neutral temperature, mn is the neutral mass, vi is the ion velocity, vn is the neutral velocity, kB

is Boltzmann constant, and 𝛽s∥ and 𝛽s⟂ are temperature partition coefficients in directions parallel to B and
perpendicular to B, respectively, and they depend on ion species s as well as the collision process with neutral
particles (McCrea et al., 1993; St.-Maurice et al., 1999; Winkler et al., 1992). When an incoherent scatter radar
makes an observation and the angle between the beam and the geomagnetic field is 𝜙, the measured ion
temperature gets contribution from both Ti∥ and Ti⟂ as follows:

Ti = Ti∥ cos2 𝜙 + Ti⟂ sin2 𝜙 (3)

(Goodwin et al., 2018; Zettergren et al., 2010). The maximum electric field in this event is measured at
21:39–21:40 UT by the EISCAT VHF radar, and it has a magnitude of 153 mV/m, which corresponds to an ion
drift velocity of 3,290 m/s in the F region. The ion temperature before the event is about 1,200 K, which can
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be taken as an estimate for the neutral temperature. Neutral gas at an altitude of 350 km is expected to be
dominated by oxygen atoms; hence, mn = 16 u. Since we do not have an estimate of the neutral wind veloc-
ity, we assume it as zero. The angle 𝜙 for the VHF radar is 11.9∘ and for 𝛽s∥ and 𝛽s⟂ we use values 0.20 and
0.71, respectively, which correspond to the resonant charge exchange collision between O+ ions and O atoms
from Winkler et al. (1992). Under these assumptions, we get Ti= 3,507 K. During 21:39–21:40 UT, the maximum
ion temperature analyzed from the EISCAT VHF radar data is about 3,500 K and it is observed at an altitude
of 330 km. The measured value agrees hence very well with the one estimated theoretically, especially since
both the electric field and Ti have large uncertainties, the neutral wind has been ignored in the theoretical
estimation, and there are uncertainties in the 𝛽s values, as discussed, for example, by McCrea et al. (1993) and
St.-Maurice et al. (1999). The ion temperature enhancement is limited in altitude, but we interpret that as due
to the limited latitude range of the maximum ion drift. The maximum Ti enhancement drifts lower in altitude
between 21:38 and 21:40 UT (circled in Figure 8), indicating that it drifts from north to south and traverses the
vertical VHF beam at lower altitudes with time, just like the Te and Ne features do.

One can also see that later, during 21:44–21:46 UT, the electric field is enhanced to a same value as during
the Swarm overpass, that is, 150 mV/m. During this time, the ion temperature increases up to 4,900 K below
200 km (Figure 8), where the standard EISCAT analysis assumes that a significant part of the ions are NO+.
Obviously then the region of high electric field comes closer to the field of view of the vertical beam, while
during 21:38–21:40 UT it is at geomagnetic latitudes north of Tromsø so that only F-region field lines cross
the radar beam. As the simulations in Zettergren et al. (2010) show, with the same electric field, the parallel
ion temperature of NO+ ions increases significantly more than that of O+ ions, because the ion-neutral tem-
perature difference is proportional to the mean neutral mass, which is larger at the lower altitudes where NO+

is the dominant species (Goodwin et al., 2018).

4. Ionospheric Electrodynamics and the Flow Channel
4.1. SECS Results of Mesoscale Current Systems
Figure 12 shows the Swarm/SECS results of ionospheric currents for the Swarm A and C pass. The distance
between the Swarm/SECS grid points in latitude is 0.5∘ and in longitude half of the satellite separation, 0.7∘.
At auroral latitudes, both of those are about 60 km, which determines the spatial resolution for the curl-free
currents and FACs. The resolution of the divergence-free currents is roughly half of the distance to the E region,
which is about 350 km/2 = 175 km. The method is very efficient in revealing the mesoscale electrodynamics
within the auroral oval, but one cannot expect to resolve narrow FAC sheets associated with auroral arcs.
However, the strong upward FAC of the equatorwardmost arc E comes out well at 66∘ ggLat (right panel). Also,
the weaker polewardmost arc P at 71.5∘ ggLat can be resolved. Most importantly, the Swarm/SECS calculation
confirms that the arc current systems consist of upward FAC from the arc, with downward FAC on the poleward
side, connected by a southward curl-free current (middle panel), which is the pattern expected within the
dawn cell with a southward background electric field (Aikio et al., 1993, 2002). The total horizontal current,
consisting of divergence-free and curl-free parts, has both southward and westward components.

