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[1] We present several examples of reversed flow events (RFEs) from the cusp
ionosphere. RFEs are 100–200 km wide flow channels opposing the background plasma
convection. RFEs were discovered a few years ago by the incoherent scatter European
Incoherent Scatter Svalbard Radar. In this paper we show that coherent scatter Super Dual
Auroral Radar Network (SuperDARN) HF radars can also see RFEs. We report a close
relationship between RFEs and the development of HF backscatter power and spectral
width. Wide spectra were seen near the edges of the RFEs (i.e., associated with the flow
shear), and there was a significant increase in SuperDARN HF backscatter power when the
RFE expanded. This increase in power is much faster than anticipated from the gradient
drift instability alone, supporting the hypothesis that RFE flow shears foster rapid growth
of Kelvin-Helmholtz instabilities. That decameter-scale irregularities form so rapidly
should be an important guide to the development of instability theory for cascade of plasma
irregularities from larger to smaller scale sizes.

Citation: Oksavik, K., J. I. Moen, E. H. Rekaa, H. C. Carlson, and M. Lester (2011), Reversed flow events in the cusp
ionosphere detected by SuperDARN HF radars, J. Geophys. Res., 116, A12303, doi:10.1029/2011JA016788.

1. Introduction

[2] The primary transfer mechanism of flux from the solar
wind to the magnetosphere is believed to be impulsive
dayside reconnection and flux transfer events (FTEs)
[Cowley and Lockwood, 1992; Lockwood et al., 1995]. FTEs
were first discovered at the magnetopause by Haerendel
et al. [1978] and Russell and Elphic [1978, 1979], with
typical scale sizes of one Earth radius in the boundary
normal direction [Saunders et al., 1984], corresponding
to around 100–200 km along the meridian in the iono-
sphere [Southwood, 1985, 1987]. A burst of reconnection is
believed to propagate from the magnetopause to the iono-
sphere as an Alfvénic disturbance with an associated system
of field-aligned Birkeland currents [Glassmeier and
Stellmacher, 1996]. For this reason, poleward-moving tran-
sients in the dayside aurora have often been interpreted as a
signature of FTEs [Sandholt et al., 1990, 1993; Denig et al.,
1993; Milan et al., 1999, 2000; Thorolfsson et al., 2000].
The first radar observations of FTE signatures in the iono-
sphere were presented by van Eyken et al. [1984] and Goertz
et al. [1985]. Later there have been frequent reports of

poleward-moving transients, which depending on their
unique characteristics, have been called flow channel events
(FCEs) [Pinnock et al., 1993, 1995; Chisham et al., 2000;
Neudegg et al., 1999, 2000], pulsed ionospheric flows (PIFs)
[Provan et al., 1998, 2002; Provan and Yeoman, 1999;
McWilliams et al., 2000], or poleward-moving radar auroral
forms (PMRAFs) [Milan et al., 2000; Davies et al., 2002;
Rae et al., 2004]. Sandholt et al. [2004] described three
types of flow channels that are found in connection with
daytime aurora: (1) Enhanced sunward return flow on closed
field lines [Lockwood et al., 1993; Moen et al., 1995, 2006],
(2) enhanced flow on newly open flux containing FTEs
(FCEs and PIFs), and (3) enhanced flow on old open field
lines due to the solar wind magnetosphere dynamo in the
high-latitude boundary layer [Stern, 1984; Sandholt et al.,
2004; Farrugia et al., 2004; Sandholt and Farrugia, 2007].
All three types give enhanced flow in the same direction as
the classical large-scale flow pattern in the polar cap.
[3] Recently, a new and fourth category of enhanced