The top two panels of Figure 13 show Swarm/SECS mesoscale current latitude profiles at the grid points in
the middle of the tracks of satellites A and C (see Figure 12). Top panel shows that the total westward current
(blue solid line) is mostly divergence free (red dashed line). The WEJ flows between 64∘ and 71∘ ggLat and
the maximum takes place between 66.5∘ and 69.5∘ ggLat. Second panel shows that the southward-directed
current is mostly the curl-free part (solid blue line) of the current system, and it connects the downward and
upward FACs. Third panel shows the FACs from the Swarm/SECS method at the grid points along satellite A
track (blue solid line) and for comparison the single-satellite FACs from satellite A (gray dashed line). Since the
resolution of the Swarm/SECS method is about 60 km, the upward and downward sheet currents associated
with arcs 20 km or less wide are not well resolved but are strongly smoothed. However, the advantage of SECS
is that it gives a self-consistent horizontal and FAC system and can separate the currents into divergence- and
curl-free parts.

Mesoscale upward FAC dominates in the southern part of the oval, where several auroral arcs with associated
intense FAC structures are located, whereas mesoscale downward FAC dominates in the poleward part of the
auroral oval. This kind of ordering of large-scale FACs in the morning sector is according to the classic Region
I/II picture (Iijima & Potemra, 1978).
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Figure 12. Two-dimensional mesoscale current distribution derived from Swarm A and C by the Swarm/SECS method.
Divergence-free horizontal current (left), curl-free horizontal current (middle), and field-aligned current, positive
upwards (right). Coordinates are geographic, altitude of horizontal current is assumed as 111 km, and on the right
EISCAT VHF and UHF beam locations at 111-km altitude are shown by asterisks.

The fourth panel of Figure 13 contains the Swarm EFI measurement of the meridional electric field, pointing
mainly in the southward direction. The plasma flow channel is located in the region of downward FAC between
69.6∘ and 71∘ ggLat, marked with dashed lines. The majority of the westward current (top panel) flows at
latitudes lower than 69.6∘, but a small part of the WEJ flows in the region of the flow channel.

The bottom panel shows the electrical potential, which is obtained by integrating the meridional electric field
component along the satellite orbit starting from 64∘ ggLat. The total potential difference within the morning
convection cell is about 32 kV, and the flow channel within 1.5∘ ggLat contains 13 kV of that. The rest comes
as follows: 12 kV from the 5.5∘ -wide region between 64∘ and 69.5∘ ggLat, and 7 kV from latitudes between
71∘ and 74∘ ggLat.

4.2. Flow Channel
Figure 14a shows the Super Dual Auroral Radar Network (SuperDARN) convection map from 21:34–21:36 UT,
roughly 3 min before the Swarm overpass. At that time the Iceland radar (Pykkvibaer, PYK) yielded line-of-sight
measurements of plasma velocity over Northern Scandinavia indicating eastward flows. The line-of-sight mea-
surements by the different radars are assimilated in a statistical global convection pattern model, driven by
the IMF conditions and shown as equipotentials on the map (Cousins et al., 2013; Ruohoniemi & Greenwald,
1996). During 21:38–21:40 UT in Figure 14b no measurements were available in the Scandinavian sector, pos-
sibly due to absorption of the HF radio signal by enhanced electron densities caused by auroral precipitation
after substorm onset. For time periods with few observations available, the solution is largely determined by
the statistical model (Chisham et al., 2007). Altogether, Figure 14 suggests that Northern Scandinavia is under
the dawn cell convection with eastward plasma flows. Most of the high-latitude plasma convection is concen-
trated at latitudes higher than 69.6∘ ggLat (Tromsø). Estimated maximum velocities by SuperDARN are about
750 m/s. However, Swarm and EISCAT observations indicate the existence of the intense flow channel at least
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Figure 13. Swarm/SECS mesoscale current latitude profiles between satellites A and C from Figure 12 (top two panels):
zonal total current (blue line) and divergence-free part of the zonal current (red dashed line), positive in the eastward
direction, meridional total current (red dashed line), and curl-free part of the meridional current (blue line), positive in
the northward direction. Third panel: Swarm/SECS field-aligned current (FAC) along Swarm-A orbit (blue line) and
Swarm-A FAC (gray dashed line, positive in the upward direction). Two bottom panels: Swarm-A electric field instrument
(EFI) measurement of the northward component of electric field and electrical potential integrated along Swarm-A orbit.
The flow channel region is marked with dashed lines.

during 21:38–21:40 UT, with eastward velocities reaching 3,300 m/s (corresponding to a southward electric
field of 150 mV/m). The location of those flows comes from the same region as the flows measured by the
SuperDARN Iceland radar in Figure 14a, but SuperDARN measurements are missing during Swarm overpass.