plasma flow was reported [Rinne et al., 2007; Moen et al.,
2008]. Rinne et al. [2007] called this phenomenon a
reversed flow event (RFE), because the enhanced flow was
in the opposite direction of the background convection; that
is, reversing the flow. In the last decade there have been
several publications using high-resolution European Inco-
herent Scatter (EISCAT) Svalbard Radar (ESR) measure-
ments to study flow channels in the cusp region [Carlson
et al., 2004; Oksavik et al., 2004b, 2005; Rinne et al., 2007,
2010; Moen et al., 2008]. Carlson et al. [2004] focused on
ionospheric signatures of magnetic reconnection flow jets,
while the other authors investigated flow shears and currents
in the vicinity of poleward-moving auroral forms. According
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to the definition of Rinne et al. [2007], the flow speed inside
the RFE channel must be >250 m/s for the event to qualify
as an RFE. The reason for this criterion was to focus on
events that are significant and that clearly stand out from the
large-scale background convection; that is, if the back-
ground convection is >250 m/s in one direction, the flow
speed inside the RFE channel must be >250 m/s in the other
direction, corresponding to a net flow shear >500 m/s,
which is significant. RFEs can persist for 10–20 min [Moen
et al., 2008], and, within one hour of magnetic noon, Rinne
et al. [2007] observed RFEs 40% of the time, with no
apparent preference to interplanetary magnetic field (IMF)
BY or BZ polarity, but with a clear preference for clock
angles between 40° and 240°, that is, ∣BY∣ > ∣BZ∣. Poleward-
moving transients in the dayside aurora are frequent in this
clock angle regime, and Oksavik et al. [2004b, 2005] have
also related the flow vorticity around these events to the
location of auroral emissions. Oksavik et al. found that the
clockwise vorticity on one side of the flow channel is con-
sistent with an upward Birkeland current (i.e., intense
aurora), while counterclockwise vorticity on the other side
of the flow channel is consistent with a downward Birke-
land current (i.e., weak aurora). Consequently, if we have an
eastward directed RFE flow channel embedded in a region
of large-scale westward flow, the RFE channel will be
located on the poleward side of the discrete aurora, near the
clockwise flow reversal, consistent with a Birkeland Current
Arc (BCA) [Moen et al., 2008]. According to Moen et al.
[2008], the RFE phenomenon does not appear to be
uniquely related to PMAFs, but, rather, it appears to be a
specific feature of BCAs. Moen et al. [2008] provide two
possible explanations for the generation of RFEs: (1) the
RFE channel may be a region where two magnetosphere-
ionosphere (MI) current loops, forced by independent
voltage generators, couple through a poorly conducting
ionosphere, or (2) the RFE channel may be the ionospheric
footprint of an inverted-V-type coupling region. It is still
unclear if one of the two mechanisms dominates, or if both
mechanisms are closely related.
[4] The existence of RFE channels may have important

implications for the production of plasma irregularities as
well, including decameter-scale irregularities that produce
backscatter in HF coherent scatter (CS) observations with
the Super Dual Auroral Radar Network (SuperDARN)
radars. However, to our knowledge examples of RFE chan-
nels have never been reported in SuperDARN data, perhaps
due to the coarser resolution of traditional gridded Super-
DARN convection maps (i.e., 110 km � 110 km), and the
typical orientation of these radars relative to most RFEs. The
majority of SuperDARN HF radar beams are aligned closer
to the magnetic meridian, while the experience from Rinne
et al. [2007] and Moen et al. [2008] is that the maximum
flow of RFEs is typically in the east–west direction, giving
preference to radar beams looking in the zonal direction. For
CS radar observations in the HF band, like SuperDARN, it is
necessary that plasma irregularities are generated in the
volume of study. To be able to detect these irregularities the
radar must operate at a frequency that allows a successful
refraction of the HF radio wave by the ionosphere to achieve
orthogonality with Earth’s magnetic field. This can be
achieved via one single forward refraction of the radio wave
in the ionosphere (e.g., 0.5F mode backscatter), or multiple

ionosphere-ground reflections that brings the transmitted
signal far beyond the horizon (e.g., 1.5F or 2.5F mode
backscatter). For a radio wave raypath to be successful, the
signal must also avoid any absorption in the ionosphere
(e.g., severe ionization in the D region due to solar proton
events). Incoherent scatter (IS) observations like EISCAT
rely on large antenna aperture, powerful transmitters, low-
noise receivers, and advanced coding of the transmitted
UHF signal to obtain weak echoes from electrons in the
ionosphere. The shape of the backscatter spectrum can be
used to derive parameters like the electron density, electron/
ion temperature, and line-of-sight Doppler velocity of ions.
IS radars can only make measurements at least far enough
above the local horizon to avoid ground clutter from antenna
sidelobes (for the ESR it is at least 30° above the local
horizon). Ground clutter can also be a constraint for CS
HF radars, for example, the shaded areas in Figure 2. The
spatial resolution offered by IS radars is often far superior
to other radar techniques. In the studies of Rinne et al. [2007]
and Moen et al. [2008] the spatial resolution of the ESR IS
data was only 15 km � 30 km. For a CS radar such as
SuperDARN the range resolution is typically 15–45 km,
but the azimuthal beam width varies with transmitter fre-
quency from �3.5° at 15 MHz to �5° at 10 MHz, corre-
sponding to 60–90 km at 1000 km ground range and more
than 180–260 km at 3000 km ground range, respectively.
[5] However, the observation of enhanced HF backscatter

is common for the cusp ionosphere [Baker et al., 1990;
Milan et al., 1998]. The equatorward edge of the HF radar
cusp is usually defined by broad multipeak Doppler spectra
[Baker et al., 1990] and/or by enhanced backscatter power
[Rodger et al., 1995; Yeoman et al., 1997; Milan et al.,
1999]. Rodger et al. [1995] reported that the equatorward
edge of the optical cusp and the HF radar cusp were colo-
cated to better than 1° in latitude. This result was later con-
firmed in other studies [e.g., Milan et al., 1999; Moen et al.,
2000; Oksavik et al., 2004a], but it is not entirely clear why
there is such a latitude offset, or the exact location of the HF
backscatter relative to the aurora. Moen et al. [2000] found
the two boundaries to follow each other intimately in 2-D,
which indicates a very efficient production mechanism of
decameter backscatter targets. The gradient drift (GD)
plasma instability has often been regarded as the dominant
mode for the production of electron density irregularities in
the F region cusp [Ossakow and Chaturvedi, 1979; Keskinen
and Ossakow, 1983; Tsunoda, 1988; Basu et al., 1988,
1990, 1994, 1998; Gondarenko and Guzdar, 2004]. The GD
plasma instability mechanism is known to occur for plasma
drift, of the correct sign, across a steep plasma density gra-
dient perpendicular to the Earth’s magnetic field at high
latitudes [Keskinen and Ossakow, 1983]. Plasma drift in the
opposite direction will set up polarization fields that stabilize
the plasma against any irregularity formation. An alternative
mechanism is the velocity shear Kelvin-Helmholtz (KH)
driven plasma instability, which is expected to occur if there
are severe velocity shears in the plasma [Basu et al., 1988,
1990]. Keskinen et al. [1988] developed the theory to
describe these KH instabilities, and they also included a
refinement of ionospheric-magnetospheric electrical cou-
pling. The rapid growth of irregularities seen by Super-
DARN HF radars, however, is hard to explain using the GD
mechanism alone [Moen et al., 2002]. Carlson et al. [2007]
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presented a series of five velocity shears, transforming cor-
otating subauroral plasma into five new patches inserted into
the transpolar flow pattern. They also demonstrated that the
observed growth of irregularities in SuperDARN HF radar
data had an observed onset time of minutes, much faster than
possible from linear theory and the GD instability alone
(>10 min [Moen et al., 2002]), but well matching that cal-
culated from KH linear instability theory (<1 min [Carlson
et al., 2007]). Carlson et al. [2007, 2008] thus proposed
that the GD mechanism could act together with the shear
driven KH instability. They concluded that the initial patch
structuring (first 10–15 min) is driven by KH, not GD, while
GD would sustain patch structuring later downstream in the
polar cap. Carlson et al. [2008] summarized patch formation
and structuring down to kilometer scales by reconnection
shears, and suggested that SuperDARN HF radars could test
theories of irregularity cascade down to decameter-scale
lengths (e.g., by monitoring the development of key param-
eters like the backscatter power from irregularities, the
mesoscale flow shears in the vicinity of irregularities, and
changes in the overall plasma flow in a large area of the
cusp).
[6] In this paper we report RFEs seen by a SuperDARN

HF radar, we will compare radar and optical data to test the
accuracy of the SuperDARN range determination algorithm,
and we will demonstrate a close relationship between the
development of RFEs and increased levels of HF backscatter
power, supportive of the two-step irregularity production
process of Carlson et al. [2007, 2008].

2. Data Presentation

[7] Figure 1 presents an overview of the solar wind para-
meters at 08:30 to 09:30 UT on 20 December 2001 from the
ACE spacecraft. The data have been time shifted by 70 min
to account for the solar wind propagation delay from the
spacecraft location (XGSM = 240 RE, YGSM = 25 RE, ZGSM =
7 RE) to the dayside magnetopause. All parameters were
fairly stable. The solar wind density was around 3 cm�3 and
the solar wind speed was around 375 km/s. The interplane-
tary magnetic field (IMF) was characterized by a negative
BZ (� 3 nT), a positive BY (2–4 nT), a negative BX (� 3 nT),
and a clock angle in the range 110°–160°. The dashed line
in Figure 1g shows that the SuperDARN HF radars had
wide coverage with around 600–800 data points in the map-
potential model [Ruohoniemi and Baker, 1998], and the
polar cap potential (solid line in Figure 1g) was fairly stable
around 50–80 kV. Indicated in Figure 1, with vertical red
guide lines, are three RFE intervals to be studied in more
detail.
[8] Figure 2 shows the large-scale convection pattern as

indicated by the contour lines from the SuperDARN map-
potential model (solid and dashed black lines). The con-
vection pattern was created by using the technique of
Ruohoniemi and Baker [1998]. The particular image is from
09:09 UT (i.e., the third RFE event). However, due to the
stable IMF situation, the flow pattern is representative of the
entire interval of study. Figure 2 also shows one scan from
the Hankasalmi, Finland, radar. The Hankasalmi radar was
operating in a fast common mode, with a scan period of
48 s (see Chisham et al. [2007] for a full description of