Kamide and Kokubun (1996) discuss how unloading of energy stored in the tail during the substorm growth
phase leads to the formation of the intense WEJ in the midnight sector during the expansion phase. This WEJ
is controlled by high conductivity rather than a strong electric field. In a statistical sense, Kamide and Kokubun
(1996) discuss that there are two modes of the WEJ, one which is “conductivity dominant” and the other which
is “electric field dominant.” The WEJ near midnight and in the early morning hours is characterized by high
Hall conductivity, whereas in the late morning hours the WEJ is dominated by large southward electric field.
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Figure 14. SuperDARN convection plot (a) 21:34–21:36 UT and (b) 21:38–21:40 UT in geomagnetic coordinate system.
Location of Tromsø is marked with a black dot. Vectors show measured plasma flows assimilated in a statistical model.
Curves (blue solid and red dashed) and numbers give equipotentials in kilovolts.

In this statistics, the whole midnight WEJ is conductivity dominant, as shown in Figure 11 by Kamide and
Kokubun (1996). In that paper, no distinction is made between the region where electrojets flow and the
auroral oval.

In our event occurring within the dawn convection cell at the magnetic midnight, we have seen that the pole-
ward part of the oval is electric field dominant, and there are at least two auroral arcs. Within the equatorward
part of the oval the electric field is generally small. The main part of the WEJ flows within the equatorward
part of the auroral oval and it contains at least five auroral arcs, which means that this region can be described
as conductivity dominant.

So we can find two differences in this event to the schematic picture by Kamide and Kokubun (1996). The first
one is that the WEJ region has an electric field dominant part in the poleward part. The second one is that
actually the auroral oval extends quite far poleward of the WEJ region (about 4.5∘ latitude). We remind the
reader that the auroral oval is bounded on the poleward side by the polar cap. The polar cap boundary is the
ionospheric projection of the open-closed field line region in the magnetosphere (Boakes et al., 2008; Hubert
et al., 2010; Milan et al., 2003). We looked at several parameters in section 3.3 to define the polar cap boundary
for this event.

To be able to estimate how common the flow channels are, one should understand why they are formed. We
suggest that the formation of the flow channel is related to the substorm onset in this event. We do not have
any evidence that the flow channel would have existed before the substorm onset at 21:35 UT. Substorms
are associated with increases in the nightside reconnection rate in the near-Earth magnetotail (Angelopoulos
et al., 2008). Reconnection both at the dayside magnetopause and in the tail generates ionospheric convec-
tion (Cowley & Lockwood, 1992, and references therein). The flow during intervals dominated by nightside
reconnection will be strongest on the nightside. Indeed, Provan et al. (2004) conducted a global statistical
study of ionospheric convection flows associated with substorms and found that the cross-polar cap potential
increased from about 40 kV just before onset to 75 kV 12 min after onset.

The rough estimate based on SuperDARN data products is that in this event, the cross-polar voltage increased
from 34 kV at 21:32–21:34 UT to 61 kV at 21:40–21:42 UT, that is, by 27 kV, which is of the same order of
magnitude as in Provan et al. (2004). If we assume that the additional voltage is divided evenly between the
dawn and dusk cells, it would mean that both cells would receive 13.5 kV. An open question is, how much of
this increased plasma flow is taking place within the flow channel? Based on the Swarm overflight, we can
argue that probably a very large part, if not all, since the potential difference inside the flow channel is 13 kV
(bottom panel of Figure 13). This is about 41% of the total voltage in the dawn cell.
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Figure 15. Schematic figure of midnight electrodynamics during the
studied substorm. The convection streamlines for the dawn (black) and
dusk (blue) convection cells are shown. The convection streamlines close to
each other near magnetic midnight show the region of flow channel,
colored in yellow (note that the magnetic local time extension of the flow
channel is uncertain). The green area shows the location of the conductivity
dominant region and the westward electrojet (WEJ), where at least five
auroral arcs are embedded near midnight. Red dashed lines mark the
approximate locations of the equatorward and poleward boundary
of the auroral oval.

The situation in this event is shown in a schematic Figure 15. The solid
lines show convection streamlines, which are equivalent to equipotential
curves. The dawn cell (black) is sketched crescent and the dusk cell (blue)
more round, as is known to be the case for By positive, |By|> |Bz| conditions
(Cousins & Shepherd, 2010; Ruohoniemi & Greenwald, 1996), and this is
also seen in Figure 14. In reality, we have no information what is the exten-
sion of the flow channel in MLT. However, we can be rather sure that it is
located within the auroral oval at the studied MLT, based on electric field
reversal poleward of the flow channel. The approximate boundaries of the
auroral oval are sketched with red dashed lines.