SuperDARN). The radar frequency was 12.3 MHz, corre-
sponding to �12 m backscatter targets (half the radar
wavelength). The horizontal dimension of a range cell over
Svalbard was 45 km � 150 km (300 ms pulse length, 3.2°
azimuthal beam width). The Hankasalmi radar covered the
postnoon inflow region, consistent with a duskward shift of
the ionospheric cusp under a condition of IMF BY positive
[e.g., Cowley et al., 1991; Newell et al., 2004]. In Figure 2,
positive line-of-sight velocity (toward the radar site) is col-
ored blue, and negative velocity (away from the radar site) is
colored red-orange and shading is used to indicate back-
scatter from the ground. The red RFE channel is 150 km
wide and embedded in an area of westward background flow
(blue). It is a prominent example of the RFE defined by
Rinne et al. [2007]. As shown, the feature is too narrow to be
resolved in the large-scale convection pattern resulting from
the map-potential analysis.
[9] Figure 3 shows the intensity of the 630 nm electron

aurora from the UiO imager in Ny-Ålesund, projected to an
assumed emission altitude of atomic oxygen of 250 km
(Figure 3, top row), and Hankasalmi radar data of line-of-
sight Doppler velocity, backscatter power, and spectral
width (Figure 3, bottom three rows) at three times 08:48,
08:58 and 09:09 UT. These events first appeared at 08:46,
08:56, and 09:07 UT, respectively (data not shown). There is
one column per event, and the data are plotted in a magnetic
grid with noon downward. Unfortunately, the SuperDARN
þykkvibær radar had poor coverage over Svalbard, Norway,
so only data from the Hankasalmi radar are available. To
ease the comparison, in each column the location of the RFE
flow channel is indicated with a solid black line. We have
also added plus and minus symbols to indicate range gates
where the line-of-sight Doppler velocity was positive
(toward the radar) and negative (away from the radar). All
three examples show that the RFE flow channel is a distinct
feature embedded within the background flow, in an area of
generally enhanced backscatter power and broad Doppler
spectral width. The association of high backscatter power,
large spectral widths, and bright 630.0 nm aurora is a char-
acteristic feature of the cusp ionosphere [Baker et al., 1990;
Yeoman et al., 1997; Milan et al., 1999; Moen et al., 2000;
Oksavik et al., 2004a].
[10] The careful reader will notice that in Figure 3 there is

a small misalignment between the radar data and the aurora
(the RFE channel is located a few range gates poleward of
the discrete aurora). Although our assumption for the red
line emission height of 250 km may, in principle, be incor-
rect, it is unlikely to change the relative locations of the radar
echoes and the auroral events significantly. However, the
standard algorithm that is used to determine the ground
range of SuperDARN HF backscatter echoes is associated
with uncertainty [e.g., Yeoman et al., 2001]. We do not
know the exact path of the radio wave, and we do not know
the meridional electron density profile, which is important
when irregularities are projected onto the geographical map
[Villain et al., 1985]. If the virtual height assumption of HF
propagation to the irregularity layer is inaccurate then the
irregularities will be shifted in ground range, but the
observed pattern will be preserved. We discuss this issue in
more detail later (in section 3.2), but first we will present the
time development of the radar data.
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Figure 1. An overview of solar wind parameters from the ACE spacecraft from 08:30 to 09:30 UT on
20 December 2001. The ACE data has been time shifted by 70 min to account for the solar wind
propagation delay from the spacecraft location to the dayside magnetopause. The times of three events
to be studied in this paper are indicated with vertical red guide lines. The panels show (a) solar wind
density, (b) solar wind speed, the interplanetary magnetic field (c) BX, (d) BY, and (e) BZ components
in GSM coordinates, (f) clock angle, and (g) the number of data points in the SuperDARN map-
potential model for the Northern Hemisphere (dashed line) and the polar cap potential (solid line).
Note that the situation for all three events is fairly stable, with BY positive and BZ negative.
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[11] In Figure 3 we have also highlighted, with pink guide
lines, beam 13 of the Hankasalmi radar which intersects the
RFE channel. Figure 4 shows backscatter power, spectral
width, line-of-sight Doppler velocity, and the intensity of the
630 nm aurora from the UiO imager in Ny-Ålesund from
08:40 to 09:20 UT along this beam. The RFE channel is
shown in Figure 4c. The large-scale background flow is
shown in blue color (i.e., toward the radar and westward),
and the RFE channel is identified in red (i.e., flow away
from the radar and eastward). Solid black lines mark the

equatorward boundary of the RFE or the transition from
negative to positive flow velocities (i.e., clockwise vortic-
ity). Dashed black lines mark the poleward boundary or the
transition from positive to negative velocities (i.e., counter-
clockwise vorticity). Vertical shaded guide lines show
where the examples in Figure 3 fit into the longer data set,
and we note that the first two RFEs belonged to an interval
of continuous activity, while the last RFE was an isolated
event.

Figure 2. The large-scale flow pattern as indicated by contour lines from the SuperDARN map-potential
model (plotted as solid and dashed black lines). We have also included an example of a Reversed Flow
Event (RFE) seen by a SuperDARN HF radar in the postnoon sector. The narrow RFE flow channel
(red color) is located in an area of sunward flow (blue color). Shading is used to indicate backscatter from
the ground.
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Figure 3. Projected all-sky images and SuperDARN Hankasalmi HF radar data for the three events at
08:48, 08:58 and 09:09 UT. The data are plotted in a magnetic grid with noon downward. The top row
shows the intensity of the 630 nm aurora from the UiO imager in Ny-Ålesund, projected to an assumed
emission altitude of 250 km. The bottom three rows show data (line-of-sight Doppler velocity, backscatter
power, and spectral width) from one scan of the Hankasalmi radar. In all columns the location of the RFE
flow channel is indicated with a solid black line. Plus and minus symbols indicate range gates where the
line-of-sight Doppler velocity was positive (toward the radar) and negative (away from the radar), respec-
tively. All three examples show that the RFE flow channel is a distinct feature embedded within the back-
ground flow, in an area of generally enhanced backscatter power and broad Doppler spectral width. Pink
guide lines indicate beam 13, which is presented in Figure 4.
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Figure 4. Keogram along beam 13 of the SuperDARN Hankasalmi HF radar of (a) backscatter power,
(b) spectral width, (c) line-of-sight Doppler velocity, and (d) 630 nm auroral intensity. Indicated with ver-
tical shaded guide lines are the three RFE events shown in Figure 3. Overlaid in all panels are solid black
lines that indicate the border between negative and positive flow velocities (i.e., clockwise vorticity), and
dashed black lines that indicate the border between positive and negative velocities (i.e., counterclockwise
vorticity). Please note that in Figure 4d the lines have been offset by 140 km, to align with the optical sig-
natures. This example shows that the clockwise vorticity aligns with areas where there are upward Birke-
land currents (i.e., intense aurora), and the counterclockwise vorticity aligns with areas where the aurora is
faint.
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[12] In Figure 4a we note that the flow shears are often
associated with the enhancement of backscatter power. At
08:45–09:00 UT, the RFE channel was in an area of constant
high backscatter power (>30 dB). The highest backscatter
power was seen near the flow shear of the equatorward
border of the RFE (i.e., within 2–3 range cells of the solid
black line). There was also high backscatter power (>25 dB)
near the poleward border of the RFE from 08:45 to 09:00
and 09:08–09:15 UT (i.e., within 2–3 range cells of the
dashed black line). The flow shears were also characterized
by wide Doppler spectra. In Figure 4b we notice that the
equatorward border of the RFE was coincident with wide
Doppler spectra (>300 m/s) at 08:40–09:00, around 09:10,
and around 09:16 UT (i.e., along the solid black line). We
also notice that the spectra were wide along the poleward
border of the RFE at 08:47–09:02 UT and at 09:08–09:13 UT
(i.e., along the dashed black line). Away from the solid or
dashed black guide lines the spectra were generally less
wide. The area of high backscatter power and wide spectra
from 08:45 to 09:03 UT (i.e., the first two RFEs) may be
remnants of earlier or ongoing irregularity formation. But
from 09:06 to 09:12 UT a new flow channel (i.e., the last
RFE) developed very quickly, and it expanded eastward
into a previously undisturbed region, accompanied by an
immediate increase in both spectral width and backscatter
power from a low background level.
[13] The intensity of the 630 nm aurora from the UiO

imager in Ny-Ålesund is shown in Figure 4d. We can now
use our accumulated knowledge of flow vorticity and Bir-
keland Current Arcs (BCAs) [e.g., Oksavik et al., 2004b,
2005; Moen et al., 2008] to identify where the flow channel
must be located relative to the aurora. The clockwise vor-
ticity is consistent with an upward Birkeland current (i.e.,
intense aurora), so the RFE channel must have developed on
the poleward side of a discrete auroral form. In Figure 4d we
have therefore shifted the two guide lines equatorward by
140 km so that they align with auroral signatures (see section
3.2 for a discussion of why 140 km was chosen). At 08:40–
08:46, 08:49–08:52, 08:55–09:01, 09:07–09:10, and 09:16–
09:20 UT we see that the clockwise vorticity (solid line)
aligns very well with distinct enhancements in the 630 nm
aurora. At 08:47–08:52, 08:55–09:01, 09:07–09:14, and
09:18–09:20 UT the counterclockwise vorticity (dashed
line) aligns very well with a faint 630 nm aurora. Neither the
auroral form nor the RFE propagated significantly poleward
during their lifetime. The RFE disappeared when the bright
arc faded around 09:02 UT, and it reappeared when the
aurora intensified around 09:07 UT. At 09:14 UT the patch
of high backscatter power drifted westward and into the
polar cap (the sequence of radar scans is not shown).
[14] To summarize we note the following: (1) The RFE