This substorm event is different from the events studied by Archer et al.
(2017), who conclude that on average the quiet-time flow channels repre-
sent a potential difference of approximately only 3 kV. Therefore, we sug-
gest that maybe Archer et al. (2017) found in their study the smaller-scale
electric field structures that we see adjacent to the arcs, and our event
shows a larger-scale flow channel, that would form in response to sub-
storm onsets. However, more studies should be made to confirm this
scenario.

In the nightside auroral zone, localized flow channels associated with
auroral streamers are frequently observed. In a statistical analysis,
Gallardo-Lacourt et al. (2014) found that the azimuthal width of those flow
channels is on average 75 km. Lyons et al. (2012) studied longitudinally nar-

row, earthward moving, plasma sheet flow channels with dipolarization fronts and found that many of them
occurred during a substorm expansion phase and were related to auroral streamers. However, those struc-
tures are mainly north-south aligned, unlike the flow channel in our event, which is mainly east-west aligned.
Therefore, any possible connection between plasma sheet flow bursts and the flow channel observed in this
event is unclear and left for future studies where measurements from the plasma sheet are available.

5. Conclusions

We have made a comprehensive analysis of the electrodynamics within the midnight auroral oval during a
substorm event by using the EISCAT incoherent scatter radars, ground-based magnetometers, ASCs, and the
two satellites (A and C) of the Swarm mission. A special advantage was that data were available from the
thermal ion imagers of the EFI electric field instrument. The Swarm-A EFI data indicated existence of a strong
flow channel in the poleward part of the midnight auroral oval, and the observation was confirmed by the
tristatic EISCAT VHF radar measurements. Plasma velocities up to 3,300 m/s (corresponding to electric field
values up to 150 mV/m) were observed, and they were directed toward the east, being part of the morning
cell convection pattern. Due to ion-neutral frictional heating, the ion temperature is expected to be increased
in regions of high electric fields. The maximum Ti observed by the EISCAT VHF radar was 3,500 K during the
Swarm overpass, 2,300 K higher than the preevent value. The measured value agrees nicely with the theoreti-
cally calculated Ti enhancement for the measured electric field, even though several factors cause uncertainty
in the theoretical estimation of Ti.

The auroral oval comprised latitudes roughly between 64∘ and 74∘ ggLat, which correspond to 61∘ and 71∘

aacgmLat (Shepherd, 2014). The 10∘-wide auroral oval was divided into two regions: On the poleward part
there was an electric field dominant part, and on the equatorward side there was a conductivity dominant
part containing the majority of the horizontal WEJ and FACs.

The conductivity dominant part of the auroral oval was 5.5∘ wide in latitude, and at least five auroral arcs were
embedded there. All the arcs were associated with their own current systems, including typically a 20-km wide
upward FAC from the arc, in accordance with earlier studies. The arcs at Swarm altitudes were associated with
Te enhancements and similar enhancements were measured by the EISCAT VHF radar.

The flow channel was located in the electric field dominant part of the oval in a region of low conductance
(ΣP ∼ 3 S and ΣH ∼ 4 S), and it was bounded on both sides by auroral arcs. The width of the electric field
dominant part was 4.5∘ in latitude, but the flow channel was only 1.5∘ wide and was located just poleward
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of the main WEJ region. According to Kamide and Kokubun (1996), the whole midnight WEJ is expected to be
conductivity dominant, so the studied event challenges the traditional view and may have implications, for
example, for estimates of energy dissipation during substorms. Strong Joule heating can be expected in the
flow channel.

The formation of the observed flow channel is likely to be associated with the onset of a small substorm.
We suggest that the role of the flow channel is to accommodate enhanced plasma convection produced by
increased reconnection rate at the near-Earth neutral line in the magnetotail during a magnetospheric sub-
storm (Cowley & Lockwood, 1992, and references therein). The MLT extension of the flow channel is not known.
The potential difference across the midnight flow channel was 13 kV, whereas the total potential difference
across the whole-midnight convection cell crossing estimated from Swarm electric field data was 32 kV. Hence,
the 1.5∘-ggLat-wide flow channel contained 41% of the total potential difference within the 10∘-ggLat-wide
midnight oval.

This event occurred during solar wind high-speed stream driving and HILDCAA conditions (Tsurutani et al.,
2006). However, during the studied time period the AE index was only 250–500 nT. The IMF By was positive
and By > |Bz|, which produces a crescent dawn convection cell. Without a proper statistical study, it is not
possible to deduce if HILDCAA events or certain IMF conditions favor the occurrence of strong plasma flow
channels in the poleward part of the auroral oval during active geomagnetic conditions.
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