channel was located on the poleward side of, and aligned
with, a discrete auroral form; (2) the RFE channel was
located in a region of high backscatter power; (3) the spectral
width was enhanced along the boundaries of the RFE
channel; and (4) the optical data show that the standard
SuperDARN range finding algorithm overestimated the
ground range of the backscatter by 140 km on average. This
radar range adjustment is consistent with the understanding
that the plasma velocity shear boundary: (1) Excites optical
emissions by the boundary current sheet carriers on the

upgoing current side, (2) generates scattering irregularities,
and (3) broadens the Doppler velocity spread.

3. Discussion

3.1. First RFE Channel Seen by a SuperDARN
HF Radar

[15] In recent years we have published a series of papers
documenting narrow flow channels seen by the EISCAT
Svalbard Radar [e.g., Oksavik et al., 2004b, 2005] and
Reversed Flow Events (RFEs) [Rinne et al., 2007;Moen et al.,
2008]. The RFE is a common phenomenon near magnetic
noon, and, within one hour of magnetic noon, it is seen up to
40% of the time in high-resolution EISCAT Svalbard Radar
measurements [Rinne et al., 2007]. According to the defini-
tion of Rinne et al. [2007], the flow speed inside a RFE
channel must be >250 m/s in the opposite direction of the
background convection for an event to qualify as an RFE.
Moen et al. [2008] showed that the RFE is a feature that can
persist for 10–20 min. Until recently it was thought that
these features were too small to be detected by SuperDARN
HF radars [e.g., Oksavik et al., 2005]. But in the current
paper we have for the first time documented several clear
cases of RFE channels seen in SuperDARN HF radar data
(see Figure 3).
[16] Transient phenomena in the cusp region have been

studied for a while. In the SuperDARN community there
have been many reports of poleward-moving transients in
the dayside aurora [e.g., Milan et al., 1999, 2000;
Thorolfsson et al., 2000; Moen et al., 2000]. Flow events in
HF radar backscatter have been grouped into the following
categories depending on their unique characteristics: Flow
channel events (FCE) [Pinnock et al., 1993, 1995; Chisham
et al., 2000; Neudegg et al., 1999, 2000], pulsed ionospheric
flows (PIFs) [Provan et al., 1998, 2002; Provan and
Yeoman, 1999; McWilliams et al., 2000], and poleward-
moving radar auroral forms (PMRAFs) [Milan et al., 2000;
Davies et al., 2002; Rae et al., 2004]. These features are
often related to each other [Wild et al., 2001], and they all
give enhanced flow in the same direction as the classical
large-scale flow pattern in the polar cap. The observed flow
channels in Figure 3 do not fit into any of these categories,
because the enhanced flow is in the opposite direction of the
background convection. As described by Rinne et al. [2007],
RFEs are longitudinally elongated flow channels that oppose
the large-scale background flow in the cusp region, and
occur where the flow speed inside the channel is >250 m/s.
The observed flow channels in Figure 3 belong to this new
category. To our knowledge, the current paper is the first
identification of such RFEs seen by SuperDARN HF radars.

3.2. Determination of the HF Backscatter Location

[17] Before we can compare radar and optical signatures
we need to discuss the location of the HF backscatter. The
standard technique used by SuperDARN to determine the
ground range is associated with uncertainty, because we do
not know the meridional electron density profile and the
exact path of the radio wave through the ionosphere [Villain
et al., 1985]. Rodger et al. [1995] noticed an offset of up to
1° in latitude between HF radar and optical features, without
investigating why this offset was seen. Yeoman et al. [2001]
carried out a detailed analysis using the SuperDARN
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þykkvibær radar in Iceland to detect artificial irregularities
generated by the EISCAT Tromsø Heater. They found that
the standard algorithm for backscatter range location is only
accurate to within 114 � 15 km for 1.5F mode backscatter.
Yeoman et al. [2008] repeated this study and also included
the SuperDARN Hankasalmi radar and artificial irregulari-
ties generated by the Space Plasma Exploration by Active
Radar (SPEAR) facility in Svalbard. They discovered that
the standard algorithm produced an error of around 165 km
for 1.5F mode backscatter, and Yeoman et al. [2008] pointed
out that this error is probably a function of both seasonal and
solar cycle effects. Chisham et al. [2008] studied 5 years of
backscatter elevation angle data from the SuperDARN
Saskatoon radar, and they came to a similar conclusion; the
standard technique places 1.5F mode backscatter �150 km
too far from the radar site. If we consider our range cell
resolution of 45 km as a measure of our uncertainty, the
140 � 45 km offset we found in Figure 4 is therefore fully
consistent with these studies. A new empirical virtual height
model was recently developed by Chisham et al. [2008] with
the goal of providing more accurate mapping of the locations
of backscatter targets. For 1.5F mode backscatter this new
technique offers an average accuracy of better than �60 km
[Yeoman et al., 2008]. We did not use the Chisham et al.
[2008] technique here because it is not yet adopted as a
standard SuperDARN technique, but we are of the opinion
that the range determination could be significantly improved
if the Chisham et al. [2008] technique is implemented as the
new standard.
[18] The current study also allows us to go one step further

and relate specific signatures in the SuperDARN HF radar
data, like the vorticity and flow shear around a narrow RFE
flow channel, to distinct optical signatures seen by an all-sky
imager. In recent years we have gained substantial experi-
ence from the EISCAT Svalbard Radar and all-sky imagers
of how auroral forms relate to these mesoscale flow channels
in the cusp ionosphere [e.g., Oksavik et al., 2004b, 2005;
Rinne et al., 2007; Moen et al., 2008]. It provides an alter-
native way of testing the accuracy of the standard Super-
DARN ground range determination technique, without
knowing anything about the meridional electron density
profile. When we have a distinct auroral arc, like the one at
08:40–08:45 UT in Figure 4d, it must align with the flow
shear indicated with the solid black line in Figure 4c,
because this flow shear is indicative of clockwise vorticity,
an upward Birkeland current, and enhanced precipitation of
auroral electrons. On close inspection of Figure 4d, we also
notice that the error in HF backscatter ground range may
vary with time, for example, around 08:42 UT it is close to
120 km, and at 08:46 UT it is close to 170 km. However,
140 km appears to be a suitable average. Because all-sky
imagers have such a wide 2-D field of view, we also have
the opportunity to study how the accuracy varies with range
away from the radar, that is, not just in a single point
along each radar beam. For example, in Figure 4d around
09:08 UT the dashed black line appears to be “spot on” in
the area of weaker aurora (i.e., at 75.0° latitude the offset
appears to be 140 km), while at 74.5° latitude the solid black
line appears to be 20 km south of the bright aurora (i.e.,
closer to a 120 km offset). This would have to be examined
closely in future studies. The intense aurora poleward of the

dashed line (09:05–09:15 UT) appears to be an artifact
caused by the projection of the fisheye all-sky image onto a
flat surface. A tall ray of bright aurora (e.g., extending along
the field line from 150 to 500 km altitude) will be stretched
across the projected image, and, due to geometry, it will
appear as a straight line pointing toward the imager site in
Ny-Ålesund, which is also seen in the top right frame of
Figure 3.
[19] We can now look at how the HF backscatter power

develops in association with the RFE flow disturbance,
whichMoen et al. [2008] interpreted as a BCA phenomenon.
In Figure 4c, the RFE channel developed in phase with
intensifications of the aurora. The BCA (Figure 4d) was
located on the equatorward edge of the RFE channel
(Figure 4c), consistent with a converging electric field and
an upward field-aligned current [Oksavik et al., 2004b,
2005; Moen et al., 2008]. In this case, when IMF BZ < 0, we
conclude that the 630 nm equatorward boundary represents
a proxy for the open-closed boundary [Moen et al., 1996,
1998].

3.3. Formation of Plasma Irregularities
Via Flow Shears
[20] In Figure 4 we notice that there was substantial

enhancement of backscatter power associated with the RFE.
On the edges of the RFE there will be strong flow shears that
are unstable to KH structuring of the plasma into hectometer
scales [Carlson et al., 2008]. Gondarenko and Guzdar [2004]
derived from nonlinear modeling of the high-latitude iono-
sphere that GD instability would generate structures in 10 km
to 100 m scales, but typical GD growth times of >10 min [e.
g., Moen et al., 2002] are too slow to explain our rapid
structuring observations (e.g., Figure 4 around 09:06 UT
when a patch of enhanced backscatter power appeared in
less than 1–2 min). Keskinen et al. [1988] concluded from
linear theory that the maximum KH growth rate g in the
F region is given by g = c(DV/L), where DV is the velocity
shear. By assuming that the density does not change over
the velocity scale length L, they obtained a value for the
coefficient c = 0.19. Keskinen et al. [1988] also noted that
the growth rate was reduced if they included in their
simulations a density gradient across the velocity shear or
Pedersen conductivity coupling (i.e., ion collisions). In the
rapid growth phase from 09:06–09:12 UT, the high back-
scatter power developed in a region void of precipitation (i.e.,
dashed line in Figures 4a and 4d). Consequently, we have no
reduction in growth rate there due to BCA precipitation.
Moen et al. [2008] suggested that the RFE-BCA phenome-
non is a feature of MI coupling in the poorly conducting
winter cusp ionosphere.
[21] Now we apply the theory of Keskinen et al. [1988] to

our line-of-sight Doppler velocities VLOS from the Hanka-
salmi beam 13 (i.e., the data shown in Figure 4c). To cal-
culate velocity shears DV we use the velocity difference
between two neighboring range gates r1 and r2; that is,DV =
jV(r2) � V(r1)j. Figure 5a shows the distribution of velocity
shears DVLOS. The occurrence peaks at small values, but we
also notice that there is a significant tail of large velocity
shears. In Figure 5b we calculate the KH growth times. For
the solid line we have used L = 45 km (i.e., one range gate)
and the observed line-of-sight velocity shear DVLOS. For
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DVLOS = 800 m/s we get a growth time of �300 s. We get
the dashed line if we consider the 42° angle between the
radar beam and the large-scale flow direction, that is, we use
the net velocity DVNet. Here the growth time at DVLOS =
800 m/s has decreased to �200 s. In the previous two
examples we have used a scale length of one 45 km range
gate, but, in principle, the scale length could be much
smaller. For example, Rinne et al. [2007] presented EISCAT
data of flow shears where the scale length was one ESR
beam wide, that is, L = 12 km. Applying that scale length we
get the dot-dashed line (Figure 5b), and we notice that the
growth time atDVLOS = 800 m/s has decreased to�60 s. We
also notice that all DVLOS > 500 m/s give growth times less
than 100 s. Theory still needs to address the rapid cascade
from the 100 m scale sizes modeled and the 10 m scale sizes
observed, but these data should be valuable guidance for that
purpose. These findings are consistent with the two-step
process of Carlson et al. [2007, 2008], that the KH insta-
bility can be an important process to generate large ampli-
tude seed irregularities on which the GD instability [e.g.,
Gondarenko and Guzdar, 2004] can feed downstream in
the polar cap at its own growth rate and produce structure

down to decameter irregularities, and explain 10 m scales, if
theory is extended to shorter scales.

4. Summary and Concluding Remarks

[22] In the current paper we have for the first time docu-
mented several clear cases of RFE channels in SuperDARN
HF radar data. Using our prior experience from the EISCAT
Svalbard Radar [e.g., Oksavik et al., 2004b, 2005; Rinne
et al., 2007; Moen et al., 2008] we were also able to make
an estimate of the ground range of the SuperDARN HF radar
echoes, because a distinct auroral arc must align with the
flow shear of clockwise vorticity (i.e., the upward Birkeland
current due to enhanced precipitation of auroral electrons).
For the interval of interest, we found that the standard
algorithm overestimated the ground range of the Super-
DARN HF radar echoes by 140 � 45 km.
[23] We have also demonstrated that RFEs should be an

important process for the formation of plasma irregularities,
which are known to cause severe space weather effects like
scintillation and disturbance of ground-to-satellite links and
communication and GPS navigation systems [e.g., Basu
et al., 1988, 1990, 1998]. Having identified what RFE

Figure 5. A closer inspection of the line-of-sight velocity shear data and estimated KH instability growth
times along beam 13 of the SuperDARN Hankasalmi HF radar. (a) The occurrence of line-of-sight velocity
shears DVLOS in the time interval 08:40–09:20 UT and 74°–78° magnetic latitude. (b) Calculated KH
instability growth times as a function of velocity shear for three cases: (1; solid line) Using the line-
of-sight velocity shear and 45 km spatial scale, (2; dashed line) using the net velocity shear and 45 km
spatial scale, and (3; dot-dashed line) using the net velocity shear and 12 km spatial scale.
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channels look like in SuperDARN HF radar data, the huge
data set (more than one decade of SuperDARN HF radar
data) now opens a completely new world to understanding
both the large-scale characteristics of RFEs and flow chan-
nels and how plasma instabilities operate in the cusp region
more generally. The flow shears of RFEs were associated
with wide Doppler spectra and may cause a rapid develop-
ment of shear driven instabilities. Several times there was an
immediate response in enhanced backscatter power, which
implies rapid development of decameter irregularities within
the one minute resolution of the radar scan; that is, much
faster than anticipated from the gradient drift (GD) instability
alone. However, the cusp ionosphere is a complex region and
other modes of instability growth cannot be ruled out. The
current convective instability [Ossakow and Chaturvedi,
1979; Chaturvedi and Ossakow, 1981; Tsunoda, 1988] may
also be relevant, depending on how large the associated
currents are. The combination of ground and in situ sounding
rocket measurements will also be needed to parameterize the
different modes with realistic values down to the scale sizes
that apply [Moen et al., 2002].
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